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Additive manufacturing commonly also called 3D printing is a process which creates 3D structures
according to digital 3D models by successive deposition of material layer by layer. Electrochemical 3D
printing is a relatively new form of additive manufacturing, which creates metallic structures by
electrochemical reduction of metallic ions from the electrolyte onto a conductive substrate. Advantages
of this technology are ability to produce structures of several materials, without inert atmosphere, thermal
stresses and without using laser optics. Theoretical part was focused on introduction to additive
manufacturing and overview on its technologies, description of principle of electrochemical deposition,
overview on electrochemical additive manufacturing technologies and influence of parameters, which
affect it. Experiments were focused on effect of selected parameters of electrochemical 3D printing on

print rate, mechanical properties, porosity, and microstructure of built structures of copper.
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1 Introduction

Additive manufacturing performs unique tech-
niques which enable production of complex shaped
parts by consecutive deposition of material layer by
layer. Additively manufactured parts find their appli-
cation in a lot of scientific fields including biomedical
and aerospace industries. [1]. The most often used
technologies for additive manufacturing of metallic
materials are PBF (powder bed fusion) methods,
which use laser or electron beam as an external source
of energy for selective melting of metallic powders and
their successive sintering according to a beforehand
prepared model [2]. This way, sintered materials pos-
sess high residual stress due to a fusion at high tem-
perature [3].

Electrochemical 3D printing offers a way to avoid
this problem. Due to a non-thermal way of additive
manufacturing, 3D printed structures have signifi-
cantly lower residual stress. By electrochemical 3D
printing, it is possible to print most of the conductive
materials including metals, alloys, conductive poly-
mers and even some semi-conductors [4].

Electrochemical 3D printing is based on the prin-
ciple of electrochemical deposition of metallic ions
from the electrolyte on to a conductive substrate. This
deposition needs to be localized on a specified place
[5].

The print head for localized electrochemical depo-
sition is made from an electrode which is ended by a
sharp tip and submerged into a bath of electrolyte con-
taining ions of desired metal. Localized electrochemi-
cal deposition takes place when tip of the electrode

which is connected as anode is very close to the sub-
strate which is connected as a cathode. Electrical volt-
age is applied between these two electrodes. Conse-
quently, reduction of metallic ions between cathode
and anode and their deposition on the substrate ex-
actly under the tip of anode takes place [0, 7].

The most important variable parameters that influ-
ence the process of localized electrochemical deposi-
tion are electrical voltage between cathode and anode,
concentration of ions in the electrolyte, presence of
several additives and materials which the tip and the
substrate are made of. Optimal values of these param-
eters depend on the deposited material. Most of the
studies that deals with the process parameters of local-
ized electrochemical deposition are focused on metal-
lic copper and nickel [8, 9]. Electric voltage has a sig-
nificant influence on deposition rate and on porosity
of 3D printed structures. The higher voltage is applied
into the circuit, the higher current passes through it
and therefore the deposition rate is higher. However,
El-Giar et al. [8] measured the highest deposition rate
at 4.3 V regardless of the highest current was meas-
ured at 4.8 V. The reason of this disharmony is local
depletion of ions around of the tip at higher currents.
When applied voltage exceeds a certain value, deposi-
tion current density may exceed limit current density,
which can induce a formation of oxygen bubbles,
which hinder the growth of the 3D printed structure
and the deposition rate is then slowing. The printed
structure shows porosity for that reason [8]. Therefore
it is necessary to set the voltage and the print head
movement velocity propetly in order to get the highest

indexced on biip:/ | www.webofscience.com and btip:/ | www.scopus.com

880



December 2023, 170l. 23, No. 6

MANUFACTURING TECHNOLOGY

ISSN 1213-2489
e-ISSN 2787-9402

print rate with maintaining desired structural proper-
ties [10].

