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ARTICLE INFO ABSTRACT

Keywords: In this work we present the pulsed current (PC) electrodeposition of Sn-Cu-Ni alloy as lead-free solder candidate,
Sn-Cu-Ni ternary alloy from choline chloride — ethylene glycol eutectic mixtures (1:2 molar ratio) onto copper metallic substrates.
Electrodeposition Electrolytes containing Sn?*, Cu?>* and Ni?* salts in the selected deep eutectic solvent have been considered. The

Deep eutectic solvents
Corrosion behaviour
SVET

effect of the applied frequency of PC on the morphology, composition and melting point of the alloy is discussed
and compared to the ones obtained using direct current (DC) plating mode. A refinement of the grain size and
lower melting temperature of the alloy were noticed when pulsed current was applied.

A comparative analysis of the electrochemical corrosion behaviour at macro- and micro- scale has been
performed in 0.5 M and 0.1 M NaCl solutions involving potentiodynamic polarization curves, electrochemical
impedance spectroscopy (EIS) and scanning vibrating electrode (SVET) techniques. Furthermore, an analysis
after 96 h of exposure to salt mist test simulating a corrosive attack in harsh environment is presented, too. The
obtained results showed enhanced corrosion resistance of the ternary alloys electrodeposited under PC condi-
tions (the best for 1.67 Hz frequency) as compared to those using DC. Additionally, Raman spectroscopy evi-
denced the presence of tin oxi/hydroxy chloride and tin oxides as surface corrosion products. A corrosion
mechanism has been proposed.

produce solders exhibiting crack-free surface, increased oxidation
resistance, improved fluidity and lower copper dissolution rates [7-10].

1. Introduction

Under the current premises related to the restrictions on the use of
hazardous materials in general and of the Pb containing ones in elec-
tronic industries in particular, the development of lead-free solders has
gain considerable interest [1,2]. Therefore, various alloys containing
mainly Sn and small amounts of different elements such as Cu, Ag, Zn,
Ni, Sb, Bi, In, occasionally involving rare earth metals (i.e. Ce, La) have
been proposed and investigated [3-5]. Sn-Ag-Cu and Sn-Cu alloys are
usually considered as the most acceptable lead-free solders, exhibiting
melting temperatures of 217-219 °C and 227 °C respectively [3,6]. A
notable increase in interest was given to Sn-Cu alloys, as a more
economical alternative, due to the elimination of silver content. It has
been also shown that small additions of Ni to Sn-0.7Cu alloy could
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Moreover, Sn-0.7Cu-0.05Ni solder was found to exhibit good corrosion
resistance to long term exposure in aggressive environment [6,11,12].
The investigation of this type of lead-free solder alloy involving poten-
tiodynamic polarization measurements and long-term immersion tests
in 3.5 wt% NaCl solution showed higher corrosion rates as compared to
Sn-Cu and Sn-Ag-Cu ones. Nevertheless, the longer exposure to the
corrosive solution for, up to 30 days indicated that Sn-Cu-Ni alloy
exhibited the slowest leaching rate of Sn in contrast to Sn-Cu and Sn-Ag-
Cu systems.

Metallurgical methods are usually used to prepare Sn-Cu-Ni alloys as
solders, based on the mixing of the pure elements in the right pro-
portions, at high temperatures [13-15]. In the industry, there are several
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Table 1
Electrolyte composition for Sn-Cu-Ni alloy electrodeposition.

DES type Electrolyte composition

Choline chloride:ethylene glycol (1:2 molar ratio)-ILEG 500 mM SnCl,-2H,0
0.055 mM NiCl,-6H,0

0.345 mM CuCl,-2H,0

solder deposition techniques being utilized, including screen printing,
robotic ball placement, evaporation and electrodeposition [16,17].
Electrodeposition represents a simple and cost-effective procedure to
synthesize lead-free solder alloys showing good end properties, also
being easily scaled up to industrial level production [16,18]. A prom-
ising alternative to the traditional involvement of aqueous electrolytes
during alloy electrochemical deposition is represented by the use of deep
eutectic solvents (DESs). These are a novel category of ionic liquids (ILs)
analogues, as they exhibit numerous characteristics and properties
similar to those found in conventional ILs [19]. Usually, DESs are ob-
tained by combining a hydrogen bond acceptor, commonly a quaternary
ammonium salts with either a hydrogen bond donor or a metal salt
[20-22]. They exhibit remarkable stability concerning air and moisture,
are cost effective and represent a more environmentally friendly alter-
native to traditional water-based electrolytes.

Rao et al. [23] electrochemically prepared porous Sn-Ni-Cu alloy on
Ni foam under potentiostatic conditions at —0.4 V vs. Ag ref. from a DES
electrolyte based on choline chloride: ethylene glycol (1:2 molar ratio),
using nickel matte as the primary raw material, resulting in the final
electrolyte containing 0.06 M Ni2*, 0.03 M Cu* and 0.12 M Sn?". It has
been concluded that the cathodic potential significantly influenced the
microstructure of the alloy film. Very recently, the synthesis of Sn-Cu-Ni
alloys as lead-free solders from DES based electrolytes, using Cu as
metallic substrate has been reported in [24]. The Sn-0.65Cu-0.06Ni
stoichiometry, which closely aligns with industrial recommendations
for electronics, has been obtained through a fine adjustment of the
concentration of the metallic salts in the solutions and the applied cur-
rent density. The assessment of the solder joint performance revealed
satisfactory solderability properties and good adhesion of the deposit to
the substrate without any fracture.

The metals and alloys electrodeposited from DES solutions, usually
involve the use of direct current (DC) [20]. Pulse current (PC) plating
refers to the electrochemical deposition method that involves the
application of periodic current [25,26], represents a more efficient and
feasible approach to enhance the quality of metallic coatings. Usually,
PC electrodeposition method present advantageous effects on the
microstructure, morphology, ductility, hardness and surface roughness
of coatings, while simultaneously enabling the use of higher applied
current density values. Moreover, the electrodeposition involving pulse
current can modulate the composition of the deposits [27]. A large range
of electroplating parameters such as peak current density, pulse fre-
quency, duty cycle, and on/off time can be adjusted in PC mode.

There has been limited reporting on the utilization of PC electrode-
position in DES based electrolytes. Rosoiu et al. [28] presented the use of
PC method during electrodeposition of Ni-Sn alloy from choline chlo-
ride: ethylene glycol eutectic mixture. A decrease of the crystallite size
and an improvement of the mechanical properties were noticed on
applying PC. Xing et al. [29] conducted a study on the PC electrode-
position of Cu involving choline chloride: ethylene glycol (1:2 molar
ratio) electrolyte and showed notable enhancement in the current effi-
ciency. Anicai et al. [30] found that employing PC plating during Sn-In
alloy electrodeposition from choline chloride-ethylene glycol eutectic
mixtures yielded to a deposit that is more uniform and compact
compared to the ones obtained under DC conditions. Furthermore, they
observed a slight reduction in particle size, down to 1.0-1.2 pm. The PC
procedure enabled the application of higher current densities, leading to
a slight increase in the In content within the alloy deposit. Pallaro et al.
[31] applied PC to electrodeposit Sn-Cu alloy involving an ethylene
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glycol solution. SEM investigations revealed that the use of PC allowed a
better homogeneity of the coating and a decrease of the surface defects.

