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Abstract: Shape-memory alloys set high demands on the production technologies being used. During
cutting, continuous heat input and mechanical stress have an undesirable influence on the shape-
memory effect. Pulsed electrochemical machining (PECM), which is based on anodic dissolution,
enables force-free machining without thermomechanical influence on the edge-zone properties of
the workpiece. Depending on the desired geometry, the development of a customized PECM fixture
is necessary. The design of the fixtures is often based on the experiences of the designers and
manufacturers, which often results in an estimation of the functionally critical dimensions. For this
reason, the study focuses on a methodical approach for evaluating crucial fixture dimensions using
knowledge of the specific material dissolution behavior linked with a numerical simulation model.
It has been shown that the shape-memory alloy NiMnGa has a non-linear dissolution behavior in
sodium nitrate. A reduction of stray currents up to 20% resulting from a lateral gap between the
cathode and electrical insulation was demonstrated using numerical simulation. The study shows
that a low cathode shaping height has the strongest influence on precise processing. Varying the
process parameters allowed for the lateral gap to be adjusted between 0.15 and 0.25 mm.

Keywords: PECM; pulsed electrochemical machining; shape-memory effect; NiMnGa; simulation

1. Introduction

In the 21st century, the economical and precise machining of novel materials regularly
poses new challenges to manufacturing technologies. Their control often leads to extraordi-
nary technical innovation, allowing products to be lighter, more compact, or more resource
efficient. Shape-memory alloys (SMA) belong to a new type of materials that are currently
gaining attention for industrial use [1,2]. Their ability to change their shape by a defined
distance in the solid state at atmospheric temperature qualifies them for being used as
actuators for various applications. The actuating movement can take place in just a few
milliseconds and without the need for electricity or external contact.

Depending on the material composition and the mechanism of shape conversion,
there are several types of SMA. For example, the magnetic shape-memory alloy NiMnGa is
produced from a single crystal and can change its crystallographic structure via exposure
to defined magnetic fields. The induced reorientation in the crystal lattice leads to an
elongation of the material in one spatial direction, while a second spatial direction is
shortened at constant volume [3].

However, various studies have shown that conventional mechanical processing can
cause undesirable effects while handling, clamping and processing the SMA. High process
temperatures, such as from EDM, cause cracks in the surface, forcing additional reworking
to be necessary in order to eliminate defects near the surface [4]. Due to the mobility
between the martensitic and austenitic microstructure, punctual forces or pressure against
the surface can change the microstructure state so that machining can be performed between
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the two microstructure states. This means that machining with, for example, 80% martensite
and 20% austenite does not lead to the desired finishing dimensions. Therefore, it must
be defined, before machining, in which microstructure state the precise shaping is taking
place. The complete handling of the specimens must be aligned to this.

These properties challenge manufacturing technologies. However, manufactur-
ing technologies such as precise electrochemical machining and ultrashort-pulse laser
ablation technologies with contact-free and cold processing are favored for the final
processing of shape-memory alloys [5]. Precise electrochemical machining, also known
as pulsed electrochemical machining (PECM), is an advanced production technology that
has the potential to machine MSM workpieces without influencing their microstructure
properties. The principle of ECM is based on anodic metal dissolution between a nega-
tively charged tool (cathode) and a positively charged workpiece (anode). The electrical
charge carriers are transferred by means of an electrolyte solution flowing through the
interelectrode gap, thus dissolving the solid material bond of the workpiece [6,7]. A
large number of complex processes take place simultaneously, which strongly influence
the quality of the result [8]. Compared to conventional manufacturing technologies, the
material dissolution rate and surface quality depend on the chemical composition of the
material, the homogeneity of the electrolyte solution, and the applied type of current
(e.g., pulsed or continuous) [9].

In order to produce a precise shape in a workpiece, it is always necessary to develop a
customized and often complex removal fixture [10,11]. Undesired stray current phenomena
cause design iterations, ensuring high dimensional accuracy [12,13]. One reason for this
is the invisible electric field that propagates between the electrodes according to general
physical laws. To limit the propagation of this field, PECM typically uses narrow working
gaps between the two electrodes (5 pm to 50 um), which crucially localize the ablation [14].
In addition, the exact positioning of the electrical insulation in the fixture system plays an
essential role [11,15].

As described above, ECM and PECM are manufacturing technologies based on the
anodic dissolution process that is influenced by different mechanisms. Therefore, in numer-
ous previous studies, simulation models with different objectives have been developed and
applied in order to design both the tool and fixture geometries [16-18], as well as to set the
process parameters [19,20]. The level of detail considered can range from electrodynamic
models [21-23] to transient multi-ion models [24-28].