Kamaraj et al. [11] and Miiller et al. [12] studied the
influence of the distance between the tip of the anode
and substrate on localized electrochemical deposition.
According to them, a too small space between the tip
and the substrate can cause inconsistent deposition
due to local depletion of ions. On the other hand, the
deposition is faster and more accurately localized at
smaller spacings [11]. Kamaraj et al. [13] also printed
a structure of nickel at extremely low spacing (5-10
um). They have found out that at this small spacing,
the deposition does not take place between the tip and
the substrate due to the ion depletion. The deposition
takes place only in the area near of the tip which re-
sults in the formation of hollow structure. Said et al.
[10] focused on the print head movement velocity up-
wards in 3D printing of vertical structures. They sim-
ulated deposition profiles for three situations: move-
ment of the print head slower, faster, and equal to the
growth rate of the printed structure. In case of slower
movement, an excessive deposition in lateral direction
takes place, while the growth in the vertical direction
is limited by the velocity of the movement of the print
head. At extremely low velocity of the print head
movement the deposition can even stop. If the move-
ment of the print head is faster than the growth of the
printed structure, a very porous structure is printed.
At extremely fast movement the structure can be even
hollow. At optimal conditions, when the velocity of
the movement of the print head is equal to the growth
of the printed structure, the most regular shape and
most accurate dimensions can be achieved. Seol et al.
[14] underlined the importance of mutual interplay be-
tween deposition ruled by diffusion and transport of
charge and also suggested a new strategy for enhance-
ment of lateral definition and lowering the porosity of
3D printed materials with RTG microradiography.
Thanks to this technology, they have worked out the
critical distance between the tip of the anode and the
substrate, under which the deposition is ruled more by
the charge transport which was the reason of for-
mation of structures with higher porosity. Lin et al.
[15] therefore suggested a process of intermittent lo-
calized electrochemical deposition, where in case of
reduction of the distance between deposited structure
and tip of the anode under a certain limit, the voltage
drops to 0.5 V, the print head goes back until it
touches the deposited structure and in that moment
the print head shifts upwards to restore the before-
hand set distance from the printed structure.

Yeo et al. [16, 17] dealt with mechanical ways to
improve the properties of deposited structures and
resolution of the 3D printing. Thanks to the rotating
electrode, the deposition was more homogenous
which led to reduction of the number of defects in the

3D printed structures. Thay have also suggested using
ultrasonic vibrations which were continuously remov-
ing the oxygen bubbles formed during the deposition
which were hindering the growth of the deposited
structure. That way they enhanced the deposition rate
and dimensional accuracy of the of the 3D printing
process. Another way of oxygen bubbles removal was
suggested by Lee et al. [18]. In their study they used
horizontally oriented installation where the substrate
was not lying on the building platform, but it was
standing perpendicularly to it. The tip of the anode
was approached to it from the side. Thanks to this ori-
entation, the bubbles were running away upwards, and
they did not get stuck under the tip of the anode.

Authors [19, 20] performed localized electrochem-
ical deposition using pulsed voltage. According to
them a pulsed voltage leads to higher current density
and contributes to asymmetric distribution of current
which induces formation of fine-grained structures
with a smooth surface. They discovered that at higher
voltage and longer working cycles, porous structures
with a rough surface are formed. At lower voltage and
shorter working cycles, denser structures with
smoother surface were printed due to replenishment
of the depleted ions under the tip between the work-
ing cycles.

Madden a Hunter [21] have printed a spring
shaped nickel structure by localized electrochemical
deposition which was hollow inside. At the voltage of
4.5 to 5V they have achieved a print rate 360 pmmin-
1. The printed structure had an elasticity modulus of
200+120 GPa.

For localized electrochemical deposition of copper
are most commonly used acidic sulphate baths [22]. Li
et al. [23] observed the influence of concentration of
H2SO4 on print rate on morphology of the printed
structures deposited from the solution of CuSO4. In
case of using a bath with no HSO4 asymmetric cop-
per structures with a lot of branches were formed
which were getting larger with increasing voltage. The
deposition rate was high. After the addition of HaSOs,
uniform non-branched structures with a constant di-
ameter were formed at all voltages. However, the print
rate was lower. The surface of the printed structures
was smoother at higher voltage.

