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THE INFLUENCE OF ELECTROLYTE COMPOSITION
ON THE CORROSION RESISTANCE
OF NICKEL-BASED METAL-RESISTIVE COATINGS

This paper presents a study of the corrosion resistance of metal resistive nickel coatings and the influence of gloss-
forming additives on it, which can be introduced into the electrolyte to improve the quality and uniformity of electroplated
coatings.

Based on the conducted potentiodynamic polarization measurements and construction of corrosion diagrams, it has
been shown that in a 3 % acetic acid solution, a 3 % sodium chloride solution, and a 3 % sodium chloride solution
with the addition of 6 ml/l of acetic acid, the corrosion destruction of galvanic nickel deposits mainly occurs with cathodic
control, and the limiting stage is, respectively, the stage of oxygen transport to the metal surface. It has been established
that the corrosion destruction of nickel galvanic metal-resistive coatings in an alkaline copper-chloride solution for etching
the conductive pattern of printed circuit boards occurs with mixed and predominant anodic control. It has been shown
that due to the depassivating effect of inclusions of decomposition products of gloss-forming additives in the structure
of nickel deposits, intensive destruction of the metal-resistive coating occurs in the environment of an alkaline copper-
chloride solution for etching the conductive pattern of printed circuit boards. In the case of sulfur-free matte nickel
deposits, contact with copper leads to a significant reduction in the corrosion rate, due to the possible stimulation
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of passive film growth. This is also, to a much lesser extent, inherent in bright sulfur-containing coatings. It has been
found that in order to apply corrosion-resistant nickel metal-resistive coatings, the use of sulforogenic surfactants, such
as saccharin, should be limited.

Key words: nickel plating, metal resistive coatings, acetic acid, sodium chloride, alkaline copper chloride etching
solution, conductive pattern, corrosion resistance, passive film.
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BIIJIMB CKJIAJLY EJJEKTPOJIITY HA KOPO3IMHY CTIAKICTh
METAJIOPE3UCTUBHUX ITOKPUTTIB HA OCHOBI HIKEJIIO

YV Oaniti pobomi npedcmasneno docniodicenHs KOPO3IUHOI CMILIKOCII Memaiope3ucCmuGHUX HIKenesux NnoKpummis
ma enaugy Ha Hei 000aBOK OIUCKOYMBOPIOBAUIs, AKI MOJCYIMb 6600UMUCH 6 eNeKMPONIn 3 MEmoio NIOGUWEHHS AKOCMI
ma piHOMIPHOCMI 2AIbEAHIYHUX NOKPUMIMIE.

Ha ocnosi npogedenux nomeHyioOUHAMIYHUX NOAAPUSAYIUHUX BUMIPIOBAHbL Md NOOYO08U KOPO3IUHUX Oiacpam
nokaszawo, wo y 3 % pozuuni oymoeoi kuciomu, 3 % pozuuni xnopudy nampiro, 3 % posuuni x10pudy Hampito 3 000a8aHHA
6 M/ OYyMOoBOI KUCIOMU, KOPO3iliHe PYUHYBAHHSL 2AIb8AHIYHUX HIKENEeBUX 0CAOI8 NePesadicHO GI00Y8AEMbCsL 3 KAMOOHUM
KOHMPONeM, a IEMIMYIOUOI0 €, BION0GIOHO, CMAJIsk MPAHCROPMY KUCHIO 00 NOGePXHI Memally. Bcmanoeneno, wo koposiiine
PVUHYBAHHA HIKENEBUX 2ANbBAHIYHUX MEMANOPEIUCTNUSHUX ROKPUIMMIG ) IYHCHOMY MIOHO-XTOPUOHOMY PO3UUHT MPAGLEHHS
CMPYMONPOGIOHO20 PUCYHKY OPYKOBAHUX Naam 8i00y8aA€mbCs 31 3MIUAHUM MA NEePEeBaANCHUM AHOOHUM KOHMPOLEM.
Tokaszano, wo 3a paxyHox 0enacusyrouo2o 8nausy KJI4eHb NPoOyKmie po3kiady OIUCKOYMBOPIO8AUie 8 CIpyKmypy
HiKenesux ocadie 8i006Y8aAembcs IHMEHCUBHE PYUHYBAHHA MemaniopesucmueHo20 NOKpUMms 8 cepeo0o8UIi JYHCHO20
MIOHO-XOPUOHO20 PO3HUHY MPAGLEHHS CIPYMONPOGIOHO20 PUCYHKY OPYKOGAHUX niaam. Y eunaoxy 6e3cyno@oposmichux
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MAmosux Hikenesux o0caodie KOHmMaxm i3 Miooo npu3800ums 00 3HAYHO20 3MEHUIeHHA WUOKOCMI KOoposii, uyepes
Modcause YWinbHenHs nacueHoi naieku. Lle maxooc, 3HaUHO 6 MeHwiill MIpi, npUMamante OIUCKYYUM CYTbHOPOSMICHUM
noxpummsam. Buseneno, wo 3 memoio nanecenns KOPO3IUHOCMIIKUX HIKele8UX Memanope3ucmusHux nOKpUmimia cio
o0MedNCUMU SUKOPUCAHHS CYIbPOPOSEHHUX NOBEPXHEBO-AKIMUBHUX 000ABOK, MAKUX, K CAXAPUH.

