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Characterization of Fe-W alloys electrodeposited from environmentally friendly
electrolyte

ANTONIO MULONE

Department of Industrial and Materials Science
Chalmers University of Technology

Abstract

This work focuses on Fe-W and Fe-W/ALO; coatings electrodeposited from an
environmentally friendly electrolyte: minimally invasive, thermodynamically stable, and
without toxic compounds. Such coatings aim to be applied for protective applications and as a
sustainable alternative to hard chromium coatings. Therefore, the goal of this thesis is to
evaluate the interdependencies between the material characteristics (e.g. composition and
structure) and the properties of interest: the mechanical properties as well as wear and corrosion
resistance. The structure of the coatings was investigated with various analytical techniques
(e.g. XRD, SEM, EBSD, and TEM among others), both in the as-deposited state and after heat
treatments. Heat treatments led to microstructural transformations in the Fe-W coatings.
Nanohardness and wear measurements were performed to study the influence of such
microstructural changes on the mechanical properties and wear resistance of the Fe-W coatings.

The results included in this thesis show that increasing the amount of co-deposited W in the
coatings results in a transition from a nanocrystalline to a homogeneous amorphous structure,
and to an increase in the thermal stability. In-situ TEM analyses on W-rich coatings (i.e. Fe-
24at.%W) revealed the formation of crystallites at 400 °C within the amorphous matrix.
Moreover, a large fraction of the amorphous structure is still preserved upon annealing at 600
°C, where a-Fe nanocrystals are found. The microstructural transformations result in an
enhancement of mechanical properties of Fe-W coatings. The Fe-24at.%W coating is
characterized with the highest hardness both in the as-deposited and annealed state, where a
maximum value of 16.5 GPa is observed after annealing at 600 °C. However, Fe-W coatings
are characterized with rather low wear resistance due to severe tribo-oxidation resulting in high
coefficient of friction (COF) and wear rates. A considerable improvement in the wear resistance
is obtained with the co-deposition of ~12vol.% of Al>Os particles leading to a reduction in the
COF and wear rate. The influence of the co-deposited alumina particles on the corrosion
resistance is rather limited, i.e. similar values of the corrosion current are measured for the both
the Fe-W/Al:O3 composites and Fe-W coatings. Annealing at 600 °C of Fe-W/12%AL03
composite leads to a combination of high hardness and high wear resistance which result
superior to the hardness and wear resistance of hard chromium coatings.

Keywords: Electrodeposition, Fe-W alloys, Sustainability, Heat treatments, EBSD, TEM,
Hardness, Wear.
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1 Introduction

Electrodeposition is a wet-chemical process which through the electrochemical reduction of
metal ions from an electrolyte results in the deposition of a metallic coating onto a base material.
The first large-scale industrial plant for electrodeposition was built in the 19" century for the
deposition of gold, silver and copper for decorative applications [1]. Since then,
electrodeposition has rapidly grown and it has been applied for the deposition of metals, alloys
and composites with complex shapes (i.e. coatings, micropillars, nanowires) and to produce
dense nanostructures and amorphous coatings with increased mechanical, corrosion, electrical
and magnetic properties [2,3]. Thanks to this progress, today, electrodeposition is a widely
employed technique for the production of coatings ranging from decorative to technological
applications. According to a recent survey, electrodeposition dominates the metal finishing
market with around 40% of the share [4], particularly for the electrodeposition of nickel, zinc
and chromium coatings [5] as protective and/or decorative coatings in the automotive and
aerospace industry [6—8]. Furthermore, electrodeposition applied in the field of microelectronic
devices, energy conversion and bio-electrochemistry represents an area of extensive research
and innovation [9—-11].

Compared to various deposition techniques electrodeposition offers several advantages, e.g. its
relative simplicity of implementation, the low capital cost needed, and the high process
versatility. Electrodeposition processes are usually performed with aqueous-based electrolytes,
at ambient pressure, and low operating temperatures (i.e. lower than 100 °C). Furthermore,
owing to an increased understanding of the electrodeposition fundamentals, with a proper
control of the deposition parameters, it is possible to fine-tune the material characteristics (e.g.
composition and microstructure) and consequently the material properties.

However, one of the main drawbacks of electrodeposition is the environmental impact and the
health risk associated with the electrolyte composition. Many electroplating processes involve
the use of highly corrosive solutions, toxic chemicals and compounds. For example, the
electrodeposition of hard chromium coatings involves the use of highly cancerogenic
compounds (i.e. hexavalent chromium) [12,13]. The health risk associated with the exposure to
toxic compounds used in the electrodeposition industries (e.g. Cd, Pb, and Cr®") is not limited
to the workers. In fact, part of the electrolytes used in electrodeposition processes ends up as
wastewater [14]. To limit these risks, strict environmental regulations are implemented in the
European Union. For example, the use of hexavalent chromium, lead and cadmium has been
restricted since 2003 (DIRECTIVE 2002/95/EC) [15].

The integration of environmental and sustainability concerns into technological progress
remains a significant challenge for our modern society. The 17 UN goals for a sustainable
development represent a constant reminder of what to achieve for a better and more sustainable
future [16], see Fig. 1. In the field of industrial manufacturing and material science, the main
goal to relate to is Goal 12 (i.e. Responsible consumption and production) together with its sub-
goals (e.g. Management of natural resources, Management of chemical waste, Recycling etc.).
However, in a broader view, it is not hard to imagine that obtained achievements with respect
of sustainable production would have an important role also on other UN goals, e.g. Goal 6 (i.e.
Clean water and sanitation), and Goal 9 (i.e. Industries, innovation and infrastructure). Hence,
to face these issues in the field of electroplating industry, it is of major importance to move
toward sustainable alternatives for coatings produced using environmentally hazardous
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processes. It would benefit both the environment and the electrodeposition industrial market,
the growth of which is limited by the environmental regulations [4].
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Figure 1. The 17 UN goals for a sustainable development. The image does not require prior
permission from the United Nations nor the conclusion of a licensing agreement [17].

1.1 Electrodeposition with an environmentally friendly approach

On December 18™ 2006, the European Union regulation REACH (Registration, Evaluation,
Authorization and Restriction of Chemicals) was launched [18]. The aim of REACH is to
address the production and use of chemical substances and their impact on both environment
and human health. With the help of ECHA (European Chemicals Agency), formed in 2007 as
administrative body of REACH, the first list of Substances of Very High Concern (SVHC) was
published in 2008 and since then it is regularly updated with new candidates [19]. The inclusion
of a compound in the list of SVHC is the first step in the procedure for strict regulations and
restrictions for its use. If a chemical from the SVHC list is also included in the Annex XIV of
REACH, it is given a latest application date referred as "sunset date" [20]. After the sunset date,
the material is not supposed to be used anymore. However, the European Commission can still
authorize the import and the use of the substance under very strict rules and only for a limited
period.

Since compounds containing hexavalent chromium are listed in Annex XIV, many studies have
been conducted with the aim to find an environmentally friendly alternative to electrodeposited
hard chromium coatings. Trivalent chromium plating (i.e. Cr®") is less harmful and it is
considered a promising technology. But its application is still limited due to the achievable
thickness and surface quality issues of the obtained chromium coatings [21]. Electrodeposited
Co and Ni-based alloys with additions of W and/or P have been proposed as a replacement to
hard chromium because of their excellent corrosion resistance and mechanical properties [22—
27]. The co-deposition of W and/or P affects the microstructure of the coatings, which results
in enhanced properties. However, Ni and Co-based coatings do not represent a valid
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environmentally friendly alternative. Cobalt salts are also included in the list of SVHC as a
cancerogenic compound. The use of Ni is discouraged because it is highly allergenic (EN
16128:2011) and the inhalation during the manufacturing process may lead to respiratory
diseases and increases the risk of carcinogenicity [28,29]. Phosphorous is widely used in
agriculture, being an essential and non-replaceable nutrient for plants and animals. Since 2013,
the European Commission has therefore launched a consultation on how to use phosphorous in
a more sustainable way [30]. Thus, the attempt to find an environmentally friendly alternative
to hard chromium coatings is still under investigation.