The 3D printing method using the principle of
electrochemical precipitation of metals is promising
for the preparation of very small porous samples.
Most modern commercial 3D printing methods, on
the other hand, are used to print objects (including po-
rous ones) that are significantly larger [29-31]. The 3D
printing method using the electrochemical principle is
thus a highly specialized method for preparation of
small porous conductive samples.
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2 Materials and methods
2.1 Experimental device

A device for localized electrochemical deposition
was assembled from a 3D printer Creality Ender 3
which was originally designed for FDM technology.
Its shortest possible step is 0.1 mm in directions X, y
and z. The printing space is 220 mm x 220 mm x 250
mm. Dimensional accuracy is 0.1 mm and layer thick-
ness 0.1-0.4 mm. This 3D printer offers print head
movement velocity 1-180 mms'. Thickness of the
polymeric filament for this 3D printer is 1.75 mm.
This 3D printer also offers a possibility of manual con-
trol of the print head.

The print head was composed from an insoluble
anode made of platinum wire. The advantage of insol-
uble anode in contrast to the soluble is constant di-
mensions and no need to replace it. That makes to in-
soluble anode the only option for the print head for
localized electrochemical deposition. The platinum
wire of a diameter of 350 um was inserted into the
plastic cover made of PETG. The inner space was
sealed with the acrylic resin VariDur 200 for a me-
chanical fixation of the wire and for more accurate lo-
calization of the deposition. After the sealing, the tip
of the anode was mechanically ground on a grinding
paper SiC with roughness P250 and polished on a di-
amond paste D2. The same grinding and polishing
process was applied on a substrate as well.

The experimental device was assembled from the
FDM 3D printer whose print head was replace with
the insoluble platinum anode, Petri dish with the elec-
trolyte of volume approx. 300 ml which was placed on
the building platform of the 3D printer, the source of
the direct voltage, amperemeter which was measuring
the current flowing through the circuit and a voltmeter
to measure the voltage between the anode and the
substrate. On the bottom of Petri dish was a cathode
created from a copper plate. The substrate was put on
the cathode.

An attempt to print a 3D object according to a 3D
model with the smallest possible print head movement
velocity was performed on an assembled device. It was
observed that the movement of the print head is too
fast to print a layer of a required thickness. Therefore,
a strategy of manual control of the print head move-
ment by the wheel under the display was applied. The
length of one step was chosen 0.1 mm because it was
the shortest possible step. In every step the print head
was kept at its position until the moment when a sud-
den increase of the current took place and the voltage
dropped almost to zero indicating that the deposited
structure touched the tip of the anode. At that mo-
ment, the print head was always

moved up by 0.1 mm.
2.2 3D printing of copper

An electrolyte of concentration with 1M
CuSO4.5H20 and 1M H2SO;4 was prepared for local-
ized electrochemical deposition. The chemicals of the
purity p. a. were used. Depositing reduction reaction
took place on the cathode (1), while the oxidation re-

action took place on the tip of the
anode (2).
Cu?* +2e~ - Cu 1)
1
H20—>§OZ+2H++2e_ @

Fig. 1 Experimental equipment for localized electrochemical
deposition of copper

Pt - wire N C‘) =

PETG - isolation

—_—

electrolyte

cathode

Fig. 2 Scheme of the device for localized electrochemical depo-
sition

2.3 Numerical simulation of 2D current density
distribution model

A numerical simulation of 2D model of current
density distribution using the software COMSOL
Multiphysics was performed with a Secondary Current
Distribution method where electric resistance of elec-
trolyte and kinetics of electrode reactions are
considered. On the other hand, transport of the reac-
tants is neglected considering the high concentration
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of reactants on both electrodes. A conductivity of the
electrolyte, anodic and cathodic potentiodynamic
curves were measured using potentiostat Parstat
3000A-DX to acquire the input data. Three cathodic
and three anodic curves were measured. The result
values are determined by the average of the measure-
ments.

2.4 Print rate determination

At first, experiments of printing a copper wire of
the same diameter as that of the anode by moving the
print head only in the z axis direction were performed.
Several values of the voltage were applied to the circuit
in these experiments. After every printed millimeter,
the time from the beginning was recorded. A chart was
created from the measured values. Eventually, an av-
erage velocity for each voltage was calculated as a
slope of line determined by the measured points in the
chart. Three measurements were performed for each
voltage. The results were then statistically processed.
A specimen of a cuboid shape of dimension 5 mm x 3
mm x 3 mm was printed at the chosen potential.

