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ABSTRACT

Interest in W alloys with Fe-group metals (Fe, Co, Ni) has grown
continuously in recent decades because of functional properties of such
alloys. These coatings exhibit a unique combination of mechanical,
magnetic, and corrosion-resistance properties even at elevated temperatures.
Electrochemical studies have concentrated more on Ni and Co alloys in the
past, while investigation into Fe-W alloys is rather scarce. However,
presently, the use of both Ni and Co is being discouraged due to
environmental and health issues. Therefore, the development of new
procedures for electrodeposition of Fe-based alloys as alternatives to Co and
Ni ones is of particular concern. The research presented here focuses on the
design of a new environmentally friendly Fe-W plating bath and the
establishment of the interrelationships between the internal composition and
structure of the electrodeposited alloys. Furthermore, perspectives on the
sustainable application of these coatings are discussed.

In this study, particular attention is given to the development of a new
glycolate-citrate Fe-W plating bath with enhanced current efficiency, based
on Fe(lll)-salt. The electrodeposition of Fe-W alloys is more often carried
out using Fe(l1)-based baths due to the higher solubility of Fe?* compounds.
However, the rapid oxidation of Fe?* to Fe** reduces the bath lifetime and
the reproducibility of the results because the electrolyte composition is
changing within a short period. In addition, the electrodeposition of Fe-W
alloys occurs at higher cathodic polarization than is the case with Co and Ni-
W alloys, which results in a low current efficiency of the process. Several
studies have aimed to synthesize Fe-W deposits from citrate-ammonia,
citrate-borate, or nitrilotriacetate Fe(l11)-based electrolytes. Nevertheless, the
low current efficiency of the deposition remains an important issue.

The simulation of complexes distribution has been used in order to grow
better understanding of the Fe-W bath chemistry and estimate the stability of
the newly developed glycolate-citrate Fe(lll)-based electrolyte. The bath
allows Fe-W alloy coatings to be obtained with various W content, which
ranges from a few percent to a maximum 25 at.% of W by changing the
deposition conditions (current density, pH, temperature, and the
concentration of components in electrolyte). The cathodic current efficiency
increases up to 60—70 %, which is higher than that of any other previously
reported Fe-W plating bath. According to Glow Discharge Optical Emission
Spectroscopy analysis, the distribution of Fe and W is uniform along the
coating thickness; however, a layer of oxygen-containing compounds is
formed on top of the coatings.




It is commonly known that composition and structure are the key
parameters determining the properties of designed materials. Therefore, in
order to assess the functional properties of Fe-W alloys, samples with
various tungsten contents were electrodeposited in a controlled environment.
The structural changes that resulted from increasing the W content were
investigated by X-ray diffraction and Mdssbauer spectroscopy analyses. X-
ray diffraction demonstrated that the structure of Fe-W coatings transforms
from nanocrystalline to “amorphous-like” when the content of W increases
from 10 at.% to 18 at.%. Moreover, due to different mobility of Fe and W
atoms at 20 °C and 65 °C the structural transformations also depend on the
deposition temperature, which affects the activation energy of alloy
crystallization. As the W content exceeds the solubility limit in Fe at
approximately 14 at.% W, the structural transition from a mixture of Fe(W)
solid solution and a-Fe (nanocrystalline coatings) to a mixture of Fe,W
intermetallic phase and W(Fe) solid solution (“amorphous-like” coatings)
occurs, as proven by Mossbauer spectroscopy.

These structural changes influence the magnetic and mechanical properties
of Fe-W alloys. Accordingly, increasing the W content leads to a reduction
of the saturation magnetization due to phase transformation; although, both
nanocrystalline and “amorphous-like” Fe-W alloys exhibit a soft magnetic
behavior. Furthermore, this study demonstrates that “amorphous-like”
coatings containing >18% W have a rather high hardness of approximately
10 GPa (comparable to electrodeposited Co-W alloys and chromium), which
is governed by direct Hall-Petch relation, that is, smaller crystallite size
creates a higher volume of grain boundaries able to impede the dislocation
motion, thus resulting in higher hardness values. The combination of high
saturation magnetization and enhanced hardness of Fe-W alloys is suitable,
for example, for high-density recording media.