The corrosion performance of solder alloys is important during long-
term service or when the solder joints are directly exposed to aggressive
industrial environment [32,33]. Relatively few studies have been re-
ported on the corrosion behaviour of lead-free solder alloys [33], mostly
centered on the binary Sn-Zn, Sn-Cu, Sn-Ag, Sn-Bi, and the ternary
Sn-Ag—Cu systems. Only Guerrero et al. [12] discussed the anticorrosive
properties of the ternary Sn-0.7Cu-0.05Ni alloys and joints (with copper
substrate) in 3.5 wt% NaCl solution. They found that the leaching rate of
Sn in Sn-0.7Cu-0.05Ni alloys after longer exposure to the aggressive
environment during 30 days was the lowest, as compared to Sn-Cu and
Sn-Ag-Cu solders. The galvanic coupling between Sn, as the main con-
stituent of the solder, and Cu from the substrate, accelerates the corro-
sion process and leads to higher Sn leaching rate in the joint solder as
compared to the bare alloy. According to the performed EDS and XRD
investigations, the main constituents of the corrosion products are tin
oxides, accompanied by small amounts of chlorides. The reported
corrosion investigations of the ternary Sn-Cu-Ni alloy system were
performed at macro-scale, mostly involving potentiodynamic polariza-
tion and electrochemical impedance spectroscopy, as traditional elec-
trochemical techniques [12,24].

Scanning vibrating electrode technique (SVET) is an adequate tech-
nique to obtain information on corrosion processes at microscopic level.
With its distinctive capability to visualize the local current density of an
active specimen in electrolyte, this method offers a highly sensitive
approach to monitor dynamic processes, such as corrosion, as it occur.
During SVET experiments, a vibrating microelectrode scans the surface
of the sample while it is immersed in the corrosive environment and
detects in situ the anodic and cathodic regions related to the corrosion
processes [34,35]. Isaacs used the scanning vibrating electrode tech-
nique to investigate the galvanic corrosion of Sb-Sn and Sn-Pb alloys
after soldering to copper using a dilute chloride/sulphate solution in air
[36]. It has been shown that Sb-Sn alloy soldered to copper was sus-
ceptible to localized corrosion, while Sn-Pb exhibited a passive
behaviour.

In previous work [24], the authors investigated the synthesis of Sn-
Cu-Ni ternary alloy under DC mode from a DES based-electrolyte con-
sisting in the eutectic mixture of choline-chloride with ethylene glycol
(1:2 molar ratio), comprising specific ratio of the metallic salts to ach-
ieve the industrial stoichiometry (Sn99.29-Cu0.65-Ni0.06) for lead-free
soldering alloy. The conducted research indicated that the morphology
of the alloy shows individual particles distributed over the entire copper
substrate.

Considering all mentioned above, the present work focuses on the
Sn-Cu-Ni alloy electrodeposition from choline chloride - ethylene glycol
eutectic mixtures onto copper metallic substrates under pulse plating
regime, at a fixed average current density and duty cycle, while the pulse
frequency was varied. Particular emphasis was given to the influence of
the applied frequency on the morphology, composition and melting
point of the alloy deposit. Furthermore, a comparative analysis of the
electrochemical corrosion behaviour of the ternary alloy obtained by
electrodeposition under direct (DC) and pulse (PC) plating conditions is
performed at macro- and micro-scale, involving potentiodynamic po-
larization curves, electrochemical impedance spectroscopy (EIS) and
scanning vibrating electrode (SVET) techniques in 0.5 M and 0.1 M NaCl
solutions In addition, salt mist tests were performed to mimic a corrosive
attack in aggressive environment. Raman spectroscopy was employed to
gain additional insights about the corrosion products and a proposed
corrosion mechanism is discussed. To the best of our knowledge, such
studies on the ternary Sn-Cu-Ni alloy, especially from DES based elec-
trolytes, have not been described in literature so far.
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Table 2

Electrodeposition parameters.

System Operating parameters
ype On- and off-time Frequency Duty Current density
duration of the pulse (Hz) cycle (%) (mA/cm?)
Sn-Cu-Ni- - - - 8
DC
Sn-Cu-Ni-  Ton = 0.01s 16.67 16.7 8
P1 Torr = 0.05 s
Sn-Cu-Ni- Ton=0.10s 1.67 16.7 8
P2 Torr = 0.5s
Sn-Cu-Ni- Ton=1s 0.167 16.7 8
P3 Torr =55
Sn-Cu-Ni- Ton=10s 0.0167 16.7 8
P4 Torr = 50 s
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2. Materials and methods
2.1. Electrolyte synthesis and electrodeposition of Sn-Cu-Ni ternary alloy

Choline chloride was mixed with ethylene glycol in a 1:2 molar ratio
(denoted as ILEG) and heated at 80-90 °C until a transparent liquid was
produced. Furthermore, tin, nickel and copper salts, corresponding to
the target alloy, were added into the electrolyte under continuous stir-
ring and heating at 90 °C. The final composition of the electrolyte, as it
has been previously optimized [24], is presented in Table 1. The pre-
pared electrolyte has been stored in airtight glass recipients to minimize
its interaction with air and atmospheric moisture.

All the involved chemicals, respectively choline chloride (ChCl)
(Merck, >98 %), ethylene glycol (Silal Trading Bucharest, 99 %), tin
chloride (SnCly-2H0, Acros Organics, >97 %), copper chloride

(e)

Fig. 1. SEM images of Sn-Cu-Ni ternary alloys synthetized from ILEG based electrolyte: (a) Sn-Cu-Ni-DC; (b) Sn-Cu-Ni-P1; (c) Sn-Cu-Ni-P2; (d) Sn-Cu-Ni-P3 and (e)
Sn-Cu-Ni-P4 (the applied DC and PC parameters as detailed in Table 2).
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(©) (d)
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Fig. 2. Cross section SEM images of Sn-Cu-Ni ternary alloys synthetized from ILEG based electrolyte: (a) Sn-Cu-Ni-DC; (b) Sn-Cu-Ni-P1; (c) Sn-Cu-Ni-P2; (d) Sn-Cu-

Ni-P3 and (e) Sn-Cu-Ni-P4 (the applied DC and PC parameters as detailed in Table 2).

Table 3
Melting temperature values and composition of the Sn-Cu-Ni alloys synthetized
in DC and PC plating mode.