2.5 Preparation of metallographic samples

Metallographic samples were prepared from the
chosen structures by submerging into acrylic resin
VariDur 200 the way that they can be observed all
along the side perpendicular to them print head move-
ment direction. After the hardening of the resin, the
samples were processed with a grinding paper of
roughness P2500 and polished on diamond suspen-
sions D2 and DO0.7. Final polishing was done on col-
loid SiO; suspension Eposil F.

2.6 Observation of samples

As-printed samples and metallographic samples
were observed by light microscope Nikon Eclipse
MA200 with a digital camera TIS 5 MPix and software

NIS Elements BR, stereomicroscope Olympus
SZX10, and scanning electron microscope Tescan
Vega 3 LMU.

2.7 Evaluation of porosity

Porosity was evaluated by a planar picture analysis
using Image] software. Five pictures for each sample
were evaluated. Results are the average values of all
five analyses.

2.8 Measurement of hardness

Vickers hardness was measured using Future-Tech
FM 700 machine on all metallographic samples. Meas-
urements were done parallel plane to the print head
movement direction with a load of 50 g and dwelling
time of 10 s. Ten measurements were done on each
sample and the result is the average of them all.

2.9 Uniaxial pressing test

Uniaxial pressing test using INSTRON 8802 ma-
chine was performed on a copper cuboid structure of
dimensions of 5 mm x 3 mm x 3 mm. A stress neces-
sary for the destruction of the structure was measured.
The test was performed on the as-printed structure to-
gether with the substrate and on the copper plate of
the same dimensions as the substrate afterwards.

3 Results and discussion
3.1 Print rate

Fig. 3 shows the chart of increase of length of 3D
printed copper wires at several voltages. The experi-
ments were done in a voltage range 3-5,5 V. The print
rate at 3 V was so low that it was pointless to continue,
and the experiment was stopped after 1 mm. At higher
voltages, the wires were growing linearly with time.
The print rate was constant. The highest print rate was
recorded at voltage 5.5 V (1712 + 81 pmmin'').
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Fig. 3 Print rates of 3D printed copper wires at different voltages
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Fig. 4 Dependence of print rate and current density on voltage

There is a chart of print rate dependence on cut-
rent density and voltage in the Fig.4. The chart dis-
plays directly proportional increase of print rate with
current density. At voltage higher than 5 V no further
increase of current density was observed, probably be-
cause of reaching limit current density. Experiments at
higher voltages were not realized. The print rate was
rising linearly with increasing voltage. The highest
measured current density was 11.4 = 0.5 Acm2 These

values are approximately 2-3 orders of magnitude
higher that those at conventional electrochemical dep-
osition of copper [22]. Madden and Hunter [21], who
performed localized electrochemical deposition of
nickel also recorded 2 orders of magnitude higher cur-
rent densities than in case of conventional electro-
chemical deposition. The highest print rate was
1712481 pmin'. These values of print rate and cur-
rent density are similar to ones measured by El-Giar
et al. [8], who conducted similar experiments. How-
ever, they observed a decrease of current density and
print rate above 4.5 V. This decrease was caused by a
local depletion of ions in the area near of the tip of the
anode.

3.2 Microstrucure

In Fig. 5a-d are images of 3D prints of copper de-
posited at voltages of 3.5 to 5 V. Diameter of copper
wire deposited at 3.5 V (Fig. 5a) reaches values of 170-
240 pm, which is approximately 1/2 to 2/3 of the plat-
inum anode tip diameter. Microstructure of this wire
is composed of rough dendrites which are intercon-
nected and relates to each other, so they compose one
compact unit with relatively smooth surface. Due to
relatively low print head movement velocity 6113 pm-
min, dendrites were able to grow upward in the di-
rection of 3D printing and connect to the other den-
drites.

Fig. 53D printed copper wires deposited at a) 3.5 17, b) 417, ¢) 4.5 1" and d) 5 1V (stereomicroscope)
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Fig. 5b shows copper wire printed at 4 V. Print
head movement velocity was at these conditions
30991 pummin' which is approximately 5 times
higher than in previous case. Due to that, the forming
dendrites were not able to connect with dendrites
formed in the previous step which resulted in the for-
mation of dissected surface with spacing between the
dendrites of 31-40 um. Diameter of the wire in the
dendritic spots was 184-209 um, thus a little lower
than in case of 3.5 V.