Knrwouosi cnosa: nixeniosanms, Memanopesucmuni NOKpUmMms, Oymosa KUCI0ma, Hampiio Xaopuo, AyHCHU MiOHO-
XTOPUOHULL PO3UUH MPABTIEHHS, CIPYMONPOGIOHUL PUCYHOK, KOPO3IIHA CMILKICMb, NACUBHA NII6KA.

Formulation of the problem

Metal-resistive coatings are used in the technology of printed circuit board production in order to create a current-
conducting pattern. In the production of printed circuit boards, metal-resistive coatings are usually deposited from metals
such as tin and its alloys, less often nickel. These metals have high corrosion resistance and stable total and surface
conductivity. In particular, nickel coatings have high mechanical strength and wear resistance, which increases the
durability of components on the boards [1, 2]. Increasing the protective properties and reducing the cost of deposition
such coatings will contribute to the further development of the electronic, radio engineering and aviation industries.

Analysis of the latest research and publications

Nickel coatings in the technology of printed circuit board production are deposited as a sublayer before depositing gold
or palladium coatings in order to reduce the transition resistance, increase mechanical properties and corrosion resistance.
It is also important to note that nickel coatings are a cheaper alternative to tin coatings, which makes it economically
feasible to replace the latter in the technological process of printed circuit board production [1-3].

In order to improve the quality and uniformity of nickel coatings, brighteners, in particular saccharin, are introduced
into electrolytes. The latter is a source of sulfur, which is incorporated into the coating structure during electrodeposition
[4-6]. Saccharin, as an organic compound, can be incorporated into the coating structure both through physical adsorption
of molecules and through electrochemical reduction to metal sulfides [7]. The concentration of saccharin in the electrolyte
significantly affects the characteristics of the coatings. Atlow concentrations (<2 g/l), saccharin contributes to the formation
of thin, homogeneous coatings with improved mechanical properties, in particular, with a smaller number of defects
and cracks. At the same time, at high concentrations (>2,5 g/l), the coating can become porous due to oversaturation
of the solution with saccharin, which reduces its mechanical strength and corrosion resistance [7]. The inclusion of
sulfur through saccharin negatively affects the corrosion resistance of coatings. High sulfur content reduce the corrosion
resistance of coatings due to the formation of galvanic pairs between different phases, in particular sulfides. This leads
to localized corrosion and degradation of the coating [8]. Excessive increase in the concentration of saccharin leads to a
deterioration in corrosion resistance due to the formation of a porous coatings [7].