Nevertheless, in some engineering applications, high hardness should be
coupled with satisfactory wear and corrosion resistance, which are the major
drawbacks of Fe-W alloys. To overcome these issues, Fe-W/AI,O;
composites were electrodeposited from the same glycolate-citrate electrolyte
by adding sub-micron alumina particles. The new composite coatings have
shown a superior wear resistance compared to Fe-W alloy matrix. However,
the corrosion resistance of Fe-W based materials remains unenhanced due to
the preferential Fe dissolution.
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INTRODUCTION

Electrodeposition has been widely used since 19" century, for the
fabrication of silver- and gold -plated jewelry, and consequently the initial
application of this technique was limited to decorative purposes. Later,
procedures for electrodepositing transition metals were developed, and
electrodeposition was applied to the production of the surfaces with
improved hardness, electrical and thermal conductivity, and enhanced wear
and corrosion resistance. The consumption of electroplated nickel,
chromium, gold, silver, zinc, and copper layers for electronics production
and automotive and aerospace industry constitute the main branches that
dominate in the global electroplating market [1,2]. Presently,
electrodeposition remains an area of extensive research and innovation.
Particular attention focuses on the electrodeposition of binary and ternary
alloys and their composites, which enables the production of new materials
with unique characteristics that are different from those of the individual
metals [3]. Valuable applications of new electrodeposited materials continue
to be developed, particularly in the fields of optimization and miniaturization
of microelectronic devices, energy conversion, and applied bio-
electrochemistry [4-7].

Among the various film deposition methods, electrodeposition offers
several distinctive advantages in contrast to physical methods such as
vacuum deposition techniques. Electrodeposition can be carried out at
ambient pressure and low temperatures (below 100 °C), thus leading to
simple implementation of deposition set-up, its cost-effectiveness and
versatility. Moreover, the properties of deposits can be fine-tuned by the
smart control of electrodeposition parameters, thus generating high demand
for this technique in the fabrication of multifunctional materials at micro-
and nano-scales.

Nevertheless, one of the drawbacks of electroplating is the high risks
associated with the electrolytic bath composition. In fact, the metal plating
industry is one of the largest consumers of toxic chemicals in the world. For
instance, electrodeposition of hard chromium coatings, which are commonly
used as protective coatings, involves highly carcinogenic hexavalent
chromium compounds. Furthermore, a significant amount of the
electroplating industry products ends up in wastewater [8]. Ni, Cd, Pb and
other metal compounds have high solubility in aquatic environments, and
they can thus be easily absorbed and accumulated by living organisms,
leading to serious health disorders. Currently, the European Union (EU) is
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the primary supervisory and legislative body that provides precise
information on waste management and risks associated with electroplating,
particularly in relation to hazardous chemicals. The use of hexavalent
chromium, as well as lead, mercury, and cadmium, in materials and
components placed on the market has been prohibited since 2003 according
to EU directive 2000/53/EC. To address these issues, many research studies
have aimed to identify environmentally friendly alternatives to established
electrodeposition processes. In particular, electrodeposited Co and Ni alloys
with P and W were considered as potential candidates to replace hard
chromium coating due to their outstanding mechanical and corrosion
properties [9,10]. Nevertheless, the production of materials containing large
amounts of Co and Ni is already targeted as hazardous by recent
environmental legislation. Thus, Co(ll) salts has appeared in the list of
“substances of high concern” since 2008 (EC 233-334-2, EC 231-589-4) due
to possible carcinogenic effect (observed in animal testing). In addition, the
use of metallic Ni for products that might be intended to come into direct
and prolonged contact with skin is currently restricted by directives EN
1811:2011 and EN 16128:2011, since it can result in severe allergic reaction.

Notably, while the electrochemical studies in the past concentrated
mainly on Ni- and Co- binary alloys, the literature available on
electrodeposition of Fe-containing coatings (in particular, with W) as
alternative environmentally friendly materials remains comparatively scarce.
Nevertheless, iron is one of the most abundant elements in earth’s crust, and
the production of its compounds could meet most sustainability concerns.
Currently, Fe-based alloys with Ni, Co, Pt, Nb, and Si are primarily used to
produce materials for magnetic recording systems and micro-magnetic
components due to the unigque combination of a high saturation
magnetization, high permeability, and a low coercive force [11]. However,
electrodeposited iron alloys with tungsten can also possess tunable magnetic
properties, as well as high hardness and remarkable thermal stability, that
empower the application of these deposits as protective coatings or materials
with outstanding magnetic properties free from Ni, Co, rare-earths, and
noble-metals.

Despite the fact that the electrodeposition of Fe-W alloys has been
studied since the 1940s and their attractive properties reported by many
authors, the coatings have not attained large-scale production, primarily due
to bath maintenance issues. Indeed, the electrodeposition of Fe-W alloys is
more often carried out from Fe(ll)-plating baths due to the higher solubility
of Fe®* compounds. However, the rapid oxidation of Fe*" to Fe®* eventually
reduces the bath lifetime and reproducibility of the results because the
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electrolyte composition is changing within a short period. Hence, the
complicated maintenance of baths increases the costs associated with the
personnel workload, chemicals consumption, and disposal of the waste
solution. In addition, the electrodeposition of Fe-W alloys occurs at higher
cathodic polarization as compared to Co- and Ni-W alloys, which results in a
current efficiency of approximately 50% (in the systems with insoluble
anode) [12,13]. Several studies have aimed to synthesize Fe-W deposits
from citrate-ammonia, citrate-borate, or nitrilotriacetate Fe(lll)-based
electrolytes [14-17]. Nevertheless, the low current efficiency of Fe-W
deposition remains an important issue. Furthermore, ammonia and its salts
are commonly used in the bath formulation in order to increase the solubility
of complexes and the buffer capacity of the plating solution. During long-
term operation at elevated temperatures (60 — 80 °C), a significant portion of
the ammonia can easily evaporate from the bath, thus changing the pH and
alloy deposition rate. By contrast, due to improper utilization, ammonia can
pollute air, soil, and water at hazardous waste sites.