The aim of the present work is to develop a precise process using the current
state of the art in numerical simulation and extensive knowledge in process-conform
fixture design to manufacture the desired dimensions of a shape-memory alloy, NiMnGa,
by means of PECM. In the first step, the electrochemical material characterization is
carried out according to DIN SPEC 91399 in order to determine the material removal
behavior as a function of the selected process parameters [29,30]. In the second step, the
material characterization data determined in advance are used as input variables for
the numerical simulation. Validation is carried out using the resulting front working
distances. In the third step, a concept of a fixture for parallel machining is developed,
as shown in Figure 1, and the geometrical key features are examined for their influence
on precise electrochemical machining. For this purpose, two parameter sets with 4 ms
and 2 ms pulse lengths are selected. The evaluation of the influence of the shaping
cathode height /i and the precise positioning of the electrical insulation dgggee; On the
resulting lateral working gap s; are the focus of the investigations. In particular, the
influence of minor dimension modifications on the precise PECM process has not yet
been sufficiently analyzed in a scientific environment.



J. Manuf. Mater. Process. 2024, 8, 46

30f19

Figure 1. Conception of the studied geometrical features of this research for precise ECM. Area
I is the electrolyte inflow area, area II the specimen, area III the shaping cathode and area IV the
insulating material.

Several studies have shown that increasing the feed rate also has a considerable
influence on the resulting lateral working gap and the tapering of workpieces [31-33]. For
this reason, in this study, experiments are also conducted to evaluate the influence of the
feed rate on the lateral working gap for machining NiMnGa.

The broad scope of simulative and experimental investigations is intended to improve
knowledge of the design of precise ECM fixtures. Thus, time-consuming iteration steps in
fixture production can be minimized to make innovative PECM technology more easily
usable for industrial applications, especially for difficult to machine materials.

2. Materials, Setup, and Methods
2.1. Material

For electrochemical material characterization, a NiMnGa rod was machined via PECM.
Table 1 shows the chemical composition after electrochemical processing. The determina-
tion was based on an EDX analysis carried out with a Zeiss EVO MA25 with an Oxford
EDX detector.

Table 1. Chemical composition and calculated oxidation status of NiMnGa.

Element Ni Mn Ga
Volume content 50.9% 29.5% 19.6%
Oxidation status 2 2 3

For further experiments, specimens with dimensions of 2.0 x 3.0 x 15.0 mm3 were

provided. Prior to machining, the specimens were prepared so that machining is performed
in the martensitic phase. This condition is classified as the compressed condition.

2.2. Machine

The experiments were carried out on a PEM Center 8000 machine from PEMTEC
SNC. A maximum voltage of 20 V at a current up to 8000 A and integrated electrolyte
purification with regulation of temperature, electrical conductivity, and pH-value guarantee
reproducible PECM processing on industrial level. During the experiments, the parameters
listed in Table 2 were constant.
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Table 2. Constant parameters of the experiments.

Constant Parameter Value
Electrolyte solution Sodium nitrate NaNOj3
pH value 7.0
Temperature 20.5°C£1.0°C
Electric conductivity 720mS/cm + 0.5 mS/cm
Tool oscillation On
Amplitude 0.35 mm
Pulse frequency 50 Hz
Start working gap 0.05 mm

2.3. Determination of Material Specific Dissolution Behavior

The determination of the electrochemical dissolution behavior was carried out accord-
ing to DIN SPEC 91399. First, the specific material removal mass msp and the material
removal volume Vg, of the target material were determined considering the chemical
composition [34]. For the material NiMnGa, a specific material removal mass msp of
0.2844 mg/C and a specific material removal volume Vs, of 0.0362 mm?/C were deter-
mined. In the second step, experiments were carried out with a removal fixture, which
enables specimens with a diameter of 12 mm to be electrochemically dissolved via front
gap machining. In addition to the constant parameters listed in Table 3, the voltage, feed
rate, and pulse lengths were also varied in the experiments. During the experiments, it
was ensured that only parameter with an end working gap of 50 um =+ 5 pm were used to
ensure uniform experimental data collection.

Table 3. Variable parameters during the experiments.

Variable Parameter Value
Voltage 6Vtol7V
Feed rate 0.015-0.355 mm/min
Pulse length 2ms; 4 ms

Several diagrams can be selected for the interpretation of the dissolution characteristics.
A particularly important parameter for the simulation is the material removal rate MRR,
which represents the dissolution rate according to the resulting current density | over the
current transmitting surface area. This is due to the physical correlation [30,34,35]:

MMR=A-1/(z-p-F) 1)

The variables are defined as follows: MRR—material removal rate; A—molecular
weight of the workpiece in grams per mole; [—transferred electric current; z—valence;
p—density of the metallic workpiece; and F—Faraday’s constant. The experiments were
carried out with pulsed direct current at defined feed rates so that a current duty cycle
of 20% (with 80% process gap flushing) was set for 50 Hz and a 4 ms pulse length, and a
current duty cycle of 10% (with 90% process gap flushing) was set for 50 Hz and a 2 ms
pulse length. The determination of the material removal rate considers a scaling of the
current duty cycle to 100%, resulting in the calculated values of the material removal rate
always being multiple times higher than the chosen machine feed rates.