Photographs of wire printed at voltage of 4.5V are
in the Fig. 5c. In this case, the print head was moving
with the velocity of 73241172 ummin-!. The print rate
was twice as high as at 4 V. The diameter in the den-
dritic spots was lowered to 157-178 um. The micro-
structure was still dendritic, but a ladder-like shape can
be observed which was caused by a step movement of
the print head. Distance between the dendrites formed
in steps increased to 43-53 um.

In the Fig. 5d is wire created by 3D printing at volt-
age of 5 V. Print rate was 1247£78 pmin' at these
conditions. That means that the print rate increased
again to double the value reached at 0.5 V lower volt-
age. Diameter of the wire was reduced due to in-
creased print rate again. In the locations with den-
drites, the diameter reached values of 143-156 um.
These dendrites were thinner that in case of lower
voltages. Their thickness is similar to the thickness in
places with no dendrites in contrast to the dendrites
created at lower voltages which are much thicker.
Also, dendrites did not grow in each direction in plane
perpendicular to the direction of print head move-
ment, while at 4 and 4.5 V they did. The spacing be-
tween dendrites did not significantly change consider-
ing previous experiment and still reached values of 45-
53 um.

Figs. 5a-d show overview for comparison of 3D
printed wires at selected voltages. Gradual reduction
of diameter of printed structures both on the spots
with and without dendrites can be observed. Decreas-
ing dimensional accuracy of 3D printing with increas-
ing voltage can be seen as well. Similar development
of print rate and microstructure o printed structures
was stated by Li et al. [23] and Chen et al. [24]. Another
wire was printed at 5.5 V. 3D printing at this voltage
confirmed trend of increasing print rate with increas-
ing voltage (Figs. 3 and 4.). It also confirmed trend of
reducing diameter with increasing voltage to such an
extent that the 3D printed wire was broken during re-
moval from the electrolyte. Manipulation with it was
not possible due to very low mechanical properties. Its
picture is missing for that reason.

For evaluation of the influence of the step size, an-
other wire with step size of 0.2 mm was printed at 4.5
V. Its structure is shown in the Fig. 6. In comparison
with the wire printed at the same voltage but with the
step size of 0.1 (Fig. 5c), this wire was thicker, in the

spots of dendrites it has 246-280 um. The ladder-like
structure can be observed also in this case, however
distance between dendrites formed at consecutive
steps was smaller than in case of printing with step size
of 0.1 mm.

-

Fig. 6 3D printed copper wire deposited at 4.5 V" with the
step size 0.2 mm (stereomicroscope)

A disadvantage of conventional technologies of
3D printing of metals is a necessity of using supports
when printing overhanging shapes [25]. Brant et al.
[26] in their studies suggested that it was possible to
print metallic structures with overhanging shapes
without abutments by localized electrochemical depo-
sition. For demonstration of this ability, a structure
with perpendicular overhanging part was printed (Fig.
7).
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Fig. 73D printed copper structure with perpendicular over-
hanging part (stereomicroscope)
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3.3 Numerical simulation of 2D model of
distribution of current density

For acquisition of input data for simulation a 2D
model, cathodic and anodic potentiodynamic curves
were measured. They are shown also with Tafel slopes
in Fig. 12 and Fig. 13. Values of Tafel slopes, exchange
current densities and equilibrium potentials for both
cathodic and anodic curves are in the Tab. 1. These
values were used as input data for numerical simula-
tion. Other input data were the conductivity of the
electrolyte 21.8 Sm-, distance between both elec-
trodes 300 um, voltage 5.5 V, limit current density
1.15.10°> Am=2 and diameter of the deposited structure
150 pm.

Tab. 1Tafel slopes, exchange current densities and equilibrium
potentials for anodic and cathodic curves

Anodic Cathodic
curve curve
Tafel slope
[V/decade] 0.08 0.15
Exchange current
density [A/m?] e e
Equillibrium po-
tential [V/SHE] he e
LOE+04
1.0E+03 |
_ LOE+02
E 100401 \,’
<
TL0BH00 )
1.0e-01 |
1.0€-02 ' ‘ :
25 -2 15 -1 05 0 05
E (V/ACLE)

Fig. 8 Potentiodynamic curves: a) anodic curve b) cathodic curve

2D model of distribution of current density is in
the Fig. 9. The localization of the current density in
the area near of the tip of the anode is in the picture.