The importance to consider sustainability issues in the field of electrodeposition is discussed in
Paper 1. In the paper it is proposed a sustainable approach aiming to provide guidelines for the
research applied in finding alternatives to coatings produced with hazardous processes and
using scarce and non-renewable resources. The suggested sustainable approach can be
summarized with the following steps:

1. Material selection: Avoid or minimize using raw-materials compounds listed as critical
raw material (CRM).

2. Electrolyte design: Avoid using compounds listed as SVHC, especially if included in
restriction and authorizations lists of REACH.

3. Life cycle: Consider the recyclability of the used compounds. When using CRM, an
efficient recycling can help in mitigating the environmental impact of the product.

Between the three sustainable steps, step 2 and 3 are of particular importance. Avoiding the use
of CRMs is certainly beneficial for the sustainability of the product. However, the complete
replacement of CRM can cause some disadvantages such as the possibility of degrading the
product properties [31]. Furthermore, the complete replacement of a CRM with a certain
substitute might result in increasing the economic importance and supply risk of the substitute,
which consequently might be shifted into criticality [32]. Hence, the efficient recycling of
CRMs represents a solution to alleviate the replacement of CRMs. Improvements in the
recycling of CRM are although required, since the recycling rates of CRM are still extremely
low (e.g. 0.0% for Co and 8.0% for heavy rare earth metal) [33]. When comparing the low
recycling rates of CRMs, tungsten and vanadium represent an exception with recycling rates
above 40%.

Among the electrodeposited alloys proposed as a sustainable replacement of hard chromium
coatings, Fe-based alloys have not been extensively studied as compared to Co and Ni-based
coatings. Yet, iron is one of the most abundant elements and the production of its alloys could
be in accordance with environmental concerns. Hence, in consideration of the sustainable
approach discussed above, this research work comprises the study of Fe-W deposited alloys
using a properly developed electrolytic bath, i.e. minimally invasive, thermodynamically stable,
and without toxic compounds, as those listed as SVHC.



1.2 Objective and Research Questions

This thesis work focuses on electrodeposited Fe-W and Fe-W/Al>O3 composite coatings,
designed and deposited in consideration of the sustainability constraints previously introduced.
Such coatings aim to be applied as a sustainable alternative to hard chromium coatings,
therefore the mechanical properties (i.e. hardness and elastic modulus) and the wear and
corrosion resistance of the Fe-W alloys are studied. The objective of this thesis is to evaluate
the interdependencies between the material characteristics (e.g. composition and structure) and
the properties of interest, concentrating on the mechanical properties and wear resistance. The
results aim to provide useful information on how to tailor and control the microstructure of the
material and consequently the material properties.

The objective of the work can be divided into the following research questions:
e RQI: How is the composition (i.e. the W content) influencing the structure and the
thermal stability of Fe-W coatings?

e RQ2: How are composition and structure influencing the hardness of Fe-W coatings?

e RQ3: What is the main factor determining the wear and corrosion resistance of Fe-W
coatings? Can such properties be improved with the co-deposition of hard particles such
as AOs3?

¢ RQ4: Which combination of material characteristics and annealing treatments results in
optimum hardness and wear resistance in Fe-W alloys? Are such properties comparable
to the hardness and wear resistance of hard Cr coatings?



1.3 Research approach and limitations

To answer the research questions, this thesis work was performed by following a research
approach as described in Fig. 2. The different steps of the applied research approach can be
described as follows:

1. Design of an environmentally friendly electrolyte and the electrodeposition of Fe-W
coatings with various W contents.

2. Detailed structural characterization of the as-deposited and annealed Fe-W coatings.
The results are presented in Paper I1.

3. Study of the mechanical properties of the Fe-W coatings and how such properties are
influenced by the structure and composition. In-situ TEM annealing experiments are
performed to provide further understanding of the interdependencies between the
microstructure and mechanical properties observed upon annealing. The results are
presented in Paper III and Paper IV.

4. Study of the wear resistance of as-deposited and annealed Fe-24at.%W coatings. The
analysis of wear resistance was limited to W-rich coatings in consideration of the
previously acquired results. The possibility to improve the coating’s wear and corrosion
resistance was investigated by co-depositing alumina particles in various amounts. The
results are presented in Paper V and Paper VI.

5. Heat treatments of Fe-W/12%A1,0;3 coatings are performed in order to optimize the
hardness and wear resistance of the composite coating. The study was limited to Fe-
W/12%A1,03 composites in consideration of the previously acquired results. The
properties of the composite coatings are compared to the hardness and wear resistance
of electrodeposited hard Cr coatings. The results are presented in Paper VIL

This research work has focused on the characterization of the microstructure and properties of
electrodeposited Fe-W alloys. The design of the electrolytic bath and the deposition of the
coatings (step 1) was performed by a collaborator (Dr. Nicolenco, who was at that time a PhD
student at Vilnius University and involved in the H2020-MSCA-ITN SELECTA project). The
parameters applied for the deposition of the Fe-W and Fe-W/Al,03 coatings are included in the
thesis and in the appended papers. However, this work is not aiming at investigating the
influence of the deposition parameters on the thermodynamics of the electrochemical
deposition process. Hence, a detailed discussion of the design and characterization of the
electrolytic bath, and on the optimization of the applied deposition parameters is not provided.
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2 Background

In this chapter, a brief overview of the electrodeposition process including the electrodeposition
set up and some of the electrodeposition fundamental concepts are provided. Also, the concept
of electrocrystallization and of nanocrystalline and amorphous electrodeposits are introduced.

2.1 Electrodeposition: the set up and basic principles

The necessary components for an electrodeposition set up are the following: (i) an electrolyte
(often aqueous-based) containing the ions of the material to be deposited, (ii) an external power
supply (i.e. current or potential difference), which is connected to (iii) the working electrode
(the substrate to be coated) and to (iv) the counter electrode. The described set up is shown in
a schematic representation in Fig. 3. The working electrode is connected to the negative
terminal of the power supply. In this way, the metal ions dissolved in the electrolyte are first
attracted in the proximity of the working electrode surface, and then reduced to metal atoms.
With time, this process will result in the formation of a coating on the surface of the working
electrode.

Power supply

. ey

v

(v}

/

|

Counter electrode
Working electrode

Me"* [ e ¥
\

Electrolyte

Figure 3. Schematic representation of the setup for an electrodeposition process. In the graph
Me"" stands for the metallic cation dissolved in the electrolyte.