2.4. Measurement

The start and end working gaps between the electrode surfaces (interelectrode gap)
was determined with the help of the system’s internal measurement technology for short-
circuit detection. The size of the specimens was determined after parallel processing with
a Zeiss Prismo measuring machine. To avoid crystal structure movements during tactile
measurement, a sensor was chosen which requires a maximum of 0.1 N counterforce to
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detect a stable measuring point. The surface of the specimens was analyzed using a Zeiss
scanning electron microscope, model series Evo MA25. The qualitative evaluation was
carried out at 500 x magnification before and after PECM processing.

3. Simulation Methods

In this study, a sequential simulation strategy is performed considering two different
simulation models, as shown in Figure 2. Both simulation models consider electrodynamics
as well as the change in the simulation geometry due to the anodic metal dissolution of
the workpiece (anode) and the movement of the tool (cathode). Model 1 represents the
validation model. Here, the shape of the workpiece is determined by the frontal working
gap s¢. The aim is to reproduce the experiment for the determination of the material-specific
removal characteristics and to validate the results based on the resulting equilibrium
working distances (see Section 4.2).

Figure 2. Simulation approach.

The coupling variable describing the interaction between electrodynamics and geo-
metric deformation is the material-specific removal characteristic. It is determined by the
dissolution rate MRR as a function of the normal current density J, (refer to Section 4.1).
After validation, the modeling approach and boundary conditions are transferred to the
more complex model, which simulates the machining process of the considered NiMnGa
specimens. The workpiece formation is determined by the lateral working gap s; between
the cathode and the workpiece. Subsequently, the process simulation is carried out, vary-
ing the shaping cathode height i and the lateral positioning of the electrical insulation
doftset- After evaluating the resulting lateral working distances, the functional relationships
between the process input variables (hy; dogset) and the geometry evolution are analyzed to
derive the recommended parameters for fixture design (Section 4.3).

3.1. Model Geometries

For each simulation step, an individual geometry was derived based on the respective
fixture. Figure 3a illustrates the geometry used for the validation experiments. Due to the
rotationally symmetric nature of the fixture and the test specimen, an axially symmetric
geometry was derived that provides an appropriate balance between accuracy and effi-
ciency. In Figure 3b, a two-dimensional model geometry based on the device for precise
electrochemical machining of the MSM specimen is presented. Finally, these geometries
were implemented in the FEM software: COMSOL Multiphysics (version 6.1).

Both geometries are classified into four regions, each representing an independent
material: region I represents the electrolyte; region II the workpiece to be processed; region
III the tool or cathode; and region IV is defined as insulation. In the validation simulation
(Figure 3a), both the anode (region II) and the cathode (region III) have a diameter of 12 mm.
The anode has an initial height of 3.8 mm in the section considered. The entire electrolyte
area (region I) has the dimension of 10 mm by 4 mm. In addjition, the entire geometry for
the process simulation (Figure 3b) has a dimension of 12 mm by 7.5 mm. Initially, the anode
has a width of 3 mm and a height of 9.5 mm. The distance between the functional surfaces
of the cathode (that is, the opening of the cathode) is 2.67 mm. The chamfer of the cathode
has an angle of 45°. Furthermore, as already mentioned, the height of the inner functional
surface of the cathode hy is a variable design parameter.
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Figure 3. Simulation geometry: (a) frontal gap experiments; (b) machining process for manufacturing
of MSM specimens. Material properties and boundary conditions are shown in Tables 4-6.

Table 4. Material properties.

Material Domain Condition
Electrolyte I c=72S/m
NiMnGa I o=10°S/m
AISI 304 Steel 11 c=100S/m
Polyoxymethylene v c=10"195/m

Values according to Table A1l (Appendix A).

Table 5. Boundary conditions of electrodynamics.

Condition Boundary Condition
Electric potential 1 p=¢; —5V 1
Electric insulation 4,5,6,7 -
Electric potential 2 =0V
Axial symmetry 10 -

! Values according to Table A1 (Appendix A).

Table 6. Boundary conditions of the geometry deformation.

