BICHHUK XHTY M 3, 2024 p. IH’KEHEPHI HAYKH

UDC 621.357: 539.43 DOI https://doi.org/10.35546/kntu2078-4481.2024.3.14

A.V.PLIASOVSKA

Student at the Department of Electrochemical Productions Technology
National Technical University of Ukraine

“Igor Sikorsky Kyiv Polytechnic Institute”

ORCID: 0009-0002-4063-4246

D. YU. USHCHAPOVSKYI

PhD in Technical Sciences,

Associate Professor at the Department of Electrochemical Productions Technology
National Technical University of Ukraine

“Igor Sikorsky Kyiv Polytechnic Institute”

ORCID: 0000-0002-2809-2774

V.. VOROBYOVA

Doctor in Technical Sciences,

Head of the Department of Physical Chemistry Technology
National Technical University of Ukraine

“Igor Sikorsky Kyiv Polytechnic Institute”

ORCID: 0000-0001-7479-9140

G.S. VASYLIEV

Doctor in Technical Sciences,

Associate Professor at the Department of Electrochemical Productions Technology
National Technical University of Ukraine

“Igor Sikorsky Kyiv Polytechnic Institute”

ORCID: 0000-0003-4056-5551

O. V.LINYUCHEVA

Doctor in Technical Sciences,

Dean of the Chemical Technology Faculty
National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”
ORCID: 0000-0003-4181-5946

PHYSICO-MECHANICAL PROPERTIES OF METALLIC PARTS
ELECTROCHEMICALLY PRINTED USING COPPER NITRATE ELECTROLYTE

The process of electrochemical 3D printing of copper parts using a concentrated copper nitrate electrolyte has been
investigated. It was established that in a nitrate copper plating electrolyte with a copper nitrate concentration of 500 g/,
it is possible to obtain locally electrodeposited metal parts with a compact fine-crystalline structure and an average
profile height of 150 um. The working current densities of electrochemical printing in this case were 2.45...2.7 A/dm’. It
has been shown that reducing the speed of movement of the working electrode (anode) leads to an improvement in the
uniformity of metal deposition along the entire trajectory of movement and the reduction of the crystals size of the metal
deposit. This is obviously a consequence of a change in the current mode of electrodeposition.

It was established that on the surface with initial parameters of microroughness (Rz(1)=1.128 Ra(1)=0.2925)
during electrochemical 3D printing, a metal structure with roughness parameters — Rz(1)=95.72 Ra(1)=16.32 has been
formed. The formation of a compact but at the same time a highly rough metal structure makes the application of the
electrochemical 3D printing method promising in the production technology of printed circuit boards and in the field of
microelectronics as a whole.

The micromechanical tests of samples of electrochemically printed copper deposits showed the following. The
microhardness of the electrochemically printed copper deposit is approximately 30% higher, but the plasticity coefficient
and Young's modulus acquire values close to the corresponding parameters of hydrometallurgical copper. This indicates
that the method of obtaining metal objects by electrochemical 3D printing does not contribute to a significant deterioration
of the elasticity of the obtained material.

Key words: copper deposits, electrochemical 3D printing, nitrate electrolyte, microhardness, Young'’s modulus,
coefficient of plasticity.
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PI3UKO-MEXAHIYHI BMACTUBOCTI EJIEKTPOXIMIYHO HAZIPYKOBAHHUX
I3 3BACTOCYBAHHSAM HITPATHOTI'O EJIEKTPOJIITY MIJHEHHSA METAJIITYHUX OB’€EKTIB