The relationship between the applied current and the amount of deposited material is described
by Faraday’s law [34]:

m = QA/nF

where m is the mass of the deposited metal, Q is the net charge applied to the system, A4 is the
atomic weight of the metal, n the number of electrons transferred during the deposition process,
and F is the Faraday constant. With the assumption of applying a constant current (i.e. Q = I,
where [ is the current and 7 the duration of the electrodeposition), Faraday’s law can be
expressed as the dependence of the coating thickness & (A = m/Sd , where S is the surface area
and d is the density) upon the duration of the electrodeposition, 7, and the applied current
density, j (where j=I/S):



h = jAt/ndF

During an electrodeposition process, part of the applied current is often consumed by side
reactions (e.g. hydrogen evolution) occurring in parallel with the metal deposition. To consider
the effect of such side reactions, the current efficiency (CE) of a certain deposition process is
defined as the ratio of the actual deposited mass, Am, with respect of the theoretical value as
calculated from Faraday’s law:

CE = Am/(QA/nF)

The electrodeposition of metals and alloys is commonly performed using an aqueous-based
solution as electrolyte. In its most simple form, an electrolyte contains salts or other soluble
compounds containing the metal of interest. However, electrolytes containing exclusively one
component are rarely used in practice since they do not provide high quality coatings.
Complexing agents, i.e. typically organic acids, are often added to stabilize the metal complexes
of interest and to increase the conductivity of the solution. Buffering agents (e.g. boric acid or
ammonia) can be added to stabilize the pH of the electrolyte. Also, different organic substances
known as additives can be added to the electrolyte for various reasons. Among the most
commonly employed additives there are: (i) surfactants, added to decrease the surface energy
of the working electrode, (ii) grain-refiners, added to make the deposited metal surface smooth,
(ii1) brighteners, added to obtain a bright finish deposit, and (iv) levelers, added to fill pre-
existing scratches or voids in the surface of the electrode. These additives are often included in
the electrolyte to hinder the cathodic process, i.e. the reduction of the metal cations. The
hindering of the cathodic process occurs through the physical/chemical absorption of the
additives into the surface active sites of the electrode [35].

2.2 Electrodeposition of single metals and alloys

In order to study the different phenomena occurring during an electrodeposition process, i.e.
reaction mechanism of metal deposition, hydrogen evolution, or the effects of the additives,
polarization measurements are commonly performed. A polarization curve describes the
relationship between the potential and the current during an electrochemical reaction. A
polarization curve is obtained by varying the applied potential and by measuring the
corresponding value of the current. To perform such a measurement, a three-electrode set up is
needed, which includes a refence electrode. In fact, the applied potential to drive the
electrochemical reaction is measured with respect to the reference electrode. Figure 4 shows a
schematic representation of a three-electrode set up and a representative polarization
measurement for the electrodeposition of Sn from a chloride-based electrolyte. In Fig. 4b, the
curve shown with the continuous line is measured in the electrolyte without additive, the curve
shown with the dashed line is measured after adding 3.12 mg/I of f-Naphthol (referred as ABN
in the graph) [36]. In both polarization curves in Fig. 4b, the measured cathodic current density
increases rapidly at a potential around -700 mV, until a plateau is reached. The increase in
current density is associated with the diffusion-limited reduction of Sn** into metallic Sn. After
the plateau, a rapid increase in the current density is observed for the Sn electrodeposition
without the addition of the additive. This is due to hydrogen evolution. As observable from the
dashed curve, the additive leads to a decrease of the measured cathodic current density and to
a suppression of the hydrogen evolution. These effects are typical of additives providing
inhibition during the performed electrodeposition.
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Figure 4. Schematic representation of a three-electrode set up (a), and polarization curves
measured for the electrodeposition of Sn from a chloride-based electrolyte (b). The curve with
the continuous line is measured in the electrolyte without additive, the curve with the dashed
line is measured after adding 3.12 mg/l of ABN.

The electrodeposition of alloys is a more complex process as compared to the deposition of a
single metal. To deposit alloys, a stringent control of the electrolyte composition, deposition
condition and parameters (e.g. applied current density or potential) is required. Usually, the
deposition of a single metal can occur within a potential window of 0.2-0.3 Volts, regardless of
the type of electrolyte and other deposition conditions applied [34]. Hence, for two metals to
be deposited simultaneously, it is necessary that the potential ranges for deposition of the
individual metals overlap. Only few metal pairs are characterized with sufficiently close
reduction potentials when deposited from solutions of their simple salts. Different approaches
can be applied to reduce the difference between the reduction potentials of the metals of interest.
Among the possible approaches, adding complexing agents into the solution is usually done to
reduce the gap between the deposition potentials. Common complexing agents are cyanides,
ammoniates, pyrophosphate and other organic acids like citrates and gluconates. Complexing
agents are also used when depositing elements that cannot be reduced by themselves in an
aqueous electrolyte, e.g. W and Mo. The deposition of such elements can only be induced
through the deposition of another element, resulting in the formation of an alloy. Due to this
peculiarity, such mechanism was defined as induced co-deposition by Brenner in the 1940s
[37]. Since this study, the induced co-deposition of W and Mo alloys with iron group metals
(i.e. Ni, Co and Fe) has been extensively investigated, but the reaction mechanisms are still not
well understood.

2.3 Electrocrystallization steps and electrodeposit microstructures

When depositing metallic coatings, all the possible electrodeposition processes have in common
the transfer of one or more electrons through the electrode/solution interface. The overall
deposition process can be divided in three main steps [34] and Fig. 5 provides a schematic
representation of the three steps. The first step is represented by the mass transfer of the metallic
cation to the surface of the working electrode. The second step involves the charge transfer
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between cation and working electrode, and the adsorption of the reduced metal atom at the
surface of the electrode. In the last step, the adsorbed metal atom can diffuse to an active growth
site in the surface, i.e. a surface defect such as a kink site or an atomic step (see C1 and C: in
Fig. 5) [38]. The diffusion of the adions to active sites occurs because the adions are more stably
bound to the substrate at such sites. In fact, after the charge transfer (step 2 in Fig. 5) the
adsorbed adion is neither completely discharged nor completely de-solvated [38]. It still carries
ligands with a negative charge (e.g. complexing species) from the electrolyte. When an adion
occupies a step or kink position, it is less hydrated than a corresponding adion adsorbed at a
free-surface site. Hence, the bonding to the substrate in a step and in a kink site is stronger.
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Figure 5. Schematic illustration of the three main steps of an electrocrystallization process:
mass transfer of the active species (4), charge transfer between adion and the substrate (B),
diffusion of adion to an active growth site like an atomic step (C1) or a kink site (C2). In step
A, the particles with the negative charge are representing ligands from the electrolyte.

The growth of the electrodeposited metal or alloy can proceed according to different models
[34]. In the case of electrodeposition occurring at a surface with a high density of active sites
(i.e. kink and step sites) and with low inhibition (e.g. using an electrolyte without or with low
amounts of additives), the discharge and attachment of atoms to the lattice occurs across the
whole surface. This leads to the formation of isolated “island” nuclei which will afterwards
grow vertically. This is known as the “Volmer-Weber” island growth mode [39]. Often, the
deposited layer obtained from such growth mode is weakly attached to the substrate and is
associated with a rough surface. The “Stransky-Krastanov’” growth mode (island growth on top
of pre-deposited monolayers) occurs when using additives providing moderate inhibition. As
discussed in the previous paragraph, the additives adsorb on the active sites thus forcing the
metal ions to be reduced in the atomic planes rather than steps and kinks. An initial later growth
of the film is obtained forming a monolayer where, as the deposited layer builds up, island
nuclei will form and grow. When a stronger inhibition is applied during the electrodeposition,
the “Frank-van der Merwe” layer-by-layer growth is obtained which results into smooth and
fine grained deposits [39]. Depending on the growth mode of the electrodeposited film,
different microstructures can be formed. A classification of the different microstructures
commonly encountered was provided by Fisher [40] and then re-proposed by Winand [41]:
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field-oriented isolated crystals type (FI)
basis-oriented reproduction type (BR)
twinning intermediate type (Z)
field-oriented texture type (FT)
unoriented dispersion type (UD).

M
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deposit

Inhibition intensity

Figure 6. Diagram showing the different microstructures commonly found in electrodeposits
as a function of the inhibition intensity and the ratio between current density and the
concentration of the metal ions (j/Cue""). Adapted from [41].

