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THE NICKEL PLATING OF 3D-PRINTED PLA-PLASTIC PARTS

This work demonstrates the possibility of obtaining a finely crystalline and well-adhered conductive layer of copper
sulfide, the value of the resistivity of which is comparable to the corresponding parameter for conductive layers obtained from
graphite by a mechanical method.

The effect of various commercial surface-active additives to the nickel-plating electrolyte on the quality of the nickel
coating obtained at the galvanic metallization stage was investigated. It has been established that the addition of an anti-pitting
additive, a dispersant-wetting agent, accelerates the process of nickel electrodeposition on the copper sulfide activated dielec-
tric surface. A significant improvement in the uniformity of the coating and obtaining a fine-crystalline structure is ensured by
the use of a complex of bright-forming additives based on saccharin, which provides a high throwing power of the nickel-
plating electrolyte in the range of low current densities up to 0,5 A/dm’.

Keywords: chemical-galvanic metallization; conductive layer; copper sulfide; nickel coating;, PLA-plastic; 3D-printing.
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Relevance of the research. Electrodeposition of galvanic coatings on dielectric surfaces
is carried out to give the surface of plastic patrs a decorative appearance, light-reflecting prop-
erties, as well as to create electrical contact in printed circuit boards and radio-electronic devices
[1; 2]. In addition, the dielectrics metallization process can be applied to obtain various nano-
materials with a highly developed surface [3; 4].

Problem statement. In the case of chemical-galvanic metallization of dielectric materials,
it is necessary to create catalytic properties in order to selectively deposit the metal on the sur-
face of the corresponding material. For this purpose, an activation process is used, which in-
volves the use of high-cost palladium-based chemical compounds [5]. Thus, replacing the ex-
pensive palladium catalyst during activation with palladium-free conductive compounds is
relevant. An alternative to this are conductive layers based on metal sulfides such as zinc, cop-
per, and nickel.

Analysis of recent research and publications. In work [6] it was proposed to obtain con-
ductive layers based on copper sulfides by the adsorption-diffusion method using higher poly-
thionium acids. In [7], the synthesis of copper sulfide nanowires is proposed using a hydrother-
mal method using thiourea as a sulfur source. Also known [8] is the production of
nanostructured sulfide from solutions in which the source of sulfur is thiosulfate. In all cases,
copper-containing solutions for the synthesis of sulfides contain complex compounds of the
latter, and the synthesis of sulfide materials involves the use of hard-to-reach components and
additional heating of solutions to a temperature of 50...90 °C.

On the other hand, the next main stage of chemical-galvanic metallization of dielectrics is
the electrodeposition of a high-quality, continuous and fine-crystalline galvanic coating on the
formed conductive layer. Despite the high conductivity of the materials used to create conduc-
tive layers, due to the relatively small thickness of the latter, their conductivity can be an order
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of magnitude lower than that of the corresponding bulk material. In particular, a study of the
mechanism of the nickel electrodeposition process on a paraffin-impregnated graphite electrode
is proposed in [9]. The electroplating conditions in this case may be similar to those imple-
mented during electrodeposition of nickel onto a surface activated by a graphite conductive
layer. In addition, in some cases [10], copper sulfides, similar to graphite, can exhibit hydro-
phobic properties.

Uninvestigated parts of acommon problem. In [11], to create a conductive layer, a simpler
method is presented, which involves the deposition of copper sulfide with the use of ammonium
copper complexes and sodium sulfide solutions, which also does not require additional heating
of the solutions. However, it is important to establish the sequence of operations and the duration
of processing to form a homogeneous fine-crystalline conductive layer with a sufficient level of
conductivity. The introduction of the latest technology for producing plastic products by 3D-
printing is becoming widespread, however, the influence of appropriate processing on the adhe-
sion and quality of conductive layers obtained on such products is poorly studied. In addition, it
is important to study the influence of the electrolyte composition on the nickel electrodeposition
process on the surface of the conductive layer formed from copper sulfide.

Research objective. The purpose of this work is to investigate the possibility of obtaining
a highly conductive copper sulfide layer on PLA-plastic parts obtained by 3D-printing, as well
as to establish the influence of surface-active additives in the nickel-plating electrolyte on the
electrochemical parameters and quality of the nickel coating on a copper sulfide-activated die-
lectric base.

