%, | UNIVERSITA
DEGLISTUDI

FIRENZE hr

Da un secolo, oltre. R EXCELLENCE 1 RESEARCH

PhD in
Chemical Sciences

CYCLE XXXVIII

COORDINATOR Prof. ANNA MARIA PAPINI

Electrodeposition with modulated currents in optics of a
Circular Economy

Academic Discipline (§SD) CHEM-01/A

Doctoral Candidate Supervisor
Dr. Elena Mariani ) Profy ssumo Innocenti
Co-Supervisor 1 Co-Supervisor 2
Prof. Pierandrea Lo Nostro Dr. Vincenzo Dell’Aquila
Adewousha, 8 i WA
Coordinator

Prof. Anna Maria Papini

147 RW !
g’ LD kﬂwg@WW




The consultation of the thesis is free. Unless a specific authorization is obtained from the
author, the thesis can be, however, downloaded and printed only for strictly personal purposes
related to study, research and teaching, with the explicit exclusion of any use that has — even
indirectly — a commercial nature.



Table of Contents

PREFACE ...ttt et ettt st saee e saeeeneae s I
PN 011 ¢ Lo A PR URUPSRRRIN I
Scientific ProdUuCtion ..........coocuiiiiiiiiiiiiie e III
List Of ADDIEVIAtIONS.......eeviiiiiiieeeiiieeiee et 1A%

| Y2 (06 18113 0 o O SR UPR 1

2 Theory and Methods .........ccccuiiiiiiiiiiiiiiiie et 6
2.1 ElectrodeposItion .........ccueeiieiiiieeeeiieeeeeeiee e e 6

2.1.1 Historical Background of Electroplating ...........cceccvveeevivieeencnnennns 6
2.1.2  Fundamentals of Electrodeposition............cccccveeevecuiiienniieeeeieeeennne, 8
2.1.3 Diffusive Layer and Compact Layer..........cccoeevveeeviieiiincieeeeeneen. 13
2.2 PulSed CUITENLS ....oeevviieiiieeiie et e 16
2.2.1 Double Electric Layer ........ccccccueeeeeciiiieeeiiiee et 21
2.2.2  MasS TranSPOTT......ccccuuiiiieeeiiiieiee ettt e e e e e e e e 24

I 07 0] o 1S S RURPUUPRRR 28

3.1 ALKAIINE COPPET ...evveiiiiiiieeiiie ettt erae e e e baee e e 30
.11 INtrodUCHION ......eeiiiiiiiiiec e 30
3.1.2  Experimental .........cccooooiiiiiiiiie e 32
3,13 RESUIES cueeiiiiie e 33
3.1.4  Discussion and Conclusions...........cceceeeereieeriiereiieeniieenieee e 47

3.2 ACIAIC COPPLT oottt ettt ee e ae e e e eaae e e e naeeas 50
3.2.1  INtrodUCHION ... .ceiiiiiieiie ettt 50
3.2.2  EXperimental .........ccccoooiiiiiiiiiieeeiiie e 51
3.2.3  ReSUIES ettt 52
3.2.4  Discussion and Conclusions...........ceceeeereeeeriiereiieeniieeniiee e 66

4 Palladium .cc..eeoiiiiiie e e 70

4.1 INETOAUCTION .. 70



4.2 Experimental ........cc.coooviiiiiiiiiieees e 73
4.3 RESUILS ...ttt 75

4.4 Discussion and CONCIUSIONS. ... .ceeuueeeeee et 86

5.1 Gold-Nickel Alloys - Morphological and Aesthetic Improvement ...92

5.1 INtrodUCHION ......eeieiiieee e et 92
5.1.2  EXperimental .........cccoioriiiiiiiiie e 93
S5.1.3 0 RESUIES ettt 96
5.1.4  Discussion and Conclusions............coeeceeeviiienieienieennieeniiee e 104
5.2 Gold-Nickel Alloys — Color Modulation ............ccccceeeveiieecnieeennnee. 108
5.2.1  INtrodUCHION......cooviiiiiiiiiiiiieee e 108
5.2.2  Experimental .........ccccooeiiiiiiiiieieiiee e 111
5.2.3  ReESUILS ettt e 112
5.2.4 Discussion and Conclusions............cceeeeeviieeniieeinieennieeniiee e 119
Sustainable Perspectives in Electroplating Processes..........cccccvvveeeunnenns 124
6.1 INtrOAUCTION ..ottt e 124
6.2 DepOoSItioN SYSLEMS ....cc.vvvieeiiiiieeeiiiieeectieeeeiteeeeeireeeeeeraaeeeeaeraeeeeeens 128
6.2.1 DC Deposition SYStEMS ......ccccvveieeruerieriiieeeerieeeeesieeeeeveeeeenneees 130
6.2.2 Pulsed plating SyStem..........ccccuveieriiiiieeiiiieeiieee e 135
0.2.3  COTITOSION TESES...ereurieeiiieeiiieerireeeiteeesteeeteeesareesebreeseeeesreesnseeens 139
6.3 Computational methods ...........cccceviiriiiiiiniiiiee e 140
6.3.1  Atomistic SIMUIAtIONS .....c.eveeieiieeiiieiiie et 141
6.3.2  Multiphysics SIMUlations ...........cccccceeeeeiiieeeeiiiiee e 143
6.4 Recovery of metals.........oooveviiiiiciiiiceceeee e 145
6.5 CONCIUSIONS ...ttt et e 150
Final REMArKs.......ccooiiieiiiiiiiiee et 152

RETCTEIICES . ..o et e e 155



PREFACE

Abstract

This doctoral thesis presents a comprehensive investigation into the application
of pulsed current (PC) electrodeposition for metallic coatings used in decorative
electroplating, with a particular focus on processes relevant to the fashion and
luxury industry. The work originates from a close collaboration and continuous
synergy established during the Ph.D. period with an industrial partner specialized
in galvanic processes for decorative metal finishing. This collaboration provided
direct access to real production environments, enabling the identification of
technological gaps in industrial electroplating and the definition of scientifically
grounded strategies for process optimization.

Although direct current (DC) electroplating still represents the industrial standard
due to its simplicity and robustness, pulsed current techniques have long been
recognized for their potential to improve deposit properties by offering better
control over nucleation and growth mechanisms. However, their industrial
adoption has been limited by the complexity of process control and the need for
precise parameter tuning. This research therefore aimed to bridge the gap
between empirical industrial practice and scientific understanding, exploring
how current modulation can enhance coating performance and promote more
sustainable use of materials.

The study focused on four metallic systems that are among the most widely used
in decorative electroplating: alkaline copper, acid copper, palladium and gold.
Each system was systematically investigated under both DC and PC conditions,
with variations in waveform parameters such as frequency, amplitude and duty

cycle. The study combined electrochemical techniques with advanced surface



characterization to establish correlations between electrical parameters,
deposition mechanisms and the resulting morphological, structural and aesthetic
properties of the coatings.

The results demonstrated that the use of pulsed current can significantly enhance
deposit quality when properly optimized for each metal. For copper, in both
alkaline and acidic baths, pulsed deposition resulted in smoother, less porous and
more homogeneous coatings with lower internal stress.

Palladium layers exhibited reduced porosity, improved corrosion resistance, and
greater uniformity, suggesting the potential to lower the amount of precious metal
required without compromising performance.

Gold deposits, in turn, showed increased brightness, higher reflectivity and better
mechanical stability under optimized pulsed current conditions, enabling the
achievement of high decorative quality with thinner films.

Beyond the material improvements, the research emphasizes the relevance of
pulsed current electroplating as a sustainable and efficient alternative to
traditional DC methods. By reducing the consumption of precious metals,
minimizing waste and enabling thinner yet more compact coatings, pulsed
deposition aligns with the principles of green manufacturing and circular
economy. The findings also highlight how a scientific and data-driven approach
can transform decorative electroplating from an empirical craft into a controlled
and reproducible process.

Overall, this thesis provides new insights into the electrochemical and material
aspects of pulsed current electrodeposition, offering both a scientific framework
and practical guidelines for industrial implementation. The outcomes
demonstrate that, through the optimization of waveform parameters, it is possible
to achieve coatings of superior aesthetic and functional performance while

advancing toward more sustainable and resource-efficient galvanic production.
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1 Introduction

Electroplating represents one of the most widespread technologies for the
functionalization and aesthetic enhancement of metallic surfaces. Its versatility
and cost-effectiveness have made it a key process in numerous industrial sectors,
from electronics and automotive to luxury goods, jewelry, and interior design. In
particular, in the decorative industry - where visual appearance, brilliance, and
color uniformity are of paramount importance - electrodeposition is not merely a
surface treatment but a requirement for controlled material transformation [1].
Among the various electrodeposition techniques, direct current (DC) still
represents the current industrial state of the art, especially in the decorative
sector. Its widespread use is primarily due to its technical simplicity, ease of
control and compatibility with large-scale production systems. However, despite
its ubiquity, DC electroplating suffers from intrinsic limitations, such as non-
uniform thickness distribution, porosity, and edge effects, that affect the quality
and durability of the coatings [2].

Conversely, the use of pulsed current (PC) and pulsed reverse current (PRC) has
long been recognized in the scientific literature as a powerful strategy to improve
the microstructural and aesthetic properties of electrodeposited films. By
modulating the current in time, these techniques enable a more precise control
over nucleation and growth processes at the cathode, leading to finer grains,
reduced porosity, improved brightness and enhanced leveling [3]. Nevertheless,
their industrial adoption has remained limited. In recent years, however,
advances in power electronics and process control have renewed interest in
current modulation as a viable alternative to conventional DC plating. The
increasing demand for improved performance, sustainability, and metal

efficiency has driven research toward understanding how pulsed current



parameters can be optimized to enhance deposit properties while maintaining
industrial feasibility.

In fashion and design sectors, where the final product’s aesthetic quality directly
defines its value, these features are not auxiliary but fundamental.

This doctoral thesis is based on a close collaboration and intense synergy
developed during the doctoral period with a company (Eco-Tech Finish srl)
specialized in galvanic processes for the fashion and luxury goods sector.
Operating at the intersection of chemistry, materials science and design, this
industrial environment provided a unique opportunity to observe the gaps
between empirical industrial practices and the scientific understanding of pulsed
electroplating processes. Although pulse and reverse-pulse plating have been
industrially implemented for decades, especially for gold and palladium coatings,
process parameters are often chosen empirically rather than based on quantitative
models. The absence of standardized criteria for waveform optimization results
in non-reproducible outcomes, excessive use of metals and limited control over
film morphology and color.

The main objective of this thesis is therefore to perform a systematic
investigation of pulsed current electrodeposition applied to metallic films
relevant to the decorative sector, namely alkaline copper, acid copper, palladium
and gold. These metals constitute the fundamental sequence of layers in modern
galvanic processes: copper as a base for adhesion and leveling, palladium as a
diffusion barrier and bright interlayer, and gold as the final noble and decorative
coating. Each of these layers contributes distinct mechanical, chemical, and
optical properties to the final article, and the fine-tuning of their deposition
parameters determines both product quality and process sustainability.

From a scientific standpoint, pulsed electrodeposition enables the precise
modulation of electrochemical kinetics by controlling pulse amplitude,

frequency, duty cycle, and waveform. This modulation influences not only



nucleation rates and crystal growth dynamics but also mass transport phenomena,
adsorption processes, and the evolution of the double electric layer [4], [5].
Consequently, PC and PRC techniques can yield metal films with tailored grain
sizes, preferred orientations, and superior aesthetic and functional performances
compared to those obtained under direct current conditions.

However, despite their established industrial relevance, pulsed current
electrodeposition processes still suffer from limited theoretical modeling and
scarce quantitative optimization, particularly in the decorative field. Most
academic studies have focused on functional coatings or electronic applications
- where deposition uniformity and mechanical performance are crucial - while
the decorative sector, often dominated by traditional know-how, has received
limited scientific attention. This thesis seeks to bridge that gap by integrating a
research-driven approach within a real industrial context, combining
electrochemical characterization, materials analysis and process engineering.
The experimental project was structured across several complementary levels.
The first stage involved a theoretical and electrochemical analysis of the
mechanisms governing electrodeposition and the influence of pulsed currents,
with a focus on the role of the electrical double layer, mass transport and diffusion
layers under modulated waveforms. These studies provided the framework for
defining the operative limits of pulse time and pause time, as well as identifying
the optimal ranges for nucleation and growth of metallic deposits [6], [7], [8].
Subsequent chapters are dedicated to the experimental investigation of the four
selected metals: alkaline copper, acid copper, palladium, and gold. For each
system, the effects of pulsed current parameters on deposition kinetics and
coating characteristics were systematically studied and compared with those
obtained by direct current deposition. Analytical techniques such as scanning
electron microscopy (SEM), X-ray diffraction (XRD), X-ray fluorescence

(XRF), colorimetric analysis and microhardness testing were employed to



evaluate morphology, crystallite size, composition, reflectivity and mechanical
properties. These analyses enabled a direct correlation between pulse parameters
(ton, tofr, duty cycle, current amplitude) and the resulting chemical-physical
properties of the coatings.

From an environmental perspective, the research aligns with the current drive
toward sustainable electroplating. Traditional decorative coatings often rely on
baths containing toxic compounds such as cyanides, as well as high
concentrations of precious metals including gold, palladium and rhodium. In
contrast, this work aims to demonstrate that by optimizing pulsed current
parameters, it is possible to achieve equivalent or superior aesthetic results using
thinner layers and less metal, without compromising corrosion resistance or
brilliance. The adoption of cyanide-free baths and reduced-metal formulations
contributes to lowering environmental impact, minimizing waste, and improving
operator safety.

The final part of this thesis extends beyond the experimental results, addressing
the integration of pulsed current technologies into sustainable industrial
frameworks. It explores how process digitalization, predictive modeling and
simulation can further refine deposition efficiency, paving the way for next-
generation galvanic processes that combine scientific rigor with environmental
responsibility.

In summary, this doctoral research aims to provide a comprehensive and
interdisciplinary understanding of pulsed current electrodeposition, bridging the
gap between academic electrochemistry and industrial practice. By correlating
waveform parameters with film properties across different metallic systems, this
work contributes both to the optimization of decorative electroplating processes
and to the advancement of sustainable manufacturing in the fashion and design
industries. Through this approach, the thesis aspires not only to deepen the

knowledge of pulse-driven electrodeposition mechanisms but also to lay the



foundation for a new paradigm in decorative electroplating, one that is
technologically advanced, economically efficient and environmentally

COnscious.



2 Theory and Methods

In this chapter, the theoretical background and methodological principles
underlying this research are presented. The section is intended to provide a
comprehensive yet concise overview of the fundamental electrochemical
concepts and experimental techniques employed throughout the thesis. Particular
emphasis is placed on those aspects directly related to the study of
electrodeposition processes under direct and pulse current regimes.

The aim is not to offer an exhaustive description of all electrochemical
phenomena but rather to outline the theoretical framework necessary to
understand the experimental results discussed in the subsequent chapters.
Therefore, well-established notions and classical theories that are considered
common knowledge in the field are not treated in detail here. For all basic
concepts, additional explanations or complementary information, the reader is
referred to the relevant literature cited throughout the text.

Special attention is devoted to the mechanisms governing metal
electrodeposition, the structure of the electrochemical double layer and the
dynamics of mass transport, as these are key factors influencing the morphology

and properties of the deposits obtained under pulsed current conditions.

2.1 Electrodeposition

2.1.1 Historical Background of Electroplating

The use of metals by humans dates back about 11’000 years, as evidenced by the
discovery of the first gold and copper artifacts [9]. Since ancient times, metals
have been exploited not only for decorative purposes but later also for broader
applications. The desire to transform common materials into objects of greater
value, brilliance, and nobility has its roots in ancient Egypt, more than 5,000

years ago, where thin metallic films were applied to statues to produce the first
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gilding [1]. Remarkably, archaeological findings in Peru, attributable to the
Moche civilization, suggest the use of electroless deposition of gold - a process
that does not require an external current - centuries before its modern rediscovery
[9].

The first artifacts obtained through electrochemical processes requiring electron
flow are closely related to the discovery of electricity. In 1772, Giovanni Battista
Beccaria (1716-1781) succeeded in depositing a metal from its components using
a primitive capacitor [10]. A few years later, Luigi Galvani (1737-1798) observed
that a frog’s muscle contracted when touched simultaneously with copper and
zinc wires, laying the foundations of bioelectricity. His disagreement with
Alessandro Volta (1745-1827) ultimately led Volta to develop the first galvanic
cell in 1800: the Voltaic pile, consisting of alternating zinc and copper disks
separated by cloth soaked in brine or diluted sulfuric acid [11]. Shortly thereafter,
William Nicholson (1753—1815) and Anthony Carlisle (1768—1840) used such a
pile to decompose water into hydrogen and oxygen, thus discovering electrolysis
[10].

Building on these developments, Luigi Valentino Brugnatelli (1761-1818)
carried out in 1805 the first electrodeposition of gold from an Au** solution onto
a silver substrate [9], [11], [12]. This milestone marked the true birth of
electroplating. Subsequent decades witnessed significant progress: in 1837,
Moritz Hermann von Jacobi introduced electroforming of copper; in the 1840s,
the Elkington brothers filed the first patent for gold and silver electrodeposition
from cyanide solutions [13]; and by 1876 Birmingham had become the first
industrial electroplating center.

In 1946, Abner Brenner developed electroless deposition for metallizing non-
conductive surfaces such as plastics [14]. Later, -cataphoresis,
electropolymerization [15], [16], [17], [18], and electrodeposition from ionic

liquids [19], [20], [21] expanded the range of depositable materials to include



paints, polymers, and metals like aluminum, previously unattainable from
aqueous solutions. From the 1950s onwards, industrial practices evolved toward
alloy deposition and multilayer architectures [22], [23], [24], which offer several
advantages compared to single-layer coatings, such as preventing electroless
deposition by redox replacement, reducing stress from lattice mismatches, and
limiting interdiffusion between metals over time.

Modern research in electrodeposition focuses on reducing the precious metal
content of coatings (e.g., from 24 kt to 18 kt gold) while preserving corrosion
resistance , eliminating toxic cyanide from baths, replacing harmful heavy metals
like cadmium, nickel, and palladium, improving waste and wastewater
management, developing alternative engineering processes [25], and

synthesizing new alloys.

2.1.2 Fundamentals of Electrodeposition

Electrodeposition is an electrochemical process that enables the formation of a
metallic coating on a conductive substrate [1]. It is based on the passage of direct
or modulated current through an electrolyte containing salts of the metal (or
metals) to be deposited, thereby promoting the electrochemical reduction of
metal ions. In a classical electrodeposition process, the object to be coated is
immersed in an electrolytic cell containing the metallic salt, a supporting
electrolyte - whose role is to maintain constant ionic strength and minimize
ohmic resistance - and electrodes connected to a power supply. The substrate to
be coated acts as the cathode and is connected to the negative terminal, while the
anodes are connected to the positive terminal. The anodes may either be
composed of the same metal to be deposited - defined as soluble anodes - or of
inert conductive materials (insoluble anodes) [1]. Soluble anodes dissolve upon

oxidation under current passage, thereby replenishing the ions consumed at the



cathode and maintaining the concentration of the depositing metal in the
electrolyte.

Two main experimental setups are employed in electrochemistry. The first is the
three-electrode system (Figure 2.1), widely used in research and development:
the cell configuration includes a working electrode (WE), a reference electrode
(RE) and a counter electrode (CE), each performing a distinct and
complementary function. The working electrode, in this case, is where the
electrodeposition process takes place. Its potential is controlled during the
experiment, and its material composition can vary depending on the specific
application. At this interface, electron transfer reactions occur between the
electrode surface and the electroactive species in solution.

The reference electrode provides a stable, well-defined potential against which
the potential of the working electrode i1s measured. It does not conduct current,
thus maintaining its potential throughout the experiment. Common reference
electrodes include the standard calomel electrode (SCE), the silver/silver chloride
(Ag/AgCl) electrode, and, less commonly, the hydrogen electrode. The presence
of a stable RE allows for precise control of the potential applied to the working
electrode while maintaining a constant and reproducible reference point.

The counter electrode completes the electrical circuit within the electrochemical
cell. The CE balances the current generated at the working electrode, ensuring
the current flows through the solution without participating in the
electrochemical reactions being tested [1].

The entire setup operates under the control of a potentiostat, an electronic device
that maintains the desired potential difference between the working and reference
electrodes and measures the corresponding current flowing between the working

and counter electrodes.
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WE RE CE

Figure 2.1: Scheme of an electrochemical cell. WE: working electrode; RE: reference
electrode; CE: counter electrode

This configuration provides valuable mechanistic insights but is rarely applicable
to industrial scales, as maintaining RE stability in large vessels is challenging.
The second configuration is the two-electrode system, or galvanic cell, which is
typically employed in industrial electrodeposition processes. This arrangement
includes only a cathode and an anode. In both systems, the process is driven by
an external power source, operating under either current or potential control. The
selection of the appropriate operational mode depends on the specific
experimental requirements: for instance, sharp current variations can be
effectively managed under potentiostatic conditions, whereas other experimental
circumstances may favor galvanostatic operation.

In industrial electroplating, the substrate is rarely coated with a single metallic
layer; instead, multilayer deposition strategies are typically employed (Figure
2.2). This approach is preferred because the direct electrodeposition of the final
decorative alloy onto the substrate often leads to adhesion failures, primarily
caused by internal stress accumulation within the coating, which can result in

peeling or delamination.
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In the metal finishing industry, numerous galvanic processes are available [26],
[27], yet for traditional base metals such as brass, bronze and ZAMAK, the
process generally begins with the deposition of a relatively thick intermediate
layer (5—20 um) of nickel or copper. This interlayer serves a dual function: it
enhances surface leveling and produces a smooth, lustrous base suitable for
subsequent decorative coatings.

However, these initial metallic films are seldom the final finish. Instead,
additional electroplated layers are sequentially applied until the desired color
tone and surface characteristics are achieved. A critical aspect to consider in
multilayer systems is the interdiffusion of metals between adjacent layers, which
can progressively alter the chemical and aesthetic properties of the coating stack
over time.

This diffusion phenomenon is particularly relevant in gold-on-gold systems [28],
where intermixing may lead to reddening and purity degradation of the precious
metal finish. To mitigate this effect, barrier layers are routinely introduced
between gold deposits. Historically, a nickel barrier (1-5 um) was the standard
choice; however, due to allergenic risks and environmental concerns, it has been
progressively replaced by bronze interlayers (2—5 wm), sometimes followed by a
thin palladium coating (0.5—1 um) to further enhance diffusion resistance.

For aluminum substrates, the same multilayer deposition approach is adopted.
Nevertheless, prior to electroplating, an electroless zinc pre-coating is required
to ensure proper adhesion, as it prevents the detrimental effects of the native

oxide passivation layer naturally forming on aluminum surfaces.
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Figure 2.2: General scheme of the most common industrial electroplating processes.
The boxes’ color differentiates between the base metals (grey), intermediate
depositions (blue) and the finishing layers (green)

From a quantitative standpoint, the deposition rate and coating thickness are
governed by Faraday’s laws. The total charge passed determines the deposited
mass (Equation 2.1), where M is the mass of the coating, 4.0:1s the molar mass
of the metal, QO is the charge, z is the number of electrons exchanged, and F'is the

Faraday constant, corresponding ti the charge of one mole of electrons (F =

96,485 C/mol = 26.8 A-h/mol):

AmolQ
zF

M =

2.1)

This relationship can be adapted to estimate coating thickness, via Equation 2.2:
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Amolj t
zFp

(2.2)

Where D is the film thickness, j is the current density, t is the deposition time,
and p is the film density (which may differ from bulk density due to voids or
defects). It should be noted that these expressions are valid under the assumption
that no parasitic reactions occur.

At equilibrium, the electrode potential is described by the Nernst equation
(Equation 2.3), reflecting the balance between metal ion reduction and

dissolution.
RT
Eeq = E°+ Fln (Crrez+) (2.3)

Where E° is the equilibrium potential under standard conditions, R is the gas
constant, T is the absolute temperature, In stands for the natural logarithm and
C 02+ 1s the concentration of the metal 1ons in moles per liter.

