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Abstract

Electrochemical additive manufacturing (ECAM) is a novel non-thermal metal additive manufacturing technology. The layer
height is an important parameter in additive manufacturing processes which determines the resolution and quality of the parts
manufactured. The modeling of the rate of deposition enables the prediction of the layer size and time of deposition for a
particular feature. The developed model takes the electrical process parameters and the horizontal scan speed as inputs and gives
the rate of deposition and deposited layer height as the output. The current density was calculated based on an existing model
considering ion transport and electrode kinetics. The predicted deposition rates were validated with experimental findings. It was
found that the pulsed voltage with a 75% duty cycle had the highest deposition rate. While the deposition rates varied between 1
and 3 pum/s, the scan speed was found to be between 0.1 to 2 mm/s for a diameter 250-pum tool. The scan speed had a lower limit
for each interelectrode gap below which a possibility of short-circuiting exists. The influence of the pulse duty cycle on the layer

height reduces at larger interelectrode gaps.
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1 Introduction

The recent advancement of technology has increased the need
for manufacturing processes capable of making smaller, high-
ly customized parts. Additive manufacturing (AM) is increas-
ingly being used to manufacture functional parts because of its
ability to create highly complex, customized parts starting
from a computer-aided design (CAD) [1]. AM processes have
found wide acceptance in varied fields such as biomedical,
aerospace, and electronics industries, due to their need for
highly customized, unique parts [2—4]. A wide variety of ma-
terials can be manufactured using AM processes such as
metals, polymers, and piezoceramic materials [5]. Some AM
processes, such as selective laser melting (SLM), direct metal
laser sintering (DMLS), and electron beam melting (EBM)
can be used for manufacturing metal parts. However, the parts
produced using these thermal-based AM processes have high
residual stresses due to the melting and re-solidification of the
part during manufacturing leading to thermal deformation and
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shrinkage [6, 7]. Many of these processes are also limited in
their capability to produce micron scale features as they are
limited by the powder size [1, 4]. Extensive heat treatment and
post-processing are also required after these thermal processes
to relieve these high thermal stresses [8].

Electrochemical additive manufacturing (ECAM) is a novel
process that combines the principles of AM and localized elec-
trochemical deposition (LECD) to produce metal parts at room
temperature without thermal stress [9]. As the nature of depo-
sition in ECAM is atom by atom as opposed to other traditional
metal additive manufacturing processes, parts can be built with
no need for support structures and by changing build orienta-
tion [10]. The process flow showing the manufacturing of a
part without the need of support structure starting from the
CAD model to the final manufactured part is given in Fig. 1.
The parts produced during ECAM do not have any thermal-
induced residual stresses as the process is non-thermal in na-
ture. ECAM is also used in a micro-repair application with the
use of electrolytes confined in liquid marbles [11].

Past studies have attempted to model LECD by simulating
the current density and electric field through the electrolyte
[12]. Three-dimensional structures made by LECD with de-
position rates up to 6 um/s have been reported [13]. Parts
manufactured at a consistent deposition rate during LECD
are expected to have better structure, surface finish, and more
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Fig. 1 Schematic of the process -
flow for ECAM starting from the

part model file to the

manufactured part
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compact centers. A study of the withdrawing speed of the tool
from nickel deposits during LECD found that the growth rate
of the nickel deposits slows at a quadratic rate over time, and
tool withdrawal from the deposition needs to change accord-
ingly [14]. The influence of the voltage and interelectrode gap
(IEG) on the deposition rates was experimentally studied in
[15] with higher voltage and smaller IEG leading to higher
deposition rates. Another study attempted to optimize tool
withdrawal speed, where it was found that the optimal tool
withdrawal speed should be the same as growth speed of the
deposit, which lead to improved geometry confinement [16].
A 6.67% increase in deposition rates was seen using the rotat-
ing electrode as well as increased dimensional control [17].