Sn-Cu-Ni alloy system  Topset (°C) ~ Composition (wt.%)

Sn Cu Ni
Sn-Cu-Ni-DC 229.4 99.29+£0.25 0.65+0.10 0.06 + 0.02
Sn-Cu-Ni-P1 230.2 99.34 £0.36  0.44+£0.16 0.22 +0.07
Sn-Cu-Ni-P2 228.6 98.66 + 0.81 0.44 £0.13 0.90 £ 0.20
Sn-Cu-Ni-P3 226.9 98.30 £+1.00 0.68+0.15 1.02+ 0.56
Sn-Cu-Ni-P4 227.0 97.69 £0.77 1.40 £0.27 0.91 +£0.36

(CuCly-2H,0, VWR Chemicals, 99 %) and nickel chloride (NiCl,-6H50,
Lach-Ner Ltd, 99 %) were used as received. The water content for the
prepared electrolyte was determined by Karl-Fischer titration (Titro-
Linel 7500 KF trace titrator) and values in the range 0.1-0.5 % have
been measured.

The ternary alloy has been electrodeposited using a two- electrode
cell configuration and a pulse reverse power supply peB6CB3HE (Plating
Electronic GmbH). The anode was a graphite plate (S = 10 cm?). The
alloy has been electrodeposited on copper sheets as cathodes of 0.2 mm
thickness and 7.5 cm? working area. Prior to the plating, the specimens
were subjected to a surface pre-treatment consisting in acetone cleaning,
followed by chemical microetching using HySO4:H202:H0 (5/10/85
vol%) solution for 30 s at RT, then rinsed with deionized water and air
dried. The roughness of the Cu substrate after the surface pre-treatment
was 177.8 nm Sn-Cu-Ni alloy deposits were obtained involving both
direct current (DC) and pulse current (PC) conditions. During PC plating
the used square pulsed parameters are defined according to the
following equations:

i, Ton

—__pion 1
Tow + Ty W

Tav

SnCuNi-P4

SnCuNi-P3| r
S SnCuNi-P2 ;gvf_
=
©
(Y]
I
SnCuNi-P1 - Y, and
SnCuNi-DC - T_‘
1 1 1 " 1 " 1 I 1 I 1 L
0 50 100 150 200 250

Temperature / °C

Fig. 3. Differential scanning calorimetry (DSC) analysis of the Sn-Ni-Cu ternary
alloys synthetized under DC (Sn-Cu-Ni-DC) and PC (Sn-Cu-Ni-P1, Sn-Cu-Ni-P2,
Sn-Cu-Ni-P3 and Sn-Cu-Ni-P4) plating modes.



S.P. State et al. Surface & Coatings Technology 477 (2024) 130324

*Sn =Cu °CusSn, V (Cu,Ni) Sn_ = CuNiSn

(200) I SnNiCu-P4|

2

0
L‘ (212)

g _ | —— SnNiCu-P2|
== =5 (00 = S =
L 2= S5 w2 =8~ g
* Se2 | * e s
= -o

¢ (420)

SnNiCu-P1|

Intensity (log scale) / a.u.

2 theta / degree

Fig. 4. X-ray diffractograms of Sn-Ni-Cu ternary alloys synthetized under DC (Sn-Cu-Ni-DC) and various PC (Sn-Cu-Ni-P1, Sn-Cu-Ni-P2, Sn-Cu-Ni-P3, and Sn-Cu-Ni-
P4) plating modes.

_ 1 @ where J,y is the average current density, i, is the peak current density,

Ton + Top Ton and Tog are the on- and off- current time periods, and f and 0 are the
pulse frequency and duty cycle, respectively. All the deposits were ob-
tained at 8 mA/cm? (constant current density in DC and average current
density in PC). For PC electrodeposition conditions, the duty cycle was

f

Tﬂn

ST, 0 @
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Fig. 5. Polarization curves for Sn-Cu-Ni ternary alloys synthesized under DC and PC plating modes in 0.5 M NaCl (25 °C, 1 mV s 1), represented in semilogarithmic

coordinates.

fixed at 16.7 %, while the frequency was varied: 16.67 Hz, 1.67 Hz,
0.167 Hz and 0.0167 Hz. The electrodeposition was performed during
30 min at 60 °C under stirring. The operating parameters are detailed in
Table 2. After electrochemical process, the alloys underwent cleaning
using heated deionized water, followed by. acetone, and were subse-
quently dried using air.

In order to determine the melting point of the ternary alloys, the
electrodeposition process under DC and PC conditions for some samples
was performed for 90 min on a non-adherent substrate, titanium (Ti)
metallic substrate (S = 7.5 cmz). The alloy was further detached from
the Ti substrate and the resulted deposits were cleaned with hot
deionized water, acetone and air-dried. Prior to the electrodeposition,
the Ti cathode was subjected to mechanical grinding and chemical
pickling in 1:1 HNO3: H2O solution at 25 °C for 30 s, then rinsed with
distilled water and air dried. The roughness of the Ti substrate prior to
electrodeposition was 431.0 nm.

2.2. Characterization of Sn-Cu-Ni ternary alloy deposits

Scanning Electron Microscopy (SEM) (Ultra-high Hitachi SU 8230
microscope and JEOL JSM-7001F FE-SEM microscope) associated with
the Energy Dispersive X-ray spectroscopy (EDX) (Oxford Instruments)
were employed for morphological and elemental composition analysis.
The Image J software was involved to analyse the SEM images. X-ray
diffraction (XRD) (High Resolution SmartLab X-ray diffractometer
Rigaku, 9 kW) having CuK, radiation (A = 0.15406 nm), working in the
range from 5 to 90 degree was used to obtained more information about
the structure of the alloys. The thermal properties of the ternary alloys
were studied by differential scanning calorimetry (DSC) using Shimadzu
DSC 50 calorimeter under argon atmosphere applying a heating rate of
10 °C/min from RT to 300 °C. Raman studies were performed involving
the LabRam HR800 Horiba equipment using He-Ne laser, 532.18 nm
wavelength and 0.85 mW. All the data were processed using Origin 8.5
software.

In addition, atomic absorption spectroscopy — AAS (ContrAA 700 for
flame technique — Analytik Jena) was used to get more information

about the alloy composition. The AAS quantitative analysis was per-
formed on 0.1-0.2 g of electrodeposited alloys.

2.3. Electrochemical corrosion studies

The anticorrosive properties of as electrodeposited Sn-Cu-Ni alloy
coated copper substrate were assessed by potentiodynamic polarization
measurements, having the sweep rate fixed at 1 mV s~! and the elec-
trochemical impedance spectra (EIS) were recorded from OCP in 0.5 M
NaCl aqueous solution at RT, with a PARSTAT 4000 potentiostat
equipped with VersaStudio software. For EIS, the following parameters
were set: 10 mV ac voltage and 100 kHz-100 mHz frequency range. The
recorded data were analysed using ZView 2.4 software (Scribner Asso-
ciation Inc., Derek Johnson). The surface of working electrode was 0.63
cm?, Pt plate was used as the counter electrode, while Ag/AgCl was the
reference electrode.