For electrodeposition to occur, the applied potential must be more negative than
Eeq, thus favoring reduction over dissolution. The driving force for metal
deposition is the overvoltage, defined as the difference between the applied

potential (Vapp) and Eeq (Equation 2.4).

N = Vapp — Eeq (2.4)

2.1.3 Diffusive Layer and Compact Layer

In an electrochemical system, when a potential difference is applied, a double
electric layer is generated at each electrode, a structure that originates at the solid-
liquid interface, where an electric charge transfer takes place accompanied by

redox half-reactions. In an electrochemical cell, the solid phase is represented by
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the electrode, while the liquid phase is represented by the electrolyte. As the
reaction proceeds, the electric field generated causes the migration of ions present
in solution, determined by the interaction between their charge and that
accumulated on the electrode surface. Moving away from equilibrium conditions,
as in the case of current flow, it is necessary to use a model that describes the
interface as a transition region between two massive systems, the electrode and
the solution, with different thermodynamic properties.

The first attempt to model this interface can be attributed to Helmholtz. In his
model, the interface is imagined as a parallel plane capacitor, consisting of a layer
of positive or negative charges on the metal and a layer of opposite sign in
solution, located at the minimum possible distance from the electrode: a
separation of charges and therefore a potential difference is established [4]. The
concept of two layers of opposite charge is the origin of the term “double layer.”
This simple model is able to explain the existence of capacitive effects at the
interface, but it fails to describe two fundamental aspects: the variation of
capacitance with potential and its actual measured value at each potential.

An alternative approach, developed independently by Guoy and Chapman in
1913, considers that, although the charge of the metal is necessarily confined to
the surface of the electrode, the same is not true for the charge on the solution
side, which can instead extend into the bulk of the solution following a statistical
distribution. This introduces the concept of a diffuse layer. This model, based on
the Poisson-Boltzmann equation shown below, neglects the finite size of the ion,

which inevitably cannot approach the electrode at a distance less than its 1onic

radius [29].

—ZiFd(x)

Ci(x) =Cle™ kT (2.5)
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Equation 2.5 describes the variation in concentration as the position along the
deposition axis changes. The term Ci(x) represents the concentration of the i-th
species at distance x, Ci’ the concentration of the species in solution, z; the charge
of the species, k the Boltzmann constant, while ®(x) is a position-dependent
potential function [22].

The two models of Helmholtz and Guoy-Chapman were combined by Stern in
1926, with the introduction of a plane of maximum approach. The potential
variation is linear between the metal and the plane of maximum approach, while
it i1s exponential from the latter towards the bulk of the solution. A distinction is
thus made between a compact part and a diffuse part of the double layer in which
the potential variations are linear and exponential, respectively [4].

The current description of the electrode-solution interface is based on Grahame's
triple layer model, which introduces greater structural complexity than previous
models. In this interpretation, the interface consists of three distinct zones. The
first, known as the Inner Helmholtz Plan (IHP), is defined by the center of gravity
of the 1ons adsorbed on the surface, which have the same charge as the electrode
and are partially or completely desolvated. The second zone, known as the Outer
Helmholtz Plan (OHP), is identified by the center of gravity of the solvated ions
with a charge opposite to that of the electrode. Finally, at a greater distance, here

1s the diffusion layer or Guoy-Chapman layer.
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Figure 2.3: Schematic representation of Grahame's triple layer

2.2 Pulsed Currents

In the electroplating industry, direct current (DC) is currently used almost
exclusively for the electrodeposition of most metals and alloys. This type of
current is characterized by a linear waveform and requires only one parameter to
be applied: current density [1]. Although direct current is the most widely used
form of current due to its relative ease of implementation, it has a number of
critical issues: firstly, it provides a constant flow of electrons that tends to favor
preferential growth on the most protruding points of the substrate (edge effect),
leading to the formation of non-uniform deposits [5]; furthermore, it promotes
the formation of porosity in the deposit, with consequent deterioration of the
properties of the metal film, including decreased conductivity, greater

mechanical fragility, and lower corrosion resistance [2].
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Despite these limitations, the use of pulsed current (PC) and pulsed reverse
current (PRC) in industry has long remained restricted to specific applications,
particularly in electronics and printed circuit boards [30]. Initially, modulated
current systems were limited by the lack of sufficiently performing rectifiers and
their high cost, which hindered industrial adoption [3], [31]. However, with
technological advancements and the advent of modern electronics and
microprocessor control, it became possible to precisely regulate the waveform of
the applied current, adjusting amplitude and pulse duration to control the deposit
morphology and thickness with atomic precision [1], [3], [32], [33], [34].
Electroplating with modulated currents has since become increasingly important,
not only in electronics but also in alloy [35], composite materials [36] and
semiconductor [37], [38]. Although only DC is still used in the decorative field
[52], several studies suggest that PC and PRC could be successfully extended to
this sector, reducing the use of organic brighteners and improving deposit
uniformity with both environmental and economic benefits [39], [40].

The waveforms used in electrodeposition can be divided into two main groups,
shown in Figure 2.4: unipolar pulses, in which all pulses are oriented in one
direction (in this case, the current is called pulsed current, or PC), and bipolar
pulses, in which both anodic and cathodic pulses are present (in this case, it is

called reverse pulsed current, or PRC) [5].
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Figure 2.4: Examples of waveforms: (a) pulsed currents; (b) reverse pulsed currents

In the conventional DC plating there is only one parameter, called the current
density, which can be varied. In pulse electroplating, there are at least three
parameters, including pulse height (current amplitude), relaxation time (tofr) and
pulse time (ton) whose values can be effectively optimized. Each pulse consists
of an on-time during which the potential or the current is applied, and an off-time
during which the zero current is applied (Figure 2.4, (a)). In pulse reverse current,
four parameters are required: cathode peak current density of the pulse, jc, the
duration of the cathode pulse, tc, anode peak current density of the pulse, ja, and
the duration of the cathode pulse, t. (Figure 2.4, (b)).

In the current pulse, the duty cycle (y) corresponds to the percentage of the total
time of a cycle and is given by:

tOTl

%y = x 100 (2.6)

ton t lofr

Jav (average current density) is calculated from:
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Where, Jp is the pulsed current density. Based on the above, Jp can be derived as:

Jp = Jav(P+1) (2.8)

Where P represents the ratio of the off-time to the on-time (P = toft/ton) [2], [41].
The limits of ton and tofr are governed by two main phenomena: (i) the capacitive
effects of the electrical double layer, which define the minimum feasible duration
of each phase, and (i1) mass transport by diffusion of electroactive ions, which
determines the maximum useful ton.

The great advantage of modulated currents lies in their ability to influence
electrocrystallization mechanisms and, consequently, the structural and
mechanical properties of the deposits [31], [42], [43].

Since the nucleation rate is proportional to the applied current density, the
application of pulsed currents to electrodeposition processes, which allow
significantly higher current densities to be achieved than with direct currents,
promotes faster nucleation thanks to the high cathodic overvoltage of the pulse
[31]. This leads to the formation of deposits with a finer grain size and, generally,
greater homogeneity [44], [45].

At the end of each cathodic pulse, the combination of several phenomena allows
these results to be achieved. It is now known that the population of metal ions
tends to decrease constantly near the cathode during deposition, particularly in
areas of the surface where the electric field is greater; with direct current, it is not
possible to replenish the deposited ions; on the contrary, the use of a pulsed
current allows the metal ions to repopulate the area near the cathode during the
off phase, promoting nucleation and greater concentration homogeneity, which

translates into greater uniformity of the metal surface [1]. Furthermore, in the
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absence of current, deposited impurities and additives can diffuse outward,
avoiding inclusion within the metal deposit and consequently reducing porosity
[46].

At the same time, the alternation of pulses allows the discharge of the
electrostatic diffusion layer that forms near the cathode during DC deposition,
enhancing ion transport and promoting more uniform growth [47], [48]. As a
result, deposits obtained under pulsed current show improved compactness,
higher density, and better electrical and mechanical performance [35], [49], [50],
[51].

In reverse pulsed current electrodeposition, the anodic pulse induces a selective
redissolution of the metal at protruding points, where the local current density is
higher. This process has a self-levelling effect, smoothing the surface and
reducing thickness inhomogeneities [5], [30], [52]. The result is a significant
reduction in the “edge effect”” and improved uniformity of the deposited layer.
Moreover, the alternation between cathodic and anodic pulses facilitates the
detachment of hydrogen bubbles generated during the cathodic phase, leading to
smoother and less porous deposits [53]. This mechanism also enhances the
overall ductility and conductivity of noble metal deposits, particularly gold and
its alloys, allowing thinner yet high-quality coatings that pass porosity tests - an
important economic advantage in electronics [3].

From an environmental perspective, the advantages of modulated current
techniques are equally significant. PC deposition can reduce additive
consumption by 50-60%, while PRC can nearly eliminate the need for such
agents [2], [54]. This not only improves bath stability and process efficiency but
also reduces the generation of hazardous waste, contributing to more sustainable
electroplating operations [55].

Today, pulse and reverse-pulse plating are widely used in advanced applications

such as composite coatings, amorphous alloys, and anodizing [55]. With the
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availability of efficient and programmable rectifiers, the technique has evolved
into a mature and versatile technology, enabling precise control over the

microstructure and performance of electrodeposited materials.

2.2.1 Double Electric Layer

When a potential difference is applied between the working electrode and the
counter electrode, a double electric layer forms near the electrode-solution
interface. In the simplest case, the working system can be likened to an electrical
circuit consisting of a resistor and a parallel plane capacitor [56].

In this approximation, each element of the circuit corresponds to an element or
phenomenon associated with our working system. The resistor is attributable to
the solution, which opposes the passage of current, while the capacitor is
attributable to the formation of the double electric layer. This phenomenon
involves a separation of charges at the electrode-solution interface comparable to
two plates of a parallel-plate capacitor [4]. The capacitance of the hypothetical

capacitor can be determined using Equation 2.6:

c=2 (2.6)

Where ¢ represents the absolute dielectric constant of the medium between the
two plates, A represents the surface area of the capacitor faces, and d represents
the distance between the plates.

Since the distance between the charges in the double layer is on the order of
Angstrdm, it is necessary not to neglect the value of the capacitance.

When a current is passed through the hypothetical circuit, part of the current is
consumed to charge the capacitor up to a maximum defined by the capacitance
and the potential difference between the plates, and the time required to charge

the capacitor is defined as the “charging time.” Once the current between the
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electrodes has been applied, the capacitor will undergo a discharge process,
generating a current for a time known as the “discharge time” [7].

At the beginning of a pulse, therefore, the total current applied by the generator
is composed of two components, a “capacitive” current (which charges the
double layer) and a “faradic” current (which corresponds to the deposition rate),

according to the formula [7]:
ip=1ic+if (2.7)

Where ip represents the applied current, ic the capacitive current, and ir the faradic
current.

Figure 2.5 shows some current pulse profiles that illustrate the distortion of the
faradic current pulse due to capacitive effects. In profile (a), the ton 1s much longer
than the charging time of the double layer and, as a result, the total current is
almost exclusively faradic. In profile (d), on the other hand, the charging time is
much greater than ton, a factor that causes a marked flattening of the faradic
current, which approaches a direct current considerably. Profiles (b) and (c)

represent intermediate situations [8].
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Figure 2.5: Current pulse profiles showing the distortion of the faradic current due to
capacitive effects

It is therefore necessary to use tones greater than the charging time (tc) of the
capacitor, otherwise the system would only exploit the capacitive current without
causing any redox reaction, as the capacitor would not have been charged and the
current would not flow to the working electrode. It is equally important to
maintain a tofr greater than the discharge time (tp) so as to allow the system to
return to equilibrium and promote all those desirable phenomena associated with
the use of PC. Although it is essential to use an adequate minimum tof, it is
necessary to consider that there is no physical upper limit to the interval between
two pulses, as the greater the tor, the better the deposits obtained [8]. A real limit
i1s given by the lengthening of deposition times with a consequent increase in
production costs. It is therefore important to balance the benefit/cost ratio.

Knowing the charging and discharging times of the capacitor, it is possible to
determine the lower limits for ton and totr. The Equations used are 2.8 for ton and

2.9 for tofr, respectively [8].
tmin — 5t (2.8)
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tmin = 7¢, (2.9)
The capacitor charging time can be calculated using the following Equation [7]:

_n

te =
Jp

(2.10)
Where C represents the capacitor capacity, n the overpotential, and J, the pulse

current density.
2.2.2 Mass Transport

To correctly evaluate the upper limit of the ton, it is necessary to introduce a
fundamental concept in metal electrodeposition: mass transport. This is mainly
because the use of a pulsed waveform is closely linked to the variation in mass
transport conditions on the electrode surface [57].

The term mass transport refers to the set of phenomena that cause the movement
of a chemical species within a solution. Generally, there are three mechanisms
that contribute to the transport of electrolyte in solution [58]:

e Diffusion, the spontaneous movement of chemical species due to a
concentration gradient;

e Convection, the transport of chemical species due to the movement of the
solution (which can be caused by mechanical or air agitation, a difference
in temperature, or a difference in density);

e Migration, the movement of electroactive ionic species under the action
of the electric field generated between the two electrodes.

Mass transport plays a fundamental role during electrodeposition operations,
both in direct current and pulsed current, as it limits the deposition rate and

influences the structure and properties of the deposit [58].
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When a direct current is applied to a galvanic system at equilibrium, there is a
decrease in ionic species near the electrode surface, with a consequent variation
in concentration as the distance from the electrode increases. In other words, at a
greater distance, the concentration of the chemical species will remain unchanged
(in the bulk of the solution), while as it approaches the electrode surface, the
concentration will tend to decrease (Figure 2.6). A diffusion layer will therefore
be established near the electrode, in which mass transport depends mainly on

diffusion phenomena [58].
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Figure 2.6: Concentration profile of the species of interest as a function of distance
from the electrode

Beyond the diffusion layer (0) is the bulk of the solution, where mass transport
returns to being controlled primarily by convection phenomena.

Using a modulated current, it is possible to describe what happens on the
electrode surface using a model that involves a double diffusion layer: a first
internal diffusion layer (3;), close to the cathode, and a second external diffusion
layer (0), which precedes the bulk of the solution [5], [35], [59]. In this model,
linear concentration profiles are assumed in the diffusion layer, as shown

schematically in Figure 2.7.
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Figure 2.7: Schematic representation of the double diffusion layer formed near the
electrode surface. The black line represents the concentration profile just at the start of
the cathodic pulse. Solid red lines show the evolution of the concentration gradient
during the pulse period. The dashed red line corresponds to the achievement of the
transition time

The double diffusion layer therefore exhibits a particular behavior: during the ton,
the internal diffusion layer will be depleted of the electroactive species,
consequently developing a strong concentration gradient. During the tofr, the
external diffusion layer will supply the internal diffusion layer with species, so
that the concentration gradient generated during the pulse will tend to relax. This
implies that the inner layer has a concentration profile that pulses with time
constants similar to those of the applied pulse [57]. Similarly, the outer diffusion
layer is fed by the bulk of the solution.

Considering that the inner diffusion layer expands as the pulse duration increases
(ton), it 1s essential to evaluate the upper limit of the latter. In fact, if the ton s too
large, the diffusion layer would expand to the bulk of the solution, an area where
mass transport is mainly influenced by convective and non-diffusive phenomena.
If the pulse duration is particularly long, the electroactive species in the diffusion
layer may be depleted, resulting in the need to apply a higher potential to
replenish the inner layer [58]. The time during the pulse beyond which the

26



electrolyte concentration in the inner diffusion layer becomes zero is defined as
the transition time (t). For this reason, we can assume 1 as the maximum time
(ton*) for a deposition to be considered a pulse deposition. Unlike ton, the off
time does not have an upper limit due to the absence of mass transport constraints.

The transition time is typically calculated using the following equation [59]:

D (CynF)?
4Jp°

T=tHM = (2.11)
Where D is the diffusion coefficient of the electrolyte, Co represents the bulk
concentration of the electroactive species, n is the number of electrons transferred
and F is the Faraday constant.

The diffusion coefficient D can be determinated by applying Fick's law for
steady-state current conditions [60], specifically when t >> r?/D, where r is the
radius of the circular electrode. Under these conditions, the relationship between

current and diffusion coefficient is established as follows:

i(ry = 4nF CoDr (2.12)
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3 Copper

Copper electrodeposition is a process widely used in the electroplating industry;
its applications can range from the production of thin layers to improve adhesion
and reduce crystal stresses in subsequent layers, to the deposition of thin films
on printed circuits for electronics [1]. The use of copper for the formation of
metal substrates has been widespread for more than 50 years and is one of the
fundamental operations within the electroplating industry [26]. Copper coatings
can easily correct pre-existing defects on substrates such as holes, protuberances,
and scratches while maintaining high cathodic efficiency, high penetrating
power, and low cost.

Copper electrodeposition processes are widely used but present a number of
critical issues that should not be underestimated, among which environmental
impact stands out. Conventional formulations for copper baths present hazards
related to the use of toxic cyanide-based chemicals and the consequent
production of waste that must be treated as hazardous waste.

Consequently, the significant toxicity of the substances used in electroplating
processes requires companies in the sector to invest in reagent control and
management systems, as well as in the training of qualified personnel capable of
operating safely and ensuring compliance with environmental and occupational
safety regulations.

The most common electrolytic baths for copper plating can be classified into two
categories [26]:

o Alkaline baths, typically characterized by the presence of a series of
cuprocyanide complexes obtained by adding copper or copper salts, also
cyanide-based, to concentrated cyanide solutions;

e Acid baths, generally consisting of copper sulfate (CuSO4) and sulfuric
acid (H2S0a).
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The choice of baths is closely linked to the type of work and the nature of the
substrate [26]. Acid copper baths are extremely popular due to their ease of
preparation and management, the low cost of chemicals, and current yields close
to theoretical values. However, this type of bath has one drawback: it is not
possible to deposit acid copper directly on most metal substrates (brass, zamak,
aluminum) due to the phenomenon of cementation. Cementation is a spontaneous
electrochemical process in which a less noble metal (i.e., with a lower reduction
potential) oxidizes, allowing the reduction of the more noble metal (with a higher
reduction potential). The main disadvantage is that the deposited copper does not
adhere to the substrate and appears in a spongy form, rendering the coating
unusable.

To avoid the phenomenon of cementation, therefore, a preventive deposition of
copper is carried out using an alkaline copper bath. In alkaline baths, copper is
generally present in solution in the form of very stable cyanide-based complexes,
making the copper less reactive and less available for spontaneous reduction, thus
reducing the risk of cementation. However, this type of bath does not allow for
high thickness to be achieved, beyond which the deposit becomes fragile and
poorly adherent. Consequently, copper plating of a certain thickness requires two
steps: first, deposition in an alkaline bath for protection, and then thick copper

plating in an acid bath.
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3.1 Alkaline Copper

3.1.1 Introduction

In large industrial cycles of electrodeposition on metal substrates, copper plating
plays an important role. Although it does not provide a protective coating, it
forms an essential intermediate layer that improves the adhesion properties of
subsequent deposits, ensuring the quality of the final coating. Copper is generally
electrodeposited from solutions in which it is present in a bivalent state and from
solutions in which it is monovalent. In the first case, sulfate baths are usually
used; in the second case, cyanide baths are used [26].

Although extremely effective in obtaining high-quality coatings, cyanide-
alkaline copper plating baths present numerous problems regarding plant safety,
environmental impact, and wastewater and waste management. The main
problem concerns the toxicity of cyanide, which poses a danger to human health,
the environment, and ecosystems. The management of cyanide baths therefore
requires careful monitoring and a team of certified operators capable of
preventing spills or accidental exposure. Galvanotechnicians exposed to cyanide
must wear personal protective equipment and follow strict safety protocols to
ensure their own safety and that of others.

Waste disposal is equally problematic, as it requires industries to comply with
the European Waste Code (CER 06 03 11), which dictates the rules for handling
and disposing of solutions containing cyanides. According to European
regulations, this waste must be managed in a specific manner due to its hazardous
nature. Generally, wastewater from cyanide-containing baths involves the
oxidation of cyanide to cyanate, which is much less toxic, through the addition

of sodium hypochlorite, according to the following reaction:

CN™ + Cl0~ > CNO~ + Cl™ (3.1)
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The process 1s carried out at a pH of 9-10 in order to prevent the accidental
formation of extremely toxic hydrogen cyanide. Destruction can be pushed

beyond the cyanate stage by using an excess of oxidant:

2CNO~ +3ClO™ + 2H* - 2C0, + N, + H,0 + 3Cl~ (3.2)

Concerns related to health and safety at work, high waste treatment costs, and
significant environmental impact have prompted research into new non-cyanide
plating technologies.

There are a considerable number of studies in the literature on cyanide-free
alkaline copper baths [61], [62], [63], however, most of these electrodeposition
processes have been conducted using direct current, which does not allow for
deposit characteristics comparable to those obtainable with traditional cyanide-
alkaline baths. This limitation represents a significant obstacle to the industrial
replacement of the alkaline copper plating process. The application of pulsed
currents to low environmental impact copper baths, on the other hand, has not
been adequately explored. As already mentioned, pulsed current requires the
optimization of multiple parameters, but on the other hand offers greater
flexibility in the production of metal deposits.

In light of all these considerations, the objective of this work is to conduct a
preliminary study on the application of pulsed currents to copper
electrodeposition, using low environmental impact alkaline copper plating baths.
The aim is to obtain copper deposits with properties comparable to, if not superior
to, those obtainable through classic electrochemical direct current processes in
cyanide-containing baths. In particular, the aim is to verify the quality of the
deposit, adhesion, and corrosion resistance, with the goal of improving coatings

in an environmentally friendly context.
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3.1.2 Experimental

The tests were conducted on a commercial cyanide-free alkaline copper bath
(KEMTECH 430, Kemia), with a copper concentration of 9 g/LL and an optimal
current density, as specified in the technical data sheet, of 2 A/dm2.

For the electrochemical study, a circular platinum electrode (RDE) with a radius
of 1.5 mm was used as the working electrode, a platinum wire as the counter
electrode, and a saturated Ag/AgCIl/KCI electrode as the reference electrode,
whose potential measured against a calomel electrode (SCE) is -43.7 mV. Unless
otherwise noted, all electrochemical analyses were performed in a beaker, using
a solution volume of 100 mL and a controlled temperature of 50 = 1 °C.A
commercial basic degreaser (owned by ITALFIMET) was used for the
preliminary preparation of the samples.

The thickness of the deposits was measured by XRF analysis [64], [65], [66],
[67], performed with a Bowman B Series XRF spectrometer (Schaumburg, IL,
USA) using an acquisition time of 60 s, 50 kV tube voltage, 0.8 mA tube current,
and a collimator of 0.6 mm in diameter.

Scanning electron microscopy (SEM) images and microanalysis were obtained
with variable pressure Hitachi SU3800 (Hitachi High-Tech, Tokyo, Japan)
equipped with an Oxford Instruments NanoAnalysis Ultim Max 40 silicon drift
EDS detector. The analyses were performed using an accelerating voltage of 5
kV.

Quantitative color comparisons were obtained wusing the portable
spectrophotometer CM-700d (Konica Minolta, Tokyo, Japan) equipped with an
integrating sphere controlled by SpectraMagicNX software (Konica Minolta,
Tokyo, Japan). Color coordinates were expressed in the CIE-Lab color space: L*
= light vs. dark, a* = red vs. green, and b* = yellow vs. blue. In the CIE-Lab
color space, the a and b coordinates define the hue (color) and the chroma

(vividness/dullness), while the degree of lightness is represented by the L*
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values. The measurement was obtained from diffuse reflectance spectra
according to the CIE’s recommendations [68] using a D65 illuminant, an
observer at 10°, and maximum aperture with an angle of incidence 6 = 8°. The
specular component was included (SCI). The measurements were performed
using a 11 mm in diameter circular masks (MAV11). The gloss (8°) estimation,
the function of luminous directional reflectance of a specimen responsible for its
shiny or lustrous appearance, was obtained measuring both the reflectance
spectrum of the samples including and excluding the specular component (SCI
method and SCE method, respectively) [69], [70]. For both colorimetric and
gloss assessment, the results reported are the average of five repeated
measurements for each sample.