The statement of basic materials

1.1 Deposition of a copper sulfide conductive layer. The deposition of a copper sulfide
conductive layer was carried out by a two-stage treatment, which consisted of the initial treat-
ment of the plastic product in a solution of ammonium copper (II) complex, followed by rinsing
and treatment in a solution of sodium sulfide [11]. For primary treatment, two types of copper
ammonium complex solutions were used, which contained 0.4 M divalent copper (in the form
of sulfate or basic copper carbonate) and NH4OH (25%) 100 ml/l. The alkalinity of the corre-
sponding solution was around pH 11. According to the data described in [11], after initial treat-
ment in an ammonium complex solution and rinsing, the surface of plastic samples was treated
in a sodium sulfide solution with a concentration of 100 g/l. The mechanism of formation of
the sulfide conductive layer can be described as follows. At the first stage, the solution contain-
ing copper complex compounds is mechanically captured by the surface. As a result of further
rinsing, which leads to a decrease in pH, the ammonium complex is destroyed with the for-
mation of colloidal copper hydroxide according to the reaction [12]:

[Cu(NH3)4]SO4 + 4H20 = Cu(OH)2 + (NH4)2SO4 + 2NH4OH.

The formed copper hydroxide has a colloidal form, as a result of which it binds well to the
surface of plastic samples. As a result of further treatment in a sodium sulfide solution, the
following reaction occurs, which leads to the formation of a sulfide layer:

Cu(OH)2 + NazS = CuS +2NaOH.

Copper sulfides are also formed by direct interaction of residues of unhydrolyzed complex
copper ions with a sodium sulfide solution.

Since the main focus of this work was to improve the technology of metallization of plastic
products obtained by 3D-printing, fragments of products printed from transparent PLA-plastic
were used as the test samples. On average, the area of the samples studied was 2...4 cm?. The
studied plastic samples, placed on a copper wire, were sequentially immersed in solutions of the
ammonium complex of copper and sodium sulfide with intermediate washing in distilled water.
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Due to the high alkalinity of the solutions, preliminary degreasing was not used. The above oper-
ations were repeated for 10...15 min until a continuous gray-green sulfide layer was formed.
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Fig. 1. Initial sample made of PLA-plastic (a) and with deposited copper sulfide conductive

layer (b, c)
Source: developed by the authors.

An important parameter of the conductive layer is its resistance; the lower the correspond-
ing parameter, the more uniform is the current distribution over the surface of the sample and
the faster the process of electrodeposition of the primary metal layer. The resistance of the ob-
tained conductive layer was estimated based on the measurement of the resistance of the sam-
ples using a Baku BK-9205A digital multimeter. When measuring the resistance, the distance
between the electrodes of the multimeter was 5 mm. The results of measuring the resistance of
the conductive layer of copper sulfide on eight identical samples are shown in Fig. 2.
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Fig. 2. Histogram of the resistances of the conductive layer of the studied samples (1-8)
Source: developed by the authors.

From Fig. 2 it can be seen that for most of the obtained samples the resistance value is on
average about 500 Ohms, given the value of the interelectrode distance, it can be concluded
that the approximate resistivity of the samples can be of the order of 10> Ohm-cm. This resis-
tivity value is comparable to the corresponding value for graphite conductive layers obtained
by mechanical rubbing of graphite [13].

1.2 The influence of electrolyte composition on the nickel electrodeposition process.
In this work, industrial nickel-plating electrolytes were studied, the electrolyte of basic compo-
sition Ne 1 contained (g/1): NiSO4-7H20 — 200; NiCl,-6H20 — 60; H3BO3 — 40. Electrolyte No 2

391



TEXHIYHI HAYKU TA TEXHOJIOT T Ne 2(44), 2026
TECHNICAL SCIENCES AND TECHNOLOGIES

additionally contained the wetting additive Nitech Netzmittel — 2 ml/l. Electrolyte Ne 3
additionally contained the wetting additive Nitech Netzmittel — 2 ml/l and a complex of bright-
ener additives: saccharin — 5 g/1; main brightener additive TSL — 3 ml/l; additive that increases
the throwing power in the range of low current densities TRSL — 3 ml/l. Electrolyte Ne 4 addi-
tionally contained a complex of brightener additives: saccharin — 1 g/lI; butenediol — 1 ml/1 [14].