Formulation of the purpose of the research

Thus, the purpose of this work is to study the influence of the electrolyte composition, in particular, the content of
gloss-forming additives, on the corrosion resistance and protective properties of nickel metal-resistive coatings, as well
as to assess the possibilities of their use as metal-resistive coatings in corrosive and aggressive environments, and, in
particular, in conditions of etching of conductive patterns of printed circuit boards.

Presentation of the main research material

Research methodology. At the initial stage, nickel-based materials were studied, for this purpose foil electrodeposition

was carried out. For this purpose, industrial electrolytes were selected, the composition of which is given in Table 1.

Table 1
Nickel plating electrolytes and foil electrodeposition modes
Electrolyte composition, g/dm’
Ne 1 (bright nickel plating on rack) Ne 2 (bright nickel plating in the barrel) | Ne 3 (matte nickel plating on rack)
NiSO, - 7H,0 —250...300; NiSO, - 7H,0 —250...300; . ) B .
NiCl, - 6H,O —40...60; NiCl, - 6H,O —40...60; N;\i%i 76PII;OO 724;5(?‘ ' .63(?'0,
H;BO; - 30...40; H;BO; — 30...40; HZBO 2730 40 B
Butynediol 35 % solution — 0.5...1.5 ml/l; Saccharin —0,5...1 Saccharin —2...6 R
Electrolysis mode
pH4...4,5; pH4...4,5; pH4...4,5;
t=50+3°C; t=50+3°C; t=50+3°C;
i=2...3 A/dm? i=2...3 A/dm? i=2...3 A/dm?
Sulfur content in the galvanic deposit, wt.%
0,074 | 0,240 | 0,010>

For the purpose of electrodeposition of nickel foil, samples of AISI 321 stainless steel were used as a working electrode
(cathode). The thickness of the resulting nickel foil was about 50 pm. To determine the sulfur content in electrolytic
deposits, X-ray fluorescence analysis was used using an express analyzer of the “EXPERT 3L”. The results of determining
the sulfur content in the foil are presented in Table 1.
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Four solutions were used for polarization and corrosion tests: 3 % acetic acid (CH;COOH); 3 % sodium chloride
(NaCl); 3 % sodium chloride with the addition of 6 ml/l acetic acid; alkaline copper chloride solution for etching conductive
patterns of printed circuit boards, the composition of which is close to that given in [3]. Distilled water and reagents of
chemical grade were used to prepare the solutions. Due to the presence of volatile components in the tested solutions,
such as ammonia and acetic acid, in order to create the same conditions for trapping the vapors of the corresponding
compounds and entering air to the corrosive environment, gravimetric corrosion tests were carried out in desiccators with
a capacity of 8 dm’. A separate desiccator was used for each of the solutions. Three polypropylene glasses with a capacity
of 150 ml were loaded into each desiccator. The area of electrodeposited nickel foil samples was 3,6 cm? In order to
study the influence of the copper substrate on the corrosion of nickel coatings, a fragment of copper foil with a thickness
of 0,5 mm and an area of 0,5 cm? was attached to the nickel foil sample. The duration of exposure of samples during
corrosion tests in the studied environments was 24 hours. Weighing of samples after washing and drying with warm air
was carried out on the AS 220.R2 analytical balances, with a weighing accuracy of up to 10 g. The values of corrosion
rate established by the gravimetric method were converted into a current indicator of corrosion rate.

The corrosion behavior of galvanic nickel deposits was studied by linear polarization using a digital potentiostat PGstat
500n in a standard three-electrode electrochemical cell with an auxiliary platinum electrode. The potential scanning rate
during the obtaining of potentiodynamic polarization curves was 2 mV/s. The potentials on the curves are given in the
scale of a saturated silver-chloride electrode. Based on the obtained polarization curves, corrosion diagrams were built,
from which the corrosion potential (£,,,.) and the corrosion current density (i) were determined. In order to assess the
controlling reaction of the corrosion process, the values of the cathodic and anodic polarizations corresponding to i,
were determined.