Figure 6 shows a schematic illustration of the different microstructure types as a function of the
inhibition intensity and the ratio between the current density and the concentration of metal
ions, j/Cue"", as proposed by Winand [41]. As shown in Fig. 6, the FI microstructure is
occurring at low inhibition, and by increasing the current density, unstable film structures will
be formed, such as whiskers, dendrites and powder deposits. The BR type is obtained with
moderate inhibition promoting an initial lateral growth of the film. The lateral growth is then
followed by the formation of larger crystals and by the possible degradation from BR type to
FI type structure. At quite strong inhibition, the FT type is obtained, which is characterized by
the formation of elongated crystals growing perpendicular to the substrate. The UD type is
obtained at even higher inhibition, leading to the formation of a coherent deposit with randomly
arranged fine grains. As described by Fischer [41], the twinning intermediate type (Z) is a
transitional microstructure from the BR to the FT type. In the schematic drawing shown in Fig.
6, the twinning intermediate microstructure (Z) is not included.

The peculiar microstructures observed in electrodeposited coatings, together with the co-
deposited impurities within the coatings, are the main reason why the physical, chemical and
mechanical properties of electrodeposited metals and alloys usually differ from the properties
of the pure metallurgical samples [34]. In fact, in an electrochemical environment the nucleation
and growth process deviate strongly from equilibrium conditions, due to the large driving force
for the electrocrystallization (i.e. current density or potential). Hence, the resulting
microstructure is metastable and contains a high concentration of structural defects (i.e. grain
boundaries, twin boundaries and dislocations). The presence of co-deposited impurities (e.g. O,

11



C and H) can also be related to the electrodeposition process. For example, carbon is often
found in coatings deposited from baths containing additives and/or complexing agents. The
precipitation and co-deposition of hydroxide compounds can be observed when the pH at the
electrode/solution interface is sufficiently high to cause metal hydrolysis in the vicinity of the
cathode. Finally, hydrogen is often formed as a side reaction during electrodeposition.

2.4 Nanocrystalline and amorphous electrodeposits

As mentioned in the previous chapter, the electrocrystallization of a metal occurs far from
equilibrium conditions which often results in a microstructure characterized with a large volume
fraction of grain boundaries. A large volume fraction of grain boundaries is in turn associated
with small grain sizes. Hence, electrodeposition can be considered as a grain boundary
engineering process which allows to control the volume fraction of grain boundaries during the
deposition of the material [42]. In Fig. 7, a schematic representation of the volume fraction of
grain boundaries and total intercrystalline region as a function of grain size is shown. For the
calculation of the total intercrystalline volume fraction, Palumbo et al. [43] assumed a 14-sided
tetrakaidekahedron as grain shape, and a grain boundary thickness (A) of 1 nm. As shown in
Fig. 7, when the grain size is reduced below 100 nm, both the grain boundary fraction and the
intercrystalline volume fraction begins to account for a significant volume fraction of the
material (~50% at a few nm in grain size, as marked in Fig. 7).

EOD F
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--- Grain boundaries
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Figure 7. The effect of grain size on the volume fractions of intercrystalline regions and grain
boundaries, assuming a grain boundary thickness, A, of | nm. Image adapted from [43].

The first studies on the electrodeposition of nanocrystalline materials were published in the late
1980s [44]. Since then, the interest for the electrodeposition of nanocrystalline materials has
rapidly grown, and the deposited coatings have been applied in several commercial applications
[3]. In fact, several materials properties are affected by a grain size refinement. Mechanical
properties, e.g. hardness and yield strength, and the wear resistance have shown to considerably
increase with decreasing the material grain size [42], see Fig. 8.
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Figure 8. The effect of grain size on the hardness and wear rate on electrodeposited Ni coatings.
Image adapted from [42].

The substantial increase in hardness observed in Fig. § can be related to the Hall-Petch equation
describing the relationship between strength and grain size in a polycrystalline metal:
ky
0y = 0g + N7
Where g, is the yield strength, o, is the minimum stress required for dislocation motion in the
absence of grain boundaries, & is a constant and d is the grain size. As described by the Hall-
Petch relation, the strength and hardness (i.e. H « g,) of a polycrystalline metal increases by
decreasing its grain size (d). As shown in Fig. 7, by decreasing the grain size the number of
grain boundaries within a material increases. The grain boundaries constrain the motion of
dislocations resulting in a strengthening of the material. The Hall-Petch trend of the strength as
a function of inverse root square of the grain size is empirically accepted for grain size larger
than ~20 nm. For grain sizes below ~20 nm, the hardness variation exhibits a plateau or even a
reduction in hardness (as can also be observed in Fig. 8a). Such phenomenon is referred to as
the Hall-Petch break-down or the inverse Hall-Petch effect [45]. The critical grain size for the
Hall-Petch break-down can vary depending on the analysed metal. For example, for pure
electrodeposited nickel, researcher have suggested that the Hall-Petch breakdown occurs at ~15
nm [46]. However, studies on electrodeposited Ni-W coatings have shown that alloying with
W can cause a suppression of the breakdown resulting in smaller critical grain size, i.e. d ~7
nm [47].

Electrodeposition can also be applied to deposit amorphous alloys, i.e. materials with a glass-
like structure with no long-range ordering. Amorphous alloys are usually formed by the co-
deposition of non-metallic elements (e.g. boron, phosphorous, sulphur, oxides and hydroxides)
or refractory metals, e.g. tungsten [34]. When deposited in sufficiently high amount (i.e. at least
15 at.%), these components act as amorphizing additives and inhibit the crystallization process.
In fact, the addition of these components leads to a drastic decrease in the diffusion rate of the
elements in the system. An amorphous structure largely influences the material properties.
Amorphous materials are often characterized with high yield strength, hardness and elastic
strain, which make them attractive for various structural applications [48,49]. Also, due to the
absence of structural defects such as grain boundaries and dislocations, amorphous materials
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can exhibit high corrosion resistance [50]. However, the lack of dislocations and slip systems
results also in low tensile ductility, causing a brittle failure of the amorphous materials upon
yield [48].

As a result of their enhanced mechanical and wear properties, nanocrystalline and amorphous
alloys are of great interest for protective coating applications. However, due to their peculiar
structure, nanocrystalline and amorphous materials are in a metastable state. There is a strong
driving force for grain growth and crystallization of stable phases with increasing the
temperature. Hence, the thermal stability of these materials can be rather low.
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3 Electrodeposited Fe-W alloys and deposition methods

In this chapter, the investigated electrodeposited Fe-W alloys are presented. First, previous
studies on the electrodeposition of Fe-W alloys are summarized, afterwards the deposition
parameters applied for the deposition of the Fe-W and Fe-W/Al,0; coatings are discussed.

3.1 Previous studies on electrodeposited Fe-W alloys

As mentioned earlier (paragraph 2.2), pure W cannot be deposited by itself from aqueous
electrolytes but only through the deposition of another element. The first studies on the co-
deposition of W with iron group metals (i.e. Fe, Ni and Co) are found between the 1930s-1940s
[37,51,52], but the mechanism of W co-deposition is still studied today [53,54]. The structure
of the electrodeposited metal is strongly influenced by the amount of co-deposition of W. An
increase in the W content is often associated to a transition from a nanocrystalline to an
amorphous structure [55]. In the case of Fe-W coatings, a nanocrystalline solid solution is
formed in Fe-W coatings deposited with relative low W content. The deposited alloy retains the
structure of the base metal (bcc-iron), with an increased lattice parameter as compared to pure
iron [55]. A mixed amorphous-crystalline structure has been observed for W contents ranging
between 11 and 20 at.% [56], whereas a homogeneous amorphous structure is usually obtained
for W contents higher than 20 at.% [57,58]. Tungsten addition and the associated structural
changes lead to an improvement in the chemical, mechanical, tribological and magnetic
properties of the electrodeposited alloy. Among electrodeposited W-containing alloys, recent
studies have mainly focused on the improvement of the corrosion resistance, and of mechanical
and tribological properties of Ni-based [59—65] and Co-based alloys [66—71]. Regarding Fe-W
alloys, fewer studies are found and they have mainly focused on the hardness and wear
properties [72—74], on the thermal stability and corrosion resistance [58,75], or on magnetic
properties [76,77]. However, the effect of heat treatments on the mechanical and tribological
properties of Fe-W alloys has been overlooked.