X-ray diffraction (XRD) analyses were performed using a Brucker (Billerica,
MA, USA) New D8 Da Vinci diffractometer, employing Cu Ka radiation (A =
1.54056 A), operating at 40 kV and 40 mA. The X-ray diffractometer was
equipped with a 6-20 geometry, an Euler cradle, and a Brucker LYNXEYEXE
detector. The acquisitions were performed in the range 26 = 40°-100°, using a

step of 0.03° and an integration time of 0.3 s per step.

3.1.3 Results

A preliminary electrochemical study was carried out, using the commercial
alkaline copper electroplating bath, to investigate the parameters to be varied for
the pulse electrodeposition. The purpose of these experiments is to obtain ranges
useful in choosing the appropriate settings for pulse plating, taking into
consideration the electrochemical limiting factors.

The capacitance value was derived through -electrochemical impedance
spectroscopy [71], resulting in a value of C = 2.77 mF/cm?. The equivalent circuit
used to fit the Bode diagram, corresponding to our working system, allowed us

to assimilate the non-faradic process into a constant phase element (CPE), which
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was then converted into its equivalent capacitor, using the following formula

[71]:

(Yo Rp) /™
Cepf ==

sin ("2—”) (3.3)

Where Cerr is the effective capacitance, Yo and n are the characteristics
parameters of the CPE and Ry is a resistor.

The commercial copper plating bath has an optimal current density, as specified
in the data sheet, of 2 A/dm?, which was therefore used as the average current
density for all DC and PC tests.

Overpotential 1s defined as the difference between the equilibrium potential for
a given reaction (also called the thermodynamic potential) and the potential at
which the electrochemical reaction operates at a specific current under specific
conditions [72].

Through chronopotentiometries performed with different current densities
(related to each value of P), we calculated the overpotential and through Equation
2.10 the value of tc. Using Equations 2.8 and 2.9 we obtained respectively the

lower limits of t7%" and t;’}i}l, as shown in Table 3.1.

Table 3.1: overpotential values and charging time obtained for different P values

P nv) tc (ms)
0 -1.0992 15.25
1 1.2226 8.48
2 -1.2199 5.64
3 -1.2787 4.43
4 -1.3342 3.70
5 -1.3999 3.23
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The transition time t was then estimated by performing chronoamperometric

measurements and using Equation 2.11. These results, together with the lower

limits for pause and pulse times, are shown in Table 3.2.

Table 3.2: Lower operating limit for pulse time and pause time obtained from the
experimental value of 1 and tc and upper operating limit for pulse time corresponding

to tc, for the chosen P values

min

P t™n (ms) tos (ms)  the* (ms)
0 76.3 107 14279
1 42 .4 59.4 3417
2 28.2 39.5 1638
3 22.1 31.0 900

4 18.5 25.9 567

5 15.1 22.7 385

Once lower and upper limits have been established, we chose parameterizations

within these operational ranges, which are considered optimal, for different

values of pulse current density.

Table 3.3: Selected experiments and parameterizations of sample obtained

Sample P ton, (ms)  toee (ms)  Jp(A/dm?)
A DC / / 2
B 1 60 60 4
C 1 100 100 4
D 2 50 100 6
E 2 100 200 6
F 3 50 150 8
G 3 100 300 8
H 4 20 80 10
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I 4 100 400 10

J 5 20 100 12
K 5 50 250 12
CN DC / / 1

All samples were prepared from circular brass plates (diameter 39 mm) that had
been suitably degreased using cathodic degreasing. Once electrodeposition was
complete, the samples were suitably washed with milliQ water, dried, and
characterized.

Samples A-K were prepared using a cyanide-free alkaline copper bath, while
sample CN was prepared using an alkaline copper bath containing cyanides. In
this section, characterization analyses will be used to compare the samples
obtained using direct and pulsed current with the sample obtained from the

cyanide-alkaline bath.
SEM analysis

The samples were analyzed using scanning electron microscopy in order to
evaluate the morphology and particle size of the copper deposit obtained.

The analyses were conducted in the central area of each sample in order to ensure
greater representativeness of the results. The SEM images obtained are shown

below.
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Figure 3.1: SEM images of the various samples at two different magnifications, 1k and
5k

Some qualitative observations can be drawn from the images collected. In
particular, it can be noted that sample A, obtained by direct current
electrodeposition, has an uneven surface, characterized by an irregular
morphology with numerous pores and reliefs. On the contrary, the samples
obtained in pulsed current show, albeit with some distinctions, a significantly
more homogeneous surface, which is free of appreciable irregularities. Finally,
comparing the results obtained with pulsed current with the sample produced
using an alkaline copper bath containing cyanides, it can be seen that the samples
obtained with pulsed current have a more homogeneous grain and a morphology

free of the reliefs that characterize the CN sample.
Granulometric analysis

To complete the morphological characterization of the samples at the SEM, a
granulometric analysis was performed on the SEM images acquired at 5k
magnification using ImageJ software. Due to the small size of the grains and the
nature of the deposit, especially in the samples produced in pulsed current, where
the smaller grains are fused together, it was not possible to quantitatively
determine the average grain size.

To calculate the dimensions, each SEM image was divided into six equal sections
and, in each section, the dimensions of the largest grains were measured. The
estimated grain dimensions, obtained by averaging the results determined from

the various measurements, are shown in Table 3.4.

Table 3.4: estimated grain size for each sample

Sample Grain size (um)
A 0.88 +0.30
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0.62+0.14
0.44 +£0.11
0.34 +£0.07
0.28 +0.07
0.23 +0.04
0.32+0.07
0.35+0.10
0.27 £ 0.06
0.33+0.06
0.29 +0.07
0.46 £0.15

Al=|l=lEH QMmO =

0
Z

Looking at the results, it can be seen that the samples obtained with direct current
(A and CN) have the largest grain size of all the samples analyzed, providing
experimental evidence of the ability of pulsed currents to produce finer and more

homogeneous deposits.
Throwing Power (TP)

In the electrodeposition process, the distribution of primary current on the
cathode is determined by the shape of the galvanic tank and the configuration and
position of the electrodes inside it. Under ideal conditions, with constant
electrode polarization and 100% cathodic efficiency, the thickness of the deposit
1s directly proportional to the current density. However, in industrial baths, it 1s
extremely difficult to achieve uniform current distribution; recessed or shielded
areas tend to receive lower current densities, resulting in a reduction in deposit
thickness.

In this context, throwing power (TP) is a measure of the ability of the

electroplating bath to compensate for uneven current distribution, ensuring the
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production of a more uniform deposit. Good penetrating power is essential in all
electrodeposition processes, but it plays a greater role in cases where the coating
has protective purposes, such as corrosion protection, considering that the first
areas to be affected by corrosive processes are precisely those where the deposit
1s thinner [73]. The quantitative evaluation of penetrating power can be carried
out on different configurations of galvanic baths, provided that it is possible to
determine or estimate the current density distribution; it is important to remember
that the results obtained will only be valid for the experimental configuration
studied. Among the various experimental approaches developed for the
evaluation of penetration power, the most used is that based on the Haring-Blum
cell [74]. However, the approach used in this thesis is different: penetration
power is measured using a Hull cell and is expressed as a function of the thickness
of the deposit, measured at different points arranged horizontally along the
cathode.

For the TP evaluation, a series of Hull plates were prepared using the same
operating parameters used for the electrodeposition of the copper samples. The
electrodeposition process was carried out in a Hull cell, using brass plates, for 5
minutes. In order to reproduce the working conditions of an industrial galvanic
bath as faithfully as possible, air agitation was used, as required by the Technical
Data Sheet.

Using XRF analysis, 50 points were sampled along the entire length of the Hull
plates, at a height of 2.5 cm from the lower edge. Each point was sampled for 20
seconds.

Once the thicknesses on the Hull plates had been determined, it was possible to
proceed with the calculation of the penetrating power of the galvanic bath. Figure
3.2 shows the thickness profiles of the various plates; from an initial qualitative
analysis,it is possible to note some “peaks” at almost regular intervals, probably

due to the air agitation of the cell.
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Thickness (um)

Distance (mm)
Figure 3.2: Profiles of measured thicknesses as a function of distance on the Hull plate

It can be seen that samples prepared in pulsed current show lower thicknesses but with
a more homogeneous distribution than the samples in direct current.
Thanks to the measured copper thicknesses and Equation 3.4 [73], it was possible

to calculate the throwing power of the bath, obtaining the results shown in Table

3.5.

_ P-M (3.4)

TP(%) = P+M-2
Ja (3.5)

P =—

Ib
_Sa (3.6)

M= 5,
] =i(5.1—=5.241og(d)) (3.7)

Where Ja, J» represents the primary current density and Sa., Sp represents the
measured thickness. The primary current density within a Hull cell is calculated

using Equation 3.7 (DIN 50 957), where J (A/dm?) represents the current density,
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1 (A) represents the current intensity, and d represents the distance (cm),
measured along the cathode of a standard hull cell, from the high current density

end.

Table 3.5: Penetrating power values determined by XRF analysis for each sample

Sample TP (%)

A 71.8+0.1
62.3+0.1
50.8+0.1
39.4+0.1
38.8£0.1
11.9+0.1
32.4+0.1
474 +0.1
345+0.1
379+ 0.1
39.0+0.1
80.1 0.1

Rl =|Z| Q|| =T A=

O
Z

Looking at the data, it can be seen that the TP of the cyanide-free bath, operated
in pulsed current, cannot reach the TP of the cyanide-alkaline bath, except in
cases where continuous currents are used. However, an interesting result is that
by modifying the operating parameters of the pulsed current, it is possible to

modify the TP.
XRD analysis

The results of the diffractometric analysis are obtained as spectra; an example

relating to sample J is provided in Figure 3.3.
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Figure 3.3: Diffractogram for sample J

Using DIFFRAC.TOPAS software and the Pawley method, it was possible to
determine the crystallites size, which are shown for each sample in Table 3.6

[75].

Table 3.6: Crystallite size extrapolated from XRD analyses

Sample Crystallite (nm)
A 73.2+1.2
78.1 £1.0
128.7+ 1.8
131.8+1.3
121.7+ 1.1
118.1+1.9
116.7+ 1.4
106.8 £ 1.2
131.5+1.2
1125+1.2

~ | = mQIEmESAO®
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K

136.2+ 1.3

CN

60.1+1.2

Looking at the results collected, although the crystallite sizes are larger in the

pulsed current samples, their sizes are close to those of the grains (Table 3.4). It

can be concluded that, as a first approximation, the grains of the deposits obtained

by pulsed currents consist mainly of a single type of crystallite.

Colorimetric analysis and gloss evaluation

The last characterization analysis conducted on the samples is colorimetric

analysis, together with gloss evaluation. The SCI/SCE measurements were

repeated five times for each sample, and the results were then average. Table

below shows the CIE L*a*b* parameters for the SCI measurements and the gloss

values determined for each sample.

Table 3.7: Summary table of results obtained from colorimetric analysis and gloss

evaluation
Sample  L* (D65) a* (D65) b* (D65)  Glossgo | eudo-
Color
A 71214£001 17.36+0.01 18.99+001 171+1
B 7292+001 18.90+0.01 20.59+0.01 3161
C  80.15+£001 17.62+0.01 1923+0.01 827+3
D 80.64+0.01 17.06+0.01 19.18+0.01 8203
E 81.89£0.01 16.59+0.01 1923+£0.01 989 +4
F 83.19+0.01 16.10£0.01 18.70+£0.01 1138+5
G  8143+001 16.66+0.01 19.94+001 10604
H  81.67+001 1631+0.01 18.62+0.01 10494
I 82.45+0.01 1626+0.01 19.54+0.01 1151+5
J 7833+£0.01 18.65+0.01 2235+0.01 940+4
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K 7748 £0.01 19.02+0.01 24.06+0.01 884+4

CN 79.69+£0.01 16.64+0.01 19.94+001 580+2

Looking at the results obtained, we can affirm that, also in this case, by varying
the operating parameters in pulsed current, it is possible to vary the colorimetric
coordinates of each sample and, consequently, the gloss values. In particular, the
samples obtained using pulsed currents, except for sample B, have gloss values
significantly higher than those obtained using direct current, both from a cyanide-

free alkaline copper bath and from an alkaline copper bath containing cyanides.

3.1.4 Discussion and Conclusions

This study carried out an electrochemical investigation of a cyanide-free alkaline
copper electrodeposition bath, with the aim of verifying the potential of using
modulated currents in electrodeposition processes. Almost all galvanic
processes, in fact, use direct currents, which are extremely widespread due to the
technical and instrumental limitations of pulsed currents, which have historically
prevented their widespread use.

Despite the environmental and toxicological risks, alkaline cyanide-containing
copper plating baths are the main technology used in galvanic processes, thanks
to their high efficiency and the quality of the coatings produced. However,
national and international environmental regulations are increasingly requiring
the replacement of these baths due to their high toxicity for operators and the
critical management of the waste produced.

Once the preliminary study was completed, a series of copper coatings on brass
substrates were prepared in order to study their chemical-physical characteristics.
For easier visualization of the results, all the quality parameters investigated in
the various characterizations can be reported in a table. For all the results
obtained, the CN sample (highlighted in yellow) is taken as the reference sample.

This sample was obtained through a direct current electrodeposition process
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starting from a cyanide-alkaline copper plating bath, which currently represents
the state of the art. For each characterization, when the results obtained showed
an improvement compared to the reference sample, they were highlighted in
green. On the other hand, the results highlighted in red are those that show a
relative deterioration compared to the CN sample. If, on the other hand, the
parameters can be considered comparable to those of the CN sample, they are
highlighted in orange. The results obtained from the XRD analysis of the
samples, which are difficult to compare with the CN sample, are highlighted in

white.

Table 3.8: Summary table of all characterizations performed on the samples

Sample  Grain (um) TP % Crystallite (nm) Gloss 8°
CN 0.46+0.15 80.1 0.1 60.1 +1.2 580+2
A 0.88+0.30 71.8+0.1 73.2+£1.2 171+ 1
B 0.62+0.14 62.3+0.1 78.1+1.0 316 £ 1
C 044+0.11 50.8+0.1 128.7+ 1.8 827+3
D 0.34+£0.07 39.4+0.1 131.8+1.3 820+3
E 0.28£0.07 38.8+0.1 121.7+1.1 989 + 4
F 0.23+0.04 11.9+0.1 118.1+£1.9 1138 £5
G 0.32+0.07 324+0.1 116.7+1.4 1060 £ 4
H 0.35+0.10 474+0.1 106.8 1.2 1049 £ 4
I 0.27+0.06 345+0.1 131.5+1.2 1151 £5
J 0.33+0.06 37.9+0.1 112.5+1.2 940+ 4
K 0.29+£0.07 39.0+0.1 136.2+1.3 884 +4

Looking at the results presented in Table 3.8, the samples produced using pulsed
currents, except for sample B (P = 1, ton = 60 ms), have characteristics that are
comparable to, if not better than, the CN sample in terms of grain size and gloss.

In particular, samples F (P = 3, ton = 50 ms) and I (P =4, ton = 100 ms) show an
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extremely fine grain size with higher gloss values than all the other samples
analyzed. The results relating to the evaluation of throwing power, on the other
hand, appear to have worsened. Among the pulsed current samples, those with
higher TP values are samples C (P =1, ton = 100 ms), D (P = 2, ton = 50 ms), and
H (P =4, ton = 20 ms), which, however, fail to reach the throwing power value of
the CN sample.

Regardless of the improvement or deterioration of the deposit characteristics,
pulsed currents represent a promising strategy, allowing finer control of the
characteristics of the electrodeposition process, enabling control of the
morphology and particle size of the deposit, throwing power, and gloss.
However, some critical issues remain unresolved, particularly those related to the
optimization of TP.

In conclusion, in this preliminary study on modulated current electrodeposition,
it was not possible to obtain copper deposits that simultaneously showed
improvements in all the qualities investigated. However, some combinations of
operating parameters were identified that offer a compromise between surface
morphology, gloss, bath penetrating power, and environmental sustainability. In
this context, the prospects appear interesting since, by modulating the
experimental parameters, it is possible to vary the characteristics of the deposit,
allowing for greater flexibility in the industrial process. After all, this thesis work
has only superficially investigated the optimization of parameters and how they
influence the coating produced. A more in-depth study of the relationship
between cathodic pulse parameters and the chemical-physical characteristics of
the deposit, perhaps linked to an optimization of the bath additives, could make
the use of pulsed currents on a cyanide-free alkaline copper plating bath the new

technological frontier of copper electrodeposition in the electroplating industry.
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3.2 Acidic Copper

3.2.1 Introduction

Electroplating of copper is one of the most used plating processes for both
functional and decorative applications [76], [77]. Pulsed (PC) and pulsed-reverse
current (PRC) plating is widely used in electronics for printed circuit boards [30],
but also for the deposition of alloys [35], composite materials [36] and
semiconductors [37], [38]. On the contrary, only direct current (DC) is used in
the decorative field [77].

While there is a considerable amount of empirical information in the literature
on how pulse plating variables affect the structure of the deposit, only a few
systematic investigations have been carried out and the effects of current
modulation on the microstructure of electrodeposited surfaces are still not well
understood [78]. As a result of all these considerations, we decided to launch a
preliminary study on everything related to the parameterisation of each
deposition technique.

In this work we focussed on the acid copper bath because it is a ubiquitous
solution in many industrial processes and has a quite simple composition. This
type of bath has a stable and straightforward formulation that lends itself well to
systematic analysis for new deposition techniques. In addition, industries use acid
copper plating as an intermediate step in most electroplating processes [26], [79].
Acid copper plating can improve subsequent electroplated layers adhesion and
achieve a glossy finish [77]. Therefore, improvements in the copper deposition
would have applications in many industrial processes. This study will be used as
a first step for the application of pulsed current in the decorative field to more
complex baths of precious metals and alloys. Once we chose the most promising
parameters, samples were prepared and coated using both direct current and

pulsed (PC) and reverse pulsed currents (PRC). The deposits obtained were
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characterised by estimating the metal surface's deposition yield, homogeneity,

hardness, and reflectivity.

3.2.2 Experimental

We used a commercial acid copper electroplating bath (BLUCLAD 250 MUP)
to replicate the industrial conditions as closely as possible. The solution consists
in a full operative bath: 217.2 g/LL CuSOs - 5 H2O (0.87 M) as metal precursor,
66.1 g/LL H2SO4 98 % (0.66 M) as electrolyte and all the necessary proprietary
additives (brightening, levelling and complexing agent). This commercial acid
copper plating bath has a working range between 3 and 5 A/dm?, we chose to use
it within the upper limit of its characteristics to highlight any differences.
Therefore, regardless of the type of current used, the average current density
remains constant at 5 A/dm?, all tests were conducted without stirring.

The cell used has dimensions 10 x 5 x 9 cm?® and was made of Moplen, an isotactic
polypropylene thermoplastic material (PP-H), allowing us to drill a hole in one
of its faces to create a housing for the cathode (cylinder of the chosen metal), so
that the latter would face the surface to be coated inside the galvanic cell, but
would still have one end outside that could be connected, via a clamp, to our
electrical circuit. The anode was anchored to the face opposite the one presenting
the hole for the cathode, so as to keep the distance between the two electrodes
constant and reproducible throughout the experimental phases.

We used Pt electrode as a working electrode (diameter of 0.6 mm) when the
electrochemical tests required an inert metal under the Cu deposit. Otherwise, we
used Nickel electrodes with a diameter of 10 mm. Copper plate is always used as
a counter electrode. A simple copper wire was chosen as a reference electrode
because the solution used contains a very high and constant amount of copper

ions. The value of this working electrode was compared with a commercial SCE
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electrode, obtaining a potential of 52 mV. Each test was carried out under
controlled temperature conditions of 25 £ 1 °C.

XRF measurements were performed with a Bowman B Series XRF spectrometer
(Schaumburg, IL, USA) using an acquisition time of 60 s, 50 kV tube voltage,
0.8 mA tube current, and a collimator of 0.6 mm in diameter. We used the spectra
to obtain the thickness information with the FP method with one empirical point
correction [64], [65], [66], [67].

Hardness was investigated through the Vickers Microhardness Meter
(Microhardness Tester HX-1000) using a load of 10 g, the diamond tip was kept
on the sample for a time of 15 s. The diagonals of the imprinted footprints give
the hardness value in Vickers Pyramid Number (HV) [80].

A DRS (Diffuse Reflectance Spectroscopy) spectrophotometer, Agilent Cary
300, was used to estimate the reflectance of each sample as a function of the
wavelength of incident radiation. The high-resolution spectrophotometer used
has an 8°/d geometry, with adaptive sample positioning and 7 mm diameter spots.
Measurements were made between 380 nm and 780 nm with 5 nm steps.
Atomic force microscopy (AFM) measurements were performed in contact mode
(0.5 V force set point) with a non-conductive Si3Ny triangular cantilever (Veeco,
NP-S10, 0.12 N/m force constant) on a Molecular Imaging PicoSPM (10 um x
10 um, 512 px % 512 px, 1 lines/s speed) to evaluate the morphology and
roughness of the samples.

Scanning electron microscopy (SEM-EDS) images were acquired using a

Variable Pressure Hitachi SU3800 using an accelerating voltage of 5 kV.

3.2.3 Results

Pulsed current study

It is well known that good metal deposits are obtained in the frequency range

from 10 to 500 Hz. It is also known that the range of valuable frequencies is
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limited by the capacitive effect of the double electric state at high frequencies
and by mass transfer effects at low-frequency values. At high frequencies, the
faradic current decreases approaching a state similar to that achieved in DC [81].
Similarly, we reach conditions close to DC at very low frequencies.

The quantitative criterion that mainly affects the best frequency range is the
average potential, which increases both with the distortion of the faradic current
wave at high frequencies and in the case of mass transfer limitations [31], [82].
Hence the assumption that the minimum value of the average potential recorded
indicates the frequency range for optimum deposition.

When working with pulsed current, we set the cathode current value, the cathode
pulse time and the anode pulse duration, and the total electrodeposition period

for each deposition. Equation 3.8 connects the three variables.

Jp = Jav(P+1) (3-8)

Where Jp is the cathodic pulse current density; Jav is the average current density;
P is the pause/pulse ratio. We used the same average current density (5 A/dm?)
for both pulsed and direct current deposition; for the value of P, we took
measurements for toft/ton ratios ranging from 1 to 5. The average current density
value of the cathode pulse for each P are: P =1, Jp =10 (A/dm?); P=2, Jp =15
(A/dm?); P =3, Jp =20 (A/dm?); P =4, Jp = 25 (A/dm?); P =5, Ip = 30 (A/dm?).
For each value of P, we repeat the measurement with the following ton times: 10
4:107%; 10%; 107'; 1; 10 s and the average potential value is recorded as reported

in Figure 1.
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Figure 3.4: Average potential versus pulse time (ton), measured for each value of P at
different pulse times (ton= 10*; 103; 10%; 10°%; 1; 10 s) and for DC deposition

Since the literature defines, in some cases, Jay < J5c and Jp < ]]13 as the
necessary operational limit, in others J, < JLc and Jp < ]]13 (where J5 is the
limiting current density under steady-state conditions and ]'l; is pulse limit current

density) [2], [83] we decide to calculate the values of J5. and J5. The limiting
current density value, J5c, was obtained experimentally through potentiostatic

measurements by performing a procedure of deposition and stripping in

sequence, and the experimentally derived value is J5. = 17.5 d:lz .
Pulse limit current was derived through the Equation 3.9:
5P -
JE=J" (7(1—6) +9> (3.9)

Where & is the pulsing diffusion layer, § is Nernst diffusion layer and 0 is the
duty cycle (6 = 1/(P+1)). All parameters respect the condition [, < ]l%, but only
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samples with a value of P = 1; 2 satisfy the operating limit J,, < JLc. Based on
these considerations, we decide to carry out two samples for each operational
limit, for a total of four samples, whose parameters (pause/pulse ratio, cathode
pulse, pause and cathode current value) are given below:

o P=1;tn=0.01s;torr=0.01s; 1, =-0.0785

e P=1;tn=0.1s;torr=0.1s;1,=-0.0785

e P=4;tn=0.01s;torr=0.04s;1,=-0.1963

o P=4;tn=0.1s;trr=0.4s;1,=-0.1963
The first two are more similar to those used in the literature and meet the
conditions of both articles on limiting currents; the second two, on the other hand,
are the best candidates according to Popov's treatment [84], [85], [86], [87] and

only meet the conditions of the first article on current limits.
Reverse pulsed current

As far as reverse pulsed current is concerned, we proceed along two distinct
paths: relying on the literature and on what are considered to be the optimal
parameters for deposits with the characteristics we seek, but also starting from
the criteria considered to be fundamental for reverse pulsed current
electrodepositions and refining the setting based on the preliminary results we
have obtained.