Condition Boundary Condition
Mesh Velocity 8,9 Uy =0y !
Mesh Velocity 3 On = Va(Jn) 2

Mesh Displacement 1,2,4,5,6,7 s =0mm

! Values according to Table A1 (Appendix A). 2 Material-specific dissolution characteristics.

3.2. Domain and Boundary Conditions

The electrodynamics in the electrolyte domain is regarded as a primary current distri-
bution with a constant electric conductivity of the electrolyte of 7 S/m. Within all domains,
current conservation is present. In Table 4, the material definitions are shown, and the
boundary conditions of electrodynamics are summarized in Table 5.

In order to model the time-dependent change in geometry resulting from anodic
dissolution and cathode movement, various boundary conditions have been established
and are outlined in Table 6. The deformation of the workpiece is characterized by a specified
velocity directed perpendicular to the surface. This velocity is determined based on the
current normal density, employing experimentally obtained material specific dissolution
characteristics. The considered NaNOj electrolyte exhibits passivation characteristics.
Following source [36], a boundary resistance exists between electrolyte and workpiece.
This resistance arises from an oxide layer and a viscous film of supersaturated nitrates on
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the workpiece surface. The voltage drop across the oxide layer remains constant regardless
of the current density. As an initial approximation, the voltage drop is set to 5 V.

3.3. Meshing

To achieve an accurate simulation, a robust meshing strategy is crucial. In this study,
an automatic mesh generation algorithm within COMSOL Multiphysics was utilized.
Specialized settings were configured to ensure that a minimum of 10 mesh elements were
distributed along the working gap distance. Figure 4a,b depicts the initial meshes.
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Figure 4. Initial mesh: (a) frontal gap experiments; (b) machining process for manufacturing of
MSM-specimens.

The mesh for the frontal gap experiments required a very fine resolution of the anode
surface as strong distortions of individual mesh elements can occur here, particularly at
the edges. Due to the dynamic changes in geometry during the simulation, the mesh
experiences significant deformation. This can lead to unintended effects such as inverted
mesh elements and reduced overall mesh quality. To avoid this, an automatic remeshing
algorithm was used in the simulation process. This algorithm monitors the mesh distortion
within the model domain. If the distortion of any element exceeds a predefined threshold
of 0.8, the simulation pauses. Subsequently, the mesh undergoes a remeshing procedure,
effectively restoring the mesh quality to an optimal state. Once the remeshing is complete,
the simulation continues, ensuring accurate and reliable results.

4. Results and Discussion
4.1. Electrochemical Characterization

The resulting material removal rate for the material NiMnGa in sodium nitrate is
shown in Figure 5. It can be recognized that with increasing current density, more material
can be dissolved. When observing the material removal at 4 ms pulse length, it can be seen
that within the investigated current density range between 14 A/cm? and 105 A/cm?, three
different trend lines can be highlighted. Especially above 35 A/cm?, the results show a very
uniform dissolution behavior, which is underlined by the high coefficient of determination
of 0.999. At 2 ms pulse length, only two zones are detectable, whereby above 40 A/cm?, a
uniform ablation behavior occurs. These zones can be compared with zones 2 and 3 at 4 ms
pulse length. Differences are attributed to the fact that longer pulse lengths contain more
removal-active charges, resulting in a higher material dissolution compared to short pulses.
At 2 ms pulse length, this leads to a reduced calculated removal rate of 0.099 mm/min. The
impact of an oxide layer at the surface of the workpiece mentioned in Section 3.2 cannot be
determined in more detail at present.
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Figure 5. Determined material removal rate MRR as function of the current density | for NiMnGa in
NaNOj solution.

4.2. Validation of Simulation Approach

To validate the simulation approach, which includes the implementation of the mate-
rial specific dissolution characteristics, the equilibrium frontal working gap s; is analyzed
and compared with the experimental results. An equilibrium frontal gap is reached when
the current is steady. This also indicates a stable state in the dissolution process. In Figure 6,
a comparison is shown between the calculated and experimentally determined frontal
working gaps. All relevant process parameters are outlined in Table A1 (Appendix A).

¥ A

o3

m Experiment m Simulation

. Q#Q

.

77 77'§ 77 “§ S 77 %
2] 44 %7 __§ 24 _ \
N R
N\ /
é

10971 10965 10959 10962 10958 11124 10952 10982 10987 10939

Experiment #
Figure 6. Calculated frontal working gap s; compared to experimental results.

It is obvious that the experimentally determined frontal working gap values vary
between 44 pm to 57 pm. On the other hand, the calculated frontal working gap ranges
from 50 um to 61 um. Generally, the simulation aligns well with the experimental results.
The largest deviation is observed for Experiment #11124, with a deviation of 8.6 ym. In
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summary, the simulation method is well suited for modeling the machining of MSM
specimens; thus, tool and process design can be performed.