Since the first studies on the electrodeposition of Fe-W alloys, the electrolytes used for the
deposition have changed over the years. Such alloys can be deposited from solutions based
either on Fe(Il) or Fe(Ill) metallic salts (i.e. sulphates or chlorides). Simple Fe(Il)-based
solutions tend to easily oxidize (i.e. the dissolved Fe?" ions will oxidize to Fe** ions), which
causes the destabilization of the bath. Hence, electrolytes containing complexing agents, such
as citates and ammonia, which are added to hinder the Fe(II) oxidation process have been
extensively studied [78—80]. However, the F(II) oxidation is inhibited but not fully prevented
[6]. The stability of Fe(II)-based electrolytes is challenged by the hydrolysis of the Fe*" ions.
Thus, the overall bath stability is determined by the competing reactions of the Fe*" ion
hydrolysis and the stability of its complexes. The deposition from Fe(Ill) solutions can be
characterized with rather low current efficiency and the obtained coatings have a lower W
content as compared to the alloys deposited from Fe(Il) electrolytes (the current efficiency for
Fe-W electrodeposition generally does not exceed 50% [81]). Thus, fewer studies have
investigated Fe(Ill)-based electrolytes [77,82,83].

The Fe-W alloys studied in this thesis work have been deposited from an environmentally
friendly Fe(Ill)-based glycolate-citrate electrolyte recently developed by Dr. Nicolenco. From
this bath, by changing the deposition parameters (i.e. pH, temperature and current density), Fe-
W coatings can be deposited with tungsten contents varying from a few at.% to 25 at.%, and
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with current efficiencies up to 60-70% [81,84]. The achieved current efficiency represents a
substantial improvement in the lifetime of the electrolyte and thus on its environmental impact.

3.2 Electrodeposition of Fe-W and Fe-W/AL O3 coatings: electrolyte and coatings
composition

Fe-W and Fe-W/ALOj3 coatings were deposited from a glycolate-citrate plating electrolyte with
the following composition: 1 M glycolic acid, 0.3 M citric acid, 0.1 M (Fe)2(SO4)3 and 0.3 M
Na,WO4. The deposition was performed in a typical three-electrode cell characterized by (i) a
copper or brass sheet as working electrode (i.e. the substrate), (ii) a platinized titanium mesh as
counter electrode and (iii) a saturated Ag/AgCl/KCl as reference electrode. Before the
electrodeposition of the coatings, the substrates were degreased using acetone and ethanol and
activated in a 2 M H>SO4 solution for 1 minute. Finally, for the deposition of the Fe-W/Al,03
composite coatings, a Ni-seed layer was deposited from a commercial chloride bath applying
30 mA/cm? at 65 °C for 1 minute to improve the adhesion with the brass substrate. This thesis
has focused on the characterization of Fe-W coatings with three different W contents: 4, 16 and
24 at.% of W. The applied deposition parameters are specified in Table 1, together with the
chemical compositions measured by EDS analyses along the cross-section of the coatings. The
sample code specified in Table 1, i.e. Fe-4W, Fe-16W and Fe-24W will be used in the following
text.

Table 1. Deposition parameters and EDS chemical composition of Fe-W coatings.

Sample code T (°C) pH J (mAcm™) CE(%) Composition (at.%)
Fe \

Fe-4W 20 6.5 15 24 96 4
Fe-16W 65 5 15 50 84 16
Fe-24W 65 6.5 15 72 76 24

Due to the limitations of EDS in quantifying light elements (e.g. O, C and H), the composition
of the coatings is presented as content of the metallic phase only, i.e. Fe and W. GD-OES
measurements were performed to get a reliable quantification of the co-deposited impurities.
As shown by GD-OES results (Paper II), co-deposited O and C are mainly found at the surface
of the coatings, and the amount of such impurities decreases rapidly within the first 0.5-0.7 pm.
With increasing the amount of deposited W in the coating, a decrease in the amount of co-
deposited O can be observed. In particular, the co-deposited oxygen decreases from ~7 at.% to
less than 1 at.% when comparing Fe-4W and Fe-24W.

For the deposition of Fe-W/ALOs coatings, sub-microsized alumina particles (Alfa Aesar
42572) were added to the electrolyte with the concentration of 25, 50, and 100 g 17!, Prior to
the electrodeposition of the composites, the suspensions were stirred at 300 rpm for 24 h, plus
ultrasonically agitated for 10 minutes to avoid the agglomeration of the particles. The
electrodeposition was performed with a constant cathodic current density of 40 mAcm 2, with
a bath temperature of 65 °C, and by applying a stirring rate of 200 rpm. The applied parameters
resulted in the deposition of a composite containing ~ 3, 6 and 12vol.% of alumina particles (as
measured by image analysis, Paper V). Hence, in the following text the composite coatings will
be addressed as Fe-W/3%A1,03, Fe-W/6%A1,03 and Fe-W/12%A1,0s.
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The surface morphology and the cross-section of the studied Fe-W alloys are shown in the SEM
micrograph in Fig. 9.
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Fe-W/12%Al,0,

Figure 9. Surface morphology and cross-section of the electrodeposited Fe-W and Fe-
W/A1>03 coatings.
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4 Characterization techniques

Different techniques were employed to study the microstructure and the properties of the
electrodeposited Fe-W and Fe-W/Al>Os coatings. The methodology followed to characterize
the Fe-W alloys studied in this thesis work can be schematized as shown in Fig. 10. The
different techniques used to characterize the Fe-W alloys are presented in this chapter.

Fe-W coatings Fe-W/Al, O, coatings

Microstructure analysis

GD-OES TEM EBSD XRD SEM/EDS Heat treatments
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Figure 10. Schematic representation of the research method applied to study the Fe-W and Fe-
W/AL>:Os coatings.

4.1 Imaging techniques
4.1.1 Optical microscopy

Light Optical Microscopy (LOM) is a primary technique used for sample imaging. In this work,
LOM analyses were performed to measure the surface roughness and the wear track profiles
for the Fe-W and Fe-W/A1>O3 samples (Paper V, VI and VII). In particular, a LEICA DCM 3D
optical microscope was used to measure the wear track profiles, whereas a WYKO Rough
Surface Tester Light Interferometer was used to measure the changes in surface roughness
caused by the heat treatments.

4.1.2 Scanning electron microscopy (SEM)

Scanning electron microscopy is one of the most versatile technique to analyse microstructural
characteristics and to obtain chemical information of solid materials. In SEMs, electrons are
used as imaging source. They are generated in an electron gun and are accelerated through
apertures at a potential of several keV. The electron beam is then focused onto the surface of
the sample by means of electric and magnetic lenses. The interactions between the electrons
and the atoms in the sample result in emission of various signals. The emitted radiations are
generated from the interactions at different depths of the so-called three-dimensional interaction
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volume [85]. In Fig. 11 is shown a schematic representation of the interaction volume and of
the different signals generated. The size of the interaction volume is in the range of few
micrometres and it varies depending on several factors, e.g. the atomic number of the analysed
material, the accelerating voltage of the electron beam and its angle of incidence

Electron beam

Sample surface

=
0.5 n.m)/y

Auger electrons (~ Secondary electrons (~ 100 nm)

Backscattered electrons (~ 1
% ackscattered electrons (~ 1 um)

Characteristic X-rays (~ 5 um)

Figure 11. Schematic representation of the electron beam-sample interaction volume and the
signals generated in the SEM.