The local SVET experiments were carried out in 0.1 M NaCl solution
at RT using Applicable Electronics LLC equipped with ASET software.
For SVET analysis low concentration of NaCl solution is used to mini-
mize the interference of the solution conductivity in the recorded signal.
The samples were sealed with non-conductive, corrosive-resistant
polymer and only a surface area of ~3 mm? (DC)/0.5 mm? (PC) was left
uncovered. The investigated specimens have been exposed for 168 h
(one week) to the aggressive electrolyte and the SVET measurements
were carried out initially and after various immersion periods of 24 and
168 h. Platinum iridium alloy (Pt-Ir) needles were used as vibrating tips
on which a Pt black sphere of ~30 pm was deposited. The tips were
calibrated prior to measurements and during the SVET analysis the
probe was set at a distance of 100 pm above the surface of the samples.
The data were analysed with Quikgrid software. In addition, the resis-
tance to harsh corrosive environment has been assessed by salt-spray
tests performed according to ASTM B117-2019 [37] and ISO 9227-
2017 standards [38]. Printed circuit boards (PCBs) specimens whose
pads were coated with Sn-Cu-Ni alloys involving DC and PC plating
conditions were exposed for a period of 96 h at 35 °C to neutral salt fog
(Erichsen Model 606 equipment) at a pH of 6.5-7.2. The specimens have
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Fig. 6. Nyquist (a) and Bode (b) plots for Sn-Cu-Ni ternary alloys synthetized
under DC and PC plating modes in 0.5 M NaCl at open-circuit potential (the
equivalent circuit for the fitting analysis is represented in the inset of
figure (a)).

Table 4
EIS fitting parameters for Sn-Cu-Ni ternary alloys.
Parameter System
Sn-Cu-Ni-DC Sn-Cu-Ni-P2
Rso1/Q cm? 37.4 34.6
Rer/Q cm? 8.1 11.3
Car (cpe 1/Q 8" em™? 92.8 129.8
N(cpE 1) 0.6 0.62
Ry/Q cm? 7541 12,238
Cr (cpE 2)/MF em ™2 37.5 43.3
N(CPE 2) 0.90 0.99
Ve 2.71 x 1072 1.80 x 1073
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been subjected to intermediary examinations after 24, 48, 72 and 96
conditioning hours using an optical microscope at 5x magnification and
SEM. The samples were exposed to the mentioned corrosion tests as
resulted after electrodeposition. For each experiment, at least three
specimens were analysed.

The investigation of the anticorrosive properties of the Sn-Cu-Ni
alloy coated copper substrate was performed considering the geomet-
rical area. The influence of the sample’s roughness on the exposed sur-
face to NaCl solutions has not been assessed.

3. Results and discussion

3.1. Electrodeposition of Sn-Cu-Ni ternary alloys under DC and PC
conditions

Previous studies have demonstrated [24] that is feasible to deposit
adherent, uniform and bright Sn-Cu-Ni alloy coatings onto Cu substrate
under DC conditions at an optimum applied current density of 8 mA/
cm? from choline chloride based deep eutectic solvents. The same value
has been employed further in this study as average current density (iay)
during PC plating, performed at a fixed duty cycle of 16.7 %. Since the
current density was intended to be kept constant for DC and PC elec-
trodeposition modes, the peak current density for pulse plating was set
much higher, i, = 48 mA/cm?. This is one of the advantages of pulse
current plating, since very high instantaneous current densities can be
applied [39].

The SEM micrographs comparatively illustrating the surface
morphology of the electrodeposited Sn-Cu-Ni alloy coatings under DC
and under PC at various frequencies, as well as their cross section are
presented in Figs. 1 and 2, respectively. The use of DC (see Fig. 1a)
produced alloy deposits exhibiting a cubic morphology with large
irregular grains. In addition, the presence of some gaps between the
grains could be noticed from Fig. 2a, suggesting the formation of a less
compact deposit when DC conditions were applied.

To enhance the quality of the electrodeposited Sn-Cu-Ni alloy coat-
ings in terms of morphology and compactness, the use of PC plating
mode has been explored. It is worth mentioning here that DESs exhibit
different characteristics as compared to aqueous electrolytes, including
electrical conductivities, their double-layer structure, mass transport
properties and electrochemical kinetics. Therefore, the adequate pulse
conditions to perform electrodeposition are dissimilar to those applied
for aqueous systems [40,41]. It has been found out that high frequencies
of pulses (in the order of hundreds hertz) are not appropriate when DESs
or traditional ionic liquids are involved [31,42,43]. As shown in
Figs. 1b-e and 2b-e, the variation of the applied frequency determines a
significant change of the alloy deposit morphology. More compact
coatings could be observed, as the applied frequency is lower. In addi-
tion, the cross-section SEM images show the presence of a continuous
layer below the grains when PC conditions are applied.

The mean grain size of the alloy deposits was determined with the
Image J software. Thus, the use of DC conditions led to the formation of
coatings exhibiting granular particles of 16.7 + 4.1 pm, larger than
those calculated when PC was applied. Therefore, values of 7.4 + 2.4,
4.3+1.7,3.1 £ 1.2 and 1.4 + 0.5 pm were calculated for Sn-Cu-Ni-P1,
Sn-Cu-Ni-P2, Sn-Cu-Ni-P3 and Sn-Cu-Ni-P4, corresponding to applied
frequencies of 16.67 Hz, 1.67 Hz, 0.167 Hz and 0.0167 Hz, respectively.
A decrease of the grain size could be noticed as the pulse frequency is
lower. This behaviour is different from what have been reported for Sn
electrodeposition in water-based electrolytes where a decrease of the
grain size was observed while increasing the applied frequency [44].
Considering the DES based electrolyte’s relatively high viscosity and the
size of the metal cations, longer duration may be necessary for diffusion
from the bulk solution to the cathode surface. Therefore, during Ton
time, the concentration of the metallic ions is diminished while during
the Topr period their amount at the cathode surface is partially recov-
ered. In other words, the system is allowed to relax before new grains to
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168 h

Fig. 7. SVET measurements of Sn-Cu-Ni-DC specimen after various immersion periods in 0.1 M NaCl: (a) optical images prior SVET measurements; (b) maps of the

current density distribution of the surface.

280X

168 h

Fig. 8. SVET measurements of Sn-Cu-Ni-P2 specimen after various immersion periods in 0.1 M NaCl: (a) optical images prior SVET measurements; (b) maps of the

current density distribution of the surface.

be formed or continue to grow, a process that has a positive effect on the
final quality of the deposit [31,42].

The current efficiency during Sn-Cu-Ni alloy electrodeposition under
DC and PC conditions has been also analysed. When DC plating has been
applied, an efficiency value of 51 + 1.3 % has been determined, while a

gradual decrease was observed under PC deposition, from 34 + 0.5 % to
31 +£0.9%,26+1%and 17 + 1.5 % as the applied frequency has been
reduced from 16.67 Hz to 1.67 Hz, 0.167 Hz and 0.0167 Hz, respec-
tively. Even the current density in DC has the same value as average
current density in PC plating, it should bear in mind that under PC the
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Table 5
The ionic currents resulting from the cathodic and anodic half-reactions for Sn-
Cu-Ni-DC system.

Immersion period Integrated anodic current Integrated cathodic current

(h) (A) (hA)

Initial 2.27 x 1072 —8.55 x 107!

24 1.10 x 1071 —3.00 x 107!

168 3.28 x 1072 —-4.03 x 107!
Table 6

The ionic currents resulting from the cathodic and anodic half-reactions for Sn-
Cu-Ni-P2 system.