For the electrodeposition of copper, by sulphate and sulphuric acid solutions,
without stirring, at room temperature, Vene and Nikolayeva [88] claim that,
irrespective of the overall current density and the period of the PRC wave, the
best results were obtained with:

t./te=1/7;, 3t,<T<16ty; J5/]lc=1

In solutions containing additives [76], the optimum criteria for high penetration

power are as follows:
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t./t.=20; 1 <],/]. < 3.5 (with the best value |, /], =2); q./9. < 0.2
Using the data considered ideal in the literature, we derive the parameters through
theoretical considerations and practical results. Knowing the values of 6 and D,
we estimate to through the Equation 3.10:
5° (5.8-1073cm)?
ty = = =0.55s (3.10)

2 2
D 2617, 10-6 7~

The best depositions should occur for 3ty < T < 16¢t,. Furthermore the

Equation 3.11 correlate the Z—“ ratio with t, and 7.
c

-1

te |4t 2 4t 2
@ _| 2y 1-—2In (3.11)

Z T 1+exp (— 4%0)

Combining the two expressions we obtain that 1.4 < z—c <49

a

We set an intermediate value to this range as a parameter for our electrochemical
tests, namely:
te/ta=3; Ja/lc =1
The anodic and cathodic current values are calculated using the same average
current density as for the DC and PC tests, i.e. ],y = 5 A/dm?.
Knowing the ratios between tc/ta and Ji/Jc, the individual currents can be
calculated using the Equation 3.12:

dc —qa _ Jctc = Jata

- — 3.12
Jav t.+t, t. +t, (3.12)

We therefore have three different sets of variables concerning reverse pulsed

current electrodeposition, which are reported below:
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t./tc=3; Ja/lc=1;1.=-0.0771 A;1.=0.0771 A; qa/qc = 0.33

t./te=7; J./]c =1;1c =-0.0524A; 1,= 0.0524 A; qa/qc = 0.14

t./tc =20; J./]c =2; 1. =-0.0458 A; 1. =0.0916 A; qa/qc = 0.10

Based on the previously established deposition parameters, we evaluate the best
cathodic and anodic pulse time to obtain homogeneous and brilliant deposits.
Even if the working conditions are different, we decide to proceed as we did for
the pulse current. The potentiometric operating sequence is the same as that used
for the pulsed current tests, with the only difference that for these samples, for
each tc/ta ratio of we have worked in sequence over the whole range of pulses.

For each deposition, we extrapolated the average potential value, as reported in

Figure 3.5.
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Figure 3.5: Average potential versus pulse time (ton), estimated for each t./t, ratio (to/ta
= 3; 7, 20) at different cathode pulse times

Based on the experimental values, we declare the following variables to be the

best:

o t/ty=3:Ja/lc=1;t.=0.013123s; t, = 0.004269 s
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o t./t.=3:]./]c=1;t.=4.15s;t,=1.35s
o t./t.=7;]./]c=1;t.=0.007s;t, =0.001s

All prepared samples and their operating parameters are shown in Table 3.9.

Table 3.9: Totality of samples prepared and their operating parameters (tipe of
deposition current, cathode pulse duration, anode pulse duration, cathode and anode
current values)

Name  Current t. () t, () i (A) i, (A) F(Hz
A DC 600 - -0.0392 - -
B PC 0.1 0.4 -0.1963 0 2
C PC 0.01 0.04 -0.1963 0 20
D PC 0.01 0.01 -0.0785 0 50
E PC 0.1 0.1 -0.0785 0 5
F PRC 7 1 -0.0524 0.0524  0.125
G PRC 0.02 0.001 -0.0458 0.0916 48
H PRC 4.15 1.35 -0.0771  0.0771  0.182
I PRC 0.013123  0.004269 -0.0771 0.0771  57.498
L PRC 0.007 0.001 -0.0524  0.0524 125

Hardness

Hardness was investigated through the Vickers Microhardness Meter using a load

of 10 g, the diamond tip was kept on the sample for a time of 15 s. The

measurement was repeated on ten different random spots for each sample. For

sample H, it was not possible to use the above parameters because the tip made

no impression on the surface of the sample. Possible explanation derives from

the surface morphology of the deposit, which is highly irregular, with clusters of

deposition cores extending at least a few um in height, hindering the penetration

of the pyramidal diamond placed on the tip of the microdurometer. We report the

average hardness and its standard deviation in Figure 3.6.
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Figure 3.6: Hardness graph for each sample with relative standard deviations
(excluding sample h for which measurement was not possible)

The variation in the hardness of the film may be justified considering that
modulated currents can change the compactness of the metal during
electrodeposition processes; a further explanation may be that pulsed currents are
able to influence the crystal structure of Cu in the nucleation and lattice growth

phases [89], [90], [91].
Brightness

A colour characterisation is carried out: for each sample was estimated the
reflectance value using a UV-Vis spectrophotometer. We decide to evaluate as a
parameter the relative reflectance of each sample, compared to sample A
obtained in DC, since the latter is the technique considered as the state of the art
in electroplating. The reflectance values obtained using the UV-Vis
spectrophotometer are first normalised against the reflectance of black and white

using the Equation 3.13:
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Rc — Ry

RN = —  — 1
el (3.13)
And then compared to sample A with the equation 3.14:
Rt —RY
R% = N 100 (3.14)
Ry

The results obtained are reported in Figure 3.7.
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Figure 3.7: Relative reflectance of each sample to A estimated by UV-Vis
spectrophotometry

Since reflectance values are closely related to the surface morphology of the
samples, we performed SEM measurements to observe the metal films at

microscopic scale, the images of which are shown in Figure 3.8.
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E—
500 nm

Figure 3.8: SEM images of the electrodeposited Cu surface of each sample

From the results it is evident that samples from A to E (DC and pulse current
samples) present very small crystals, leading to an extremely smooth and
compact surface. To emphasise the morphology of these samples the contrast of
the images was maximised, inevitably losing quality.

To appreciate the surface of the samples in even greater detail, AFM analysis was
performed on the sample that showed a higher reflectance value (sample E)
compared to the sample produced using direct current (sample A): the sample
produced using pulsed current (E) showed lower roughness value (Sq=7.4 +0.2

nm) than the reference sample A (Sq=13.7 = 0.4 nm).
Bath efficiency

The efficiency of the electroplating bath is estimated by gravimetric analysis and
the actual thickness of the metal film was obtained from the empirical mass; the

results obtained are reported in Table 3.10.

Table 3.10: Percentage efficiency of each electroplating bath estimated by gravimetric
analysis

Sample Bath efficiency (%)
A 954+0.3
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97.9+0.3
99.0+0.3
99.3+0.3
98.2+0.3
95.3+0.3
98.5+0.3
92.3+0.3
98.9+0.3
86.8+0.3

Hl=E Q" E|S O W

Inhomogeneity

Through X-ray fluorescence spectroscopy, we probe the thickness of the sample.
We created a mapping grid to estimate the thickness of the deposit by measuring
21 points arranged in a radial geometry with respect to the centre of the sample,
of which a graphic representation of the thicknesses by colour scale is shown in

Figure 3.9.
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Figure 3.9: Graphic representation of the thicknesses by colour scale of each sample

The average thickness of the Cu deposit, measured at the centre of the samples,
is 8.11 + 0.41 pum; the sample that showing the lowest thickness is H with a
deposit height of 5.30 £ 0.27 um, while G is the sample with the highest thickness
(10.40 £ 0.52 pm).

The measured metal film heights for each sample are fitted using an exponential

function having the Equation 3.15:

y = a+b(ex/c+e‘x/c) (3.15)
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In this case, we do not consider the standard deviation (reported in Equation 3.16)
as the statistical error on thickness but as an estimator of deposition uniformity.
A higher value of standard deviation corresponds to a less uniform deposit; the

results are reported in Table 3.11.

o \/fOr 2nr(f(r) — E)Zdr (3.16)
A

Table 3.11: Standard deviation, considered as an estimator of deposit uniformity,
relative to each sample

Sample Non-uniformity (num)
A 1.84
B 2.69
C 3.30
D 2.59
E 2.37
F 2.58
G 0.53
H 1.14
I 1.31
L 1.71

3.2.4 Discussion and Conclusions

We can summarise the results obtained, through the various characterisations,
concerning the quality and performance parameters investigated, for each

sample, in Table 3.12.
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Table 3.12: Summary of characterisations and results obtained (in yellow the reference
values obtained for the DC sample; in red the results showing a worsening compared to
those obtained in DC and in green the improved ones)

Sample ].Bath Relative Hardness Non-uniformity
efficiency %  reflectance % (HV) o (um)
A 954+0.3 0 206 £+ 8 1.84
B 97.9+0.3 2+1 197 £ 12 2.69
C 99.0+0.3 3+£2 201+ 13 3.30
D 99.3+0.3 2+2 214 £ 10 2.59
E 98.2+0.3 5+4 2147 2.37
F 95.7+0.3 21+£2 128 =15 2.58
G 98.5+0.3 -15£2 189 £ 11 0.53
H 923+0.3 -41 £ 10 -- 1.14
I 98.9+0.3 -62 + 21 96+ 16 1.31
L 86.8 £0.3 -57+ 20 172 +£ 18 1.71

For all the results obtained, relative to each parameter investigated, the reference
value 1s that estimated for sample A, the result of a direct current electrochemical
process, which is, to date, the most widely developed and used technique in the
industrial field for the most varied electroplating processes. Therefore, the
parameters to be equalled and, if necessary, exceeded in performance are
highlighted in yellow. The better values compared to those achieved with the DC
sample are highlighted in green; in red are those for which there is a worsening;
in white are the parameters that can be considered comparable (considering the
error) to those of A, for which there is no significant difference in quality
compared to DC.

It is evident that all the samples produced using pulsed current show comparable
characteristics, if not superior, to those of the A deposit, in almost all the
characterisations carried out, except for homogeneity, which appears to have

deteriorated. The parameterisation that proves to be most effective in producing
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a fine-grained, homogeneous and compact deposit using pulsed current is the one
for which the ratio between the pause time and the pulse time is equal to 1, with
pulse duration ranging from 0.01 (sample D) to 0.1 s (sample E); under these
conditions, the efficiency of the bath also proves to be optimal. Both samples
with P = 1 were also those that met the most stringent conditions regarding the
pulse current density, i.e. [, < JL and Ip < ]]15'

The only negative deviation, although not high, is with the average thickness,
which is not uniformly distributed but affected by the edge effect; for sample E,
however, this aspect is minimal compared to the others.

Concerning the deposits obtained in reverse pulsed current, no particular
improvement in the quality of the metal film obtained can be seen, other than that
of a highly homogeneous surface, thanks to the intrinsic characteristics of the
deposit in bipolar current, which has a levelling effect thanks to the anodic pulses.
This is true for all the samples, except for one, sample F, which has t./t, =7 and
t. = 7 s; probably the pulse times (especially the cathodic one) are too long, so
much so that they tend to a stationary condition as if at an electrochemical level
two direct currents were alternately used and no longer a reverse pulsed current.
We can make a similar consideration for the other sample (H) obtained with
pulses in the second's range, i.e. t./t; = 3 and t. = 4.15 s, which is worse than A
in all characterisations except for the homogeneity of the deposit. The other
sample (L) with a ratio of cathodic to anodic pulse times equal to 7 also shows
unsatisfactory results, leading us to believe that precisely the parameterisation of
the reverse current is not optimal, at least for this acid coppering bath. The best
setting, among the various parameterisations of the bipolar pulses, appears to be
the one used for sample G, i.e. t./t, = 20 and t. = 0.02 s. Although the results
are not comparable to those obtained with direct current or even pulsed current,
it may be preferred in technical applications for which the homogeneity of the

deposit is more important than its aesthetic appearance.
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In conclusions, in this preliminary study on modulated current electrodeposition,
we did not succeed in obtaining a copper deposit that presents improvements on
all the qualities investigated.

Samples produced with pulsed current show improved characteristics compared
to those obtained with direct current. This 1s especially true for the finishing of
the piece, as the deposits are more compact and finer-grained. In almost all
samples the metal films are shinier and more mirror-like.

The samples obtained using pulsed reverse currents, on the other hand, show a
particular uniformity of deposit. Although the finish of the metal films is not
brilliant, the thickness of the deposits is extremely homogeneous over the entire
surface.

In conclusion, the optimal parameters were identified to obtain a compromise
between the specific characteristics according to those desired for the industrial
processing that the plated object will undergo. Based on the results obtained,
pulsed currents will be preferred in electroplating applications where an optimum
finish of the plated item is required. The process can be applied in fashion,
furniture and all those sectors involving multilayer depositions, where the acid
copper coating is used to obtain a good levelling, smooth and shiny surface.
Reverse pulsed currents are recommended for applications where aesthetics is
negligible but is required a good homogeneity of metal thickness. Thanks to the
negative current transient, the deposit undergoes a process of self-levelling
caused by the preferential redissolution of the metal film in the parts with higher
surface energy; this feature could be useful in all those electroplating contexts

where printed circuit boards are produced.
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4 Palladium

4.1 Introduction

Palladium electrodeposition has been used for many years in the electroplating
industry because of the technical and aesthetic properties this metal offers. Its use
for decorative applications has become widespread since the 1980s as a step in
the nickel-free processes and it is now exploited both as a final coating and as an
intermediate layer to improve corrosion resistance and as a diffusion barrier layer
[92], [93], [94]. However, palladium electrodeposition has been limited by some
disadvantages, especially in the decorative field, such as dull appearance, high
porosity and low ductility. For these reasons, it is generally deposited alloyed
with other metals which minimize these drawbacks [95], [96], [97]. The
electrodeposition of PdNi alloy (~80-20% w/w), for example, has made it
possible to reduce the use of gold in the electronics industry and, because of the
silvery white appearance, avoid the use of rhodium for decorative applications
[95]. Given the allergology of nickel, the use of PdFe deposits (with Fe > 5%
w/w) has also become widespread, especially for wearables [77]. Alloying of
palladium with other metals has also been used to reduce hydrogen embrittlement
due to the evolution of large quantities of hydrogen during the metal reduction
and its consequent co-deposition [96], [98]. Indeed, palladium is able not only to
absorb hydrogen in atomic form but also to dissolve it to give two bulk hydride
phases known as a-PdHx (x ~0.02) and S-PdHx (x~0.67) which have long been
studied [99], [100], [101], [102], [103], [104], [105]. The preferential deposition
of either phase depends on the conditions of temperature, pH, and agitation, as
well as the specific composition of the electroplating bath used. Microfractures
result from hydrogen desorption associated with the lattice contraction that

occurs in the transition from the -PdHy to the thermodynamically more stable
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a-PdHy phase at standard ambient temperature and pressure (STP) [106], [107].
Indeed, the volume of the S phase is 11% larger than the a phase [108]. In the «
phase, the face-centered cubic lattice of Pd does not undergo substantial changes
and any further hydrogen desorption does not cause fractures. These fractures
facilitate the entry of atmospheric agents which lead to corrosion of the substrate;
furthermore, if palladium is not the finishing layer, the desorption of hydrogen
forms pockets which lead to the detachment of the upper layers.

Based on our experience, palladium deposits appear to exhibit different
brightness depending on the co-deposited hydrogen content. This problem
mainly concerns decorative applications, but although the variations are, in some
cases, visible to the naked eye, the authors are not aware of any systematic studies
conducted previously.

Finally, the complete transition from the § phase to the a phase can take up to a
few days, making it difficult to predict the behavior of the deposit in the finished
product [107].

Despite the disadvantages for the electroplating industry of obtaining a palladium
deposit with high hydrogen content, the B-PdHx phase is of great interest for
several applications [109], [110], [111], [112], [113], especially by exploiting it
as an hydrogen solid storage matrix [114], [115], [116], that would mitigate the
safety problems associated to compressed gas storage [117]. Moreover, the
electrochemical method can represent an economical and straightforward
alternative to the physical application of high hydrogen pressures [99]. However,
the difficulty of incorporating considerable amounts of hydrogen and
understanding the relationship between the applied current and the hydrogen
concentration obtained makes this route still unattractive.

In this work, we mainly focused on the two parameters that we verified have a
great influence in incorporating and retaining hydrogen during and after the

electrodeposition of Pd: the deposition parameters (e.g. current density and
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waveform) and thickness. The investigated current densities ranged from 0.25 to
4.00 A/dm?, while the deposit thickness ranged from 0.25 to 1.00 pm. These
parameters were chosen based on the decorative electroplating industry common
practice. The samples were analyzed by X-ray diffractometry (XRD) that allows
the two phases to be easily identified thanks to the diagnostic peaks associated
with a-PdHx and -PdHx at, 40.10° and 38.34° of 26, respectively [114]. Within
the study of palladium hydrides by XRD analysis, other authors have employed
electroplating as synthesis route to deposit the metal [118] or to incorporate
hydrogen [114]. Abbondanza et al. studied the structural evolution of Pd
nanowires made electrochemically in situ by grazing-incidence transmission
small- and wide-angle x-ray scattering (GTSAXS and GTWAXS) [117], while
Felici et al. performed in situ energy dispersive X-ray diffraction (ED-XRD) to
evaluate the deuterium incorporation in Pd during an electrolysis [119]. To assess
the desorption trend over time (in STP conditions) XRD analyses were carried
out after 10, 90, 180 minutes, and, in some cases, 24 hours from the end of the
deposition. We also evaluate the color variation by analyzing the samples just
after the deposition and after 24 hours.

Furthermore, we performed 0.5 um-thick depositions using pulsed currents (PC)
and reverse pulsed currents (PRC) to observe any differences in behavior
compared to the samples made in direct current (DC). Indeed, the introduction of
non-continuous currents is expected to result in an alteration of the cathodic
efficiency with a consequent influence in the hydrogen content incorporated in
the deposit. Moreover, PC is known to be able to tune and produce significant
changes in the morphology of the deposits [120] with possible consequences on
the kinetics of hydrogen desorption. Thus, the morphology of deposits was
investigated with both scanning electron microscopy (SEM) and atomic force

microscopy (AFM).
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All the analyzed samples were electrodeposited using a commercial palladium-
iron (PdFe), which thanks to its low Fe content (< 1% w/w) retains the Pd
crystallographic phase, forming a substitutional alloy. For these reasons, it is
considered pure Pd by an industrial point-of-view, to be distinguished by
standard PdFe alloys with high Fe content [121]. All of this was done with the
aim of identifying the conditions necessary to avoid microfracturing of deposits
and, more generally, to preferentially obtain one or the other phase, onto

substrates commonly used in the electroplating industry.

4.2 Experimental

The palladium electroplating bath PALMETECO was prepared with the
formulation provided by Valmet Plating s.r.l (Calenzano, Italy) using 3 g/L
Pd(NH3)2(NO2)2. The formulation contains a variety of proprietary additives: 50
mg/L PalmetF (source of iron); 200 mg/L Palmet BR3; 5.5 g/L EcoX; 250 mg/L
BR1; 120 mg/L BR2. The solution was adjusted to a pH of 7.15 £ 0.15 with
H>SO4 96% w/w or NHiz 30% w/w (Carlo Erba, Milano, Italy). The initial
electrochemical characterization was performed with a three electrodes set-up by
using a commercial Ag/AgCl (3M KCl) reference electrode (RE), a gold rod
counter electrode (CE) and a gold rotating disc electrode (RDE) with a diameter
of 3 mm working electrode (WE). The RDE cleaning procedure consists of: (1)
mechanical polishing on P4000 SiC abrasive paper; (i1) mechanical polishing on
0.5 um diamond paste; (iii) electrochemical activation by performing 10 cyclic
voltammetries (CVs) sweeping from 1.4 V to -0.3 V in H2SO4 0.5 M with a scan
rate of 0.05 V/s. The Electrochemical Impedance Spectroscopy (EIS)
measurements were performed in a galvanostatic mode at current densities of 1,
2 and 4 A/dm? and a mean amplitude of 0.25 mARrwms. The spectra were acquired
in the frequencies range: 10° — 102 Hz after 30 s of deposition. CV measurement

of the electroplating bath was conducted between 0.75 V and -1.0 V, with scan
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rate 0.05 V/s. All the experiments were performed at a 50 °C in a double wallet
cell by using a pAutolab3 (Metrohm) equipped with FRA2 module and processed
with NOVA 2.1 software.

The thickness of the deposits was measured by X-ray Fluorescence (XRF)
analysis with the FP (Fundamental Parameters) method [64], [65], [66], [67]. The
analyses were performed with a Browman BA-100 XRF spectrometer
(Schaumburg, IL, USA), 50 kV tube voltage, 0.8 mA tube current, with an
acquisition time of 30 s, and a collimator of 0.6 mm in diameter.

To identify the two different palladium hydrides, the samples were analyzed by
XRD with a Bruker New D8 Da Vinci diffractometer (Cu-Ka radiation =
1.54056 A, 40 kV x 40 mA), equipped with an Euler cradle for massive samples
and a Bruker LYNXEYE-XE detector. Scans were performed in a range of 26 =
35° - 45° with a 26 increment of 0.03° and 0.8 second of integration step. For
preliminary analysis the acquisition range was extended to 90°. The ICDD
(International Centre for Diffraction Data) PDF-5+2024 database [122] was used
for the attribution of the reflections. The XRD data were processed using Fityk
[123] software (pseudoVoigt function, imposing the same shape for all the peaks)
and DIFFRAC.TOPAS software to confirm the results.

The samples were also characterized by colorimetric measurements performed
with a Konica Minolta (Tokyo, Japan) CM-700d portable spectrophotometer, 10°
observer, D65 standard illuminant. The measurements were performed using
both the specular component included (SCI) and excluded (SCE) mode,
averaging the value of three measurements acquired in the center of the sample.
Analyses were conducted both just after and 24 hours past the end of deposition
to assess any color changes that can be attributed to hydrogen desorption. The
determination of the spectral gloss is obtained by subtracting the entire visible
spectrum: from 400 to 800 nm (every 10 nm) acquired in SCI mode from that

acquired in SCE mode and normalizing the results. The 8° gloss value is obtained
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by averaging the normalized spectral gloss values compared to those of a
standard white.

Scanning electron microscopy (SEM) images were obtained with Hitachi
SU3800 (Hitachi High-Tech, Tokyo, Japan) using an acceleration voltage of 15
kV. Then, secondary electron images were analyzed through ImageJ [124] to
achieve the grain dimension thanks to the linear intercept method [125].

Atomic force microscopy (AFM) measurements were performed in contact mode
(0.5 V force set point) with a non — conductive Si3N4 triangular cantilever (Veeco,
NP-S10, 0.12 N/m force constant) on a Molecular Imaging PicoSPM (10 um X
10 um, 512 px X 512 px, 0.5 lines/s speed) to evaluate the morphology and the

roughness of the deposits.

4.3 Results

Preliminary electrochemical measurements were conducted to characterize the
solution and to select the right parameters for pulsed current electrodepositions.
A Cyclic Voltammetry of the galvanic bath was performed between -1 V and
0.75 V (with respect to Ag/AgCl), recording a reduction and an oxidation peak
of Pd(II) at -0.9 V and +0.6 V respectively.