To study the influence of surface-active additives on the structure and quality of electro-
plated nickel coatings, linear, cyclic, and chronoamperometric current-voltage measurements
were performed on nickel and graphite electrodes. The corresponding measurements were per-
formed on a digital potentiostat PGStat500n in a standard three-electrode cell. The ohmic losses
were leveled by using the Luggin capillary placed close to the surface of the nickel electrode.
The working electrodes were nickel and graphite rods pressed into dielectric housings, respec-
tively. The working surface — the end face of the nickel electrode had an area of 0,28 cm?, and
the graphite electrode had an area of 0,4 cm?, respectively. An electrode made of nickel foil of
the nickel Grade 1 was used as an auxiliary electrode, which was placed along the contour of
the cylindrical cell. A saturated silver-chloride electrode served as a reference electrode, the
potentials on the current-voltage curves are given in the scale of the reference electrode. The
measurement temperature was 18 °C. The potential scanning rate during the recording of cyclic
and linear current-voltage dependences was 2 mV/s.

The result of cyclic current-voltage measurements on a nickel electrode is shown in Fig. 3.
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Fig. 3. Cyclic current-voltage curves on a nickel electrode
in the studied nickel-plating electrolytes:
1 —electrolyte Ne 1, 2 — electrolyte Ne 2; 3 — electrolyte Ne3; 4 — electrolyte Ne 4
Source: developed by the authors.

From the polarization curves (Fig. 3.) the following conclusions can be drawn. Depending
on the type of additive, the overvoltage of nickel electrodeposition changes. The lowest over-
voltage is observed in electrolyte solutions Ne 1 and Ne 2. Moreover, the presence of an anti-
pitting wetting additive (electrolyte Ne 2) leads to an additional reduction in cathodic overvolt-
age, which is greater the higher the cathodic current density. This may be a consequence of
both a reduction in the overvoltage of the side cathodic hydrogen evolution process and a facil-
itation of the formation of a new metallic phase. In electrolyte Ne 3, the overvoltage increases
slightly and a region of moderate increase in current density is observed in the potential range
of -0.6...-0.9 V to cathodic current density values of 0.5 A/dm?. This may indicate an earlier
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onset of the nickel electrodeposition process and an increased throwing power of the corre-
sponding electrolyte in the range of low current densities, caused by the action of the corre-
sponding complex of bright-forming additives. For the other studied electrolytes, such a region
is not observed. In electrolyte Ne 4 with the addition of saccharin and butenediol, the highest
overvoltage of nickel deposition is observed, however, the course of the curve is similar to those
obtained in solutions Ne 1 and Ne 2 without additives.

Given that the resistance of the copper sulfide conductive layer is comparable to the re-
sistance of the graphite conductive layer, in addition, the resulting surface was quite hydropho-
bic. In view of this, for a simulation study in the process of nickel electrodeposition, polariza-
tion measurements were carried out on a graphite electrode, the surface of which is also poorly
wetted. The cathodic polarization curves obtained on a graphite electrode in the studied nickel-
plating electrolytes are shown in Fig. 4.

As can be seen from Fig. 4, the introduction of surface-active additives into the nickel-plating
electrolyte affects the value of the stationary potential of the graphite electrode. However, the
process of active electrodeposition or electroreduction of nickel ions in all the electrolytes studied
begins at very close potential values within -0.7...-0.75 V. And at current densities of 0.5...1.5
A/dm? the difference between the course of the polarization curves is insignificant. Since the
formation of a metallic phase on the surface of a graphite electrode can be significantly difficult,
for a deeper understanding of the course of electrodeposition processes, the cathodic overvoltage
values at a current density of 1 A/dm? were calculated and are given in Table 1.
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Fig. 4. Cathodic polarization curves on a graphite electrode:

1 —electrolyte Ne 1; 2 — electrolyte Ne 2; 3 — electrolyte Ne 3; 4 — electrolyte Ne 4
Source: developed by the authors.