The integration of sustainability into the technological progress remains
an important challenge, among others, addressed to modern electrochemical
society. The development and optimization of new environmentally friendly
and minimally invasive electrolytic baths for production of advanced
materials is necessary. Moreover, better control of the metallic growth
process during electrodeposition and understanding of the fundamental
phenomena involved is essential. Thus, environmentally friendly
electrodeposition of Fe-W based materials presents an area of
interdisciplinary research that can help to address several existing challenges
and fill the gap between materials science and sustainable development.

Objectives of the study

This research focuses on the electrodeposition and assessment of
nanocrystalline and amorphous-like Fe-W alloys and new Fe-W/AI,O;
composite coatings obtained from the environmentally friendly glycolate-
citrate bath. The main research objectives are as follows:

1. To design a new aqueous plating bath for the electrodeposition of Fe-W
alloys and Fe-W/AI,O; composites in accordance with sustainable
development, that is, avoiding the use of hazardous chemicals in the bath,
increasing the electrolyte’s life-time by using the thermodynamically
stable Fe(lll) precursor rather than Fe(ll), and maximizing the current
efficiency of the electrodeposition process;

2. To achieve reliable control over the composition and structure of
electrodeposited Fe-W alloys and Fe-W/AI,O; composite coatings by
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variation of electrochemical conditions (pH, current density, temperature,
stirring rate, and bath composition) in order to obtain alloys of various W
contents and structure ranging from nanocrystalline to “amorphous-like”;

3. To map the interdependencies between intrinsic (composition, structure,
grain size, phase composition, and saturation magnetization) and extrinsic
characteristics (hardness, wear, corrosion, and thermal resistance) of
obtained coatings and unveil the perspectives on sustainable application
of electrodeposited Fe-W alloys and Fe-W/AI,O5; composites.

Statements to be defended:
Elaborated environmentally friendly glycolate-citrate Fe(l11)-based
electrolyte is an alternative bath for electrodeposition of Fe-W alloys and
Fe-W/AIl,O3; composite coatings compared to conventional Fe(ll)-based
baths.
Designed control over the intrinsic properties (composition and structure)
of electrodeposited Fe-W alloys and Fe-W/AI,O; composites is a way of
reasonable reorientation of their extrinsic characteristics such as hardness,
wear, corrosion, and thermal resistance.
Fabricated materials based on Fe-W alloys possess a unique combination
of structural, magnetic, mechanical, and thermal properties due to the
interplay between W content, crystallite size, and crystalline structure.
Thus, they can be of particular interest for the fabrication of
microelectromechanical ~ systems and hard temperature-resistant
components in many applications, including the processes in which dry
friction or lubrication conditions are applicable.

Organization of the text

This manuscript consists of three chapters and five appended
publications. The main concepts of electrodeposition, research aims, major
objectives and statements for defense were presented. The current state of
knowledge on electrodeposited W alloys with Fe group metals is
summarized in chapter 1. In chapter 2, the research methodology is provided
along with the short description of experimental techniques used in this
study and their basic principles. The experimental results of this work are
discussed in chapter 3 of this manuscript. The results are presented in a
concise manner that emphasizes the most important findings of this research,
while the detailed discussions are provided in appended articles. The general
conclusions of the thesis followed by recommendations for future research
are given.
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1. STATE OF ART

This chapter provides a current state of knowledge on W alloys with Fe
group metals, their synthesis, properties and applications. The attention is
given to the fundamental concepts of the electrolytic bath formulation,
mechanisms of induced co-deposition and evaluation of electrodeposited
alloys properties in relation to their composition and structure.

1.1 W alloys with iron group metals

It is well known, that metallic tungsten is characterized by a set of unique
characteristics. It has the highest melting point (T, = 3411 °C), the highest
modulus of elasticity (E = 400 GPa) and the highest hardness among the
metals; it has the highest tensile strength at temperatures above 1650 °C, the
lowest thermal expansion coefficient (4.4-10° /°C), as well as it exhibits
excellent corrosion resistance against sulfuric, nitric, and hydrofluoric acid
solutions [18,19]. Today, some of W compounds cannot be substituted in
many important applications in different fields of technology. For instance,
tungsten carbide is one of the most widespread W compounds, which is
extensively used in cutting devices being one of the toughest, most reliable
and extremely durable materials.