The electrodepositions were made onto 5x7 cm? brass plates by Ossian
Lagerqvist AB (Jarfalla, Sweden) in a glass cell with the parallel sides to hold
the substrate in a fixed and reproducible position, at the temperature of 50 £ 1 °C,
pH: 7.15 £ 0.15 and under stirring condition (300 rpm). The samples were placed
in the cell after switching on the rectifier and immersing them for a total area of
21.5 cm?. Moreover, the back of the plates was covered with an insulating tape
to make the applied current density effective. A two-electrode configuration was
used for the deposition with mixed oxide anode. For DC samples five different
current densities (0.25; 0.50; 1.0; 2.0; 4.0 A/dm?) and three different thicknesses
(0.25, 0.50, 1.0 um) were tested for a total of 15 samples (A-Q, Table 4.1 ).
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Table 4.1: DC samples

Sample J (A/dm?) th?cieli):sesti(illll)
A 0.25 0.25
B 0.25 0.50
C 0.25 1.00
I~ 0.50 0.25
- 0.50 0.50
- 0.50 1.00
G 1.00 0.25
H 1.00 0.50
I 1.00 1.00
" 2.00 0.25
N 2.00 0.50
N 2.00 1.00
o 4.00 0.25
P 4.00 0.50
Q 4.00 1.00

To perform pulsed current electrodepositions, the lower and upper operating

limits for each chosen peak current density (Jp) were calculated [126], [127]

based on previously developed methods (Equations 2.8, 2.9, 2.10 and 2.11).

Table 4.2: Lower and upper operated limits for each current density value

min

Jp (A/dm?) n (V) tc(ms)  thH"(ms) topp (ms)  Eot (s)
1 0.94 4.7 23.4 32.8 5.3
2 0.97 1.4 7.1 9.9 2.6
4 1.01 0.8 4.0 5.6 1.5
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PC and PRC samples were made testing, respectively, three and two different
waveforms and maintaining the constant thickness of 0.5 um (R-V, Table 4.3 and
Table 4.4). An Aim-TTi (Huntingdon, United Kingdom) EX752M and an RCV
s.r.l. (Altavilla Vicentina, Italy) R.S.A.T.1.O. power supply was used for the
direct and the pulsed current depositions, respectively. Before each
electrodeposition, the surface of the substrates was degreased in a commercial
alkaline degreasing solution (Atmet 200 by Valmet Plating s.r.l.), rinsed in
deionized water, rinsed in 5% sulfuric acid, and rinsed again with deionized
water.

Table 4.3: PC samples

Theoretical

Sample ton t Jp(A/dm?)  Jav(A/dm?
ample ton (ms) tor(ms) Jp(A/dm7)  Jav(A/dm?) thickness (zm)

R 100 100 1 0.5 0.50
S 100 100 2 1 0.50
100 100 4 2 0.50

Table 4.4: PRC samples

Sample te ta Je Ja Jav Theoretical
P (ms) (ms) (A/dm}) (A/ddm?) (A/dm?) thickness (um)
U 100 10 2 4 1.45 0.50
\% 100 30 2 2 1.08 0.50

The actual thickness of the palladium deposits was measured with XRF and it

was verified that it was coherent with the desired one (Table 4.5).

Table 4.5: Comparison between expected and experimental thickness of Pd deposits
measured with XRF

Expected thickness (um) Measured thickness (pum)
0.25 0.24 +0.02
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0.50 0.52+0.03
0.50 (PC and PRC samples) 0.52 £0.04
1.00 1.04 +0.05

XRD analysis

XRD measurements were performed on the bare brass substrate and on a
palladium coated sample in the 25°-90° wide range to assess the position and
intensity of the peaks. The diffractograms of the samples at pre-established times
were acquired in the narrower of 35°-45° interval to keep the measurement time
short. In this range it was possible to record the (111) reflection which is the most
intense, of both palladium phases.

Figure 4.1 shows, as an example, the trend recorded for sample Q: over time there
is a gradual shift of the palladium peak toward higher values of 26, corresponding
to a lower lattice parameter, due to hydrogen desorption. Brass peak was used as
internal standard for calibration, centering the (111) peak of the Cuo.64Zno 36 cubic

alloy at 42.319° [128].
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Figure 4.1: Diffractograms of the Q sample after 10, 90 and 180 minutes from the end
of the deposition
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Although lattice constants reported in literature for the H-Pd system are 3.895 A
for the a phase (PdHyx, x = 0.02) and 4.025 A for the f phase (PdHy, x = 0.58)
[106], it is important to underline as the lattice constant is not a fixed value for
each phase but varies within a range depending on the hydrogen concentration.
Moreover, both phases coexist between 0.02 <x <0.61 [112]. Hence, the lattice

constants were calculated using Bragg’s law as reported in Equation 4.1:

a =+/(h? + k% + 12)(1/2sinB)? (4.1)

Where a is the lattice constant, 4, k, [ are the Miller indices referring, in this case,
to the (111) phase of the fcc lattice, A is the source wavelength (Cu-Ka) and 6 is
the angle the scattered beam forms with the normal coming out of the plan. All
lattice constants found ranged from 3.895 A to 4.025 A. To discriminate the two
phases, a threshold value was identified using the equation reported by Benck et
al. [114] that correlates the lattice constants of the f-phase samples with the H/Pd
ratio at 25 °C and 1 atm (Equation 4.2), imposing H/Pd = 0.02 corresponding to
the maximum value for the a phase. Considering the error on the x-axis the lattice

constant threshold is 3.935 + 0.0034 A.

a (A)=3.932 +0.1719 * H/Pd (4.2)

Therefore, we defined belonging to a-PdHx those reflections with a < 3.932 A
and B-PdHy those with a >3.939 A (Figure 4.2). The area of the peaks was used
to obtain the f-PdHx phase percentages. The results are reported as color maps
in Figure 4.3 for DC samples (a, b, ¢). Figure 4.4 shows the results obtained for

PC and PRC samples compared with DC samples of similar thickness and Jav.
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Figure 4.2: Lattice constants obtained for DC, PC (R, S, T) and PRC (U,V) samples.

The dashed area corresponds to the threshold value: 3.935 + 0.003 A
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Figure 4.3: B-PdHx percentages obtained on DC samples after 10 (a), 90 (b) and 180
(c) minutes after the end of deposition. The black dots represent the samples
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Figure 4.4: B-PdH, percentages obtained on PC and PRC (orange) samples after 10, 90
and 180 minutes compared with DC samples (grey) realized with similar thickness and
current density

The Scherrer equation (Equation 4.3) was used to estimate the crystallite size,
where D is the crystallite size (nm), K is the shape factor (imposed as 0.94) and
B is the full width at half maximum of peaks.

D= K-A/fcos6 (4.3)

The literature states that for sizes smaller than 4 nm the transition f = o is
inhibited [118], [129]. Moreover, Akiba et al., found that the difference in the
lattice constant between the o and f phases becomes smaller as the particle size
decrease [108].

As already observed [130], samples made with the lowest and highest value of
current density (0.25 and 4 A/dm?) show crystallites with the largest size (Figure

4.5), but in no case a value less than 5 nm was obtained.
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Figure 4.5: Pd-a and Pd-f crystallite size. Samples are listed in ascending order of j or
jav. The black line represents the trend in crystallite size as a function of current
density: the largest sizes occur for very high or very low current densities

To speed up the desorption process, some treatments have been tested which
involve heating the sample in hot water or in oven. The experiments were
conducted on sample H (0.5 pm, 1 A/dm?) days after it was made. It should be
emphasized that the cathodic degreasing procedure, which involves the hydrogen
evolution reaction (HER) at the cathode, is able to restore the B-phase in the
sample: 95% of the total palladium in the XRD analysis conducted after 10
minutes. However, 5 minutes in an oven at 100 °C is sufficient to decrease the
percentage of B-PdHx from 95% to 73%, and after 10 minutes the desorption
process appears to be complete (Figure 4.6). Treating the samples with hot water

at 70 °C yields similar results but in a longer time.
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Figure 4.6: Diffractograms of sample H before and after (5 and 10 minutes) the
treatment in oven at 100 °C

SEM analysis

Morphological analyses were conducted on samples H, S, T, U, and V. Samples
H, S, U, and V were chosen to investigate the effect of the waveform used for the
deposition, given the same thickness (0.5 um ca.) and current density (1 or 1.45
A/dm?). Sample T (0.5 um, 2 A/dm?) was analyzed for its high f-PdHx content
still present after 24 hours. SE images (Figure 4.7) have also been used to
estimate grain size by the linear intercept method [125]. The results listed in

Table 4.6 are averaged over five measurements.

a) H b) S
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Figure 4.7: SE images eidencing the morphology of the samples: a) H, b) S, ¢) T, d)
Ue)V

Table 4.6: Grain size determined by SE imaging of samples H, S, T, U and V

Sample Grain size (Lm)
H 0.21 £0.01
S 0.26 £0.03
T 0.36 £0.10
U 0.34 +0.05
\% 0.23 +£0.02

AFM analysis

To evaluate the surface roughness, samples H, S, T, U, and V were also analyzed
by AFM. Figure 4.8 shows the 3D images obtained, and Table 4.7 lists the
superficial roughness values in terms of Sq (mean square roughness), which

represents the mean square deviation of the profiles from the mean line.
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Figure 4.8: Three-dimensional AFM images of the substrate (a), brass) and samples: b)
H,c)S,d)T,e)U,f) V

Table 4.7: Roughness values, obtained by AFM, expressed as Sq of Brass and samples
H,S,T,Uand V

Sample Sq (nm)
Brass 9.5+03
H 11.2+0.3
S 12.7+0.4
T 119+04
U 21.6 £0.6
\% 23.1+0.7
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Colorimetric analysis

Figure 4.9 shows the results of the colorimetric analysis as a function of the
Gloss 8° parameter.
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Figure 4.9: Gloss 8° values obtained for each sample immediately after (black line) and
24 h after (red line) the end of deposition

4.4 Discussion and Conclusions

In most samples, the transition from B to o phase is completed within 180
minutes, with the 10-minute measurement showing only the [ peak. When
considering DC samples, the thickness appears to be the primary factor
influencing the kinetics of hydrogen desorption. Thinner samples, with a
thickness of 0.25 um, exhibit the fastest phase transition, typically occurring
within 90 minutes, regardless of the applied current density (Figure 4.3Figure
4.3). No linear relationship was observed between current density and either
hydrogen content or hydrogen desorption rate. Still, from the color maps reported
in the previous section a trend is observable: B phase seems to form prevalently
at lower current densities. This could be a hint to the hydride formation process

as formation of molecular hydrogen by the hydrogen evolution reaction (HER)

86



1s favored by higher current densities, thus, it possible to speculate that the
hydride formation occurs through a mechanism of co-deposition and the active
species is not molecular hydrogen but a reduced form of atomic hydrogen.

SEM and AFM analyses reveal significant variations in sample morphology as a
function of the waveform applied during deposition, even at the same Jav (Figure
4.7, Figure 4.8). The parameters used for the pulsed deposition of sample T were
particularly effective in producing deposits with a high hydrogen content and a
low desorption rate. The 3 phase is still present after 180 minutes in other samples
mainly because of the high thickness but only in sample T does it account for
100% of the palladium deposited even after 24 h (Figure 4.4). The 3D maps
obtained by AFM show distinct structural differences between samples T and H,
with a greater number of conical structures observed in the latter. Unlike the other
samples, sample T exhibits significant variability in grain size (SD values in
Table 4.6), which may suggest higher compactness of the deposit and a reduced
presence of interstitial spaces, potentially limiting gas escape pathways. It is also
safe to assume that the retention ability of hydrogen inside the deposit depends
on its initial content. In sample H, for instance, the p = o transition is complete
within 90 minutes, but the initial B-phase content was 22%, in contrast to the 0%

observed in the rougher samples: S, U, V (Figure 4.10).
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Figure 4.10: Hydrogen desorption rate for samples S, U, V

Colorimetric analysis reveals a trend in the results obtained: samples with the
same parametrization show decreasing gloss values as the thickness of the metal
film increases. For samples O, P, and Q, this trend is accentuated because a very
high deposition current density is used.

Based on what has been said, surface roughness seems to have a primary role in
the hydrogen desorption kinetic. Indeed, samples O, P, and Q (4 A/dm?) show
both a higher desorption rate than the other DC samples (at the same thickness,
Figure 4.3) and a more matte appearance (Figure 4.9), well visible also to the
naked eye. As the gloss values remain consistent even after 24 hours, this aspect
cannot be attributed solely to hydrogen removal from the lattice, as might be
suggested for samples B and C.

In conclusion, we investigated the influence of electrodeposition parameters,
including thickness, current density, and waveform on the formation of a-PdHx
and [-PdHx using a commercial electroplating bath supplied by Valmet Plating
s.r.l. The resulting color maps provide general insights into the hydrogen content
of the deposits as a function of time and direct current density. The highest H:Pd

ratios were observed in the thickest samples (1 um) and at the extremes of the

88



tested current density range: 0.25 and 4 A/dm?. Samples deposited at 4 A/dm?
also exhibited the highest desorption rate. Such high current densities, however,
resulted in deposits with a dull appearance as confirmed by colorimetric analysis.
Notably, samples B and C (0.5 and 1 um, 0.25 A/dm?, respectively) yielded
significant findings, with the lowest desorption rates and the highest color
variations observed, suggesting an actual change in brightness connected to the
desorption process. This result opens up the possibility of qualitatively estimating
the hydrogen content based on colorimetric analysis.

The behavior of PC and PRC samples differ significantly from that of the DC
samples with equal thickness and average current density, confirming the ability
of unipolar and bipolar pulsed currents to alter the morphology of deposits and
suggesting a correlation between morphology and desorption rate. Sample T was
found to have the highest hydrogen content, still largely present even 24 hours
after fabrication. This result was attributed not only to the high compactness of
the deposit but also to a specific structure of the crystalline grains. However,
further investigation is required, particularly regarding potential applications for
hydrogen storage.

It is important to note that none of the samples underwent microcracking during
the desorption process. This behavior can be attributed to the relatively low
hydrogen content (H:Pd never exceeding 0.55) and represents a promising
outcome for the use of the specific electroplating bath in decorative applications.
Indeed, although the microcracking phenomenon is strictly dependent on the
substrate, specifically the crystalline mismatch between two successive layers,
this finding represents a good starting point for conducting more in-depth
investigations on Pd-Au systems widely used in decorative electroplating.
Finally, treatment of the sample in an oven at 100 °C is sufficient to completely

remove the hydrogen from deposits 0.5 pum thick, in 10 minutes.
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5 Gold

Gold, one of the most precious metals, is the most malleable and ductile of all
metals and is a good conductor of heat and electricity [131]. One of the most
important properties of gold from a functional point of view is its resistance
against oxidation and the corrosive action of most chemicals. Indeed, gold
dissolves only in aqua regia (the mixture of concentrated nitric acid and
hydrochloric acid in a 1:3 volume ratio), in alkaline solution of cyanide and in
mercury, where it forms an amalgam alloy.

Apart from its chemical stability, owing to desirable electrical properties, gold
has been accepted as a versatile material in electronic technology, such as
microelectronic, optoelectronic and microsystem technologies [132], [133],
[134]. Deposits of gold or its alloys are used in various industries, such as in
electronics for its anticorrosive and conductive properties [135], or as a final layer
combining aesthetics [136], [137] with good mechanical properties and excellent
biocompatibility [134]. A pretty wide range of colors of gold alloys can be
attained, which is of primary importance for the aesthetics of the final products
[138].

Commercial gold electroplating processes are numerous and diversified to meet
different application needs [137]. Electroplating of gold and its alloys is carried
out mainly starting from alkaline, neutral or acidic cyanide baths, for both
technical and decorative uses, and from solutions of either Au(I) or Au(Ill). In
some applications, such as microelectronics or for electroforming, alkaline or
neutral sulphite baths are used, being less toxic, less irritating and easier to
dispose of than cyanide.

Generally, a layer of gold is electrodeposited on the target substrate using direct
currents. However pulsed current comes to our aid in this regard. Modulated

currents are used as a research tool to investigate the electrodeposition
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mechanism of metals [2], [3], [6], [126]. Through pulse parameters it is possible
to modify the properties of deposits [50], [78], [127], [139], [140]; this occurs
because pulsed currents affect mass transport, kinetics and electro crystallization

phenomena [35], [49], [133], [141], [142].

91



5.1 Gold-Nickel Alloys - Morphological and Aesthetic

Improvement

5.1.1 Introduction

As previously introduced, Au materials fabricated by electroplating have been
commonly used as contact materials for high reliability circuit boards , electrical
connectors, relays, and micro- and nano-scale electronic components for many
decades because of their high electrical conductivity, chemical stability,
corrosion resistance, and ductility [143], [144], [145]. Electrodeposition of gold
or its alloys is not only used in the electronics industry due to its conductive and
anti-corrosive properties, but also as a final layer due to its aesthetic properties
[136], [137], good mechanical properties and excellent biocompatibility [134],
in fact only 7% of the gold mined each year is used for medical, industrial and
technological purposes while the remaining 93% is used in the jewelry industry
and banking (e.g. in the production of bars or coins) [146], [147]. Evaluating
these data, it is clear how gold is vastly used in a variety of areas, from jewelry
to fashion, art, and furniture.

Electrodeposited thin films of gold are generally porous in nature, which may
lead to the formation of corrosion products through the pores [132]. Porosity is
the amount of discontinuity in the film responsible for corrosion. Pulse
electroplating has been reported to be effective in fabricating Au materials with
finer grains, higher uniformity, and lower porosity [148]. Although it had long
been recognized that in deposits of gold, or its alloys, the best morphology was
obtained under pulsed or reverse pulsed current conditions [50], the turning point
occurred only in conjunction with the growing importance and value, of gold as
a commodity, used in many electronic applications. An illustrative example can

be related to Au-Co alloy: whereas due to voids or inclusions the density of DC
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plated gold-cobalt (17 g/cm?) is about 15 per cent less than the theoretical value,
the pulse-plated gold cobalt, nearly free of polymer, has a density of 19.2 g/cm?
which is closer to the theoretical value as determined by the pycnometer method
[50], [51]. It 1s even possible to control the composition and the film thickness
by regulating the pulse amplitude and width. Most importantly, an increase in the
nuclei density could be achieved to obtain electroplated films with finer grains
[149], [150], [151], [152], [153]. By simply adjusting the amplitude and length
of the pulses, it is possible to control not only the composition and thickness, in
the atomic order, of the deposits, but to improve their characteristics such as grain
size, porosity and homogeneity [2], [3], [78], [126], [139]. Only in light of all
these considerations pulse plating then emerged as a new technique for the
deposition of metals and alloys, seeing a succession of theoretical contributions
and industrial applications.

In this study we focused on a cyanide gold-nickel bath, among the most
frequently used in the electroplating industry intended for the decorative sector,
precisely as the final layer of the entire electroplating process. In this field, the
characteristics required by end users focus mainly on the aesthetic evaluation of
the deposits, such as deposit brightness (related to the size of the grains and their
homogeneity), wear resistance (related to the quality of the deposit and its
homogeneity and assessable through different corrosion tests), and above all the
possibility of reflecting the quality standards by using the least amount of metal

possible.

5.1.2 Experimental

Samples were prepared using a commercial bath of Au-Ni (BLUCLAD 8614
MUP); the solution consists in a full operative bath: 1.0 g/LL KAu(CN), 1.5 g/L
Ni(SO3NH2)> - 4H>O and all the necessary proprietary additives (brightening,

levelling and complexing agent). This commercial plating bath has a working
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range between 0.8 and 1.2 A/dm?, we choose to use as current density for DC
tests, the optimal value of 1 A/dm?; while for pulsed tests we decide to work with
two different values of average current density (Jav): 1 A/dm? and 2 A/dm?. The
choice of using an average current density twice as high as the ideal value
recommended by the bath producers is related to wanting to take the operating
conditions to extremes, to see if pulsed currents allow benefits to be achieved on
deposit characteristics even when optimal operating conditions are not respected.
The samples used were circular silver plates, having an area of 0.215 dm?, which
were placed centrally inside a polypropylene galvanic tank, measuring 21 x 11 x
11 cm®, with both faces facing to mixed metal oxides (MMO) anodes. Each
deposition was carried out by stirring the solution using magnetic anchor, under
controlled temperature conditions of 35 = 1 °C and a pH range of 3.9 to 4.5, as
recommended by the bath data sheet.

A commercial basic degreaser (owned by ITALFIMET) was used for the
preliminary preparation of the samples.

The thickness of the deposits was measured by XRF analysis [64], [65], [66],
[67], performed with a Bowman B Series XRF spectrometer (Schaumburg, IL,
USA) using an acquisition time of 60 s, 50 kV tube voltage, 0.8 mA tube current,
and a collimator of 0.6 mm in diameter.

Atomic force microscopy (AFM) measurements were performed in contact mode
(0.5 V force set point) with a non-conductive Si3Ny triangular cantilever (Veeco,
NP-S10, 0.12 N/m force constant) on a Molecular Imaging PicoSPM (10 um x
10 um, 512 px x 512 px, 1 lines/s speed) to evaluate the morphology and
roughness of the samples.

Scanning electron microscopy (SEM) images and microanalysis were obtained
with variable pressure Hitachi SU3800 (Hitachi High-Tech, Tokyo, Japan)
equipped with an Oxford Instruments NanoAnalysis Ultim Max 40 silicon drift
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EDS detector. The analyses were performed using an accelerating voltage of 5
kV.

Quantitative color comparisons were obtained using the portable
spectrophotometer CM-700d (Konica Minolta, Tokyo, Japan) equipped with an
integrating sphere controlled by SpectraMagicNX software (Konica Minolta,
Tokyo, Japan). Color coordinates were expressed in the CIE-Lab color space: L*
= light vs. dark, a* = red vs. green, and b* = yellow vs. blue. In the CIE-Lab
color space, the a and b coordinates define the hue (color) and the chroma
(vividness/dullness), while the degree of lightness is represented by the L*
values. The measurement was obtained from diffuse reflectance spectra
according to the CIE’s recommendations [68] using a D65 illuminant, an
observer at 10°, and maximum aperture with an angle of incidence 6 = 8°. The
specular component was included (SCI). The measurements were performed
using a 11 mm in diameter circular masks (MAV11). The gloss (8°) estimation,
the function of luminous directional reflectance of a specimen responsible for its
shiny or lustrous appearance, was obtained measuring both the reflectance
spectrum of the samples including and excluding the specular component (SCI
method and SCE method, respectively) [69], [70]. For both colorimetric and
gloss assessment, the results reported are the average of five repeated
measurements for each sample.

Damp heat with leather test (UNI EN ISO 4611:2011), salt spray test (ISO
9227:2017) and synthetic sweat test (NFS 80-772:2010) standards were followed
to evaluate electroplated items ageing resistance. In particular, an Ascott Sip 120
chamber (Ascott Analytical Equipment Limited, Tamworth, Great Britain) was
employed to perform the salt spray test and a Memmert CHP 50 Climatic
Chamber (Memmert GmbH, Schwabach, German) was used when requested

from standard procedures. Salt spray test was conducted by using a 5 % NaCl
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solution whereas synthetic sweat composition was 5 % lactic acid and 10 % NaCl

in deionized water.

5.1.3 Results

A preliminary electrochemical study was carried out to choose the parameters to
be used for the samples.

Through electrochemical impedance spectroscopy, the capacitance value was
derived, resulting in a value of C = 55.4 uF/cm?.

Through chronopotentiometries we then calculated the overpotential value for

different pulse current densities, deriving the lower limits of ton and tofr, as shown

in Table 5.1.

Table 5.1: Lower operated limits for each current density value

Jp (A/em?) n (V) tc (ms) ton (MS) toff (MS)
0.01 0.970 5.4 27 38
0.02 1.048 2.9 15 20
0.04 1.156 1.6 8 11
0.06 1.221 1.1 6 8

Through chronoamperometric measurements, the diffusion coefficient and
transition time was then estimated relative to the different values of pulse current

density, shown in Table 5.2.

Table 5.2: Upper operating limit for each value of pulse current density

Jp (A/ecm?) D (cm?/s) T ()
0.01 3.2:10° 25.3
0.02 6.66-10° 14.9
0.04 1.56-107 8.5
0.06 1.17-107 3.0
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Once the upper and lower limits for pulse and pause times (considering mass
transport limitations tofr has no upper limit) have been established for different
values of pulse current density, all that remains is to choose the best
parameterization for each type of Jp.

Evaluation was done by analyzing the waveforms, cathodic and discharge, for
each Jp value, varying pulse times and ton-tofr ratio.

What we expect is that the potential trend is affected by the pulse time, as
previously discussed. For pulses that are too short, in fact, the potential suffers
from the capacitive effect, never being able to go to steady state, which happens
instead when the pulse duration increases; in this case, the deposition process is
controlled only by activation kinetics. For pulses that are too long, on the other
hand, the potential suffers from depletion by ions in the solution adjacent to the
electrode, entering a diffusive regime.