Pulsed power during LECD has been reported to produce
parts with higher strength when compared to parts made using
DC power [18]. The reason for this was attributed to a unique
microstructure with grains that contain a high density of lay-
ered nanoscale twins divided by coherent twin boundaries.
The same study also found that while the peak current density
during the pulsed LECD was higher, the average current den-
sity was higher in DC powered LECD [18]. The reason for
higher peak current during pulsed LECD is due to the replen-
ishment of the ions during the pulse off time [19].

Several numerical evaluations and simulation studies have
used current values from the electric field to evaluate the re-
lationship between the process variables on the deposition
during LECD [1, 12, 20-25]. The current density and rate of
deposition predicted by these studies often do not compare
well with actual experimental values, possibly due to the lack
of consideration of the ion migration, bubble-electrolyte two-
phase interactions, and diffusion effects. An earlier study sim-
ulated the movement of the actual ions during electrochemical
processes, however, did not analyze these behaviors through-
out the entire ECAM process and did not account for the
dynamic nature of the tool movement during ECAM [21]. A
recent modeling study used a simplified analytical solution to
the problem of the microcolumn deposition [24]. This study
predicted the conditions under which either tubular or cylin-
drical structures are formed during LECD. Experimental stud-
ies of LECD that undergo separate horizontal and vertical
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motion of the anode have mostly used current based feedback
to estimate and control the layer height [9, 10, 26].

The experimental deposition rates observed during LECD
have generally been calculated only for the direction normal to
the substrate with the anode motion considered only in the
vertical Z direction. However, in ECAM, the anode (tool)
moves in all the three (XYZ) axes resulting in 3D shapes being
deposited. Thus, there is a need to predict the layer height of the
deposit in terms of the scan speed in the horizontal (X- or Y-axis)
direction. Modeling of the layer height and the rate of deposi-
tion during ECAM considering ion transport and under pulse
power conditions has not been reported in prior literature. Thus,
in this paper, the deposition rate and layer height have been
modeled using current density predicted based on ion transport
calculations for the ECAM process. The effect of pulse charac-
teristics, electrolyte concentration, and the interelectrode gap
has been modeled. The variations in the deposit height due to
the velocity change in the X-Y horizontal direction of the anode
has been analyzed. This application of the model cuts the time-
consuming trial and error approach generally associated with
electrochemical deposition. The model can also be used to pre-
dict the required input process parameters needed to achieve a
user-defined layer height. Layer height is one of the parameters
in additive manufacturing which determines the resolution of
the parts produced, with smaller layer height leading to more
fine features being manufactured.

2 Mathematical model
2.1 Rate of deposition model

From Faraday’s law, the volume of nickel (Vy;) deposited can
be derived as

eMilt
VN =———
PN

(1)

where My; is the molar mass of nickel (g/mol), / is the average
deposition current (A), ¢ is the deposition time (s), py; is the
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density of nickel (kg/m3 ), ny;i is the valency of nickel, € is the
current efficiency, and F is the Faraday’s constant. Assuming
a constant deposition cross-sectional area equal to the bottom
surface area of the tool and differentiating the equation with
respect to time, we arrive at the rate of deposit height increase
as

@ . EMNii(l) (2)

dt— pnniF
where i(f) is the instantaneous current density. The current
density was calculated based on the flux density of the species
at 1 =0 as given in the Eq. (3).
oC
(1) = niFD— 3
i(t) = nni p 3)
The concentration C, of the nickel cations, was estimated based
on the model developed in [19]. It is briefly described below.
The one-dimensional mass transfer governing equation for
nickel diffusion is given by Fick’s law of diffusion as shown in
Eq. (4).

wc_ o

= = 4
a=P5 (4)

The boundary and initial conditions, as illustrated in Fig. 2,
are given in the equations below:

C(h,0) = Cy (5)
C(hg,t) = Cs (6)
aC iO C(O.t) ( ac P _(aaF

—_— =—|—10 2v3RTn)—10 (zaan) 7
o, nFD[ Cx ™

where C is the instantaneous concentration of nickel cation, ¢
is the time, 4 is the vertical distance from the cathode, D is the
diffusivity of the cation, C,, is the bulk electrolyte concentra-
tion, iy is the exchange current density, « is the cathodic
charge transfer coefficient, R is the universal gas constant, 7
is the temperature, a,is the anodic charge transfer coefficient,
hg is the interelectrode gap, and 7 is the applied overpotential.
7 is a function of time with varying values based on the fre-
quency and duty cycle of the applied pulse voltage. A detailed