Immersion period Integrated anodic current Integrated cathodic current

(h) (pA) (pA)

Initial 4.47 x 1072 -1.16 x 1072
24 3.26 x 1072 —2.40 x 1072
168 1.58 x 1072 —3.60 x 1072

peak current density present a significant increase, by six times,
compared the value for DC plating so that side reactions including
hydrogen evolution could be more significant, affecting the overall
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process [45]. In addition, within the PC conditions, the current effi-
ciency tends to decrease as the applied frequency is lower. This phe-
nomenon could be related to the longer Toyn periods when the high
current is applied, leading to a faster depletion of the ions near the
cathode. The same behaviour has been reported by Green et al. [41] and
by Rosoiu et al. [28] during PC plating of Cu and Ni-Sn alloy respec-
tively, involving choline chloride-ethylene glycol eutectic mixture,
when a partial dissolution of the metals during the “off time” has been
also considered.

The influence of DC and PC method on the composition and on the
melting point of the obtained Sn-Cu-Ni alloy deposits has been investi-
gated by EDX analysis and DSC, respectively. To mitigate the influence
of the substrate on the quantity of Cu within the deposit, the electro-
deposition has been performed on Ti substrate and the metallic material
was detached and used for examinations. Table 3 presents the influence
of the DC and PC conditions on the Sn, Cu and Ni content in the deposit
and on its melting temperature.

It could be noticed an increase of the Ni content under PC plating
from ~0.22 % to about 1.02 % as the applied frequency was reduced
from 16.67 Hz (Sn-Cu-Ni-P1 system) towards 0.167 Hz (Sn-Cu-Ni-P3).
Further decrease of the frequency up to 0.0167 Hz did not produce
substantial changes in the elemental content of Ni that slightly
decreased to 0.91 %. A relatively similar trend was observed in the case

(b)

Fig. 9. SEM images at different magnifications of: (a) Sn-Cu-Ni-DC and (b) Sn-Cu-Ni-P2 after 24 h of immersion in 0.1 M NaCl electrolyte.
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Element Wt.% At %
O 17.34 60.48
Cl 0.29 0.45
Cu 0.80 0.7
Sn 81.59 38.37
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Element Wt.% At %
O 12.14 49.34
Cl 1.20 2.20
Cu 1.89 2.0
Sn 84.77 46.46

Fig. 10. Surface morphology and the corresponding EDX spectra of Sn-Cu-Ni-P2 sample after 24 h of immersion in 0.1 M NaCl electrolyte.

of Cu content: its value increased from about 0.44 % at frequencies in the
range 16.67-1.667 Hz up to approximately 1.40 % at 0.0167 Hz.

The DSC curves recorded for the investigated ternary alloy deposits
obtained under DC and PC conditions are presented in Fig. 3. A single
endothermic peak could be evidenced on DSC curve for each sample
composition. As shown in Fig. 3 and Table 3, the changes noticed in the
alloy composition determine a modification of the melting temperature.
Among all the electrodeposited alloys, it is noticed that the ones
exhibiting higher Sn content present higher melting points. The small
changes observed in the melting temperature values of the alloy deposits
under DC and PC conditions are related to the slight variation of the Cu
and Ni concentrations. Under PC conditions, the concentration of Cu and
Ni slightly increase while varying the plating parameters This rising
trend could be associated to the deposition mechanism.

It is well known that the use of pulsating current rather than a direct
current provides additional possibilities to influence the alloy compo-
sition [46]. During PC electrodeposition, the Nerst-Diffusion layer is
divided into two regions, namely a pulsating diffusion layer and a sta-
tionary one. By varying the frequency of the pulsating current, the
concentration of the active species that will be reduced in the pulsating
layer is modified [47]. The content of Cu in Sn-Cu deposits obtained
from aqueous bath under pulse current plating mode (duty cycle = 9 %,
Ton = 0.001 s and Toff = 0.01 s) varied with the applied current density
[27]. It was noticed that the content of copper in the alloy decreases
from 2.10 wt% to 0.70 wt% as the applied current density rise from 5 to
15 mA/cm?. The increase in the current density resulted in the sub-
stantial reduction of Sn ions at the cathode, while a depletion of Cu ions
occurs due to a lower limiting current density of Cu electrodeposition
relative to Sn, considering the very high concentration of tin in the
plating bath. In another investigation conducted by Han et al. [45]
higher values of the Cu content in Sn-Cu alloy have been found when PC
conditions were applied compared to DC plating mode when the alloy
was electrodeposited from a chloride-citrate aqueous solution.
Furthermore, Pallaro et al. [31] reported Sn-Cu alloys electrodeposited
under PC plating mode from a deep eutectic solvent electrolyte with
copper concentrations varying from 0.95 wt% to 4.3 wt% depending on
the plating parameters. In our work, in the DES investigated electrolyte
at 60 °C, the reduction potential of Sn* ions to Sn metal (—0.48 V vs. Ag
ref.) is more noble than the potentials for the reduction of corresponding
ions to Ni (—0.82 V vs. Ag ref.) and Cu (—0.86 V vs. Ag) [24]. Moreover,
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the concentrations of Cu and Ni cationic species chosen by us in the
electrolyte are significantly lower as compared to that of Sn ones. Under
these conditions, the electrodeposition of Sn is dominant. As the Tox
period is longer, the Sn?* ions concentration becomes depleted near the
cathode surface and more Cu and Ni metals are deposited during the
“on-time” at low applied frequency pulse [16,45].

The XRD patterns of Sn-Cu-Ni alloys electrodeposited on the copper
substrate under DC and various PC electrodeposition conditions are
illustrated in Fig. 4. To better evidence the low-intensity peaks, the
vertical axis has been presented using a logarithmic scale. No broad
diffraction peaks could be observed in the X-ray patterns, suggesting a
good crystallinity of the alloy deposits.

The phase composition of the alloy deposits electrochemically pre-
pared under DC and PC conditions is relatively similar. The peaks
attributed to tetragonal tin (card No. 00-004-0673) as the main alloying
component and the copper (from both deposit and substrate, card No.
0 0-0 04-0836) are clearly evidenced. In addition, the peaks assigned to
the monoclinic CugSns (card No. 01-076-2703), hexagonal (Cu,Ni)gSns
(PCD Crystal Data #1905144) and cubic CuNiySn (ICSD#103068)
intermetallic compounds have been found [23,48,49]. In the case of Sn-
Cu-Ni-P2 and Sn-Cu-Ni-P3 systems, where the Ni content is higher than
that of Cu, the peaks corresponding to (Cu,Ni)gSns intermetallic are
more pronounced. Ni could facilitate a partial conversion of CugSns
intermetallic compound phase into (Cu,Ni)¢Sns phase [49]. Under very
low applied pulse frequency (Sn-Cu-Ni-P4 system), the higher Cu con-
tent in the deposit determined more CugSns compound to be formed, as
suggested by the stronger intensity of the peaks corresponding to this
phase.