Once the most promising parameters have been selected, silver samples were
preliminarily degreased by cathodic degreasing and then immersed in a 5 %
acidic H>SO4 solution for few seconds. After washing with demineralized water,
they were plated using the Au-Ni bath by DC plating and pulsed current
deposition methods.

Plating was carried out separately using the same electrolyte and pretreatment,
employing a current rectifier capable of providing +2/-6 A.

Samples were prepared through a deposition time of 180 s for both DC and pulsed
samples using a average current density of 1 A/dm?; however, for samples
obtained through unipolar pulses having average current density of 2 A/dm?, the
deposition time was reduced by half to 90 s as shown in Table 5.3, in order to

maintain the same total amount of deposited charge.
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Table 5.3: Samples and their preparation parameters

Name Current ton(s) tofi(s) twt(s) Jav(A/dm?) Jp (A/dm?)

A DC - - 180 1 1
B PC 0.033 0.033 180 1 2
C PC 0.0I1 0.011 90 2 4

The assessment we set out to make mainly concerns the use of gold coatings, or
its alloys, in electroplating to produce the fashion accessory, where Au is
considered a final layer of the entire production process.

Based on this assumption, all the analyses that have been conducted on the
samples concern an aesthetic evaluation (such as colorimetric analysis) but also
performance evaluation of the production process and the final sample

(homogeneity of the deposit, grain size and porosity of the grains).
XRF Thickness Measurement

XRF analysis were used to measure the thickness of the deposit over the entirety
of the sample. We define a mapping procedure, that is, we estimate the thickness
by sampling 5 spots placed linearly on the diagonal of our sample, so that the
dispersion of thicknesses affected by the edge effect can be assessed, as shown
in Figure .

The measurement spot has a diameter of 0.6 mm; 30 s sampling time was chosen

for the measurement.
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Figure 5.1: Average thickness and its standard deviation of each sample

The first thing one notices is how the thicknesses differ from one sample to
another. Although current densities and deposition times were chosen in order to
have the same total charge passing for all samples, the amount of metal deposited
varied. This may depend on the pulse times used for the samples obtained via
unipolar currents. In fact, as the ton decreases, the thickness of metal also
undergoes a decrease; this may suggest that too short times do not allow for a
complete nucleation phase during the cathodic current pulses. Indeed,
particularly in pulse electrolysis with short pulses, adsorption and desorption
effects can lead to unexpected trends in current efficiencies. For example, with
hydrogen, which tends to desorb during the off-time, a given coulombic charge
1s consumed at the beginning of a new pulse in building up a new adsorbed layer
of hydrogen. If the charge needed for this purpose represents a substantial part
of the total charge of the pulse, the current efficiency for metal deposition can
show a significant fall. This effect is well known in the case of gold deposition

from a typical acid bath containing cobalt as a hardening additive [82], [154].
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SEM-EDS Investigation

We investigate the surface morphology of the deposit by scanning electron
microscopy, as shown in Figure 5.2. SEM characterization allows to obtain
images with micrometer resolution, so that we can visualize the deposition nuclei
and the various structures that may have formed in the act of Au(l) reduction.

This evaluation allows us to draw considerations about grain size and

consequently on the nucleation and growth process.

Sample A

Figure 5.2: 7 ige otained at 20000X agniﬁcations

Further evaluation was also done through ImageJ, a digital image processing
computer software, through which we estimated the size of the gold grains in
each sample.

In Table 5.4 we report the value of the mean and standard deviation of all metal

films.
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Table 5.4: Average particle size and its standard deviation

Sample Grain size (nm) Standard deviation (nm)
A 85 33
B 63 21
C 54 15

EDS analysis was performed on each sample to investigate possible differences
in the composition of the Au-Ni alloy. The EDS spectra show that the relative
concentration of the two metals in the electrodeposited layer varied: the
percentage of Au was higher in the samples obtained with unipolar currents
(99.8 % Au, 0.2 % Ni for sample B; 99.9 % Au, 0.1 % Ni for sample C) than in
the sample A produced with direct current (99.3 % Au, 0.7 % Ni).

It is now well known that the use of pulsed currents allows the composition of
metal alloys to be modified [78]. By varying the pulse parameters, it is possible
to change the percentage composition of the metals that are electroplated in the
alloy; by changing their relative concentration, there is also a consequent change

in color [148].
Color and Gloss Measurement

Visible light reflectance measurements were performed to measure the
colorimetric coordinates and the gloss of the deposits. These parameters are very
important for coatings with decorative applications, more over the brightness of
a deposit is closely related to its surface morphology. The results are summarized

in Table 5.5.
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Table 5.5: Colorimetric coordinates for each sample

Pseudo-

Sample  Gloss L* a* b*
color

A 769+3  86.53+0.01 5.59+0.01 28.05+0.01
B 1144+5 88.87+0.01 7.13+0.01 37.42+0.01
C 1366 -6  88.77+0.01 7.01+0.01 37.66=+0.01

AFM Investigation

Atomic force microscopy (AFM) measurements were performed in contact mode
to evaluate the morphology and roughness of the samples, as reported in Figure
5.3.

Table 5.6 shows the two roughness values Sq (mean square roughness and
represents the mean square deviation of the profiles from the mean line) and Sa
(arithmetic mean roughness is calculated as the average deviation, in absolute

value, of the profiles from the mean line) for the individual samples.

Sample A

130 nm

0 nm
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Figure 5.3: Three-dimensional AFM images of each sample

Table 5.6: Roughness parameter values

Sample Sq (nm) Sa (nm)
A 5.9+0.2 40=+0.1
B 4.0+=0.1 3.1+0.1
C 54+0.2 42+0.1

Corrosion tests

In terms of ensuring completeness of research and performance analysis on the
use of pulsed currents, preliminary corrosion resistance tests were carried out.
In this case, real samples were produced, that is, prototypes replicating potential

industrial workpieces, both in shape and in galvanic sequence of metal layers (in
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this case brass substrate and in succession copper, bronze, palladium and gold).
Chains were then prepared using the same parameters presented above but
decreasing the Au thickness of the PC samples by 25 % compared to the sample
obtained in DC (0.16 um Au for sample A; 0.12 um for samples B and C).

This decrease in thickness is used to test the greater homogeneity but also the
refinement of the grains, which appear from previous tests to be smaller and more
compact, if obtained by unipolar currents; if the metal layer is indeed
homogeneous in thickness over the entire surface, then it means that less metal
will be required to be deposited to ensure equal corrosion resistance.

Damp heat test (ISO 4611:2011), salt spray test (ISO 9227:2017) and synthetic
sweat test (NFS 80—772:2010) standards (the most used and representative in the

fashion-jewelry industry) were performed.

5.1.4 Discussion and Conclusions

In this study, the role of pulsed current in the formation of gold-nickel layers in
electroplating destined for fashion accessory and design was investigated.

The XRF analysis shows that unipolar pulses result in more homogeneous
coatings from the point of view of electroplated metal thickness. This is
extrapolated from the standard deviation values related to the average thickness,
which is much lower than that of sample in DC, produced in direct current;
relative standard deviation values, compared with the average thickness, are
indeed: 26.9 % for sample A, 16.1 % for B and 4.4 % for C.

This result is somewhat surprising and unusual. Normally a greater uniformity of
deposition is observed using bipolar currents (such as reverse pulsed currents),
where there is a redissolution of deposited metal in areas of higher current density
during the anodic pulse phase, resulting in a leveling of deposition. In this case it
seems that even through pulsed currents it is possible to mitigate one of the major

drawbacks of electroplating, that is, the inhomogeneity of metal thicknesses on
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the surface of the workpieces (edge effect); one explanation could be that in areas
of higher current density, hydrogen evolution competes with the deposition
process and thus there is attenuation of thickness variation.

SEM images show how in sample A the accretion cores are much larger and less
uniform in size respect to samples B and C, characteristics that affect not only
the chemical and physical properties of the materials but also their aesthetic
properties. On the other hand, samples B and C obtained by unipolar pulses are
more uniform and have smaller grain size.

The results obtained through ImageJ software confirm the images obtained by
scanning electron microscope: the grain size is smaller in the samples produced
by unipolar pulses, compared with those of the metal layer produced by direct
current.

Another consideration may be the greater homogeneity in size, in fact the
standard deviation (to be considered not as a statistical error on grain size but as
an estimate of the homogeneity of grain size) of samples B and C (33.97 % and
27.80 % from the mean value) is lower than that of sample A (38.70 %).

The color values allow us to make some observations. The L values confirm what
we have seen with SEM analysis, showing the close correlation between the
brightness of a sample and its morphology. Samples obtained with pulsed
currents, having a smaller grain size and greater uniformity also have a higher L*
value than the DC sample.

The change in color occurs not only with respect to the L* coordinate but also
with respect to the values of a* and b*, which are higher in the two PC samples
than in sample A. This variation is closely related to the different compositions
in terms of the relative concentration of Au and Ni in the alloy, as determined by
EDS analysis; concentration changes lead to color variation: higher a* and b*

values are consistent with a higher percentage of gold in the alloy.
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The gloss assessment, again, is consistent with the colorimetric analysis: again,
the values are higher for samples in which the gold has been electrodeposited by
pulsed current.

Both the AFM images and the mean square roughness values give us an
indication of the morphological profiles of the samples. What we can evaluate is
the lower roughness of the samples produced by unipolar currents, this is
especially true for sample B whose Sq value is 4.0 = 0.1 nm, compared to sample
A obtained using direct currents. These results confirm what we saw through the
SEM images, and allow us to make some additional considerations: obtaining
more homogeneous and uniform deposits, both in terms of thickness and grain
size, is reflected in the possibility of depositing less metal while maintaining
constant performance (in terms of aesthetics but especially in terms of corrosion
resistance) because there is no need to level out any peaks or holes in the various
metal layers of the galvanic sequence.

24 h synthetic sweat led to partial corrosion - pitting - of all the samples tested
but to a low extent (< 10 % of the surface). 48 h salt spray test left slight veiling
on all samples. 48 h dump heat with leather (40 °C, 93 % RH) did not lead to any
visible alterations in samples B and C (both obtained by pulsed currents), while
sample A shows brown spots.

Results confirm that the use of pulsed currents allow identical (if not better, in
some cases) corrosion resistance to samples obtained with direct current, using
smaller thicknesses of precious metal.

The use of modulated currents has proven to be an effective methodology to be
able to control and improve the chemical and physical characteristics of metal
deposits.

In conclusion, whatever the end use, whether in electronics or simply as a finish
in the fashion industry, gold plating is of crucial importance. It is precisely for

this reason that the quality of the electrodeposited metal film is very important,
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and research is always striving to find new working methods that allow for
improved metal films in both aesthetics and performance.

This preliminary study demonstrates how using pulsed currents it is possible to
obtain Au-Ni alloys with superior characteristics to those obtained using only
direct currents.

Within the electroplating industry intended for the fashion industry, some
demands from end users are much more stringent than others, such as aesthetic
appearance and especially wear-resistant properties over time, using as little
precious as possible.

Deposits obtained by pulsed currents have been shown to have a finer and more
compact grain, compared with samples produced by direct current, the roughness
1s also markedly improved; all characteristics necessary for good corrosion
resistance.

Samples produced with the parameters investigated in this study and a gold-
nickel thickness decreased by 25 percent compared to a layer produced via DC
showed equal, if not better, corrosion resistance to the most used tests in quality
control.

The aesthetic aspect is also implemented: indeed, the samples obtained by PC

have increased gloss and brightness values.
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5.2 Gold-Nickel Alloys — Color Modulation

5.2.1 Introduction

The history of gold closely follows the evolution of human civilization,
influencing its extension and development. The rich yellow color of gold has
always been attractive, therefore it has been used all over the world, since 3000
BC [155].

Since gold alone is too soft to withstand prolonged use, other metals are alloyed
to increase its mechanical properties, such as wear resistance and hardness [156].
However, the addition of metals also causes the color to change, reflecting how
the electron configuration changes with composition [157], [158]. Silver and
copper are the main metals with which gold is alloyed, but gold can also be
alloyed with platinum, nickel, zinc, manganese and palladium, obtaining alloys
with different destinations, properties and colors.

The ternary Au-Ag-Cu system is the most widely used to produce elaborate
colored 12 to 18 carat gold materials [159]. By changing the percentage
composition of the three metals within the alloy, different shades can be obtained,
such as yellow green (also called ON), pale yellow (1N), light yellow (2N),
yellow (3N), pink (4N), red (5N) [160], [161].

More color variations, while maintaining a higher carat, can be obtained upon the
addition of Ni, Zn, Pd, Cd, Mn or other secondary metals, that produce finishes
in green, white [162], purple [155], grey [163], blue [164] or black [165]
(containing Co and Ru in the alloy).

The perception of colors occurs when the wavelengths of white light interact with
matter causing phenomena such as absorption, diffraction, reflection, refraction
and scattering. It can also arise when a non-white light spectrum is emitted by a
source [166]. Color perception in metals and their alloys can be explained

through band theory [155], [166]. When different colors in white light uniformly
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reflected, the resulting perception is white. For gold, however, the reflectivity
decreases with increasing energy, particularly in the blue region of the spectrum,
resulting in its characteristic yellow and reddish hues due to reduced reflection at
higher energies [167].

Nowadays, a variety of colored gold alloys are available, enabling the creation
of unique jewelry and decorative pieces. In certain applications, particularly in
the fashion and furniture industries, color plays a crucial role. Even slight color
differences between similar items can indicate poor quality, which is
unacceptable in high-end products [168].

For a long time, in industrial processes, color was evaluated visually by
manufacturers, but this approach is no longer suitable, due to the subjectivity of
human perception and the empirical nature of the method. For this reason, in the
fashion-jewelry industry, an objective method of color measurement is required.
This demand for precision has led to the development of several color evaluation
systems [155].

The Manufacturing Jewellers & Silversmiths of the America’s Committee for
Color References brought out a Gold Color Reference Kit, based on the CIE-Lab
system [169]. This is an internationally recognized color measurement system
that was developed by the CIE (Commission Internationale de I'Eclairage),
adopted in 1976. This method has the advantage of describing colors
mathematically, eliminating human subjectivity. The CIE-Lab method expresses
the color in terms of three-dimensional coordinates: L*, a*, and b*. L* indicates
brightness, with a value of 0 corresponding to no light reflection and 100
representing total reflection [170]. The a* coordinate measures the intensity of
the red (positive) or green (negative) component of the spectrum, while the b*
coordinate represents the intensity of the yellow (positive) or blue (negative)
component. The color of a sample can be thus defined by plotting these

coordinates as a point in the three-dimensional color space L*a*b*.
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Among the advantages of using modulated currents, it should also be recalled
that in pulsed current deposition processes, in the presence of two or more ion
species in solution, the deposition parameters can influence the hierarchy of the
reduction reaction according to the nobility of the metals [49], [171], thus
allowing alloys with different percentages of metal to be obtained starting from
the same electroplating bath.

Although pulse current (PC) electroplating has been explored for improving
mechanical properties, wear resistance, and microstructure, there is a notable gap
in the literature regarding its potential for precisely tuning color in decorative
applications. The ability to systematically control alloy composition and resulting
color variations using PC remains underexplored, despite its advantages in mass
transport, nucleation, and deposition kinetics.

Despite the wide use of some colored Au alloys, especially in the fields of
decoration and fashion, a systematic investigation on the change of color with
composition is essential to attain a fundamental understanding of the color-pulse
parameters relationship and therefore a better control over these properties [172].
The proposal of this study is to significantly advance the field of
electrodeposition in modulated currents by demonstrating that pulse parameters
can be exploited to achieve distinct colors from a single gold-nickel plating bath,
without altering the bath composition. By establishing correlations between pulse
variables, alloy composition, and colorimetric coordinates, this research provides
a framework for achieving controlled decorative finishes with greater
reproducibility. This new approach reduces dependence on multiple
electroplating baths, optimizing production efficiency and cost effectiveness in

industries such as jewelry and luxury goods manufacturing.
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5.2.2 Experimental

Samples were made using a commercial gold-nickel electroplating bath
(BLUCLAD® 8651); the solution contains 1 g/L KAu(CN), 1.5 g/L
Ni(SO3NH>)> - 4H>0 and all the necessary additives (brightening, levelling and
complexing agent).

The preliminary electrochemical study was conducted using a working circular
platinum electrode, of 1.5 mm radius, a mixed metal oxides (MMO) counter
electrode and a saturated Ag/AgCl reference electrode (+197 mV vs SHE).
Measurements were performed using an Autolab potentiostat/galvanostat
PGSTATI101 (Metrohm, Herisau, Switzerland), equipped with NOV A software.
The preliminary study aimed to establish the optimal ranges of pulse time and
pause time, considering both double-layer electric charge effects and mass
transport limitations. Respecting these ranges ensures that the pulsed current
electrodeposition process effectively influences the reduction mechanisms.
Values of ton and tosr, for each P value, were then selected that fell within the
previously defined optimal working ranges, as further described in the Results
section. The specimens used for the preparation of the final samples were circular
brass plates, with an area of 0.27 dm?, which were placed centrally inside a
polypropylene electroplating tank, measuring 21 x 11 x 11 cm?, with both faces
facing to MMO anodes; the system was connected to a rectified (R.C.V.,
Vicenza, Italy). Each deposition was carried out by stirring the solution using
magnetic stirrer, under controlled temperature conditions of 40 £ 1 °C and a pH
range of 3.7 to 4.1, as recommended by the bath data sheet. Prior to the plating
process, samples were cleaned with a commercial alkaline detergent
(ITALFIMET® Decro 885).

X-ray fluorescence analyses were used to determine the thickness of the
electrodeposited metal deposits [64], [65], [66], [67]. Measurements were made
with a Bowman B Series XRF spectrometer (Schaumburg, IL, USA) with an

111



acquisition time of 60 seconds, a tube voltage of 50 kV, a tube current of 0.8 mA,
and a collimator with a diameter of 0.6 mm.

Compositional analyses were performed with an Hitachi SU3800 scanning
electron microscope (Hitachi High-Tech, Tokyo, Japan) equipped with an
Oxford Instruments NanoAnalysis Ultim Max 40 silicon drift EDS detector and
the software AZtecLive. SEM-EDS measurements were made by setting an
accelerating voltage of 5 kV.

Colorimetric measurements were made with a portable spectrophotometer CM -
700d (Konica Minolta, Tokyo, Japan) equipped with an integrating sphere
controlled by SpectraMagicNX software (Konica Minolta, Tokyo, Japan). Color
data were expressed in the CIE-Lab color space: L*, a*, b*. Measurements were
based on diffuse reflectance spectra according to the CIE’s guidelines [68] using
a D65 illuminant, an observation angle of 10° and a maximum aperture with an
incidence angle of 6 = 8°. The specular component was included (SCI). Every
measurement was performed with an 11 mm diameter circular mask (MAV11)

and the reported values represent the average of five measurements per sample.

5.2.3 Results

A preliminary electrochemical study was carried out, using the commercial Au-
Ni electroplating bath, to investigate the parameters to be varied for the pulse
electrodeposition. The purpose of these experiments is to obtain ranges useful in
choosing the appropriate settings for pulse plating, taking into consideration the
electrochemical limiting factors.

The capacitance value was derived through electrochemical impedance
spectroscopy [71], resulting in a value of C = 41.8 uF/cm?.

The commercial Au-Ni plating bath has a working range between 0.5 and 2
A/dm?, for that we choose to use an average current density value of 1 A/dm? for

DC and PC tests.
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Through chronopotentiometries performed with different current densities
(related to each value of P and shown in Figure 5.4), we calculated the
overpotential and through Equation 2.10 the value of tc. Using Equations 2.8 and

2.9 we obtained the lower limits of t7%" and tg}i}l, as shown in Table 5.7.

Potential (V)

time (s)

Figure 5.4: Chronopotentiometries acquired at various current densities, corresponding
to each P value, used to calculate the overpotential

The diffusion coefficient D and transition time T were then estimated performing
chronoamperometric measurements and using Equations 2.12 and 2.11
respectively. Including these results are displayed in Table 5.7.

The values obtained for t74™, té’}l}‘ and 1 are consistent with those reported in the

literature [173], both in terms of the order of magnitude of the results and the
tmin tmin

overall trend they have (t5,", torf and t values tend to decrease as the current

density increases).
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Table 5.7: Lower operating limit for pulse time and pause time obtained from the
experimental value of 1| and tc and upper operating limit for pulse time obtained using
the values of D, for the chosen P values

Jp ton"  toir , max
(Alem?) nv) tc(ms) ms)  (ms) D (em?/s)  tg™ ()
DC 0.01 -0.970 4.1 20 28 3.39-10° 25.3
1 0.02 -1.048 2.2 11 15 6.78:10° 14.9
3 0.04 -1.156 1.2 6 9 1.36:10 8.5
5 0.06 -1.221 8.5 4 6 2.03-10° 3.0

Once lower and upper limits have been established, we chose parameterizations
within these operational ranges, which are considered optimal, for different
values of pulse current density.

A wide range of pulses was evaluated since the purpose of this work is to
investigate a correlation between CIE-Lab color coordinates and deposition
parameters. Regardless of the parameters chosen, the total through charge was
kept constant (since the average current density has been kept constant); this
ensures to obtain for each sample, the same deposition thickness of about 100
nm, corresponding to a deposition time of 60 s. Table 5.8 shows the grid of
experiments carried out. We also tested some parameterizations that have P value
out of the preliminary electrochemical investigation. This choice stems from the
need to understand the importance of the upper and lower operating limits of ton
and torr and understand if they are stringent values or they only have a purely
indicative role. Values of P = 10 were not investigated in the electrochemical
study, but despite this we can speculate that the pulse and pause time parameters
may be within the optimal ranges (although not estimated). Looking at the lower
limit of working time is that as the value of P increases, the minimum acceptable
value of ton and tofr tend to decrease (see Table 5.7); for P =5 they are 4 and 6 ms

respectively, what is expected is that then for P =10 they are still lower. The same
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trend is also found for the upper limit of ton, which tends to decrease as the ratio
of pause to pulse increases; what is noticeable, however, is that it always remains
in the seconds range for the other values investigated (as shown in Table 5.7).
Based on these considerations, it can be said that samples D and G also respect
the operational limits. Similar reasoning can be made for the sample H, having P
= 0.5, where it 1s assumed that the chosen on-time and off-time values are
reasonably far from the operating limits, although not investigated. Concerning
the specimen that falls outside the range considered optimal for pulse and pause
values, this is sample B. Although the value of P =1 was studied, we chose ton

and tofr values below the set limits.

Table 5.8: Selected experiments and parameterizations of sample obtained

Experiments P Jp(A/dm?)  ton(ms)  tofr (ms)

A DC 1 / /

B 1 2 10 10
C 5 6 10 50
D 10 11 10 100
E 1 2 20 20
F 5 6 20 100
G 10 11 20 200
H 0.5 1.5 100 50
I 1 2 100 100

Once the depositions were performed, analyses were carried out to characterize
the deposit, in particular, evaluations of percentage compositions, thickness

measurement and colorimetric investigation were performed.
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Spectroscopic analysis

XRF analyses were used to assess the thickness of the deposit obtained by
measuring a central point of each sample, as shown in Table 5.9. It can be seen

that there 1s no evident difference in thickness as the pulse parameters change.

Table 5.9: Thickness measured for each sample

Sample Thickness (um)
A 0.12+0.04
0.12+0.03
0.11 £0.03
0.11 £0.03
0.12 +£0.04
0.12 +£0.03
0.11 £0.03
0.11 £0.03
0.11 £0.03

- QO ETAlw

SEM-EDS analyses were done on each sample to investigate the composition of
the Au-Ni alloy, as shown in Table 5.10. Since the purpose of this work is to
investigate a possible correspondence between pulse parameters and colorimetric
coordinates, it is of primary importance to also associate possible correlations

with a change in the percentage composition of the alloying metals.

Table 5.10: Percent composition of gold and nickel present in the alloy of each sample
obtained with SEM-EDS analyses.