The study of the protective properties of metal-resistive coatings was carried out in an alkaline etching copper-chloride
solution, which is used for chemical etching of conductive patterns of printed circuit boards. The samples used for the
investigation were fragments of industrial printed circuit boards that had undergone the stages of preliminary galvanic
copper plating and photoresist application on the blank areas. Nickel metal-resistive coatings with a thickness of 9 um were
electrodeposited into the photoresist windows on the conductive pattern after galvanic copper plating. The morphology of
the resulting metal-resistive coatings on the conductive pattern was studied using an optical metallographic microscope
MIM-7 equipped with a digital camera SIGETA USMOS08000KPB in the ToupView software.

Results of experimental studies. In order to study the corrosion behavior of galvanic nickel deposits, polarization
measurements were carried out, on the basis of which corrosion diagrams were constructed, which are presented in Fig. 1,
and the main electrochemical parameters of the corrosion process were determined (Table 2).

In general, from Fig. 1 a, b, ¢, and Table 2 it is seen that in acetic acid and sodium chloride solutions, corrosion
destruction of bright galvanic nickel deposits (obtained from electrolytes Ne 1, Ne 2) mainly occurs with cathodic control,
and the limiting stage is the stage of oxygen transport to the metal surface. For matte nickel, the control is mixed. In
contrast, in an alkaline copper-chloride etching solution (Fig. 1. d), corrosion destruction of bright and matte nickel foil
occurs mainly with mixed and anodic control. Thus, the high passivation ability and the presence of a dense passive film,
which is present precisely on matte nickel deposits obtained from electrolytes without gloss formers (saccharin), make the
main contribution to the metal-resistive properties of the coatings as a whole.

Comparison of the results of determining the corrosion rate by the gravimetric method and the polarization curve
method (based on Fig. 1) shows approximately the same susceptibility of nickel foil samples to corrosion destruction
(Fig. 2). Higher values of corrosion rates determined from polarization curves are explained by the influence of the
potential scanning rate on the course of the polarization curve. In general, it is seen that in NaCl solution the corrosion
rate of the studied nickel foil samples is the lowest and almost the same. In solutions containing acetic acid, as well as in
alkaline copper chloride solution, the corrosion rate for bright nickel foil samples (obtained from electrolytes Ne 1 and
Ne 2) was significantly higher than for matte sulfur-free foil (electrolyte Ne 3).

In addition to nickel foil samples, in order to simulate the presence of nickel metal resist on the surface of the conductive
pattern of the printed circuit board, gravimetric corrosion tests were carried out for galvanic couples, which were created
from fragments of nickel and copper foil. Comparing the data in Fig. 2 and 3, the following conclusions can be made.
In acetate-containing solutions and sodium chloride solutions, the presence of contact between nickel and copper in the
studied corrosive environments generally causes a decrease in the corrosion rate. Such an inhibitory effect of contact with
copper can be explained as follows. On the one hand, copper, as a more electropositive metal, can impose its potential and
cause the compaction of the passive film on nickel, which will mainly concern matte sulfur-free foil. On the other hand,
the possible copper-stimulated dissolution of the bright foil at the initial point in time can cause blocking of the metal
surface with poorly soluble corrosion products, and, as a result, inhibit the process of corrosion destruction. In an alkaline
copper-chloride etching solution, copper can generally act as a protector — creating cathodic protection for nickel.