The generated signals shown in Fig. 11 can be detected and used for imaging and analysis.
Secondary electrons (SE) and backscattered electrons (BSE) are the signals commonly used for
imaging. SE are the electrons emitted from the sample by the inelastic scattering of the electron
beam. SE have low kinetic energy (< 50 eV), therefore only the SEs from depths of ~100 nm
are able to escape the sample and can be used for imaging surface topography. BSE are
generated from elastic scattering of the electron beam. They are highly energetic electrons and
thus they can escape from a depth of around 1 um. The elastic scattering is strongly dependent
on the atomic number of the element present in the specimen. Thus, BSE can be used to obtain
chemical contrast imaging: atoms of heavy elements backscatter more electrons and will appear
brighter. The excess energy related to the interaction between the electrons and the atom of the
sample is emitted in form of X-rays. The inelastic scattering of the electron beam with the
specimen causes the emission of inner shell electrons, leaving the specimen’s atoms ionized.
The atom returns to its fundamental state by filling the inner vacant electron site with an outer
shell electron. The excess energy released during the process in the form of X-ray photons is
characteristic of the electronic structure of the analysed material. Thus, energy dispersive
spectroscopy (EDS) analysis uses such X-ray signals for chemical composition analysis. The
interaction volume of X-rays is generally in the range of ~5 pm.

A significant part of the SEM characterizations included in this thesis was performed using a
Leo 1550 Gemini Scanning Electron Microscope with field emission gun. In addition to SEM
imaging, Energy Dispersive X-ray spectroscopy (EDS) and Electron Backscatter Diffraction
(EBSD) techniques were applied to characterize the Fe-W alloys.

4.1.3 Electron back scatter diffraction (EBSD)

EBSD is a characterization technique available in SEMs which provides microstructure and
texture information of crystalline materials. The EBSD technique makes use of diffraction
patterns generated from the interaction of the focused electron beam with a crystalline
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specimen. To obtain such information, the examined specimen requires to be highly polished
and to be tilted by 70° relative to the horizon, as shown in Fig. 12a. The scattering events caused
by the electrons-sample interaction generate electrons travelling in all conceivable directions
(i.e. diffuse scattering). The diffracted electrons that satisfy the Bragg’s diffraction condition
(see chapter 4.2.1) generate diffraction cones, two parallel cones per each atomic plane, which
are detected from the phosphor screen of the EBSD detector (see Fig. 12b). The arcs of the
diffraction cones which appear in the phosphor screen produce a pattern of lines, as shown
schematically in Fig. 12b. Such diffraction pattern is referred to as Kikuchi pattern and it
consists of pairs of parallel lines, i.e. Kikuchi lines, (see Fig. 12¢) [86]. The Kikuchi diffraction
pattern is characteristic of the crystal structure of the analysed material. For example, the
Kikuchi bands (i.e. pairs of Kikuchi lines) identify crystallographic planes, whereas the
intersections of the Kikuchi bands correspond to crystallographic directions in the crystal. A
camera records the obtained Kikuchi pattern and an automated computer system analyses the
Kikuchi bands and their intersections to extract crystallographic information. In fact, by
providing a priori information regarding the crystal phases present in the specimen, the
computer software indexes the acquired EBSD patterns by comparison with crystallographic
data of the expected phases. In the case of poor EBSD pattern quality, e.g. due to overlapping
patterns from adjacent grains, or due to the presence of an undefined phase or amorphous phase,
the software is not able to index the EBSD pattern which is recorded as a “zero-solution”. EBSD
analysis can be performed at a specific location (i.e. spot analysis) or by scanning the electron
beam with a chosen step size over a defined area of the specimen.
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Figure 12.EBSD setup in SEM (a) and schematic representation of the EBSD pattern generated
from the interaction of the electron beam with a crystalline specimen, and representative
example of a Kikuchi pattern (c). The image in (b) is adapted by permission from Springer
Nature: Springer, Electron Backscatter Diffraction in Materials Science by Schwartz, A. J.,
Kumar, M., Adams, B. L., & Field, D. P. (2009) [87].

In this thesis, EBSD technique was used to perform phase discrimination and describe the
microstructure (phase distribution and grain sizes) of annealed Fe-W samples (Paper III, IV and
V), as well as to perform grain orientation determination (Paper VI). The EBSD data was
obtained using an HKL Nordlys EBSD detector (Oxford Instruments). Phase maps and local
misorientation maps were created using the HKL Channel 5 software (Oxford Instruments).
The EBSD maps were acquired from the cross-section of the Fe-W and Fe-W/Al>O3 samples,
applying an accelerating voltage of 20 kV and a step size of 20 nm. When multiple maps were
acquired, those were afterwards stitched together using the Map Stitcher software (Oxford
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Instruments). Post processing of the EBSD maps was done with the HKL Channel 5 software
and included wild spikes removal and minor noise reduction (4 nearest neighbours required).
In the EBSD maps, high angle grain boundaries are shown as black lines and are defined by a
misorientation larger than 10°.

4.1.4 Transmission electron microscopy (TEM)

Transmission electron microscopy allows to perform detailed microstructural analysis with
high spatial resolution. When working with a TEM, the applied accelerating voltage is much
higher than in SEMs, i.e. generally between 100 kV and 300 kV. In TEMs, the high-energy
electron beam passes through a thin sample (i.e. the sample is required to be thin enough to be
transparent to the electron beam). Part of the electrons pass through the sample unaffected; the
remaining part of the electrons are diffracted, i.e. their trajectory changes due to the interaction
with the atoms in the specimen. By adjusting the objective aperture, either the diffracted or the
unaffected electrons can be used for imaging. A bright field image is obtained by selecting the
direct beam, whereas a dark field image is obtained by selecting the diffracted beam. In TEMs,
it is also possible to alternate between imaging and diffraction mode by adjusting the strength
of the intermediate lens/diffraction lens. The diffraction mode allows to obtain and analyse
diffraction patterns, which contain information on the crystal structure of the analysed sample.
A schematic representation of the diffraction pattern obtained when analysing a single crystal,
a polycrystalline and an amorphous material is shown in Fig. 13.

In this thesis work, TEM imaging and diffraction analysis of the as-deposited Fe-24W sample
was performed using a Zeiss EM 912 Omega transmission electron microscope (Paper II). In-
sitt TEM analyses were conducted in a JEOL JEM 2200FS, while EDS analyses were
performed in a TEM of type FEI Titan 80-300 (Paper IV). The specimens used for the
investigations were a substrate-free sheet with a thickness of around 15 pm. Discs with a
diameter of 3 mm were punched from the sheet and then thinned by ion milling with a Gatan
precision ion polishing system. To obtain electron-transparent specimens, the discs were ion
milled with an angle of incidence of 6° until a small hole was obtained in the middle of the disc.
The area around the hole was thinned further with an angle of incidence of 4°.
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Figure 13. Schematic representation of different diffraction pattern obtained from a single
crystal, polycrystalline and amorphous material, adapted from [88].