3.2. Corrosion behaviour of Sn-Cu-Ni alloys electrodeposited under DC
and PC conditions

3.2.1. Potentiodynamic polarization and EIS

To obtain further insights into the corrosion performance of the
electrodeposited Sn-Cu-Ni alloy involving DC and PC plating conditions,
a comparative electrochemical characterization has been performed at
macro- and micro- scale in NaCl solution (0.5 M and 0.1 M). Different
electrochemical techniques were involved and are further discussed. It
should be mentioned that Sn-Cu-Ni-P2 has been selected as represen-
tative for PC electrodeposition conditions. The selection has been made
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(b)

Fig. 11. SEM images at different magnifications of: (a) Sn-Cu-Ni-DC and (b) Sn-Cu-Ni-P2 after 168 h of immersion in 0.1 M NaCl electrolyte.

considering the grain size and the current efficiency. Among the
different samples synthetized under PC, Sn-Cu-Ni-P2 presents an
optimal balance between gain size and current efficiency. In addition, its
melting point is close to the average value for PC condition.

Fig. 5 illustrates the typical polarization curves recorded in 0.5 M
NaCl solution, represented in semilogarithmic coordinates, for the
electrodeposited Sn-Cu-Ni alloys under both DC and PC plating
conditions.

The anodic curves exhibit an increase of the current with potential,
suggesting a uniform corrosion mechanism, related to the alloy disso-
lution. On scanning towards the anodic direction, three different po-
tential ranges of polarization curve can be distinguished, illustrating the
most important corrosion characteristics. In the first region there is a
significant increase in the current density due to active dissolution of Sn-
Cu-Ni alloy. The metal electrooxidation for sample prepared in PC
conditions is more abrupt, suggesting that localized corrosion occurred,
compared to sample prepared under DC mode which exhibits a typical
uniform corrosion process. The active corrosion can be explained by
predominant dissolution of Sn which is the major component of the
alloy. Since alloy grains mainly containing tin are in contact with the
copper metal from the substrate and the standard electrode potential of
Sn/Sn?* is more negative than of Cu/Cu®" couple, tin will act as an

11

anode in the galvanic cell and will be corroded preferentially. The
copper and nickel as other alloy constituents do not influence the
corrosion reaction since they are present in small concentration [12,50].
In the second part of polarization curve, the decrease of current after
reaching a maximum value indicates a passive film formation. Some of
the tin ions that pass through the aqueous solution will be adsorbed on
the sample surface forming a corrosion protective layer. The charac-
teristic potential is referred to as the passivation potential (E,) and its
value was shifted more negative (—0.288 V) for sample prepared by PC
electrodeposition than in DC conditions (—0.164 V). The maximum
recorded current density is referred to as the passivation current density
(i) and a value of ca 3 mA/cm? was measured for both samples. We
noticed that in this passivation region the current decreased with an
order of magnitude. However, its value (0.51 mA/cm?) for sample ob-
tained by DC was found to be in a very narrow passive region, whereas
the sample prepared in pulse has lower value (0.40 mA/cm?) but almost
independent of the potential on a larger potential domain. The passiv-
ation process may be explained by the formation of metal oxide pre-
cipitate on the electrode surface due to reaching a critical concentration
of metal ions. Two different passive films may appear for the sample
prepared in pulse conditions since the current density increases again (to
1.46 mA/cm?) after the first passive region. The second passive film may
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Cl 0.39 0.65
Cu 6.09 5.66
Sn 78.73  39.15

Element Wt.% AL%
(0} 8.55 31.89
Cl 0.22 0.37
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Sn 41.05 20.63
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Element Wt. % At%
(o] 9.44 43.19
Cl 0.12 0.26
Cu 1.42 1.64
Sn 89.01 5491

Fig. 12. Surface morphology and the corresponding EDX spectra of Sn-Cu-Ni-DC sample after 168 h of immersion in 0.1 M NacCl electrolyte.
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(e) (f)

Fig. 13. Surface analysis (a) and the corresponding EDX qualitative maps (b, ¢, d, e, f) showing the distribution profiles of the significant elements in the case of Sn-

Cu-Ni-P2 sample after 168 h of immersion in 0.1 M NacCl electrolyte.

be deposited directly on exposed Cu substrate since it occurs in a similar
region as for DC sample where more substrate surface area is exposed.
On further scanning, the third potential region can be seen more clearly
after +0.1 V polarization, and it is assigned to the breakdown of the
passive oxide layer due to the aggressive attack of Cl™ ions. The expla-
nation of passivation and resumption of corrosion processes is consistent
with the findings in literature [12,50,51].

The cathodic branch of the polarization curve of Sn-Cu-Ni-P2 alloy
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deposit shows a region up to around —0.80 V vs. Ag/AgCl evidencing a
slow increase of the current, often linked to the oxygen reduction re-
action. At more negative potentials, the hydrogen evolution reaction
takes place, which is characterized by a distinct cathodic slope on the
polarization curve [32,52]. In the case of Sn-Cu-Ni-DC deposit, a
continuous increase of the cathodic current is observed, also presenting
higher values than those of Sn-Cu-Ni-P2 at more negative potentials.
The corrosion potential (Ecory) and the corrosion current density
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SnCuNi-DC
48 h

SnCuNi-P2

Fig. 14. Optical microscope images of PCBs covered with Sn-Cu-Ni alloys electrodeposited under (a) DC and (b) PC modes at different exposure periods during salt

spray tests.

(icorr) values for the two investigated specimens have been obtained by
Tafel extrapolation. The Sn-Cu-Ni alloy deposit obtained under DC
plating conditions exhibited an Ecoy value of —0.628 V vs. Ag/AgCl
while the use of PC conditions (Sn-Cu-Ni-P2 sample) determined its
slight shifting towards more electropositive values, of about —0.604 V
vs. Ag/AgCl. Correspondingly, the i.o value for the specimen prepared
under direct current conditions (Sn-Cu-Ni-DC) was 9.6 pA cm ™2 whereas
for the sample prepared using pulsed current (Sn-Cu-Ni-P2) a lower icorr
value 2.7 pA cm™2 was determined. By converting the determined
corrosion current densities to corrosion rates (CR) expressed in mm/
year, also considering the composition of the analysed specimens, values
of 0.24 mm/year and of 0.07 mm/year for Sn-Cu-Ni-DC and Sn-Cu-Ni-P2
respectively have been obtained. The improved corrosion performance
of the alloy deposits obtained under PC plating conditions could be
attributed to their morphology. Hence, the relatively higher corrosion
currents of less compact Sn-Cu-Ni-DC coatings would be explained due
to the penetration of chloride ions through the gaps between the grains
(as shown in Figs. 1 and 2). Furthermore, the cathode-to-anode ratio in
the galvanic coupling between Sn, which is the major component of the
alloy, and the copper for the substrate, influence the rate of corrosion.
Image J software was utilized to analyse the SEM images, determining
the ratio between uncovered areas with grains (cathode) and covered
areas (anode) for both systems (Ayncovered/Acovered)- Values of 0.9 +
0.200 and 0.05 + 0.006 were determined for Sn-Cu-Ni-DC and Sn-Cu-
Ni-P2, respectively. Since the cathode-to-anode ratio is lower for the
Sn-Cu-Ni-P2 system, it indicates a lower galvanic coupling and therefore
lower corrosion rate, as previously determined. Regarding the inter-
metallic compounds, they are nobler than Sn and will serve as cathode,
driving the dissolution of Sn phase [53,54].