4.3. Simulation-Assisted Tool Design

As shown in Section 1, the simulation is used to answer different scientific questions
regarding the influence of the geometrical design of the tool and insulation on the formation
of the workpiece. For this purpose, the machining parameters of two different experiments
are selected as examples. First, Experiment #10962 is chosen (see Table Al in Appendix A;
vg =0.126 mm/min; f =50 Hz; ¢ = 14 V; t,, = 2 ms). On the other hand, Experiment #10939 is
considered (see Table Al in Appendix A; v¢ = 0.280 mm/min; f =50 Hz; ¢ =15 V; t, = 4 ms).

In Figure 7a, the workpiece formation for Experiment #10962 during a process time of
1200 s can be seen. At the beginning, the geometry is equal to the initial geometry, as shown
in Figure 7b. After a process time of 250 s, the cathode moved a distance of about 0.525 mm
in the negative z-direction, and in areas with current density values above 32 A/cm?,
material dissolution takes place and the anodes’ shape changes according to the cathode
shape, as seen in Figure 7b. As the process time increases, as shown in Figure 7c,d, the
anode geometry, relative to the shape of the cathode, no longer changes, and an equilibrium
working gap exists.

50
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Figure 7. Model geometry and current density distribution during simulation of the NiMnGa
machining process; stream lines represent current flow lines (uniform distributed). False color legend
constant for all subfigures: (a) t =0s; (b) t =250's; (c) t =850s; (d) £ = 1200 s.

At this state, the final lateral working gap, according to Figure 1, can be derived. For
this set of machining parameters, the final simulated lateral working gap is about 0.184 mm.
As shown in Section 1 in the state of the art, a reduction or increase in the cathode surface
area generally causes a change in the electrical charge exchange and thus extraordinarily
influences the shaping of the workpiece. In Figure 8, the current density distribution (false
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color rendering) is shown for a height of the inner cathode surface of 0.01 mm (Figure 7a)
and 0.5 mm (Figure 8b).
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Figure 8. Model geometry and current density ] as false color rendering for Experiment #10962 after
1200 s simulated machining time. Stream lines represent current flow lines (uniform distributed):
(a) hy = 0.01 mm; (b) iy = 0.5 mm.

It can be seen that with increasing height, the current density distribution within the
electrolyte (domain I) is more pronounced around the workpiece, and an increased stray
current occurs in the area of the lateral working gap. In addition, the total current flow
in the workpiece (domain II), indicated by a stronger red coloration, increases with the
increasing height of the inner cathode surface.

To analyze the influence of /i on the workpiece formation in more detail, the material
removal rate MRR along the workpiece surface is plotted in Figure 9 for iy = 0.01 mm and
hyx = 0.5 mm after a simulated process time of 1200 s. The parameter /g is the arc length of
boundary no. 3 and describes the perimeter of domain II (ref. to Figure 3b).

,/E\ 1.0 T T T T T T T T T T
£ | ]
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E 08 :'u Iy =0.5 mm :‘. T
~ L) ]
~ - 0 1 i
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Standardized arc length along the workpiece surface Iz / mm

Figure 9. Material removal rate MRR along the workpiece surface for different heights of the inner
cathode surfaces iy for Experiment #10962. Arc length is standardized to a range from 0 to 1 for
better comparison.

Due to the different resulting workpiece geometries, a direct comparison of the removal
rate on the workpiece surface along /g is not possible for the parameter sets mentioned. For
this reason, the standardized values of /g ranging from 0 to 1 are considered. Analyzing
the results shown in Figure 9, it can be observed that the material removal rate increases at
a standardized length of about 0.23 mm from 0 mm /min to a maximum value of approx.
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0.81 mm/min for both heights considered. After that, the drop in material removal rate
is significantly greater for iy = 0.01 mm compared to iy = 0.05 mm. This is a result of the
smaller cathode height and, in consequence, a smaller current-carrying surface area, which
leads to less charge transfer to the workpiece surface. In summary, it can be stated that
the smaller height of the inner cathode surface leads to the more focused material removal
along the workpiece surface, thus improving the localization of PECM.

By changing the design parameter d,gsse; from 0 mm to 0.5 mm, the model geometry
changes, and the upper surface of the cathode is not completely covered by insulation
(domain IV). Figure 10a shows the electric current density distribution and current stream
lines for Experiment #10962 with an offset of the insulation of 0 mm. In comparison,
Figure 10b shows the same quantities but with dyge; = 0.5 mm. It can be seen that with
less insulation, the electric field changes and more current stream lines are present, starting
from the top cathode surface and ending at the anode surface. This leads to an increase
in stray current towards the anode, which will consequently influence the shape of the
MSM-specimens. In a qualitative comparison, the influence of d gt appears to be lower
than that of /3. within the considered range.