4.2 Non-imaging techniques
4.2.1 X-ray diffraction (XRD)

X-ray diffraction is a commonly used technique for phase identification analysis. Its working
principle is based on X-ray diffraction as described by Bragg’s law:

nA = 2dsin@

Where n stands for the diffraction order, A for the wavelength of the X-ray beam, d for the
interplanar distance, and @ for the diffraction angle. Phase identification is performed by
converting the angles where constructive interference of X-rays occurs into interplanar
distances. The sets of diffraction planes are then compared with diffraction planes from a
standard database.

In this thesis work, XRD analysis were performed with a Rigaku MiniFlex II diffractometer
with Cu Ka radiation, A=1.54183 A, (Paper II, IIl and VI) and a Bruker AXS D8 advance
diffractometer with Cr Ka radiation, A =2.28970 A, (Paper IV, V and VII). With the Bruker
AXS D8 advance diffractometer, XRD spectra were acquired both with Bragg-Brentano 6/6
and grazing incidence (GIXRD) geometries. A schematic representation of both geometries is
provided in Fig. 14. For the GIXRD configuration, the angle of incidence o was set to 3°.
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Figure 14. Schematic representation of Bragg-Brentano 6/ and grazing
incidence geometries.
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4.2.2 Glow discharge optical emission spectroscopy (GD-OES)

Glow Discharge Optical Emission Spectroscopy (GD-OES) is a destructive spectroscopic
technique for qualitative and quantitative chemical analysis. This technique is commonly
employed to obtain compositional depth profiles (CPD) of relatively thick layers (i.e. several
tens of micrometers). One of the main advantages of the technique is its high sensitivity for
both heavy and light elements (e.g. O, C and H). GD-OES measurements are performed by
applying a voltage between an electrode and the sample to be analysed (the cathode) which are
placed in a chamber filled with an inert gas such as Ar. In the GD-OES chamber a glow
discharge plasma is generated with the sample acting as a cathode. The cations present in the
plasma are accelerated toward the sample surface and they progressively remove atoms from
the sample (sputtering process). The ejected atoms interact with the plasma and emit photons
with characteristic wavelengths. The photons are collected and analysed, which results in
quantitative chemical information of the analysed sample.

The instrument used in this thesis work (Paper II) was a GDA750HR (Spectruma) with 2.5 mm
source in DC mode. The discharge was operated in a high-purity Ar atmosphere and constant
current (10 mA)/constant voltage (700 V) control mode.

4.2.3 Heat treatments

Heat treatments in vacuum and in Ar atmosphere were performed in order to study the thermal
stability and the occurring microstructural transformations in the Fe-W and Fe-W/Al;03
coatings. Vacuum heat treatments (Paper II, III and IV) were performed to minimize the
influence of annealing atmosphere (e.g. oxygen impurities) on the microstructural
transformation of the annealed samples. Heat treatments of Fe-W and Fe-W/Al>O3 coatings
were also performed in Ar atmosphere (Paper V, VI and VII) considering that Ar annealing is
more commonly employed in industry.

The vacuum heat treatments were performed in a controlled vacuum chamber (1 x 10® Pa). The
chamber was heated at 200, 400, 600 and 800 °C. Once the chamber reached the selected
temperature, the samples (1x1 cm) were inserted and kept for one hour. The samples were
cooled down to room temperature inside the furnace. For the heat treatments under Ar
atmosphere, the Fe-W and Fe-W/Al,0O3 samples (2 x 2 cm) were inserted in the furnace of a
NETZSCH 402 C dilatometer (Burlington, MA, USA). A heating rate of 20 °C/min was applied
and the samples were kept for one hour at 200, 400, 600 and 800 °C. Afterwards, the samples
were cooled down to room temperature inside the furnace.

4.2.4 Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a technique used to measure the heat flow difference
between the analysed sample and a reference. A DSC curve is then obtained by plotting the
difference in heat flow between the sample and the reference as a function of temperature. The
measured event can be either endothermic or exothermic, i.c. the heat is either absorbed or
released by the sample because of the occurring microstructural transformation. DSC
measurements are employed to determine the temperature associated to transformation events
such as crystallization, phase transformation, grain growth and even magnetic transition (e.g.
the Curie point).
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DSC measurements were performed using a thermal analyser STA 449 F1 Jupiter from Netzsch
(Paper IV). The Fe-24W sample was loaded in a PtRh/Al,03 crucibles and heated up to 800 °C
with a heating rate of 10 °C/min under Ar atmosphere. To highlight the irreversible
transformations occurring upon annealing, i.e. crystallization of the amorphous structure, two
successive heating scans were performed for the same sample. As shown in the schematic plot
in Fig. 15, by subtracting the second scan, it is possible to separate the reversible
transformations (e.g. ferromagnetic transition) from the irreversible transformations.
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Figure 15. Schematic plot of a DSC curve from a first and second heating run (a), and DSC
curve after subtraction of the second heating run (b). Plot inspired by [89].

4.2.5 Nanohardness measurements

Nanoindentation is a common technique used to study the mechanical behaviour of materials
at a small scale. In general, indentation techniques are applied to measure the resistance of the
material to the local plastic deformation that is induced by the indenter. During a
nanoindentation test, the sample is loaded by the indenter and the variation in time of the
penetration depth with respect to the applied load is recorded, as shown in Fig. 16. From the
final penetration depth (%) and the elastic unloading stiffness (S) obtained from the load-
displacement curve (see Fig. 16), the hardness (H) and the elastic modulus (E) of the material
can be determined according to the Oliver-Phar method [90].

In this thesis work, nanohardness measurements were performed on the cross-sections of the
as-deposited and annealed Fe-W and Fe-W/Al,O; coatings (Paper III, VI and VII) using a NHT2
Nanoindentation Tester from Anton-Paar. The hardness tester was equipped with a Berkovich
pyramidal-shaped diamond tip, the measurements were done underload-control mode with a
loading time of 30 seconds, followed by a load holding segment of 10 seconds, and by an
unloading segment of 30 seconds. A load of 10 mN was applied for the Fe-W coatings, whereas
25 and 50 mN load was applied for the Fe-W/Al>O3 coatings. The higher load applied for the
Fe-W/ALOj3 coatings was selected in order to include both alumina particles and Fe-W matrix
in the indentation imprints (as shown in the SEM image in Fig. 16).
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Figure 16. Load versus penetration depth curve measured for as-deposited Fe-W/Al:03. The
insert shows a representative SEM image of an indent imprint on the cross-section of the
composite coating.

4.2.6 Ball-on-disc measurements

In a tribometer tester, a static counter material (i.e. the ball) is mounted on a stiff cantilever and
placed in contact with the sample to be analysed (i.e. the disc). The sliding movement is
provided by an electric motor connected to the sample holder, and the load is applied by adding
a weight on top of the stiff cantilever. The tribometer records in time the friction coefficient
between the counter material and the sample by measuring the deflection of the cantilever. The
measured deflection is proportional to the frictional force.

The ball-on-disc tests were performed using a CSM Instruments sliding tester, model THT, in
dry conditions and with an alumina ball of 6 mm diameter counter-body. A load of 2 N was
applied with a rotation speed of 4 cm-s™' for 500 m and with a fixed rotation diameter of 2.5
mm (Paper V and VII) and 6 mm (Paper VI). Three wear tests per specimen were performed.
The applied wear parameters were selected in consideration of previously published work on
the wear resistance of electrodeposited Fe-group metal coatings and did not intend to simulate
the condition of a specific wear-critical application. After each wear test, the wear rate of the
coatings was calculated according to the following equation:
KA

FD
where 4 is the cross-section area of wear track (mm?), / is the length of the wear track (mm), F’
is the load (N) and D is the sliding distance (m).