This localization is even more intense during the 3D
printing process after the nucleation of copper den-
drites.
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Fig. 92D model of distribution of current density a) at the beginning of deposition, b) during 3D printing

3.4 Porosity

The dependence of porosity of 3D printed samples
on the selected voltages is shown in the Fig. 10. It can
be observed that the porosity increases with increasing
voltage and therefore with increasing print rate. The
highest porosity was occurred at 5 V (59,6 £ 8,0 %).
Similar relation between porosity and print rate was
also confirmed by Chen et al. [27].

Fig. 11 shows pictures of metallographic samples
of copper samples printed at different voltages.

50 um

Porosity, %
wn
o

ey
35V

4v 45V 5v
U,V

Fig. 10 Porosity of 3D printed copper structures deposited at

different voltages

50 um
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Porosity in prepared wires rises proportionally
with increasing voltage and therefore with increasing
print rate. In case of wire printed at 3.5 V, pores
occurred only on the top of the dendrites. Their shape
was semicircular, and they were curved around the
dendrites. They were homogenously distributed
throughout the whole sample. Fig. 11a also confirms
that print rate at 3.5 V is slow enough for the dendrites
to grow in the direction of the movement of the tip of
the anode and interconnect with next dendrites. It can
be seen in Fig. 11b and Fig. 11c that porosity increases
at central parts of the wires at higher print rates. It is
caused by unequal distribution of current. During
electrodeposition of metals, electric current tends to
concentrate at edges and ascended points [20]. For
that reason, copper was deposited preferably at the
edge of the wire in every step and successively filled
the central part. This hypothesis is confirmed by the
fact that the spot of occurrence of dendrites in created
in each step always connects to the edge of copper
dendrites formed in the previous step. Because of it,
structures with helical shape were printed (Fig. 12).

SEM HV: 20.0 kV
View field: 1.44 mm Det: SE 200 pm

Fig. 12 3D printed copper wire deposited at 4.5 1 (SEM)

WD: 10.95 mm VEGA3 TESCAN

The higher was the print rate, the less time it was
for each step to be deposited. Therefore, the thickness
of the pore less regions at the edge is reducing and the
porosity in the central regions is increasing with in-
creasing voltage. In case of wire printed at 4.5 V, cen-
tral part is composed of very fine branched dendrites
bounded by pores. Picture of this structure is in the
Fig. 13. This picture confirms the increasing porosity
in the direction into the central part of the sample.

SEM HV: 20.0 kV
View field: 289 ym
SEM MAG: 500 x

Fig. 13 3D printed copper sample deposited at 4.5 17
(SEM)

3.5 Hardness

Measured values of porosity are confirmed by val-
ues of hardness (Fig. 14). Hardness of 3D printed cop-
per samples decreases with increasing voltage, thus
with increasing porosity.

160
140
120
« 100
=
S 80
=
40
2 B =
0
35V 4V 45V 5V

uv

Fig. 14 Hardness of 3D printed copper structures deposited
at djfferent voltages

3.6 Uniaxial press test

Voltage of 4.5 V was chosen for 3D printing of
cuboidal specimen with dimensions 5 mm x 3 mm x
mm. This voltage was assumed to give an ideal com-
promise between print rate and mechanical properties.
Strategy of hatching by one motion in parallel lines
was applied for each layer. Trajectory of the move-
ment of the print head was the same in each layer.
Both layer thickness mm and hatch spacing were 0.3
mm.

Pictures of printed specimen are shown in the Figs.
15-17. The whole 3D printing process of this speci-
men took approximately 20 hours. Its porosity evalu-
ated by  picture analysis  using  Image]
was 59£8 %.
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t
SEM HV: 20.0 kV WD 20.21 mm I I

View field: 2.89 mm | Det: SE 500 pm
SEM MAG: 50 x Date(m/dly): 12/13/21

Fig. 153D printed copper specimen of cuboidal shape depos-
ited at 4.5 17 (SEM)

Fig. 16 3D printed copper specimen of cuboidal shape depos-
ited at 4.5 V" on the copper sheet (stereomicroscope)

Fig. 17 3D printed copper specimen of cuboidal shape depos-
ited at 4.5 V7 (stereomicroscope)

Uniaxial press test was performed on the 3D
printed cuboidal specimen. From the perspective of
area, pores were not considered. The chart of depend-
ence of compressive stress on relative deformation of
3D printed specimen and the substrate alone is shown
in the Fig. 18.