Iron, cobalt and nickel have proven to be excellent alloying elements for
tungsten. The alloys produced by powder metallurgy and having tungsten
more than >90 wt. % exhibit a particularly high density (~18 g/cm®),
therefore they are also known as “tungsten heavy alloys” [20]. Due to their
high density the main use of sintered W alloys with Fe and Ni is fabrication
of X-ray and y-radiation shields, rigid tools for machining and fusion
reactors (Fig. 1a) [19-22]. The role of alloying elements (Ni, Fe or Co) is to
form a binder matrix to hold the brittle tungsten grains together and prevent
fracture propagation, thus making the alloy tough and ductile even at
elevated temperature. The electrodeposited W alloys with these metals
present a considerable difference from those produced by physical methods.
Firstly, the W content is lower (usually does not exceed 50 wt. %), the layers
are thinner (up to 100 um) and the properties are strongly depended on the
deposition conditions applied. Secondly, the electrodeposition of W alloys
with Fe, Co and Ni is a fascinating phenomenon by itself and many studies
are conducting worldwide to understand the nature of the process.

Pure metallic tungsten cannot be electrodeposited from aqueous solutions
alone due to the formation of an oxide layer on the cathode, which has a very
low overvoltage for hydrogen evolution, thereby hindering the growth of the
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tungsten layer. Nevertheless, tungsten can be easily co-deposited with iron
group metal forming an alloy. Such phenomena Brenner in the 1940s called
“induced co-deposition” [23], although the first studies dealing with
electrodeposition of W alloys with Fe and Co date back to 1930s. The
induced co-deposition of tungsten with iron group metals is still discussed in
modern electrochemical society [24-26]. The possible mechanisms
explaining this phenomenon were previously reviewed in [9,24] and are
briefly introduced in the following section of this thesis.

The W content in electrodeposited binary alloys usually reaches an upper
limit: 30-32 at. % with Fe and Co, and 20-25 at. % with Ni [9]. The
elemental composition of an electrodeposited alloy depends on the ratio of
the partial current densities of the alloy's constituents. In turn, the
distribution of partial currents is influenced by a number of factors such as
chemistry of the solution, total current density or applied potential,
temperature, hydrodynamics and interdependencies of the rate of one metal
electrodeposition to another, among others. Noticeably, the structure of W
alloys with iron group metals (M-W) is very sensitive to the W content. An
increase in W content leads to the gradual transition from nanocrystalline to
“amorphous-like” structure, due to significant decreasing of the grain size.
Thus, nanocrystalline M-W coatings have grains with few hundred
nanometers size, while when the grain size falls down below 10-5 nm the
structure is transformed to “amorphous-like” [27].

The alloying of iron group metals with tungsten improves their chemical,
physical, and mechanical properties at both room and elevated temperatures
[16,28,29]. Besides, it is possible to combine the useful properties of Fe, Ni
and Co with those of the elemental W. Nanocrystalline M-W coatings with
fine grains exhibit outstanding thermal stability, good mechanical properties
(hardness, strength and plasticity), favorable corrosion and wear resistance,
tunable magnetic characteristics. These properties make them extremely
appealing materials for different industrial branches: for the fabrication of
microelectromechanical systems (micro-transformers, micro-gears), sensors
and recording heads for magnetic systems (Fig. 1b and d) [14,27,30-33] or
other applications where aggressive conditions can exist [9]. Moreover, the
possible use of M-W alloys was currently extended to the field of energy
related applications. They can be applied as effective anode material for
methanol oxidation [34,35] or as catalysts for hydrogen generation from
water [36,37].

In addition, some of W alloys with iron group metals have the perspective
to be used in some biomedical applications. The study on Fe/W composite
prepared by powder metallurgy has shown that this material has good
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hemocompatibility and can be used for fabrication of biodegradable
coronary stent with better mechanical properties and faster degradation rate
than pure iron [38]. Also, in vivo corrosion and tumor outcome has been
tested using muscle-implanted tungsten heavy alloys, that is, the W-Ni-Co
and W-Ni-Fe [39,40]. Implantation of W-Ni-Co pellet into the leg muscle of
rat resulted in the formation of a rhabdomyosarcoma (a malignant form of
cancer) around the pellet. In opposite, W-Ni-Fe alloy (as well as pure W
pellet) was not cancerogenic and did not influence on the bodyweight,
clinical chemistry, hematology, or urinalysis parameters of test animals at 6
months post-implantation. Recently, a novel porous Fe/Fe-W alloy scaffold
resembled the structure of cancellous bone was fabricated by
electrodeposition with a perspective 