Fig. 6 comparatively illustrates the EIS spectra of Sn-Cu-Ni ternary
alloy synthesized under DC and PC plating conditions, in 0.5 M NaCl
solution. Both Nyquist diagrams presented in Fig. 6a display a semicircle
arc in the relatively high-frequency range. Their diameters are linked to
the polarization resistance and could be connected to the corrosion rate.
An observed increase in the semicircle diameter for the Sn-Cu-Ni-P2
sample indicates enhanced corrosion resistance in comparison to the
Sn-Cu-Ni-DC sample. In addition, the lack of any supplementary straight
line following the semicircle demonstrates that the formed passive films
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are not stable. Bode plots (Fig. 6b) also exhibit a quite similar shape,
with the values of phase angle maximum for Sn-Cu-Ni-P2 and Sn-Cu-Ni-
DC specimens at around —67.2° and —62.2°, respectively, meaning less
electrically insulating products of corrosion and less homogeneous na-
ture of the alloy deposit obtained under DC plating conditions.

The anticorrosive properties of Sn-Cu-Ni ternary alloy in sodium
chloride can be described using a model consisting of a double layer
capacitor (Cq) in parallel with a charge-transfer resistor (Rcr). The
charge-transfer resistor is related to the corrosion oxide product formed
at the interface with solution, and it is in series with a second circuit
comprising a film capacitor (Cp) in parallel with a film resistor (Rg)
associated to the oxide layer/alloy interface. All these components are in
series with the solution resistance (Rs), as presented in the inset of
Fig. 6a. Regarding the fitting analysis, constant phase elements (CPE)
were employed in place of true capacitances [24,32]. This choice was
made to consider the non-ideal behaviour of capacitors. The EIS pa-
rameters for the proposed electrical equivalent circuit are showed in
Table 4.

In the mathematical equation of CPE impedance, the variable “n”
corresponds to the exponent. When n = 1, it represents pure capacitance,
and when n = 0, it signifies pure ohmic resistance. In addition, it could
be also associated with possible surface defects [32,55]. Observed values
of both resistances and capacitances exhibit the typical order of
magnitude. Yet, the values of n(pg 1) ranging from 0.6 to 0.62 indicate a
significant deviation from the ideal capacitance of the electrochemical
double layer. On the other hand, the values of n(cpg 2) being very close to
1 suggest a nearly ideal behaviour of the film capacitance. The chi-
square goodness-of-fit X2 related to error percentage between measure-
ments and simulations has value of usual order of magnitude.

The experimental data of the film resistance Rg, with values of about
12.2 kQ cm? in the case of Sn-Cu-Ni-P2, and about 7.5 kQ cm? for Sn-Cu-
Ni-DC, are consistent with the polarization curves data, evidencing the
positive influence of the PC plating conditions on the corrosion resis-
tance of electrodeposited Sn-Cu-Ni alloy.

3.2.2. Scanning vibrating electrode technique (SVET)
The images capture through optical microscopy were associated with
the ionic current density maps acquired during the use of scanning
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(b)

Fig. 15. SEM images at different magnifications of: (a) Sn-Cu-Ni-DC and (b) Sn-Cu-Ni-P2 after 96 h of exposure to salt-spray tests.

vibrating electrode technique (SVET) for Sn-Cu-Ni-DC and Sn-Cu-Ni-P2
as representative specimens, are presented in Figs. 7 and 8, respectively.
The samples have been immersed in 0.1 M NaCl solution for a period of
168 h (one) and the current density maps have been recorded for the
initial moment, after 24 h and 168 h of exposure to the aggressive so-
lution. SVET is able to provide more details related to the localized
processes of corrosion and galvanic coupling between tin as the main
constituent of the alloy and copper, mainly from the substrate.

Both investigated specimens exhibit evidence of anodic and cathodic
processes on their surfaces. The anodic activity is linked to the disso-
lution of the metallic grains, primarily containing tin, while the cathodic
current is attributed to the electroreduction reaction of dissolved oxygen
in the neutral aqueous solution [56]. A noticeable difference was
observed as the immersion period increased. The values of the inte-
grated anodic and cathodic currents I measured by SVET for different
immersion periods are presented in Tables 5 and 6 for the two investi-
gated specimens. They were determined according to the following Eq.
(7.4) [57]:

Xy
I=//i,dxd = Iy A
s ™ y ny 0

where i, is the current density determined by SVET measurements on
each grid element having an area Ay.
As shown in Table 5, the Sn-Cu-Ni-DC specimen exhibited an

(7.9
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increase of the integrated anodic current after 24 h of exposure in the
aggressive 0.1 M NaCl solution, while after 168 h the I value decreased.
On the contrary, in the case of the Sn-Cu-Ni-P2 specimen, a continuous
decrease of the integrated anodic current values during the exposure
was noticed (see Table 6). In addition, the lowest values of the integrated
cathodic currents were observed for the Sn-Cu-Ni-P2 specimen, in a
good agreement with the shape of cathodic branch of the polarization
curve from Fig. 5.

Further inspection of the specimens by SEM associated with EDX
analysis has been performed after 24 and 168 h of immersion in 0.1 M
NacCl, as illustrated in Figs. 9-13.

Fig. 9 shows the SEM images of the investigated samples after 24 h of
conditioning. After immersing the Sn-Cu-Ni-DC specimen for 24 h, no
corrosion products are observed on its surface (Fig. 9a), while in the case
of Sn-Cu-Ni-P2 one the formation of crystals and spongeous plate-like
corrosion products were noticed (Fig. 9b). The corresponding EDX
analysis on the corrosion products of Sn-Cu-Ni-P2, as illustrated in
Fig. 10, shows Sn, O, Cu and Cl elements, suggesting the formation of
compounds composed of tin oxides and chlorides [34]. The formation of
Sn0,/SnO crystals has also been observed by Wang et al. [58,59], as
well as of complex oxide chloride hydroxide of Sn, when SAC305 solder
joint was exposed to aggressive environments. Due to the nobler nature
of Cu compared to Sn, it could act as a cathode, promoting the corrosion
of tin phase resulting in the formation SnO5/SnO crystals as the galvanic
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Fig. 16. The Raman spectra for: (a) Sn-Cu-Ni-DC and (b) Sn-Cu-Ni-P2 specimens after 168 h of immersion in 0.1 M NaCl electrolyte.
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Fig. 17. Reaction sequence and the graphical representation of the proposed corrosion mechanism for both Sn-Cu-Ni-DC and Sn-Cu-Ni-P2 systems.

cell reaction products of tin corrosion. Therefore, the decrease in the
anodic corrosion current observed on SVET map of the Sn-Cu-Ni-P2
system after 24 h of immersion may be linked to the formation of
corrosion products on the surface of the sample, as it was revealed by the
SEM-EDX analysis.