Table 1 — Cathodic overvoltage values on a graphite electrode

Ne of electrolyte Ec,V E (=1 A/dm?,V n (i=1 A/dm?), V
1 -0,08 -0,93 -0,85
2 -0,4 -0,92 -0,52
3 -0,3 -0,92 -0,62
4 -0,19 -0,94 -0,75

Table 1 shows that the largest cathodic overvoltage is observed for the basic nickel-plating
electrolyte Ne 1 and the electrolyte with the introduced bright-forming complex containing
butenediol (electrolyte Ne 4). It should also be noted that these electrolytes do not contain a dis-
persant-wetting additive. The corresponding additive affects the surface tension and wettability
of the electrode surface and, as a result, the overvoltage of the formation of a new metallic phase
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on the surface of the graphite electrode. This may be the reason for the increased values of the
total overvoltage of nickel electrodeposition on the graphite electrode, in addition to the known
suppressive effect of butenediol. An alternative explanation may also be the following. Simulta-
neously with nickel, electrochemical reduction of hydrogen occurs. Hydrogen is released primar-
ily in more energetically favorable areas (micro-unevennesses) and blocks them as a separate
phase. The wetting agent, by reducing the surface tension, promotes the desorption of hydrogen
from the surface and its conditional unlocking, which also accelerates the process of electrodep-
osition and the formation of a new nickel phase on the free electrode surface [6]. Considering that
the values of the cathode potential at a current density of 1 A/dm? are close to -1 V (see Table 1),
chronoamperometric measurements were additionally carried out at the corresponding value of
the cathode potential, the results of which are shown in Fig. 5.

From Fig. 5 it is seen that for electrolytes Ne 2 and Ne 3 a characteristic form of chronoam-
perometric curve with two clearly expressed maxima is observed [15]. The presence of a pro-
nounced second maximum (electrolytes Ne 2 and Ne 3) indicates the activation of the nucleation
process and their spread over the surface of the graphite electrode with the formation of a new nickel
phase. In contrast, in the chronoamperometric dependences obtained in electrolyte Ne 4 the second
maximum is absent at all, and for electrolyte No. 1 it is weakly expressed. Photographic images of
the graphite electrode surfaces after chronoamperometric measurements are shown in Fig. 6.
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Fig. 5. Chronoamperometric dependences on a graphite electrode at a potential of E = -1 V:

1 —electrolyte Nol; 2 — electrolyte No 2; 3 — electrolyte Ne 3; 4 — electrolyte Ne 4
Source: developed by the authors.

A d

Fig. 6. Photos of the graphite electrode surface after chronoamperometric measurements
conducted for 1200 s (E = -1 V):

a— electrolyte Ne 1, b — electrolyte No. 2; ¢ — electrolyte No. 3; d — electrolyte No. 4
Source: developed by the authors.
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From Fig. 6 it is seen that in electrolyte Ne 1 nickel deposition occurs very slowly, the
deposit is present only in the central part fragmentarily. In electrolyte Ne 2 matte nickel is de-
posited over the entire surface of the electrode. As expected, a fine-crystalline nickel coating is
deposited in electrolyte Ne 3. At the same time, at the corresponding potential in electrolyte Ne
4 nickel deposition does not occur.

1.3. Electrodeposition of nickel coatings on PLA plastic samples. The next stage of the
research was the testing of electrodeposition of galvanic nickel coatings on PLA-plastic sam-
ples with a copper sulfide conductive layer. The nickel coating process was carried out in a
polymer electrochemical cell with a volume of 250 cm?®. A PLA-plastic sample with deposited
conductive layer on a copper wire power supply was placed at the same distance between two
parallel flat nickel anodes, the interelectrode distance was 35 mm. A DC source B5 — 43A was
used for electrodeposition. In all experiments, electrodeposition was carried out at a voltage of
1.2 V. During experimental studies, it was found that this voltage corresponds to the optimal
current density of the electrodeposition process of the primary nickel layer - about 1 A/dm?.
Electrodeposition was carried out for 20 min. The temperature of electrodeposition of coatings
was 18 °C. The morphology of the obtained coatings was studied using an optical microscope
MBS-9 at 36x magnification. The results of experiments on electrodeposition of nickel coatings
are shown in Fig. 7.

d

Fig. 7. PLA-plastic sample after electrodeposition of nickel coating in electrolytes:
a—Nel;b—Ne2; c—MNe3; d—MNe 4. The geometric surface area of the samples is about 2 cm?
Source: developed by the authors.