Jlocniooceno npoyec enekmpoximiunoco 3D-OpyKy MiOHUX 00’€kmig i3 3ACMOCY8AHHAM KOHYEHMPOBAHO20
HIMPAmMHo20 enekmponimy MioOHeHHs. Bemanoeneno, wo 6 nimpamuomy enekmponimi MiOHEHHS 3 KOHYEHMpayicio
Himpamy mioi 500 2/n € ModCIUBUM OMPUMAHHAM JTOKALLHO €NeKMPOOCAONCEHUX MEMANiYHUX 8UpoDi6 i3 KOMNAK-
MHOI0 OPIOHOKPUCMANIYHOI0 CIMPYKMYPOIO Ma cepedHboro sucomoio npoginio 150 mxm. Poboui eycmunu cmpymy
eNeKmpOxXiMiuHo20 OpyKy npu yvomy cmanogisime 2,45...2,7 A/om’. Ilokazano, wo 3meHWEeHHs WEUOKOCMI PyXy
Ppob0ou02O eneKmpooda aHo0a NPu3o00UMs 00 NONINUEHHS PIBHOMIPHOCII OCAONCEHH Memany no 6cili mpackmopii
PYXy ma nooOpibHeHHAM KPUCMANIYHOI cmpyKmypu mMemanegozo ocady. Lle, ouesuono € nacniokom euoo3minu cmpy-
MOB020 PedCUMY eNeKMPOOCAONCEHHS.

Bemanosneno, wo na nosepxui 3 nouamkosumu napamempamu mixkpowopcmxocmi (Rz(1)=1,128; Ra(1)=0,2925)
npu enekmpoximiynomy 3D-Opyyi popmyemsca memaniuna cmpykmypa iz napamempamu wopcmxocmi — Rz(1)=95,72;
Ra(1)=16,32. @opmysarnns komnakmuoi npome 600HOHAC WOPCMKOT NOBEPXHI MEMAle60i CMpPYKmMypu pooume nepcnex-
MUBHUM 3ACMOCYBAHHS MemOoOy eleKmpoXimiuno2o 3D-0pyKy 6 mexnonozii gupoOHUYmea niam OpyKo8aHo20 MOHMAICY
ma i 8 2any3i MiKpOeIeKmpoHiKU 8 Yilomy.

IIposeoeni mikpomexaniuni eunpoOy8anHs 3paA3Ki6 eleKMmpOXiMIUHO HAOPYKOBAHUX 0CAOI8 MIOI NOKA3AAU HACTIYNHE.
Mixpomeepdicmo enekmpoximiuHo HAOpyKo8anozo ocady mioi € npubausno na 30% euwjor, npome Koegiyicnm niac-
muyHocmi ma mooyns FOnea Habysaromo 3Hauens, 61U3bKUX 00 8i0N0GIOHUX napamempis ciopomemanypeitinoi mioi. Lle
Cc8IOuUMb NPO me, W0 CHOCIO OMPUMAHHS MEeMANiYHUx 00 €kmis enekmpoximiynum 3D-Opykom He cnpusic 3HAYHOMY
NO2IPUIEHHIO eIACMUYHOCIT OMPUMYBAHO20 MAMeEPIay.

Knrouoei cnosa: mioni ocaou, enexkmpoximiunui 3D-0pyk, Himpamuuil enekmponim, Mikpomeepoicmos, mooyas FOunea,
Koe@iyieHm naacmuyHoCmi.
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Formulation of the problem

Prospects for the use of copper nitrate electrolyte in the field of electrochemical 3D printing are its high performance
and low throwing power, which can provide higher printing accuracy and precision of the obtained metal structures [1].
Among the main problems that may appear when using nitrate electrolytes is the control of the morphology of the elec-
trodeposited structures, since there is a high tendency to the formation of coarse-crystalline dendrite-like deposits, which
can be controlled by introducing special additives [2]. It is also important to optimize electrolysis parameters in order to
achieve the necessary physical-mechanical and electrical properties of the obtained metal parts.

Analysis of the latest research and publications

In works [3,4] it was shown the possibility of obtaining metal products with a compact fine-crystalline structure and
high physical and mechanical properties by the method of electrochemical 3D printing using copper sulfate electrolyte.
Initial experiments using nitrate copper electrolyte [5] showed the possibility of obtaining compact electrochemically
printed metal deposits with a profile height of up to 100 pm.