Fig. 2 Schematic of the ECAM Ly,
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discussion on the effect of a change in pulse conditions on the
current density and the numerical solution to Eq. (4) is avail-
able elsewhere [19]. Substituting the average steady-state cur-
rent density calculated by solving for the concentration varia-
tion in the interelectrode gap (IEG) from Eq. (3) to Eq. (2)
leads to the rate of deposition as

oC
dh (-_'MNiD -

oh
= 8
dt PNi ®)

2.2 Layer height estimation model

Given the assumption that only the surface beneath the tool
(anode) undergoes deposition, the layer height can be deter-
mined as the product of the deposition rate and the time spent
by any point on the cathode surface beneath the tool electrode
as given below.
dh
hL = E X ool (9)
where t,, is the time taken by the tool to pass any point on the
cathode below. 7, is directly proportional to the width of the
tool (L,,) while being inversely proportional to the scan speed
(vy) as shown below
Ly

tiool = —
S

(10)

Substituting Eqgs. (8) and (10) in (9) results in the final
model for the layer height as
oC
eM NiD_ L
hL = 78}[ X =

11
. . (11)

This model enables the control of the velocity at which the
anode moves in order to achieve the desired deposit height
during the horizontal movement in ECAM. Thus, the tool
velocity will be faster at places where the lesser deposition is
required and slower when more material is needed. This
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allows for flexibility in the process of material deposition, as
the required amount of material deposited is controlled.

Assumptions considered while arriving at the layer height
estimation model are as follows:

*  Only surfaces directly below the anode undergo deposi-
tion, i.e., no deposition occurs in the cathode profile fur-
ther away from the anode.

» Heat generation effects are neglected as the deposition is
considered to be in the micron scale and the tool is in
constant motion.

» Current efficiency (€), overpotential (1), and electrolytic
conductivity (k.) are considered to be constants during the
pulse-on time.

+ Cathode moving with constant velocity along the horizon-
tal axis.

* The length of anode L., is small relative to the surface
variations.

The process parameters and constants used for the deposi-
tion rate and layer height model are given in Table 1.

3 Theoretical model predictions
and discussion

3.1 Rate of deposition model predictions
3.1.1 Effect of duty cycle and IEG

The model predictions of the rate of deposition under varying
duty cycles and IEG are shown in Fig. 3. The rate of deposi-
tion increases with duty cycle up to 75%. The rate decreases
from 75% to no pulse (100%) condition. This indicates that
pulse power is preferable for the deposition if we require a

Table 1 Process

parameters used in the Parameter Value
deposition rate and layer
height determination D(@m’s™) 7x107'°[27]
model C,., (mol m>) 1540
nNi 2
io (A cm ) 6.7x1072[28]
Sar (VT 4.17 (28]
SV 25[29)
n (V) 3
Frequency (kHz) 5, 10, and 100 kHz
Duty cycle 25, 50, 75, and 100%
hg (um) 1-50
€ 0.35
Vs (mm/s) 0.1-2
Ly, (um) 250
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Fig. 3 The model-predicted rate of deposition under varying duty cycles
and interelectrode gaps

higher rate of deposition. The replenishment of the cation
concentration during the off time is the reason for the higher
rate of deposition as there are more ions to be deposited. At
lower duty cycles, the average deposition rate is lower due to
the smaller on times even though the peak current density
during the pulse-on time is higher at lower duty cycles.