From Fig. 7, the following conclusions can be drawn. The results of nickel electrodeposi-
tion on a graphite electrode (Fig. 6) are actually reproduced on PLA plastic samples covered
with a sulfide conductive layer. When nickel is plating in electrolyte Ne 1, nickel deposition on
the surface occurred to a very small extent. When a wetting additive was introduced into the
electrolyte (electrolyte Ne 2), a fine-crystalline nickel coating was deposited on the surface of
the sample after 20 min of electrolysis. However, gaps and partial delamination of the coating
were observed on the surface of the sample, which indicates the tension of the resulting nickel
deposit. Also, the coating in the inner part of such samples was dull or partially absent, which
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indicated a low throwing power of the corresponding electrolyte. In electrolyte Ne3, the highest
quality fine-crystalline solid nickel coatings were obtained, delamination was not observed at
all, and the number of gaps was insignificant. The percentage of coverage of the inner surface
was also higher than in the previous two electrolytes. The use of industrial bright nickel-plating
electrolyte Ne4 also did not bring a positive result, the surface of the sample after 20 min of
electrolysis was also almost not covered with nickel. In this case, similar to the experiments
with a graphite electrode, the voltage of 1.2 V and, accordingly, the cathode potential that was
set at the same time, is not sufficient for the electrodeposition of a nickel coating.

As a final test, nickel coatings were electrodeposited on samples with a slightly larger sur-
face area and electrolysis continued for 50 min (Fig. 8). The chronoamperometric dependence
was also recorded during electrodeposition (Fig. 9).

R s

Wl l:

Fig. 8. Samples of PLA plastic after electrodeposition of a nickel coating in electrolyte Ne 3,
electrodeposition time - 50 min, geometric surface area of the sample: a — 3.76 cm?;

b —3.84 cm?
Source: developed by the authors.
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Fig. 9. Chronoamperometric dependences of electrodeposition of nickel coating
in electrolyte Ne 3 for 50 minutes:
1 —sample a (Fig. 8); 2 — sample b (Fig. 8)
Source: developed by the authors.

In the course of the conducted research, high-quality fine-crystalline coatings were ob-
tained (Fig. 8), the inner surface of the corresponding samples was also completely covered.
Given the appearance of the chronoamperometric dependences (Fig. 9), the sharp increase in
current density ends after 5 min of electrodeposition, respectively, which coincides with the
completion of the formation of a solid metal layer on the outer surface of the sample with the
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corresponding area. The average values of the current densities (calculated on the basis of
Fig. 9) for the sample from Fig. 8 a — 1.26 A/dm?, for the sample from Fig. 8 b — 1.6 A/dm?,
the thickness of the nickel coatings is about 12 um and 15 um. These results are consistent with
the generally known statement that the porosity of the galvanic coating is significantly reduced
when the thickness exceeds 10 um.

Thus, the possibility of chemical-galvanic nickel metallization of PLA plastic products ob-
tained by 3D printing, with the involvement of the stage of deposition of a conductive layer from
copper sulfides, was established, which enables the direct electrodeposition of a nickel coating
on the conductive layer without the involvement of the stage of chemical deposition of metal.

Conclusions. The nickel-plating process of PLA-plastic parts obtained by 3D printing was
investigated. The possibility of electrodeposition of a high-quality fine-crystalline nickel coat-
ing directly onto the conductive layer of copper sulfide was established.