Formulation of the purpose of the research

Thus, the purpose of this work is to investigate the possibility of using a concentrated highly productive nitrate electro-
lyte in electrochemical 3D printing systems and to determine the physical and mechanical properties of electrochemically
printed copper parts.

Presentation of the main research material

Research methodology. The process of electrochemical 3D printing was carried out in an electrochemical cell
(Fig. 1). A cathode in the form of a plate made of AISI 321 stainless steel or MO hydrometallurgical copper with
a thickness of 3 mm was placed at the bottom of the plastic cell. Stainless steel was used when it was necessary to
separate the printed element from the base after printing. The working electrode (anode) was a cylinder made of plati-
num-plated titanium foil, which was located in a plastic dielectric case, with the purpose of focusing the electric field in
the appropriate place under the working electrode. This ensures precision metal deposition or electrochemical printing.
Before conducting the experiment, an electrolyte solution with a volume of 1 L was poured into the cell, the level of
the electrolyte was 20 mm above the cathode. The electrochemical cell was placed in the upper part of the 3D printer.
In all experiments, the distance between the edge of the dielectric case of the anode and the surface of the cathode of
the substrate was 1 mm [3-5].

The investigation of the electrochemical 3D printing process of copper parts was carried out using a nitrate electrolyte
with a copper (II) nitrate concentration of 500 g/I. In this study, similar to [3-5], “square” type objects with a side length
of 1.9 cm were printed. The estimated height of the printed object was 200 um. The movement of the working electrode
along the appropriate trajectory was provided by a specially developed Travis 3D printer program. After deposition, the
current was turned off, the solution was drained from the vessel. The printed object was washed with distilled water and
dried with warm air.

a) @working electrode - anode

\/ e Electrolyte

© cathode - substrate

b)

Fig. 1. Photo of the electrochemical 3D printing installation: a) schematic image of the electrochemical cell;
b) electrochemical 3D printer; c) electrochemical cell and working electrode of an electrochemical 3D printer
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Micromechanical tests of printed objects were carried out on the universal microhardness-scratch tester “Micron-
gamma” by the method of continuous pressing of the indenter. The load on the Berkovich indenter is carried out by a
linear non-contact electromagnetic loader with a maximum force of 50 N [4, 6, 7]. In order to determine the microme-
chanical characteristics, the electrochemical 3D printing of the studied objects was carried out on a copper base made of
MO hydro-electrometallurgical copper, which served as a reference sample.

The microrelief of the surface was studied on a non-contact interference profilometer “Micron-alpha”. This approach
makes it possible to register the topography of the surface by processing a sequence of interference data (pictures) under
partially coherent illumination, which are recorded by a digital camera during the displacement of the reference (refer-
ence) mirror [8].

Results and their discussion. Electrochemical 3D printing of the “square” objects under study was carried out with
a linear speed of movement along a given trajectory of 1.5 cm/s and 3 cm/s, the average height of the obtained objects is
150 pm. Images of the obtained objects are shown in Fig. 2, 3, and the morphology of their cathodic deposits is shown
in Fig. 4.

1790 pcme

Vi

/
200 wert -~

Fig. 2. Electrochemically printed “square” part with an anode movement speed of 3 cm/s.
The average current density during printing is 2.7 A/dm?

Fig. 3. Electrochemically printed “square” part with an anode movement speed of 1.5 cm/s.
The average current density during printing was 2.45 A/dm?