IEG of 1 um results in the highest rate of deposition as seen
in Fig. 3. Lower IEG leads to an increase in the current density
as there is a lower electrolyte resistance. This is due to the fact
that the resistance of the electrolyte is directly proportional to
the IEG. At IEG values greater than 20 pm, the influence of
duty cycle diminishes. In Fig. 3, this is reflected in the 50-um
IEG line showing no change in the rate of deposition under
changing duty cycles. This is because at very high IEGs, the
depletion region is not fully formed due to the large availabil-
ity of the ions for deposition leading to lowering the influences
of pulse power. Also, the effect of the large resistance nullifies
the effect of pulsed power.

3.1.2 Effect of frequency

The rate of deposition predicted under varying pulse frequen-
cies and the duty cycle is given in Fig. 4. The frequency
changes showed a very little effect on the rate of deposition
under varying duty cycles at the 1-um IEG (Fig. 4a). It was
found that the 10-kHz frequency showed a higher rate of de-
position when compared to both 5 and 100 kHz at both the 1-
and 5-pum IEGs. This shows that at high frequencies, the ions
do not have enough time to replenish during the pulse off time,
while at lower frequencies, the on time is too long leading to
lower overall current densities and rate of deposition. At larger
IEG above 20 pum, the influence of duty cycle diminished at
the 10- and 100-kHz frequencies. At the 5-kHz frequency, the
rate of deposition still showed an increasing trend with duty
cycle. This is because unlike the high-frequency deposition,
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Fig.4 The model-predicted rate of deposition under different frequencies, duty cycle, and IEG of the applied voltage a 1 pm IEG, b 5 um IEG, ¢ 10 pm

IEG, and d 20 um IEG

the longer on time and off time at lower frequencies allow for
the current density to vary with the pulse conditions.

3.2 Layer height model predictions

The scan speed is inversely correlated to the layer height as per
the model (Fig. 5). The faster the scan speed is, the lower the
layer height of the deposit. The scan speed has a lower limit
based on the interelectrode gap. This is around 0.1 mm/s for a
5-um gap at a 3-V pulse power and a 250-pum tool width. This
lower limit is near 0.75 mm/s for the 1-um IEG, 0.05 mm/s for
the 10-um IEG, and 0.025 mm/s for the 10-um IEG under
similar conditions. Any speed slower than this value will result
in the deposition reaching the anode during the deposition pro-
cess leading to short circuits which are undesirable. The influ-
ence of the varying duty cycles on the layer height reduces with
an increase in the scan speed. At lower scan speeds, the layer
height predictions match the trends for the rate of deposition.
The highest layer height is found to be at a duty cycle of 75%
corresponding to the highest rate of deposition. The scan speed
is several orders of magnitude higher than the vertical rate of
deposition for a 250-pum tool. Larger tools, even at high scan-
ning speed, will hover over any individual point in the deposi-
tion region for sufficient time to complete the deposition.

However, for smaller tools, to ensure their presence over the
same point in the deposition region for the same amount of
time, the scanning speed needs to be reduced.

4 Experimental validation

4.1 Experimental validation of the rate of deposition
model

The rate of deposition was studied experimentally using the
setup shown in Fig. 6 to validate the model results. A plati-
num/microelectrode, with diameter @ 250 um, insulated on
the sides was used as the anode. The tool was insulated using
a room temperature cured enamel paint which resulted in an
insulation thickness of 250—-500 wm. The tooltip was polished
after every experiment to maintain the flatness of the disk shape
and remove any debris from the deposition. A 2-cm % 2-cm
brass plate, with a 500-um thickness was used as the cathode
substrate. Pulse power was provided using an arbitrary function
generator. An Arduino controlled three-axis micro-stage was
used for the motion control. The Arduino was also used as a
current monitoring and feedback controller using an in-house
developed algorithm and code. The controller is capable of
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Fig. 5 Layer height estimated by the model under varying scan speeds and duty cycle a 1 um IEG, b 5 um IEG, ¢ 10 um IEG, and d 20 um IEG

detecting the short circuits which indicate that the deposit has
reached the anode. Pulse power from an arbitrary function gen-
erator was used to generate the required high-frequency pulses.
Duty cycle is defined as the percentage of time the pulse power
is on (f,,) to the total time period of the pulse (7, + t,s). DC
power supply was used to power the process with 100% duty
cycle. Watts’s bath was used as the electrolyte which contains
nickel sulfate (240 g), nickel chloride (45 g), and boric acid
(30 g) per liter of distilled water. This formulation of the elec-
trolyte was used as this was known to have lower throwing
power which is good for localizing the deposit [30]. Boric acid
acts as a pH buffer for the electrolyte. While nickel sulfate