During the investigation of the influence of the nickel-plating solution composition on the
surface of the studied plastic samples with a conductive sulfide layer, it was established that an
important component that activates the process of electrodeposition of the coating on the sur-
face of the conductive layer is the wetting additive Nitech Netzmittel at a concentration of 2
ml/I. Significant grinding of the crystalline structure and improvement of the quality of nickel
coatings was achieved by additional introduction of a complex of gloss-forming additives with
a saccharin content of 5 g/I.
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XIMIKO-TAJIbBBAHIYHA METAJUII3ALISA HIKEJIEM BUPOBIB
3 PLA-IIVIACTUKY OTPUMAHUX CITIOCOBOM 3D-APYKY

Toxkazana mosrcaugicms ompuManHs OpiOHOKPUCIATTYHO20 MA 8UCOKONPOBIOHO20 CIPYMONPOBIOH020 wapy i3 cyibioy
MiOi Ha nogepxHi eupobie 3 PLA-niacmuka, ompumanux cnocobom 3D-0pyKy. Beruuuna numomozo onopy ompumano2o npo-
BIOH020 WAPY € CYMIPHOIO i3 IONOGIOHUM NAPAMEMPOM O CIMPYMONPOBIOHUX UAPI8, OMPUMAHUX 3 2paAPin068020 NOPOWKY
MexaHiuHuM cnocobom.

3 oenady na ecmanosneni noOiOHI 61aCmMUBOCH NOBEPXHI CIMPYMONPOGIOHO20 wapy i3 Cyb@ioy Mioi ma epagimosozo, mode-
JIbHI OOCTIONHCEHHS MEXAHIZMY NPOYECY eNeKMPOOCAONCEH S HIKETIO NPOBeOeH] Ha 2pagimosomy enekmpooi. 30kpema, 00CiOHCeHO
6IIUE PIZHUX NOBEPXHEBO-AKMUBHUX 00DABOK, B6E0EHUX Y e1eKMPOIM HIKENIO8AHHA HA AKICMb HIKeN1e8020 NOKPUMMS, OMPUMAHOZ0
Ha emani 2anbeaniuHOl Memanizayii. ¥ npoyeci enekmpoocadicen st Hikellegux NOKpUmmie Ha nogepxwi eupobie 3 PLA-niacmuxa 3
MIOHO-CYTTb@IOHUM CIPYMONPOGIOHUM wapom Oya 00CACHYMA 8I0MBOPIOBAHICHIb PE3YTbINAMIE OMPUMAHUX HA 2paghimosomy ee-
Kmpooi. Bemanoeneno, wo dooasanus anmunimuneo6oi 000asku OUChEP2amopa-3mMo4y8aya NpueUOULYE npoyec eneKmpooca-
OdCeHHsL HIKEIO HA AKMUBOBAHIIL cyibghioom midi nogepxwi dienekmpuxa. Beedenns 6ionosioHoi 006asKu npu3e00uns 00 3MeHUeHH s
nogepxtegoeo Hamsey. Lle 3 00H020 60Ky npuzgoouns 00 NONESULeHHs 3MOYYBAHHS eLeKMPOTIMOM 2i0popoOHOT enekmpooHoi nose-
DXHI Mma 3MeHuen s nepeHanpyey YmeopeHHs Hoeoi memanesoi gasu. 3 inuiozo 60Ky, napanenvho i3 enekmpoOCAONCEHHAM HIKeNO
BUOLIAEMbCSL BOOEHD, SIKULL GIIOKYE AKMUGHI OLISIHKU €eKmpOOHOT NO8EPXHi I ympyOHIOE npoyec YmeopenHst HO80I Hikenegol (pazu Ha
nux. Hasenicmo 6i0nogionoi 0obasku cnpusic inmencuirxayii’ decopbyii’ 600HI0 i, 1K HACTIOOK, YMEOPEHHIO HOBOI HiKeneeoi ghasu.
Cymmege noninuienHs piGHOMIDHOCIE Ma OMPUMAHHS OPIOHOKPUCMANIYHOT CIPYKITYPU ROKPUMMSL 3a0e3ne4y€EmbCsl GUKOPUCTIAH-
HAM KOMRAEKCY OIUCKOymaeopiolouux 006a6oK Ha OCHOSI caxapumy, ujo 3yMOGIOE NIOBUWEeHHS. PO3CIIOBANLHOL 30AMHOCTI elleKmpo-
7imy HiKemoeanns € obnacmi Manux suavens 2ycmun cmpymy 0o 0,5 A/om?.

Knrwuosi cnosa: ximiko-eanveaniyna memanizayis, cmpymonpogionutl wap, cyiv@io mioi; Hikenese nokpumms, PLA-
nracmuxk,; 3D-0pyk.
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