Sample %Au Y%Ni
A 98.9+0.2 1.0+0.1
B 97.7+0.3 23+02
C 97.6+0.3 24+0.2
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D 97.1+0.3 29+0.2
E 979 +0.3 2.1+0.2
F 97.2+0.3 2.8+0.2
G 97.0+£0.2 3.0+0.2
H 98.5+0.3 1.5+0.2
I 98.0+£0.3 20+0.2

Colorimetric coordinates of deposits were determined by performing visible light
reflectance measurements, the values of which are given in Table 5.11. The same
colorimetric coordinates are also presented through CIE 1931 color space
chromaticity diagram, a two-dimensional representation of a specific color space,
as shown in Figure 3. In this case the L*a*b* colorimetric coordinates were
converted to the CIE-xyY color space. The diagram represents all the
chromaticities visible to an average person. These are represented in color, and
this region is called the gamut of human vision. The curved edge of the gamut is
called the spectral locus and corresponds to monochromatic light (each point
represents a pure hue of a single wavelength). The straight edge at the lower part
of the gamut is called the violet line. These colors, while at the edge of the gamut,
have no counterpart in monochromatic light. Less saturated colors appear within

the figure, with white in the center.

Table 5.11: CIE-Lab colorimetric coordinates measured for each sample

Sample L*(D65) a*(D65) b*(D65)
A 85.02 +£0.01 6.34 £0.01 31.48 £0.01
B 83.20 +0.01 6.68 £0.01 28.54 +0.01
C 84.72 +£0.01 4.70 £ 0.01 24.53 £0.01
D 85.54 £0.01 4.19+0.01 22.38 £ 0.01
E 84.40 £ 0.01 4.83 +0.01 26.16 £0.01
F 85.97 £0.01 4.04 +£0.01 23.02 £ 0.01
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Q

86.30 £ 0.01 3.83+£0.01 22.60 £0.01
H 86.94 +0.01 4.56 +£0.01 25.95+0.01
I 87.05 £ 0.01 4.36+0.01 2497 +0.01

o

038 039

Figure 5.5: Color of each sample within the CIE 1931 color space chromaticity
diagram
Applying different pulses results in different color with even substantial
variations for individual coordinates.
The color variation was estimated by evaluating AE, which is the Euclidean
distance between the individual color coordinates of two different samples,

which is expressed by the following relationship:

AE = \/(AL)? + (Aa*)? + (Ab*)? (5.1)

A practical classification of the color perception threshold has been proposed by
Schlapfer [174], according to which the difference is perceptible to the human

eye if this distance is greater than or equal to 3; in addition, two colors can be
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said to be distinctly different when the delta E value is greater than 6. Table 5.12

shows the colorimetric difference between each color.

Table 5.12: AE value obtained from each sample and reported by a color scale: green
indicates that the color difference is not perceptible (0 < AE < 3), yellow indicates that
the difference is visible to the naked eye (3 < AE < 6), and orange indicates that the
color of the samples is markedly different to the eye (AE > 6)

A B C D E F G H I
/ 3.5 7.1 94 5.6 8.8 9.3 6.1 7.1
3.5 / 4.7 7.0 3.2 6.7 7.3 5.0 5.7
7.1 4.7 / 24 1.7 2.1 2.6 2.6 24
9.4 7.0 24 / 4.0 0.8 0.9 3.9 3.0
5.6 3.2 1.7 4.0 / 3.6 4.2 2.6 2.9
8.8 6.7 2.1 0.8 3.6 / 0.6 3.1 23
9.3 7.3 2.6 0.9 4.2 0.6 / 3.5 2.6
6.1 5.0 2.6 3.9 2.6 3.1 3.5 / 1.0
7.1 5.7 24 3.0 2.9 2.3 2.6 1.0 /

-l Qm BT A

A AE > 3 was obtained for most of the samples; taking into consideration the
sample produced by DC, it can be seen that every other coating (produced by PC)

has a recognizably different color from it.

5.2.4 Discussion and Conclusions

As mentioned earlier, color is related to the concentration of metals in the Au-Ni
alloy. In this case, with Ni being the minority element, we can say that the color
depends on the concentration of the metal in the layer; therefore, a correlation
was sought between the percentage of nickel in the deposit and the CIE-Lab
colorimetric coordinates.

What can be seen by comparing the pulse parameters and the percentage of nickel

present in the samples is that there is a correlation between the two; in fact, for
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the same ton value, the amount of nickel in the alloy increases as the P value and

thus the pulse current density increases, as shown in Figure 5.6.

3,6

m t,=10ms
ton=20ms
ton=100ms

B C D E F G H |
Sample

Figure 5.6: Correlation between samples and percentage of nickel in the alloy. Samples
are grouped by same ton (blue square ton = 10 ms; green circle toxn= 20 ms; orange
triangle tox = 100 ms). Within each group, samples are in ascending order of pulse

current density used

If we analyze the results obtained by colorimetric analysis, we observe a
correlation between pulse parameters and colorimetric coordinates. What we
notice is that for samples having the same ton, the L* coordinate tends to increase
as the value of pulse current density rises (consequently as P increases); the a*
and b* coordinates, on the other hand, follow an opposite trend, that is, they tend

to decrease as the ratio of pause to pulse increases, as shown in Figure 5.7.
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Figure 5.7: Correlation between samples and CIE-Lab colorimetric coordinates for
different t,, values as P increases: samples B, C, D, ton = 10 ms; samples E, F, G, ton=
20 ms; H, I, ton = 100 ms
In the same way we can highlight a correlation between percentage of nickel
present in the alloy and colorimetric coordinates. As shown above, the amount
of nickel increases as Jp increases; there is also an increase in L* (brightness) and
a decrease in the value of a* and b*, leading to perceptible color shifts. This
pattern therefore acquires a logical sense, since samples with a higher percentage
of nickel have a color that turns less red (color coordinate a* positive) and yellow

(coordinate b* greater than 0).

The results show that all samples follow this trend, even sample B, whose ton and
toft parameters did not respect the optimal ranges investigated during the
preliminary study. In our opinion, these results do not in any case invalidate the
importance of defining optimal parameter intervals for reliable deposition. On
the contrary, this indicates that the results obtained in the electrochemical
investigation are only approximate and do not set stringent limits on the most
suitable range within which to select pulse and pause times, suggesting greater

flexibility under certain conditions, which require further investigation.
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The ability to correlate deposition parameters with composition and color confirms
that pulse plating provides a tunable method for achieving specific finishes, a
potentially significant result for various industries, particularly those that rely on
metallic coatings where aesthetics and mechanical performance play a key role.

In conclusion, in this work, an electrochemical study of a commercial Au-Ni
plating bath was performed using pulsed current. After identifying the ranges of
pulse variability using the intrinsic chemical and physical properties of the bath,
the aim was to understand whether it is possible to vary the color of a metal
deposit as a function of the pulse used and which parameters most influence the
colorimetric coordinates.

In conclusion, the results obtained show how it is possible to obtain products with
different colors from an electroplating bath with a fixed composition. Using
pulsed currents, it is possible to modify the percentage composition of two
alloyed metals, in this case gold and nickel, simply by changing the pulse
parameters, or better, by changing the cathodic current density.

Of great interest i1s how PC not only allows the formation of metallic deposits
with a brighter appearance than those produced by the classic DC (many samples
have a value of L* higher than sample A), but also obtain finishes that differ in
color, one from the other, a value of AE that in some cases exceeds 9.

The results are particularly relevant to the fashion and jewelry industries, where
accurate color control is essential for product quality and customer satisfaction.
The ability to precisely adjust the color without altering the bath composition
allows manufacturers to create a wider range of gold shades (from warm yellow
to cooler tones) using a single electroplating configuration. Since even small
variations in color affect the perception of the product, this method would ensure
consistency between production batches, reducing defects and returns; in
addition, reducing the need for multiple plating baths would simplify operations,

decreasing material waste and production costs.
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Looking forward, further research could explore the applicability of this
technique to other alloy systems besides gold-nickel, investigating whether the
correlation between current density and percentage of alloy metals is replicable
and shows comparable trends. In addition to decorative applications, this
approach could also have implications for functional coatings in other areas,
where fine-tuning material properties through electroplating could improve not
only aesthetics but also performance. Although aesthetics is the main goal,
controlled nickel content also affects conductivity and corrosion resistance,
benefiting the electronics industry. In addition, the ability to finely control the
composition of an alloy, with the possibility of producing decorative wear-
resistant coatings could also have applications in the automotive or aerospace
industries.

These results pave the way for adaptive electroplating technologies in which

color and material properties can be dynamically adjusted.
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6 Sustainable Perspectives in Electroplating

Processes

6.1 Introduction

The process of electroplating is vital in many industries that produce modern
acrospace materials and electronics, heavy equipment, cars, decoration, and
fashion. The increasing focus on sustainability within several areas has also seen
a critical re-evaluation of electrodeposition practices within the context of the
United Nations’ sustainable development goals (SDGs) [175]. The main critical
items regarding the plating industry lie within the environmental sector, from
production to disposal, and health within the workplace [176], [177].
Electroplating in many instances involves hazardous agents like cyanides,
chromium, and nickel, which adversely affect the environment and human beings
[178]. Some of the traditional processes consume a lot of energy, thus
contributing to the carbon footprint of the industry [179], [180]. Production of
galvanized items often involves the extensive use of scarce materials like gold
and palladium, which have challenges associated with their mining processes.
The 1ssue of manufacturing toxic waste and how to dispose it off is a major
environmental concern, which involves high costs and risks.

These are well-known problems that drive research in this area, major themes are
finding replacements for toxic compounds with less hazardous alternatives. For
instance, using cyanide-free [181] electroplating baths and nickel-free process
for reducing of such risks. Others are the use of innovative alloys which minimize
on precious materials, solutions seeking to ensure the needed performance whilst
employing little quantities of costly metals, and carry out cleaner fabrication,
minimizing the production of toxic wastes. Also, encouraging recycling efforts

to regain valuable components from electroplating waste. Expansion for
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investment into more energy-efficient technology in processes. As discussed
above, pulsed, or modulated currents can enhance the deposition efficiency.

The issue 1s complicated and linked almost exclusively to the ecological
problems such as pollution relating to the industry of the electroplating.
However, it is important to recall that sustainability is a wider and more complex
notion. Economic and social elements frequently remain disregarded as attention
1s primarily directed at ecological issues. Therefore, corporate strategies embrace
green topic that are tied to the communities where the corporations operate and
reflect on economic considerations as well. However, only through a single
vision that takes into consideration these needs the electro-plating industry and
all the others would respond to these challenges equitably and responsibly.

To make the industrial process more sustainable, there is a need to train operators
on sustainable practices and environmental awareness with a view that such
procedures will take root on the industrial scale. Collaborate with industries and
research institutions as part of an effort to set up sustainable guidelines for the
electroplating sector as well as share benchmarks. Establish government-backed
policies and incentives for promoting cleaner technology, sustainable R&D, etc.,
within industry. Encourage investors in the development of green technologies
as well as research efforts towards sustainability and ultimately, the adoption of
greener processes. The successful sustainability of the electroplating industry
requires research, innovation, regulation, staff training and cooperation by all
stakeholders.

Mathematical models have been developed as well as artificial intelligence
methods used to optimize processes and reduce the effect on the environment as
part of addressing sustainability problems [182], [183], [184]. Some of them
consist in activity like the Pollution prevention (P2) which played an integral role
in the development and implementation of technologies designed to prevent the

amount of waste generated at a facility. The P2 approach is extended to Profitable
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P2 (P3) which seeks economic benefits with environmental reduction [185], and
even Cooperative P3 (CP3) for industrial areas, to aid in decision-making toward
sustainable development [186].

Song [187] in 2016 explains the prevalent sustainability measurement systems
but stresses on the need to generate a specific metrics system for evaluating
sustainability performance of the electroplating industry. These comprise of
economic sustainability indicators, environmental sustainability indicators, and
social sustainability indicators. These indicators focus on issues that include
among others profit, value addition, energy, material usage, water consumption,
and emissions among many other factors.

In 2015 United Nations stated 17 SDGs for development of the world’s agenda
on global challenges elimination, improvement of the live standards of people,
protection of the planet till 2030. 17 SDGs are a universal call for an end to
poverty and a beginning to prosperity, health, and life on earth. The electroplating
industry is also based on a thorough critical analysis of the SDGs as a starting
point to identify directions for improving sustainability.

Several SDGs are closely related to electrodeposition in a direct perspective. One
such example could be on SDG 9 (Industry, Innovation, and Infrastructure)
which could advance on efficiency and lessen environmental effects with such
technologies of electrodeposition. This is why modern electrodeposition
technologies have been adopted as an element of innovations that enhance
efficiency and reduce environmental pollution. The development of more
sustainable processes through research is key for the industry’s growth. New
materials and novel electroplating processes can also be utilized to the benefit of
the decorative sector, and to a certain extent of technical sector, supplying eco-
aesthetic solutions. Simultaneously, attention to responsible utilization of
chemical resources which follows SDG 12 becomes vital. Reducing the content

of precious metals in electroplating processes is an important contributor to a
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more responsible use of resources and answers consumer’s demand for more
sustainable products. The development of cyanide- and nickel-free electrolytes
1s one step towards a safer and more sustainable operation process. The strategy
can achieve SDG 7 (Clean and accessible energy) due to the implementation of
low energy consumption and ambient temperature processes that lead to lower
environmental impacts associated with energy consumption; it is related to SDG
13 (Climate Action) as well. When manufacturing galvanized materials, it
incorporates low carbon emission processes that assist in climate change
mitigation. Water resource management and sustainability in the context of SDG
6 (Clean Water, Sanitation), where efforts are taken for the reduction of water
consumption in electroplating. The investment in research and development of
the electroplating industry by innovative methods can lead to improved economic
growth and skilled jobs according to SDG 8 (Decent work and Economic
growth). There are other issues relating to employment and economic
development, even in the artisan contexts.

Sustainability of the galvanic system can be regarded as an integration of waste
minimization, production enhancement and social sustainability [187].
Environmental impact and health burdens can be effectively reduced by waste
reduction. In addition, waste reduction refers to chemical, sludge, water, and
energy. Social sustainability involves looking at issues that relate to customer
satisfaction, employee satisfaction and local community satisfaction.

The economic globalization has put a strain on the galvanic industry. Most of
electroplating companies are usually working in at a loss, as well as using rather
obsolete technologies. Nevertheless, the industry is one of the most polluted
among the manufacturing industries.

In this paper we will discuss in detail some newly established eco-friendly
practices in this industry that may benefit the environment, human being, and

society. The aim will be to present a vision for a future in which electrodeposition
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does not only respond to the technological requirements but goes further towards
a more sustainable environment through case studies and analysis of challenges
faced today. Several computations techniques for predicting new formulations
without using harmful substances are described specifically. Commercial
systems for the better homogeneity and compaction of galvanic deposits to cut
down on the amount of material being used will be discussed with some case
studies. In the last, treatment and disposal or recovery of wastewater metals for
the environmental protection, as well as for the economic benefit of recycling

valuable metals, are analysed.

6.2 Deposition systems

Obtaining electrochemical deposits that are as homogeneous as possible is an
issue of absolute importance, especially in the field of the high-fashion industry,
where precious metals are often used and even a low percentage reduction in
consumption leads to a great advantage for the overall process [77].

Having a low standard deviation in the metal deposit allows a smaller amount of
material to be used, as the required minimum thickness values can be achieved
with less dispersion in the obtained coating, thus operating with reduced costs
and less operating time, with clear advantages for the environment sustainability
of the entire production process and from an economic and competitive point of
view for the manufacturing company. The thickness of the deposits obtained
from present galvanic production is very uneven because they are strongly
influenced by the shape of the treated objects and the current distribution.

In this work we therefore chose to conduct a study of the distribution of
thicknesses in the case of a precious metal finishing, evaluating the effect of
different operational set-ups. The thickness distribution of gold deposit within
the galvanic frame, obtained using the standard parallel anodes configuration,

was taken as the reference. It was compared with two devices operating in direct
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current (DC) designed to overcome thickness inhomogeneities and a system
operating on pulsed current (PC). The depositions were performed in a typical

electroplating tank (Figure 6.1).

Figure 6.1: 500 L electroplating tank containing: two anode bars, one for each side, to
which the MMO anodes are connected; a central cathodic bar, where the frame is
attached; a float to control the level and temperature of the solution; a heating element
for heating the solution

In all cases, commercial brass plates from Ossian Lagerqvist AB (Jarfalla,
Sweden) were used as a substrate: 0.250 mm thickness, 50.0 mm length, 37.5
mm width. The plates were drilled in the center of the short side, at the apical
position, the hole has a diameter of 5 mm. The brass surface was kindly
electroplated with a thick layer of nickel (>20 um) by Lotti Srl (Signa, FI, Italy),
Gruppo Materia Firenze (Scandicci, FI, Italy) and Eco-Tech Finish Stl (Arezzo,
AR, Italy), on their industrial production lines according to internal standard
production process. The thickness distribution study was carried out in an area of
24.35 cm X 31.6 cm, 16 plates were placed in each galvanic frame.

The commercial nickel electroplating solution employed presented the following
characteristics: nickel (II) sulfate 230 g/L, Nickel (II) chloride 50 g/L, boric acid
48 g/L, brightening additive 11 mL/L, carrier additive 40 ml/L, pH (25 °C) 4.5,

working temperature 55 °C, cathodic current 5 A/dm?.
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6.2.1 DC Deposition Systems

The case study carried out on optimization systems operating on DC was
performed on a gold deposit, electrodeposited by means of the commercial
"Bluclad 8693" galvanic bath. This formulation presents the following
characteristics: Au2.5 g/L, Fe 0.5 g/L, pH (25 °C) 4, working temperature 40 °C,
cathodic current 2 A/dm?. The study was carried out for deposits that present a
thickness of about 0.5 um. Initially, the samples were produced with a classical
system operating with common mixed metal oxide (MMO) anodes, the results
thus obtained were compared with the results obtained using the commercial
systems Italfimet (Monte San Savino, Ar, Italy) RAEP and Luxury Brands
Technologies (LBT) (Calenzano, Fi, Italy) HCS, designed to increase the
homogeneity of deposited precious metal thicknesses. The thicknesses of each
plate were evaluated by XRF analysis at 5 points for each plate: one at the center
and four points at all the corners. A Bowman (Schaumburg, IL, USA) BA-100 P
series instrument was used.

Italfimet “Raddrizzatorre Anti Effetto Punta” (RAEP) aims for the maximum
thickness uniformity of precious metal electroplating filling inside the working
frame. The principle is based on the supply of a DC, distributed inside the
electroplating tanks aimed at minimizing the effect of the presence of areas with
high and low current density within the electroplating system, which to date has
been inevitable. This is achieved by pre-setting the quantity of continuous current
to be distributed in multiple zones within the system itself. In detail, the anodes
consist of three anodic elements coated with mixed oxides, which have 3
different anode outputs. Anodes 1 and 3 are the outer ones and have a
complementary shape to the inner anode (Figure 6.2 a). The system allows the
current of the external anodes to be modulated in the range -999.9 — +100.0, in

the upper section of the anode (“high-cut”) and in the lower one (“low-cut”)
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independently. Based on our experience the current is distributed on the three

anodes following these rules:

i_itot(h+1)
L 34+ h+1

. itot

—__tot 6.1
2T A ©.1)
l_itot(l+1)
37 34+ h+1

Moreover, i; = 0ifh > —1; i3 =0if [ > —1;i; =i, =i3=0ifh+ [ > -3.
Where i4, i,, i3 are respectively the current applied in the upper, center and lower
anodes and h and [ are respectively the high-cut and the low-cut values. In this
work the default parameters provided by the supplier were chosen: high cut of -
10.0 and low cut of -30.0. The manufacturing company reports a saving on the
cost of the deposition of an average precious metal estimated in the order of 10-
15% in addition to a significant reduction in the duration of work cycles related
to the deposition of precious metals. This system is applicable to every precious
metal deposition system on the market, and it 1s easily implementable within each
galvanic tank [77].

LBT Homogeneous Coating System (HCS) uses a current rectifier “High
Performance System” (HPS), designed to distribute applied currents according to
the different areas of the frame, to be used with a specific system of three anodes
associated with three anode outputs (Figure 6.2 b); the central anode has a convex
pyramidal shape. The system makes it possible to reduce the differences in
current density that can occur between the outer and internal parts of the frame.
The current can be modulated for all three electrodes setting the percentages and
delays for high, medium and low zones. LBT reports a case study carried out on
a palladium bath, in which a reduction of about 11% in mg of metal deposited

and a reduction in the standard deviation in measured thicknesses is observed on
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minimal thicknesses of 0.8 um of deposit, evidence of increased homogeneity of
the deposit. To confirm the data reported by the suppliers of three-way anode
systems, we carried out an empirical validation. In this work the single frame
settings given by the supplier [188] were used: percentage high zone 35.0%,
percentage medium zone 55.0%, percentage low zone 10.0%, 20 s delay in low

arca.

Figure 6.2: Anode schemes of a) Italfimet RAEP system; b) LBT HCS system

The normalized distributions of electrodeposited gold thicknesses are reported in
Figure 6.3. As expected, in the centre of each plate there is an area of low
deposited thickness, this problem is visibly mitigated in the case of the result
obtained by employing the RAEP system.
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Normalized thickness

Figure 6.3: Normalized distributions of electrodeposited gold thicknesses relative to
the sample obtained a) under standard conditions; b) using the RAEP system; c) using
the HCS

These results are confirmed by the standard deviation values obtained on the
entire frame (Table 6.1): the RAEP system shows a significant reduction in the

standard deviation value, both in terms of absolute and percentage values. The
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values obtained in the case of the HCS system are comparable to those obtained

in in standard conditions.

Table 6.1: Mean values and standard deviations related to XRF measurements
performed on the samples of the entire frame obtained under standard conditions and
using the RAEP and HCS systems

Standard DC1 RAEP HCS

Average thickness (um) 0.57+0.05 0.52 +0.05 0.53+0.05
Standard deviation (um) 0.13 0.09 0.13
Relative Standard 375 18.23 25 46

deviation %

Further data analysis showed how the RAEP and HCS systems reduce the
dispersion of thickness within each plate (Table 6.2).

Table 6.2: Standard deviations of the average thickness of each plate related to XRF
measurements made on samples obtained under standard conditions and using the
RAEP and HCS systems

Standard DC1 RAEP HCS

Standard deviation of the

0.05 0.02 0.02
averages of each plate (um)
Relative Standard deviation of
the averages of each plate 9.17 3.03 4.10

(um)%

Considering this, it can be stated that the RAEP system increases the
homogeneity of the deposits throughout the entire frame, allowing to reduce the
overall metal used to guarantee the minimum thicknesses required. The HCS
system does not decrease the standard deviation relating to all thickness
measurements, but reduces the difference observed between the various plates.

To further evaluate the performance of these systems, process capability analyses

were carried out. A process capability study predicts whether a manufacturing
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process can repeatably produce parts that meet specifications. To make these
assessments, the parameters Cp and Cpk were used [189]. Cp (Equation 6.2)
measures whether the process spread is narrower than the specification width,
hence the potential capacity of the process. While Cpk (Equation 6.3) measures
both the centring of the process as well as the spread of the process relative to the

specification width, hence actual capacity of the process.

USL — LSL
e — 6.2
Cp 60 ( )
~ USL—x x—LSL
Cpr = Min( o ; 30 ) (6.3)

Where USL and LSL are respectively the customer-defined limits upper and
lower process specification customer-defined limits (VOC) and ¢ is the standard
deviation of the process, 0.55 um was used as the USL and 0.45 um as the LSL.
As observable in Table 6.3, The RAEP system improves the value of Cp over
results obtained under standard conditions, while the HCS system returns results
comparable to it. The RAEP and HCS systems both allow the improvement of

the parameter Cpk (the increase in these parameters is a positive result).

Table 6.3: Evaluation of Cp and Cpk values made on samples obtained under standard
conditions and using the RAEP and HCS systems

Standard DC1 RAEP HCS
Cp 0.12 0.18 0.12
Cpk -0.04 0.11 0.05

6.2.2 Pulsed plating system

The same evaluations performed in the previous section were carried out on the
thickness distribution comparing the deposition obtained by operating in DC and

PC. To compare the results reported in the literature [127] with the outcomes
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shown by three-electrode DC anode systems, we carried out an empirical data
validation. The study was performed on a gold deposit, electrodeposited by
means of the commercial "Bluclad 8614 MUP” galvanic bath on the previously
described plates. This formulation presents the following characteristics: Au 1.1
g/L,Ni1.6 g/L, In0.09 g/L, pH (25 °C) 4. The operating conditions were working
temperature 36 °C, cathodic current 1 A/dm?. The depositions were carried out
with a duration of 10 minutes. In the case of PC depositions, a pulse current of 2
A/dm? was used, with a pulse and pause time equal to 33 ms, maintaining the
average current density at 1 A/dm?. The rectifier used is a commercial rectifier
supplied by the company R.C.V. Srl (Altavilla Vicentina, VI, Italy).