0t (113 &
g
-1t £-1f 40 9
E E <
\_2 r \_2 g -
N N

w3 v -3l 30 2
§ 3 § 3 %,
54 il !
= = [}
g-st g-st 20 T
o o =
—6F —6F §
-7t -7t 10 )

-7 =5 -3 -1 1 3 5 7 -7 -5 -3 -1 1 3 5 7

Coordinate x / mm Coordinate x / mm 0
(a) (b)

Figure 10. Model geometry and current density | as false color rendering for Experiment #10962
after around 1200 s simulated machining time; stream lines represent current flow lines (uniform
distributed): (a) dygtser = 0 mm; (b) dygrger = 0.5 mm.

To quantify the influence of the parameters /. and dge; On the shape of the workpiece,
two parameter studies were performed. In Figure 11 (Experiment #10962) and Figure 12
(Experiment #10939), the lateral working gap s; as a function of the height of the inner
cathode surface for two different offset values of the insulation dge; can be seen. Based on
the evaluation of the two diagrams, different findings can be observed. First, the lateral
working gap increases with increasing hy for both considered experiments. But the increase
reduces as the height of the inner cathode surface increases. Both findings can be explained
by a combination of two different phenomena.

On the one hand, with bigger values of hy, the cathode takes more time passing a
fixed point at the anode surface, thus increasing the actual dissolution time. This results
in more metal dissolution and the growth of the distance between the cathode and the
workpiece. On the other hand, following Ohms law, when the distance increases, the
resistance becomes higher and leads to less metal dissolution of the workpiece, which
explains the flattening curves. In addition to this, as soon as the current density value
drops below the passivation limit of 32 A/cm? for 4 ms and 36 A/cm? for 2 ms (see
Figure 5), the removal velocity becomes very low and no significant metal dissolution can
take place anymore.
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Figure 11. Side working gap s; as a function of the height of the inner cathode surface hy (Experiment
#10962: v = 0.126 mm/min; f = 50 Hz; ¢ = 14 V; t, = 2 ms).

The second finding is that the lateral working gap is bigger when an offset between the
insulation and the cathode is present. In the case of Experiment #10962, the lateral working
gap increases by approx. 19% from 0.086 mm to 0.102 mm when the offset increases from
0 mm to 0.5 mm for iy, = 0.01 mm. But the influence is no longer very pronounced as soon
as the height of the cathode increases because of the decreasing ratio top cathode surface
area (defined by the offset of the insulation) of the inner cathode surface area. In the case
of Experiment #10939, the lateral working gap increases by approx. 29% from 0.113 mm
to 0.145 mm when the offset increases from 0 mm to 0.5 mm for /. = 0.01 mm. This leads
to the conclusion that if the charge-transfer increases due to the higher voltage of 14 V
and longer pulse duration of 4 ms, the influence of the offset of the insulation will become
stronger. So, the stray current is also increasing.
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Figure 12. Side working gap s; as a function of the height of the inner cathode surface hy (Experiment
#10939: v = 0.280 mm/min; f = 50 Hz; ¢ = 15 V; t, = 4 ms).

The conclusions of the simulation-based tool design are summarized as follows:

e  The height of the inner cathode surface i has a significant influence on the lateral
working gap s and the current density distribution J.
The value of iy should be as small as possible to achieve a high accuracy.
The influence of the offset of the insulation dge; is relatively small but is dependent
on the height of the inner cathode surface and the machining parameters.
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o The value of dyer should be as small as possible and homogenous around the top
cathode surface.

It should be noted that production-related boundary conditions were not taken into
account when creating the simulation model and therefore represent an idealization.

4.4. Fixture Development and Manufacturing

Based on the knowledge gained from the simulation, a customized removal fixture is
developed to process one workpiece. One requirement of the application was the demand to
manufacture two planes parallel in one step, classified as parallel processing. Nevertheless,
a typical PECM fixture consists of several components, such as the following:

Alignment mechanism between the tool unit and the workpiece unit;
Stable, reproducible fastening of both electrodes (the cathodic poled tool and the
anodic poled workpiece);
Precisely manufactured cut-out for defined ablative shaping;
Electrolyte guidance (in particular, a flow-optimized design of the electrolyte supply
to ensure a uniform electrolyte flow at the process zone);

e  FElectrical insulation for spatial limitation of the electrical fields and thus localization
of the possible material dissolution.