Fig. 6 Experimental setup

provides the majority of the cations needed for the deposition,
nickel chloride aides in the deposition of fine-grained nickel
with improved microstructure [31]. The tool (anode) was kept
stationary, and deposition occurred until the deposit touched the
tip of the tool. This process was repeated for different IEGs as
the current in the system was monitored. Fifteen replications of
the trials were performed at each IEG to account for the exper-
imental deviations. The micro-stages have a step size resolution
of 1.5 um. This was used during the deposition to achieve the
required IEG. After the deposition, we used scanning electron
microscope images as well as a surface profilometer to analyze
the height of the deposit.

PC based control

/I/ Controller

Multimeter
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Fig. 7 Comparison of model predictions of the rate of deposition with
experimental findings

To validate the rate of deposition, the amount of time taken to
deposit was recorded. The rate of deposition was calculated as
the deposit height divided by the time to deposit the part. These
values were compared to the rate of deposition predicted by the
model (Fig. 7). From the validation experiments, it is clear that
that the model predicts the rate of deposition over the wide range
of I[EG well with the predicted values being within the range of
experimental deviations. The model predicts a higher rate of
deposition at very small IEG (near 1 pm) with the rate becoming
a constant at higher IEG. This similar trend is seen with the
experimental results at higher IEG of 10, 20, and 50 pum.

4.2 Experimental validation of the layer height model

To validate the layer height model, horizontal lines were depos-
ited on top of the substrate under constant scan speeds. The IEG
was set at a constant 10 um. The tool size used for this deposi-
tion was a side insulated tool with a 50-pum diameter tool elec-
trode. The scan speed varied between 5 and 50 umy/s. The layer
height of the deposited line was measured after each of these
experiments using a surface profilometer. The layer height was
measured at three different locations and the average value is
reported in Fig. 8. The layer height showed an exponential de-
crease with increasing scan speeds. The experimental trend of

20
Applied Voltage= 5 V Il Experimental

15/ IEG =10 ym Il Viodel il
100% Duty Cycle

Layer Height (um)
o S

I. .

57510 20 50
Scan Speed (um/s)

Fig. 8 Comparison of the layer height estimated by the model with the
experimental findings for varying scan speeds

smaller layer height with increasing scan speeds matches with
the model predictions as shown in Fig. 8. The model overesti-
mates the deposit layer height in all the instances. This might be
because the model does not consider the impedance effects
caused by the bubbles generated as well as experimental devia-
tions caused by the resolution of the stage. The model prediction
for the scan speeds of 5 and 7.5 pm/s is more than the IEG
indicating that the model is predicting short-circuiting due to
the contact of the deposit with the tool. Still, the model captures
the exponential reducing trend as seen in the experiments.

5 Conclusions

The influence of the pulsed power settings and the scan speed on
the rate of deposition and deposit layer height during ECAM
were modeled in this study. It was found that pulsed power at
75% duty cycle had the highest deposition rate when compared
to DC (100%) as well as lower duty cycles. Even though the
lower duty cycles showed higher peak current densities, the av-
erage rate of deposition was highest at 75% duty cycle. The
benefits of the pulse power were reduced at higher interelectrode
gaps due to the availability of ions at large gaps. The frequency of
the pulse power had a lower effect on the rate of deposition when
compared to the duty cycle and IEG in the ECAM process. The
horizontal scan speeds associated with ECAM were found to be
several orders of magnitude higher than the deposition rate for
our process conditions. The layer height predicted was influ-
enced significantly by the scan speed. It was found that there is
a minimum scan speed associated with any particular value of
IEG. The developed model for the rate of deposition and layer
height estimation was validated with experiments.
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