Conducted studies of electrochemical 3D printing of “square” parts indicated the following. Parts with a fine-crys-

talline compact metal structure were obtained. However, it was found that excessive metal deposition is observed in the
corners (Fig. 2, 3). This phenomenon is related to the peculiarities of the movement of the working electrode, in particular

114



BICHHK XHTY M 3, 2024 p. IH’KEHEPHI HAYKH

with the deceleration when passing the corner. A decrease in the speed of movement, which is also accompanied by an
increase in its uniformity, causes a decrease in the manifestation of excessive deposition and the removal of dendrites
from the corresponding places on the received object. Also, as can be seen from Fig. 4, a decrease in the speed of move-
ment leads to the formation of a finer crystalline structure of the surface of the metal deposit and the elimination of
spherulites. This, in particular, may be associated with a change in the current regime, in particular with a decrease in the
frequency of pulses and current pauses.

Fig. 4. Morphology of electrochemically printed copper parts, speed of anode movement, cm/s: a—3; b —1.5

3D relief modelling and determination of the surface roughness of the obtained electrochemically printed samples on
a copper substrate are shown in Fig. 5.

Fig. 5. 3D models of the surface of the hydrometallurgical copper base (a)
and a fragment of the electrochemically printed copper deposit (b)

As can be seen from Fig. 5. during electrochemical 3D printing, a deposit with a columnar structure is formed.
The roughness of the surface of the sample of hydroelectrometallurgical copper base has the following parameters:
Rz(1)=1.128; Ra(1)=0.2925. For the electrochemically printed sample: Rz(1)=95.72; Ra(1)=16.32. Considering the pos-
sible application of the investigated production method, the formation of a compact and, at the same time, rough metal
structure is beneficial. In particular, the adhesive properties of the conductive pattern obtained by electrochemical 3D
printing will be improved at the stage of its installation on the dielectric base according to the technology of printed circuit
board production by the “transfer” method. Also, due to the increase in the specific surface area of the metal conductor,
heat transfer can be improved.

The next stage of the research was the comparison of the micromechanical characteristics of the electrochemically
printed copper deposit with the industrial material — hydroelectrometallurgical copper. Diagrams of the indentation of the
Berkovich indenter for both studied materials are shown in Fig. 6.

The obtained appearance of the indentation diagrams reflects the influence of the method of obtaining on the physical
and mechanical properties of the studied copper samples. Accordingly, the maximum average value of the indenter inser-
tion depth for hydroelectrometallurgical copper is 3.2 um, and for electrochemically printed copper — 2.8 pm.
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Fig. 6. Indentation diagram of hydroelectrometallurgical copper sample (1)

and for electrochemically printed copper deposit from nitrate electrolyte (2)

On the basis of the obtained implementation diagrams, the Meier microhardness, Young’s modulus, and plasticity
coefficients for the studied copper samples were calculated and averaged, which are given in Table 1.

Table 1
Micromechanical parameters of the studied copper samples
Hydro-electrometallurgical copper Electrochemically printed copper deposit from nitrate electrolyte
HM, GPa E, GPa Ketast HM, GPa E, GPa Ketast
2,16 114,4 0,918 3,20 98,9 0,880

As can be seen from Table 1, the microhardness of the electrochemically printed copper deposit is approximately 30%
higher than that of hydroelectrometallurgical copper, which is associated with the formation of a pronounced columnar
structure of the deposit (Fig. 5.a). However, plasticity coefficients and Young’s modulus of both electrochemically printed
and hydrometallurgical copper samples are close in value. Thus, the method of obtaining metal objects by electrochemical
3D printing does not contribute to a significant deterioration of the elasticity of the obtained material.

Conclusions

The possibility of obtaining copper metal parts using the electrochemical 3D printing method with a compact fine-crys-
talline structure using nitrate copper electrolyte has been shown.

It has been shown that a decrease in the speed of movement of the working electrode leads to an increase in the uni-
formity of the metal deposit, but the precision of printing decreases.

It was established that in terms of plasticity coefficient, electrochemically printed copper deposits in nitrate electro-
lyte are close to hydroelectrometallurgical copper. The formation of a compact copper deposit with a rough surface is a
positive characteristic from the point of view of the use of electrochemical 3D printing in the production technology of
printed circuit boards.
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