In accordance with the above-mentioned criteria, the CAD model with a sectional view
of the developed fixture is shown in Figure 13. The components are named, adding the
preferred choice of material. The material AISI 304 (EN: 1.4301) is an austenitic Cr-Ni-steel
that exhibits good corrosion resistance in the electrolyte solution used. In addition, AISI 304
does not show hydrogen embrittlement induced by typical chemical reactions associated
with hydrogen gas formation at the cathode’s surface [37,38]. POM is a technical plastic
material which offers high durability and excellent electrical insulation properties.

Figure 13. CAD cross-section view of the entire fixture for surrounding processing: (1) cathode
holder (AISI 304); (2) cathode (AISI 304); (3) insulated electrolyte guidance (POM); (4) workpiece
(NiMnGa); (5) workpiece holder (AISI 304); (6) guiding pins (AISI 304). The white arrow in (3) show
the electrolyte flow direction.

The shaping process area of the fixture (cathode and insulation) creates increased
challenges for the manufacturing realization. As approved in Figures 11 and 12, the
influence of the shaping height i and the limitation of the electrical field by the offset
between the cathode and the electrical insulation dqe play a vital role in the precise
shaping. Figure 14a shows a design approach in which the electrical insulation and cathode
are separately manufactured and assembled. Here, dimensional deviations between the
insulation (blue) and cathode (yellow) can occur after mounting, whereby a resulting
gap affects the workpiece dimensions. Alternatively, Figure 14b shows an electrically
insulating insert (green, 1.0 mm thick) glued to the inside of the cathode (insert material:
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e.g., Araldite). This manufacturing solution can enable an insulation offset dogey = 0.0 mm
between the cathode and the electrical insulation. Although slightly higher expenses in
the fixture manufacturing exists due to the additional insulation insert, components can be
manufactured via micro milling.

(a) (b)

Figure 14. (a) Shaping zone with insulating electrolyte guidance (blue). (b) Shaping zone with
insulating electrolyte guidance (blue) and additional insulating insert (green).

A fixture was manufactured at the Fraunhofer IWU using the solution approach
shown in Figure 14a in order to test the initial configuration. As described, the electrically
insulating electrolyte supply was mounted after finishing the cathode and insulation. A
cathode shaping height hx of 0.45 mm and a rectangular cut-out of 2.67 x 1.67 mm were
selected for the production of the cathode geometry. The installed fixture can be seen in
Figure 15a, where an alignment tool is mounted to ensure that the tool and workpiece
side are aligned in the X-Y spatial direction. This alignment tool was removed before the
experiments were conducted. Figure 15b shows a specimen after the experiments.

Figure 15. Manufacturing of NiMnGa specimen: (a) alignment step before PECM; (b) NiMnGa
sample after parallel processing by PECM.

4.5. Experimental Results of Simulation Machining with Developed Fixture

A series of experiments were conducted. The first series (1.1/11233 and 1.2/11236)
was performed based on the results of the electrochemical material characterization. These
guarantee short-circuit-free processing while ensuring a front working gap of 0.050 mm
+/— 0.005 mm. The second test series (2.1/11237-2.6/11257) was carried out at a constant
voltage and pulse length while increasing the feed rate until a front working distance of
0.025 mm after machining was reached. For a pulse length of 2 ms, this occurred at a feed
rate of 0.30 mm/min. Figure 16 depicts the evolution of the final lateral working gap. The
applied process parameters are attached in Table A2, Appendix B.
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Figure 16. Experimental results of the change of lateral working gap at increasing feed rates (according
to Table A2, Appendix B).

It becomes clear that the pulse length and feed rate have a strong influence on the
resulting lateral working gap. Test series 1 (1.1 and 1.2) revealed a minimum lateral
working gap of 0.223 mm for a pulse length of 4 ms (sf = 0.050 um £ 0.005 mm). This was
reduced even further with a shorter pulse length. In the second test series, a minimum
lateral working distance of 0.151 mm was determined at a remaining front-working gap
of 0.025 mm. A comparison of the simulation results shown in Figure 12 reveals a good
correlation with the result of Experiment 1.2.

The evolution of the surface roughness and an analysis of the surface appearance
using scanning electron microscopy were examined in more detail in another study [39].
For comparison of the surface appearance, Figure 17 allows for a qualitative evaluation by
SEM at 500 x magnification after preprocessing via EDM and finishing via PECM.

EHT = 20.00 kv Detector = SE1 Z EHT =20.00 kV Detector = SE1
WD=4063mm  Mag= 500X 4 Jan 2024 “ Fraunhofﬁ: — WD=11.14mm  Mag= 500X 9 Feb 2023

(a) (b)

Figure 17. Comparison of the surface texture at 500 x magnification after preprocessing via EDM (a)
and finishing via PECM (b).