100
— Cu sheet (pad)
| — Cu 3D prifit

Strain, MPa

0 0.2 04 0.6 0.8 1
Relative deformation, 1

Fig. 18 Stress-strain diagram for 3D printed specimen and
substrate

It can be observed that the curve for the substrate
itself is steep and linear almost from the beginning, in-
dicating elastic deformation. On the other hand, curve
of the 3D printed specimen grows moderately and
then it possesses convex shape (Fig. 19). A parallel line
to the curve of the substrate tangential to the curve of
3D printed specimen was drown in the Fig. 18. The
intersection of this parallel line and the curve of 3D
printed specimen indicates the point of complete de-
struction of the specimen. After that, much bigger area
than at the beginning was deformed because the de-
formation of the substrate takes place. For this reason,
much bigger strength is needed for deformation and
the compressive stress increases more rapidly. Thus,
complete destruction of the specimen took place at
the compressive stress 39 MPa.

2 2
i 35
1.6 — 30
25
§1.2— -z
L =20 &
g "
- -
%0.8 15
i L 10
0.4 — -
| -5
0 T I 1 I T 0
0 0.1 0.2 0.3

Relative deformation, 1

Fig. 19 Detail of beginning of stress-strain curve for 3D
printed specimen

889

indexced on biip:/ | www.webofscience.com and btip:/ | www.scopus.com



December 2023, 10l. 23, No. 6

ISSN 1213-2489
e-ISSN 2787-9402

MANUFACTURING TECHNOLOGY

Fig. 19 shows detail of the beginning of the strain-
stress curve for the 3D printed specimen. A spot
where the curve changes from linear to convex is la-
beled by intermittent line. In this moment, elastic de-
formation probably turns into plastic. The specimen
probably started to destruct at 0.75 MPa.

No cracking of the specimen was observed during
the uniaxial press test. Deformation was continuous
and the specimen was plastically destructed. The spec-
imen after the test is shown in the Fig. 20.

Fig. 20 3D printed specimen after the uniaxial press test
(stereomicroscope)

4 Conclusion

In this study a 3D printer working on a principle
of localized electrochemical deposition was designed.
The printed material was copper which was reduced
from the acidic bath of CuSOs. Effect of voltage on
print rate and microstructure of printed parts was eval-
uated by 3D printing of vertically oriented wires at dif-
ferent values of voltage. It was observed that print rate
increases proportionally with increasing voltage. Con-
sequently, dimensional accuracy thickness compact-
ness and mechanical properties of the printed wires
decreases, and porosity increases due to increasing
print rate. Microstructure of the printed wires was
dendritic at all voltages. These dendrites were getting
finer with increasing voltage. In case of printing with
bigger step, rougher microstructure was formed be-
cause of slower movement of the print head than it
was in case of smaller step at the same voltage. Poros-
ity of the printed material was increasing from the
edge to the central part. Pores occurred mainly at the
boundaries of the dendrites. Voltage of 4.5 V was se-
lected for printing a cuboidal specimen. This specimen
underwent an uniaxial press test. The specimen was
plastically in the range of 0.75-39 MPa. Furthermore,
another structure with perpendicular overhanging part
which cannot be printed by conventional metallic 3D
printing was successfully printed. At the voltage
higher than 3.5 V ladder-like shaped structures were

printed due to printed strategy step by step. The ideal
solution of this problem might be a device which
move the print head to maintain the constant distance
between the tip of the anode and the printed structure.
That way, continuous movement of the print head
would be ensured and therefore more compact struc-
tures with smoother shape would be printed. In the
further research, a 3D printer with stepping motor and
higher resolution might be designed. Localized elec-
trochemical deposition is a specific technology of me-
tallic 3D printing and its application for 3D printing
of microelectronic parts might be considered in the
future.
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