Fig. 11 illustrates the surface morphology of Sn-Cu-Ni-DC and Sn-Cu-
Ni-P2 specimens after 168 h of conditioning in 0.1 M NacCl solution. As
shown in Fig. 11, the presence of the corrosion products could be clearly
evidenced on both specimens. In addition, the EDX investigations pre-
sented in Figs. 12 and 13 revealed Sn, O, Cu and Cl elements in the
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corrosion products.

The corrosion products formed onto the Sn-Cu-Ni-DC specimen show
a crystal-like morphology randomly distributed over the surface, quite
similar to that noticed on Sn-Cu-Ni-P2 one after 24 h of immersion,
however exhibiting larger crystal sizes (see Fig. 11a). In the case of Sn-
Cu-Ni-P2 specimen, the film initially formed after 24 h of exposure has
become more compact as the conditioning period was longer, covering
almost the entire surface, as revealed in Fig. 11b.

Corrosion products presenting crystal shape morphology are still
detected on the surface of Sn-Cu-Ni-P2 specimen. In addition, some
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regions show a breaking of the corrosion products film, exposing the Cu
metallic substrate (see Fig. 13). A quite similar morphology has been
presented by Guerrero et al. [12] during the leaching of Sn-0.7Cu-0.05Ni
solder and joint on Cu substrate in 3.5 wt% NaCl solution.

3.2.3. Salt mist tests

Printed circuit boards (PCBs) specimens were electrochemically
coated with Sn-Cu-Ni ternary alloys under DC and PC plating conditions
and were exposed to salt-spray tests for 96 h, to gather additional insides
regarding the anti-corrosive properties of the alloy. Every 24 h the pads
on the PCBs were examined using an optical microscope, as presented in
Fig. 14. In the case of the deposits applied using PC conditions, the
optical inspection did not reveal significant surface modifications during
the entire test period. On the contrary, for PCBs coated with Sn-Cu-Ni
ternary alloy under DC conditions, after 24 h of exposure there are
signs of corrosion attack, that became more prominent as the exposure
period was longer.

Fig. 15 shows the SEM micrographs of the Sn-Cu-Ni ternary alloys
following 96 h of exposure to aggressive environment. Considering the
alloy prepared under DC mode, the corrosion attack is primarily focused
on the irregular grains, as could be seen in Fig. 15a. As the alloy’s pri-
mary constituent is Sn it acts as an anode in the galvanic couple with the
Cu substrate and drove the preferential dissolution of the grains. The
corrosion products exhibiting crystal like morphology were not
observed on the surface, as in the immersion experiments, probably due
to their poor adhesion under salt-spray conditions. For Sn-Cu-Ni-P2
specimens, even after 96 h of exposure, crystals and spongeous plate-
like corrosion products are observed partially covering the surface of
the sample (Fig. 15b). The EDX analysis (not shown here) indicates the
presence of O, Cl, and Sn, suggesting the formation of tin oxides and
chlorides corrosion products. They may act as a physical barrier,
impeding the access of corrosive species from the environment, which in
turn reduces the corrosion rate [60].

3.2.4. Raman analysis of the corrosion products

Raman spectroscopy was used to evaluate the nature of the corrosion
products in the examined samples after 168 h of exposure in 0.1 M NacCl,
see Fig. 16. The spectra’s were correlated with the data from the liter-
ature. Therefore, the peaks positioned at 184, 227 and 264 cm™! could
be associated to the complex tin oxi-hydroxy-chloride Sn0,(0OH)54Cly
(0 < x < 1) while the one at 131 cm™! could be attributed to a transition
oxide phase SnOx (1 < x < 2) [61-63]. In addition, for the Sn-Cu-Ni-P2
specimen a supplementary Raman broad signal is evidenced in the range
470-680 cm~! which may be assigned to amorphous Sn'VO, species
[62].

Considering all above-mentioned results, the suggested reaction
pathway for the generation of the corrosion products as well as the
mechanism of corrosion of Sn-Cu-Ni-DC and Sn-Cu-Ni-P2 samples are
illustrated in Fig. 17.

As Sn is the primary constituent of the alloy, it will behave as the
anode in the galvanic coupling with Cu from the substrate. This is due to
Sn having a less positive corrosion potential than Cu, which serves as the
cathode in the system. Also, the intermetallic compounds will act as
cathode since they are nobler than Sn and promote its dissolution. The
dissolution of Sn will lead to the formation of Sn?* ions in the aggressive
environment. Subsequently, Sn?* ions will undergo a reaction with the
hydroxide ions produced from the oxygen reduction reaction that occurs
at the cathode, resulting in the formation of tin hydroxide species. The
high content of chloride ions in the environment, will transform the
hydroxide compounds into SngO2(OH)2 xCly species, which will further
convert into tin oxide compounds [61-64]. Raman spectroscopy
revealed the presence of SnO; as final corrosion product only in the
sample prepared under pulsed plating mode.
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4. Conclusions

The performed investigations analysed the morphology, composition
and the corrosion performance of Sn-Cu-Ni ternary alloys synthesized by
electrodeposition under direct (DC) and pulse (PC) current plating
conditions from a DES based-electrolyte consisting in choline chloride:
ethylene glycol (1:2 molar ratio). To the best of our knowledge, this is
the first report in literature dealing with the pulse plating of Sn-Cu-Ni
alloys from deep eutectic solvents and with their corrosion perfor-
mance evaluation involving SVET. From the results obtained, the
following conclusions are withdrawn:

1. The use of PC conditions facilitated the formation of more compact
alloy deposits as compared to those prepared under DC ones. A
decrease of the grain size is produced as the pulse frequency is lower.
Lower melting temperatures of the alloys were determined when
pulsed current is applied, associated with the changes of their
chemical composition.

2. Potentiodynamic polarization analysis in 0.5 M NaCl solution indi-
cated lower corrosion currents for the ternary alloy obtained under
pulsed current mode (Sn-Cu-Ni-P2 system) compared to the deposit
obtained under DC plating conditions.

3. Micro-scale corrosion investigations using SVET during continuous
immersion for 168 h in 0.1 M NaCl showed a decrease of the anodic
current for the Sn-Cu-Ni alloy deposits, regardless the involved cur-
rent form during electrochemical preparation.

4. Salt-spray test analysis on PCBs covered with Sn-Cu-Ni alloy under
DC and PC modes, showed that PC electrodeposition conditions leads
to enhanced anticorrosive properties of the deposits due to the for-
mation of adherent corrosion products on the surface.

5. The corrosion products on the samples were investigated by SEM,
EDX and Raman analysis. Based on the results obtained, a corrosion
mechanism has been proposed. As Sn is the predominant element of
the solder alloy, the corrosion and dissolution processes predomi-
nantly take place at Sn. Upon generation, Sn?" ions react with the
hydroxide ions, resulted from the oxygen reduction reaction at the
cathode, producing tin hydroxide species. The high content of
chloride ions in the environment will transform the hydroxide
compounds into Sn303(0OH),4Cly species which subsequently con-
verts into tin oxide compounds.
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