The left-hand Figure 17a shows the preprocessed condition after careful EDM process-
ing. During thermal processing, a white layer forms on the surface as a reaction product. K.
OfBlwald studied AISI 4141 (42CrMo4) and showed that this white layer is inhomogeneous
in thickness and has countless craters [40]. Analyzing the shape-memory alloy Nitinol, Liu
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et al. were able to confirm that the white layers have a crystalline instead of an amorphous
composition [41]. Thus, it is expected that after EDM, the surface near material will not
offer the necessary grain condition [39]. Consequently, this layer must be removed to
ensure a homogeneous surface and the high dimensional accuracy of the specimens [42].
Compared to the right-hand Figure 17b, after PECM, a defect-free surface is revealed which
uncovers only some pores of the base material. Scanning electron microscope examinations
confirm that grain boundaries also remained unbroken.

5. Summary and Conclusions

This paper is dedicated to the simulation-assisted fixture design of an application
for the precise finishing of the difficult-to-machine NiMnGa shape-memory alloy using
pulsed electrochemical machining. State-of-the-art numerical simulation models are used
to investigate two crucial influencing variables of the PECM fixture, namely, the shaping
height and the electrical insulation on the top surface of the cathode, as well as the influence
of the feed rate on the resulting lateral working gap.

The electrochemical material characterization of the NiMnGa shows a very good
machinability in NaNOj3. A stable dissolution behavior is already observed at low current
densities, whereby this state was reached at 50 Hz and 4 ms pulse length at 36 A/cm?
and at 2 ms pulse length at 40 A/cm?. Differences are attributed to the fact that more
removal-active charges are available at longer pulse lengths compared to short pulses.

The results of the simulation models show that the stray current is reduced by lowering
the height of the cathode and minimizing the offset between the insulation and the cathode.
The lateral working gap is also influenced by the stray current and increases by 20%, for
example, if there is an offset of 0.5 mm between the cathode and insulation. Based on the
simulation results, we may conclude that the height of the inner cathode surface should be
kept as low as possible.

Once the fixture has been manufactured, its geometric dimensions are not changeable.
For a still economically manufacturable shaping height hy of 0.45 mm, at 2 ms pulse length,
an insulation offset of up to 0.5 mm shows a negligible influence. In contrast, switching
to a pulse length of 4 ms, the shaping quality can decrease noticeably due to the given
insulation offset. This can then be minimized up to a certain point by increasing the feed
rate. Summarizing the experimental investigations of the pulse duration, voltage, and feed
rate, the lateral working gap was adjustable between 150 pum and 250 pm.

Finally, PECM finishing removed surface defects such as the EDM-typical white layer
and further defects from previous manufacturing steps. Only defined grain boundaries
and very fine pores were found on the surface, which should not have any impact on the
overall functionality.

Future work should be focused on exploring how precisely the simulation-based tool
design for PECM can also be used for complex cathodes which require time-consuming
3D models. This may make the use of model order reduction unavoidable. Considering
the findings on the impact of electrical insulation, the manufacturing challenges of the
simultaneous machining of stainless steel and polymers also need to be solved. In addition,
novel possibilities for cathodic electrical shielding should be verified. Although ECM
is known for its cold and force-free manufacturing, it is nevertheless necessary to check
whether process-induced influences on the crystal lattice or the ability to undertake shape
transition can be fully excluded after the complete NiMnGa specimen has been machined.
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Appendix A

Table Al. Process parameters used in the experiments for material characterization and simula-
tion models.

Electric

Experiment ID Tool Veloc.ity Frequ_elncy Potential Pulse Duration
v¢ [mm/min] fls™1] tp [ms]
@[V]
10971 0.030 50 8.8 2
10965 0.060 50 10.5 2
10959 0.100 50 13.0 2
10962 0.126 50 14.0 2
10958 0.150 50 15.0 2
11124 0.020 50 6.3 4
10952 0.070 50 7.5 4
10982 0.130 50 9.9 4
10987 0.187 50 12.1 4
10939 0.280 50 15.0 4
Appendix B
Table A2. Process parameters used in the lateral working gap experiments.
. Tool Velocity Frequency Electr?c Pulse Duration
Experiment ID . 1 Potential
v¢ [mm/min] fls™1] tp [ms]
@ [V]
1.1 (11233) 0.158 50 14.0 4
1.2 (11236) 0.280 50 15.0 4
2.1 (11237) 0.140 50 15.0 2
2.2 (11249) 0.170 50 15.0 2
2.3 (11251) 0.290 50 15.0 2
2.4 (11252) 0.205 50 15.0 2
2.5 (11255) 0.240 50 15.0 2
2.6 (11257) 0.300 50 15.0 2
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