Normalized distributions of electrodeposited gold thicknesses are reported in
Figure 6.4 6.4. The use of pulsed current improves the overall homogeneity of

the thickness of the deposits.

Normalized thickness
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Figure 6.4: Normalized distributions of electrodeposited gold thicknesses relative to
the sample obtained a) under standard DC conditions (DC2); b) under PC deposition
conditions
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As can be assessed from the results shown in Table 6.4, the use of pulsed current

reduces the percentage standard deviation.

Table 6.4: Mean values and standard deviations related to XRF measurements made on
samples obtained under direct current conditions and under pulsed current conditions

Standard DC2 PC
Average (um) 0.49 +0.05 0.52 +0.05
Standard deviation (um) 0.15 0.15
Relative Standard 31.66 29.81

deviation %

It can be stated that the PC system slightly increases the homogeneity of the
deposits throughout the entire frame, allowing to reduce the overall metal used
to guarantee the minimum thicknesses required.

On the other hand, in Table 6.5 it can be seen how operating in pulsed current in
these conditions, slightly increases the standard deviation of the average

thickness of each plate.

Table 6.5: Standard deviations of the average thickness of each plate related to XRF
measurements made on samples obtained under direct current conditions and under
pulsed current conditions

Standard DC2 PC
Standard deviation of the 0.08 0.09
averages of each plate (um)
Relative Standard deviation of the 16.36 17.67

averages of each plate (um)%

An evaluation of the parameters Cp and Cpk was also carried out in this case, the

results are shown in Table 6.6.
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Table 6.6: Evaluation of Cp and Cpk values made on samples obtained under direct
current conditions and under pulsed current conditions

Standard DC2 PC
Cp 0.11 0.11
Cpk 0.08 0.07

The value of Cp improves in the case of PC, while the value Cpk get worse in
these conditions, meaning that the PC process still has room for improvement.
Cp and Cpk results, even with improved operating conditions using RAEP, HCS,
and PC systems, are still suboptimal. Values of Cp and Cpk equal to 2 should be
considered optimal, while values of 1 are considered barely acceptable [189].
However, the distance between optimal values of capability estimators and the
results obtained on in-line production processes can be explained how, especially
for the high fashion market, customers specifications are made of. Clients only
indicate a minimum thickness, not considering the distribution of it and the
geometry of the artifact. In the field of high fashion accessories, brands often do
not specify the measurement spot causing the approval of the quality control step
to be highly influenced by the arbitrariness of the operator. Hence, analytical
estimators such as Cp and Cpk, fail to represent the correctness of a process that
lacks a profound structuring of demand.

This testifies that the field of electroplating in the high fashion industry shows
ample room for improvement, both from an electrochemical-engineering point of
view and on the demand side and management of the production process. In the
first case working on both anode geometries and current waveforms; and in the
second case working on correctly disclosing the issues and physical chemistry

behind electrodeposition to line workers.
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6.2.3 Corrosion tests

In the literature are present numerous tests to ensure quality control and to verify
the performances of the coatings [77], [168]. Among them, neutral salt spray has
been chosen to have a benchmark of the systems discussed in this review.

The 4 samples along the diagonal of the galvanic frame were selected, the
purpose of this sampling is to evaluate the effects of corrosion as the position in
the galvanic frame changes, to correlate the results obtained with those achieved
in the previous paragraphs. The samples were tested against neutral salt spray
(NSS) test ISO 9227 for 48 h [190]. During this time, the corrosion behaviour of
the different coatings was monitored by visual investigation. The samples were
visually evaluated by reporting the results with values in the range of 1 to 5,
where 5 means no variation occurred on the surface of the sample; 4 slight
variation; 3 visible variation; 2 evident variation; 1 considerable variation. This
evaluation metric is adopted by major analysis companies in the field of metal

accessories of luxury brands [77]. The results are shown in Table 6.7.

Table 6.7: Sample results after NSS test [ISO 9227 for 48 h

Standard DC1 RAEP HCS
Sample Result Sample Result Sample Result
DCFEI1 4 RAEPI1 5 HCS1 3
DCFE2 4 RAEP2 4 HCS2 3
DCFE3 4 RAEP3 5 HCS3 3
DCFE4 5 RAEP4 4 HCS4 3

Average 4.3 Average 4.5 Average 3
Standard DC2 Pulsed current
Sample Result Sample Result
DC1V 1 PCl1 1
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DC2V 2 PC2 4

DC3V 2 PC3 3
DC4V 1 PC4 3
Average 1.5 Average 2.8

The results obtained using the RAEP system led to an improvement over the one
obtained operating under the standard conditions; on the other hand, the use of
the HCS system led to a worsening of the results. However, it is important to note
that the results obtained using the latter operating conditions resulted in more
homogeneous outputs, this agrees with the results obtained during the evaluation
of thicknesses. Depositions using pulsed current resulted in a marked increase in
corrosion resistance performance.

Given the results observed in the previous paragraph, where we pointed out that
the PC system slightly increases the homogeneity of the deposits throughout the
entire frame, we can hypothesize that such a marked change in corrosion
resistance with respect to a slightly different homogeneity is due to other factors
that come into play using pulsed current, such as a change in the chemical-
physical structure of the deposit compared with that obtained under direct current
conditions. As reported in the literature the use of pulsed current can lead to
changes in the morphology of the structure of the deposit [126]. This result is
very interesting because it highlights the possibility of obtaining deposits that
exhibit greater corrosion resistance for the same amount of precious metal used,

with clear advantages both economically and environmentally.
6.3 Computational methods

Despite many attempts by the decorative industry to improve the sustainability
[191] of an electroplating plant by optimizing the whole process are

accomplished by companies, the R&D process for the optimization of the
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numerous variables is still based on a trial-and-error method. In this scenario, in-
silico procedures are trending as the cut-and-try approach could be translated
from the production plant to a chip, or even avoided introducing predictions and
systematic studies. Furthermore, in-silico approaches are in line with the
sustainable model proposed in Agenda 2030 by United Nations [192].
Specifically, three sustainable developments goals (SDG) are achievable: 3 (good
health and well-being), 8 (decent work and economic growth) and 10 (reduced
inequalities). SDG 3 is related to the reduction and, possibly, the elimination of
hazardous in the R&D phase, moreover the prediction and development of new
green processes is fundamental to ensure a healthy working environment in
production departments. Shifting the workplace from a laboratory to a computer
ensures people with motor-related impairments to express their full creative
potential, as they are no longer limited by structural barriers, accomplishing SDG
8 and 10. To model an electrochemical process it is helpful to distinguish two
different families of simulations depending on the scale: atomistic simulations
[193] and multiphysics simulations [194]. The latter are divided further in ab-
initio and classical approaches, the first one based on quantomechanic

calculations and the second one on classical mechanics.

6.3.1 Atomistic simulations

Atomistic simulations are used to design new sustainable additives and to
understand the interactions among bath components such as ions and organic
molecules [195], [196]. Although promising, they are still mainly applied in
academic research due to the need for high-performance computing resources
[197] and detailed knowledge of the underlying physicochemical phenomena.

Molecular systems can be treated using Molecular Mechanics (MM), Quantum

Mechanics (QM), or hybrid QM/MM frameworks. In MM, molecules are

141



modeled as atoms linked by springs, following Newtonian mechanics. The total

system energy is represented by the Hamiltonian:
Hyy = Kuym + Vum (6.4)

With potential energy expressed through ‘“force fields” that define bond
stretching, bending, torsional, electrostatic, and van der Waals interactions [198],
[199], [200], [201]. MM has low computational cost and is widely used to
simulate large systems, including the adsorption of additives and impurities in
electroplating baths [202], [203], [204].

Conversely, QM methods describe molecules at the electronic level using the

Schrodinger equation [205]:

These include wavefunction-based methods (Hartree-Fock, post-HF) and
Density Functional Theory (DFT) approaches. Although post-HF methods offer
higher accuracy [206], they are computationally expensive; hence, DFT and
hybrid-DFT are the preferred compromise for electrochemical simulations. Ab-
initio studies have elucidated the interaction of additives with Cu(111) surfaces
[207] and the performance of novel suppressors in copper baths [208].

To simulate large electrolyte systems, QM/MM hybrid methods can be
employed, where a defined active region is treated quantum-mechanically, and
the surrounding environment classically [209], [210]. The overall Hamiltonian

combines the strengths of both methods:
Hommm = Houm + Hyum + Hom—um (6.6)

Although more common in biochemistry [211], QM/MM methodologies can be

adapted to electrodeposition, enabling cost-effective yet detailed simulations.
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6.3.2 Multiphysics simulations

Multiphysics approaches, based on fluid dynamics simulations, are a reliable tool
to understand how the design of manufacts and anodes can influence the
thickness distribution due an inhomogeneous current density distribution, even
using ordinary computers. In decorative electroplating, where product design
often prioritizes aesthetics over manufacturability, sharp edges, cusps, and
valleys cause significant current density variations that lead to non-uniform
coatings [212].

An example of a complex accessory can be appreciated in Figure 6.5, it was
electroplated following the industrial standard for an hypoallergenic cycle (ISO
1811 [213]) - made of Copper/White Bronze/Palladium-Nickel/Gold, where
copper is used as leveller and brightener layer [214], white bronze and palladium
as anticorrosion [215] and barrier layer against intermetallic diffusion [216] -
exhibit thickness variations correlated with geometric features. SEM analysis

confirms that morphology strongly influences deposition uniformity.

4
Au+PdNi 257nm

Figure 6.5: Fashion accessories presenting a complex geometry made of many cusps
and valleys to represent a horse crest; the difference in deposited thicknesses of
precious metals on a plain part and inside a valley observing the cross section of the
sample by a scanning electron microscopy (SEM) analysis
CFD-based models describe the electrochemical system using coupled physical

equations:
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e Continuity and momentum conservation are expressed by the Navier—Stokes
equations (Equations 6.7 and 6.8) with velocity (u), dynamic viscosity (u),
density (p), and pressure (P) as key parameters [217], [218], [219].

V-u=0 (6.7)
du 1
E+V~(uxu)—V~(uVu)=—5VP+N (6.8)
e Electroneutrality is enforced by Equation 6.9, and ionic transport is modeled

through the Nernst—Planck equation (Equation 6.10), accounting for
diffusion, migration, and convection [220], [221], [222].

Z nic; =0 (6.9)
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e Electrode kinetics are governed by the Butler—Volmer equation (Equation
6.11) [223], while the Faraday law (Equation 6.12) defines the local

deposition rate and resulting thickness distribution on the cathode.

Co(0,t _ 1 Cr(0,t 1
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0 R
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at 1pmnF (6.12)

Solving these coupled differential equations through the Finite Element Method
(FEM) [224], [225], [226], [227] allows realistic predictions of current and

thickness distributions over complex surfaces. Software such as COMSOL
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Multiphysics [228] and OpenFOAM [229] enable direct import of CAD
geometries for simulation of decorative or electroforming processes. Kauffman
[230] successfully modeled copper electrodeposition with OpenFOAM, while
Huang [231] later developed a framework accounting for multiple ionic species,
external forces, and magnetic field effects.

By integrating designers, engineers, and chemists within this computational
workflow, sustainable manufacturing can be achieved. Designers create
optimized geometries; engineers validate mechanical feasibility; and chemists
determine and validate electrochemical parameters (exchange -current,
overpotential, symmetrical factors) through experimental measurements such as
(XRF).

Ultimately, multiphysics simulations represent a powerful tool for reducing
precious metal waste, production time, and energy consumption, enabling

sustainable, data-driven, and collaborative innovation in the electroplating

industry [232].

6.4 Recovery of metals

Exponential growth of world’s population and limited natural resources are
causing new challenges. Pollution prevention, waste minimization and the
recycling of end-of-life products (EOL products) have become primary interest
topics [67]. Sustainable development in the metallurgical and decorative
industries aims to maximize material reuse, minimize energy consumption, and
achieve upcycling through efficient management of resources. However,
industrialization continues to generate large quantities of solid and liquid waste,
particularly in developing countries, leading to severe environmental

consequences due to toxic inorganic pollutants and heavy metals [233].
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The most significant solid waste materials contain non-ferrous metals such as
copper, nickel, gold, molybdenum, zinc, chromium and others, as potential heavy
metals.

Heavy metals are elements having atomic weights between 63.5 and 200.6, and
a density higher than 5 g/cm’®, characterized by high stability but low levels of
biodegradability [68], [69], which lead to bioaccumulation and biomagnification
in living organisms, causing long-term damage to ecosystems and human health
[236]. According to the United State Environmental Protection Agency (USEPA)
standards [237] metals such as cadmium, chromium, and lead have strict
maximum contaminant limits (MCLs) in wastewater due to their carcinogenic
and toxic effects. Excessive exposure to these metals may result in cancer, organ
failure, neurological disorders, and death.

From an industrial perspective, copper, nickel, zinc, and gold represent the most
relevant metals both for production and environmental impact. Approximately
75% of copper is used in electronics, communications, and energy applications
[238], all crucial sectors in the ecological transition. However, excessive copper
intake can cause serious toxicological effects [73].

Zinc, while essential to human health, can be harmful in excess [240]; half of its
global production is used for anti-corrosion coatings, while 30% is employed in
brass and other alloys [241].

Nickel, mainly used in stainless steel and superalloys [242], is a recognized
human carcinogen [234], [243].

Gold, though not limited by EPA regulations, has toxic effects when used
therapeutically [244] and is responsible for significant environmental and social
issues related to its mining [146]. The mining industry contributes about 19
million tons of sulfur dioxide annually (13% of global emissions), driving acid
rain and air pollution [245]. Precious metal extraction consumes 7—10% of the

world’s annual energy and generates massive waste: 6 billion tons in 2010 alone,
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mainly from gold, iron, and copper mining [246]. Consequently, recycling has
become a strategic pillar of sustainability, enabling energy savings, CO:
reduction, and resource conservation [247].

For example, producing one ton of usable gold results in 300,000 tons of waste,
meaning a single wedding ring generates roughly 3 tons of mine tailings and uses
50-150 g of mercury [248]. Mercury’s persistence in the environment causes
bioaccumulation and severe health effects in nearby populations. Additionally,
gold mining often leads to illegal land appropriation, child labor, and unsafe
working conditions, affecting over 10 million miners, including 1 million
children [236]

In response, Fairtrade certification promotes ethical gold mining, emphasizing
legal operations, fair wages, gender equality, and environmentally responsible
practices that align with the UN Sustainable Development Goals (SDGs)—
specifically SDGs 1, 3, 5, 8, 10, 12, 13, and 15 [249]. Ethical gold mining
minimizes mercury use and prioritizes the protection of local communities. As
Lezak (Oxford University) notes, global gold demand could be fully met through
recycling, which would reduce air emissions and ecosystem impact by 99%, with
the remaining 1% attributed only to transport and processing [250].

Optimizing recovery solutions indeed opens up new paths in research field,
considering growing demand, resources depletion and global need of
development. Precious metals resulted after the recovery processes have the same
properties, even after multiple life cycles, therefore recycling allows:

- recovery of the valuable material without quality loss

- energy saving in comparison with primary production

- reducing resulted emissions and reducing greenhouse gas emissions

- reduction of mining activities

- reducing waste
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Industrialized countries are therefore shifting toward long-term sustainable
policies emphasizing innovation, cleaner technologies, and environmental
protection. These strategies directly support SDGs 9 (Industry, Innovation and
Infrastructure), 11 (Sustainable Cities and Communities), and 12 (Responsible
Consumption and Production).

Among the most polluting sectors, the electroplating industry is recognized as
one of the most hazardous due to the discharge of metal-contaminated
wastewater [251].

Rinsing operations in plating plants generate effluents containing up to 20% of
the chemicals used in baths [252], [253], [254]. These effluents often exceed the
USEPA Industrial Effluent Guidelines [255] and must therefore be treated before
release [251]. However, in precious-metal plating (e.g., Ag, Au, Pt), the
wastewater contains recoverable quantities of valuable metals, making combined
treatment and recovery systems both environmentally and economically
desirable [253].

A wide range of wastewater treatment technologies has been developed,
including chemical precipitation, coagulation—flocculation, flotation, ion
exchange, and membrane filtration. Each offers distinct advantages and
limitations.

Electrochemical methods, such as electrodialysis [256], membrane electrolysis
[257] and electrochemical precipitation [258] provide high metal removal
efficiency and low sludge generation but remain costly due to energy
requirements.

In general, physicochemical treatments are fast, flexible, and space-efficient,
accommodating variable waste compositions. However, they suffer from high
operational and chemical costs and sludge management challenges. Efforts to
employ low-cost adsorbents and sludge minimization techniques have improved

their viability for inorganic effluents [236]. Electrochemical treatments stand out
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for their precision, reduced reagent use, and minimal sludge production, though
high capital and energy costs currently limit industrial adoption [234].
Table 6.8 summarizes the main advantages and disadvantages of the various

treatments for electroplating wastewater.

Table 6.8: Different treatment techniques for wastewater and their advantages and

disadvantages

Type of treatment

Advantages

Disadvantages

Sludge generation, extra

Chemical Low capital cost, simple :
D . operational cost for sludge
precipitation operation .
disposal
: Shorter time to settle out Sludge production, extra
Coagulation— S .
. suspended solids, improved  operational cost for sludge
flocculation ) .
sludge settling disposal
Subsequent treatments are
Dissolved air Low cost, shorter hydraulic required to improve the
flotation retention time removal efficiency of heavy
metal
. : High operational cost, prone
Ultrafiltration Smaller space requirement .
to membrane fouling
Nanofiltration Low pressure than RO (7- Costly, prone to membrane

30 bar)

fouling

Reverse osmosis

High rejection rate, able to
withstand high temperature

High energy consumption due
to high pressure required (20—
100 bar), susceptible to
membrane fouling

lon exchange

No sludge generation, less
time consuming

Not all ion exchange resin is
suitable for metal removal,
high capital cost

Low-cost, easy operating
conditions, having wide pH

Low selectivity, production of

Adsorption range, high metal binding waste products
capacities
High separation operational
Electrodialysis High separation selectivity  cost due to membrane fouling
and energy consumption
Membrane Use over a wide range of Hich enerev consumption
electrolysis metal concentrations g gy P
Electrochemical Fewer chemicals, acidic or .
. . .. Sludge production
precipitation basic conditions
. Removal of metals and Long duration time, limited
Photocatalysis

organic pollutants

applications
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simultaneously, less
harmful by-products

Among the treatments presented in the table, no single technology provides a
universal solution. Therefore, selecting an appropriate treatment depends on
metal concentration, economic feasibility, environmental impact, and plant
reliability. Ultimately, the most effective wastewater management system must
balance technical applicability, simplicity, and cost-effectiveness to meet both

environmental regulations and sustainability goals.

6.5 Conclusions

For over two decades, sustainability in the plating industry has been one of the
key concerns of the industry. This makes it critical for the industry to assess the
entire sustainability of virtually every plating facilities and then come up with
both short-term and long-term approaches for improving sustainability
performance. In this article, we discussed three different but complementary lines
of actions to improve sustainability in Agenda 2030 SDGs optic of the
electroplating industry, especially in non-mandatory fields such as the decorative
one. Either different plating techniques, in-silico simulations and the metal
recovery are linked to each other in minimizing the material usage and,
consequently, metal extraction. The principal SDGs addressed by all of them are
the SDG 8 (decent work and economic growth), SDG 10 (reduce inequalities),
SDG 12 (responsible consumption and production), SDG 13 (climate action).
Despite that, to reach good sustainability standards there is a lot of work to be
done. It is fundamental to fashion designers to take care of the whole production
processes, thinking out of the schemes for new sustainable geometries and for
industries to embrace simulations to test them. Hence, deposition techniques
should improve by trying to merge AC properties with three ways rectifiers

engineering and calibrate the deposition parameters with analytical techniques
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such as spectroscopies. Furthermore, electroplating facilities are needed to
dedicate forces to select and optimize recovery methods according to their

specific internal needs.
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7 Final Remarks

The research presented in this doctoral thesis aimed to deepen the understanding
of pulsed current electrodeposition applied to metallic coatings used in decorative
electroplating for fashion and luxury goods sector. Through a systematic and
multidisciplinary approach that combines electrochemistry, materials science
and process engineering, this study explored both the scientific foundations and
the industrial implications of current modulation in electrodeposition processes.
The work focused on four metallic systems that represent the backbone of
decorative electroplating: alkaline copper, acid copper, palladium and gold. Each
of these metals was examined under both direct current and pulsed current
conditions in order to determine how waveform parameters - such as amplitude,
frequency, and duty cycle - affect the resulting deposit in terms of morphology,
composition and physical properties. Despite the different electrochemical
behaviors of these metals, the results reveal a consistent trend: pulsed current
electrodeposition provides tangible improvements in coating quality when
properly optimized.

For copper, both in its alkaline and acid formulations, the adoption of current
modulation led to deposits characterized by enhanced compactness, reduced
nodularity and more uniform grain size. The improved control over nucleation
and growth processes resulted in smoother and brighter surfaces, with better
leveling and reduced internal stress compared to direct current deposition.
Palladium, often employed as an intermediate layer or as a nickel substitute,
exhibited a significant reduction in porosity and an improvement in corrosion
resistance when deposited under pulsed current conditions. By carefully
adjusting the duty cycle and frequency, it was possible to tailor its microstructure
and surface texture, allowing a decrease in the amount of precious metal required

while maintaining high aesthetic and functional performance.
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Finally, for gold, which represents the most valuable and visually critical coating
in the decorative industry, current modulation proved to be an effective means to
enhance brightness, reflectivity and mechanical stability. The optimized pulsed
current parameters enabled the deposition of thinner yet more compact layers,
contributing to material and economic sustainability without compromising
aesthetic appeal.

From an industrial perspective, this work demonstrates that, although direct
current remains the prevailing standard in decorative electroplating, pulsed
current represents a viable and forward-looking evolution of the process. Its
implementation at a larger scale has traditionally been hindered by the
complexity of power control systems, the difficulty of optimizing parameters for
different baths and the need to ensure process reproducibility. However, recent
developments in digital rectifiers, advanced process control and automated
monitoring systems are progressively removing these limitations, paving the way
for a wider adoption of current modulation in decorative applications.

Another key contribution of this research lies in bridging the gap between
empirical practice and scientific understanding. By combining electrochemical
analysis with surface characterization techniques such as SEM, XRD and
colorimetric evaluation, it was possible to establish direct correlations between
electrical parameters and deposit properties. This approach transforms what has
long been a craft-based process into a data-driven and knowledge-based
methodology, enhancing predictability and reproducibility.

Equally significant is the contribution of this work to sustainability in the
electroplating industry. The results demonstrate that the optimization of pulsed
current parameters can effectively reduce the consumption of precious metals
such as gold and palladium while maintaining or even improving coating

performance. The use of thinner yet more compact layers lead to reduced waste

153



and lower environmental impact, aligning with the broader objectives of green
chemistry, resource efficiency and circular manufacturing.

In conclusion, this doctoral research provides a comprehensive framework for
understanding and optimizing pulsed current electrodeposition in the decorative
sector. By uniting theoretical modeling, experimental validation and industrial
application, it offers new insights into how process parameters influence the
chemical, physical and aesthetic properties of metallic coatings. The findings not
only contribute to the scientific advancement of electrochemical deposition but
also offer practical guidelines for improving sustainability and efficiency in
industrial galvanic production.

Looking ahead, the integration of real-time monitoring, artificial intelligence and
predictive control algorithms may further enhance the precision and adaptability
of pulsed electroplating processes, extending their application to new materials
and substrates. The outcomes of this thesis thus represent a significant step
toward a more technologically advanced, economically efficient and

environmentally responsible decorative electroplating industry.
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