Nickel coatings were electrodeposited onto the surface of the conductive pattern of printed circuit boards, after which
the conductive pattern was etched in an alkaline copper chloride solution in order to test the metal-resistive properties of
the studied coatings (Fig. 4). It was found that when electrodepositing bright nickel coatings obtained from electrolytes
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Fig. 1. Corrosion diagrams for the studied nickel foil samples in: a — 3 % CH;COOH; b — in 3 % NaCl;
¢ — 3 % NaCl with the addition of 6 ml/l CH;COOH; d — in alkaline copper chloride etching solution
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Table 2
Electrochemical parameters of corrosion processes for nickel foil samples
Solution Ne electrolyte | Corrosion current, 1g(i,,.), [mnA/cm?] | Corrosion potential, E.,,,,V | AE,, V AE, V
1 -14 -0,173 0,010 0,177
3 % CH;COOH 2 -1,48 -0,120 0,008 0,130
3 -1,6 -0,120 0,020 0,110
1 -2,1 -0,120 0,035 0,080
3 % NaCl 2 2.4 -0,160 0,080 0,090
3 2.4 -0,253 0,010 0,060
1 -1,6 -0,198 0,020 0,060
3 % NaCl + 6 ml/l CH;COOH 2 -1,7 -0,130 0,008 0,080
3 -1,8 -0,180 0,040 0,080
1 -0,8 -0,040 0,008 0,008
Etching copper-chloride solution 2 -1,1 -0,019 0,060 0,030
3 -1,35 -0,050 0,060 0,020
100 100
~ 80 r 80
£
v
R ~N
gt Sal
3 <
g 2
c [
8 40 r T4
']
£ §
o] @
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0
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0 0  Hmw . !
3%CH,CO0H  3%NaCl  3%NaCl+6ml/l ~Etching copper- 3% CHsCOOH 3%NaCl  3%NaCl+6ml/l Etchingcopper-
CH;COOH  chloride solution CHCOOH  chloride solution
WElectrolyte 1 MElectrolyte2  MElectrolyte 3 MElectrolytel  MElectrolyte2  MElectrolyte 3
a b

Fig. 2. The influence of the composition of the electrolyte for the deposition of nickel resist on its corrosion
resistance, determined by gravimetric («) and the method of corrosion diagrams (b)
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CHs;COOH chloride solution
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Fig. 3. Corrosion rate values of nickel foil samples during the formation of galvanic couple with copper, obtained
by the gravimetric method
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Fig. 4. Photographs of fragments of a conductive pattern with an electrodeposited nickel coating
before etching in an alkaline copper chloride solution (a, ¢, d) and after etching (b, d, e).
The coatings were deposited from electrolytes (according to Table 1): a, b —Ne 15 ¢,d—Ne2;5d,e—Ne 3

Ne 1, Ne 2 (Table 1), partial destruction of metal resists occurs before complete etching of copper from the blank areas of
the board. When using matte nickel sulfur-free coatings from electrolyte No. 3, the corresponding resist allows recreate
a high-quality conductive pattern. A more detailed result of the testing of metal-resistive properties can be seen in the
photo images of the surface morphology of conductive pattern with electrodeposited resistive coatings (Fig. 4). In fact, the
corresponding results are consistent with the results of the corrosion rate determination. Thus, the most stable is the metal
resist from matte coating deposited from electrolyte Ne 3, in second place is the metal resist obtained from electrolyte
Ne 2, and in third place — from electrolyte Ne 1. Taking into account the sulfur content in the coatings, it turns out that
with an increase in the content of the latter in the foil from 0,074 wt.% (electrolyte Ne 1) to 0,24 wt.% (electrolyte Ne 2)
the corrosion rate of the foil, on the contrary, decreases. However, the corresponding sulfur contents in the foil exceed the
critical permissible value, ensuring complete disruption of the passive film on nickel.
Conclusions

During the research of corrosion resistance of galvanic nickel coatings, the following was established. The use of
electrolytes with the addition of saccharin 0,5...6 g/l for the deposition of nickel metal-resist leads to the formation of
deposits with a sulfur content of 0.074...0.24 wt.% and low corrosion resistance (corrosion rate in alkaline copper-chloride
etching solution 20 pA/cm?). The use of electrolytes without sulfur-containing additives allows obtaining coatings with
a sulfur content of up to 0.01 wt.%. The corrosion rate of these coatings in alkaline copper-chloride etching solution is
the lowest and is about 3 pA/cm? Thus, electrodeposition of metal-resistive nickel coatings from electrolytes that do not
contain sulfurogenic gloss-forming additives is important for achieving their high corrosion resistance, in particular, in
alkaline copper-chloride etching solution.
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