4.2.7 Potentiodynamic measurements and electrochemical impedance spectroscopy

Potentiodynamic measurements are electrochemical tests commonly used to evaluate the
corrosion behaviour of a material in a specific aqueous environment. The measurements are
performed with a three-electrode set-up consisting of the material to be tested (i.e. the working
electrode), a counter electrode and a reference electrode. The electrodes are placed in a solution
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simulating a corrosive environment for the application of the studied material. The
measurement is conducted by varying the voltage applied between the working and reference
electrode, while measuring over time the circulating current. In Paper VI, potentiodynamic
measurements were performed in a 0.1 M NaCl solution, varying the potential between -1 and
1 Volt with a sweep rate of ImV/s.

Electrochemical impedance spectroscopy (EIS) tests are applied to study the kinetics of the
corrosion of metals and alloys. The working principle is based on applying sinusoidal potential
perturbation at different frequencies, while measuring the response of the electrode (i.e. the
sample) to the applied perturbations. The EIS experimental data are afterwards fitted to an
equivalent electrical circuit. The element composing the electrical circuits (e.g. resistance and
capacitance) are then related to physical processes in the system (e.g. double layer capacitance,
charge transfer resistance). In Paper VI, EIS measurements were performed in a 0.1 M NaCl
solution by applying a sinusoidal voltage with 5 mV amplitude in the frequency range of 10
kHz to 0.01 Hz. The fitting of the EIS data was done using a Z-view software.
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5 Summary of results and discussions

This chapter provides a summary of the results which are discussed in the seven papers
appended to this thesis. The results are presented following the order of the research approach
steps described in chapter 1.3. Hence, first, the influence of the composition on the structure
and thermal stability of various Fe-W coatings is discussed. The observed microstructural
transformations are linked to mechanical properties (i.e. hardness and reduced elastic modulus)
and to the wear resistance of the Fe-W coatings. Finally, the influence of co-deposited alumina
particles on the mechanical properties, corrosion and wear resistance is discussed.

5.1 Interdependences between the composition, the structure and the thermal
stability of Fe-W coatings

As previously mentioned, increasing the amount of co-deposited W is often associated with a
grain size reduction and with a transition from a nanocrystalline to amorphous structure. This
transition in the structure is also observed from the XRD results acquired from the as-deposited
Fe-W coatings, see Fig. 17. A nanocrystalline structure is found for the Fe-4W sample, a mixed
nanocrystalline-amorphous structure for the Fe-16W sample, and a homogeneous amorphous
structure for the Fe-24W sample. For the Fe-16W sample, the presence of a small crystalline
peak in the XRD profile indicates a certain degree of crystallinity of the sample’s structure. The
amorphous structure of the Fe-24W sample is indicated by the broad halo without well-defined
peaks in the XRD profile of the sample. The TEM image in Fig. 17b, acquired from the same
sample shows a “maze-like” contrast and a selected area diffraction pattern (SAD) (shown as
inset) with a single, broad ring which confirms the amorphous nature of the Fe-24W sample
[91].

To study the thermal stability and the microstructural transformations occurring upon annealing
of the Fe-W coatings, heat treatments were performed between 200 °C and 800 °C both in
vacuum and in Ar atmosphere for 1 hour. The results are presented in the following paragraphs.
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Figure 17. X-ray diffraction profiles of the as-deposited Fe-W samples (a), and TEM image of
the Fe-24W sample including an inset of a SAD pattern acquired from the sample (b).
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Vacuum heat treatments of Fe-W coatings

The microstructural transformations occurring in the Fe-W samples at each annealing
temperature are shown in Fig. 18. The results reveal that the thermal stability of Fe-W alloys
increases with increasing the amount of the co-deposited W. In general, it has been observed
that the addition of a high melting point element (such as W) slows down the elemental
diffusion in the samples, thus resulting in an increased thermal stability [92]. Minor changes
are observed in the structure of the Fe-4W sample: the crystalline peak of the Fe(W) solid
solution is shifted toward higher diffraction angles (approaching the diffraction angle of a.-Fe).
Also, the crystalline peak appears narrower with increasing the annealing temperature, which
indicates the occurrence of grain growth. The Fe-16W sample is fully crystalized after
annealing at 400 °C, whereas the Fe-24W sample retains the amorphous structure up to 600 °C
where a partially crystalized structure is observed due to the formation of a-Fe crystalline
phase. The Fe-24W sample is still not fully crystalline after annealing at 800 °C (~30% of
retained amorphous phase, as calculated from XRD results). This is also visible by the retained
amorphous halo which is still observed in the XRD profile after annealing at 800 °C for 6 and
12 h, respectively (see Fig. 3 in Paper III). These results highlight the outstanding thermal
stability of the Fe-24W sample. As shown in Fig. 18, the crystallization of the Fe-W coatings
upon annealing led to the formation of the following phases: a-Fe, Fe2W, FesW3C, FesWC,
and FeWOs. The formation of a-Fe and of the intermetallic FeoW is expected according to the
binary Fe-W phase diagram [93,94]. The formation of the carbide and the oxide phases upon
annealing can be related to the presence of O and C as co-deposited impurities, as observed
from GD-OES analysis (see Fig. 4 in Paper II).
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Figure 18. X-ray diffraction profiles of the Fe-4W (a), Fe-16W (b), and Fe-24W sample (c)
annealed at different temperatures.

To study the distribution of the observed crystalline phases, EBSD analyses were performed on

selected areas of the cross-section of the samples annealed at 800 °C. Figure 19 shows the back
scattered electron images of cross-sections together with the EBSD phase maps. The boxes in
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the SEM images marked with red dashed lines define the areas where the EBSD phase maps
were acquired. As shown in Fig. 19a, the structure of annealed Fe-4W sample is characterized
by large a-Fe grains (a few micrometres in size) and FeWQ4 grains which are distributed along
the sample thickness. In the phase map of the Fe-16W sample, three crystalline phases are
identified: a-Fe, FesWsC and FeWOs. As compared to the Fe-4W sample, the grain size of the
a-Fe phase is smaller in the Fe-16W sample (~200 nm average grain size, see Fig. 6 in Paper
III), and both the carbide and the oxide phases are distributed across the entire coating thickness.
The fraction of indexed FeoW and Fe;W;C phases was very low, i.e. below 1%, and for this
reason both phases were excluded from the analysis. Similar a-Fe grain sizes are observed for
the Fe-24W sample annealed at 800 °C (~150 nm grain size). However, the acquired phase map
is characterized with a large fraction of zero solutions, which is shown as white pixels/areas in
the phase map. Such high fraction can be related to the nanocrystalline/amorphous nature of the
sample which is preserved after the heat treatment and thus not possible to be indexed by EBSD
technique.

Figure 19. BSE image and phase map of the cross-section of the Fe-4W (a), Fe-16W (b), and
Fe-24W sample (c) annealed at 800 °C for 1 hour. The EBSD phase maps are acquired from
the red dashed boxes highlighted in each sample cross-section. The following color code is used
in the figure: blue grains belong to a-Fe phase, the red grains to the FeWQy phase, and the
green grains to the FesWsC phase.
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Argon heat treatments of Fe-24W coatings

For the Fe-24W coatings, additional heat treatments were performed between 200 °C and 800
°C in Ar atmosphere. Up to 600 °C, the microstructural transformations are the same as
observed after heat treatment in vacuum: a partially crystalized structure is formed with o-Fe
as crystalline phase, see Fig. 20a. However, annealing at 800 °C in a slightly oxidizing
atmosphere (such as Ar atmosphere) favours the crystallization of the FeWO4 instead of the
FesWsC phase formed when annealing in vacuum. This finding is strengthened by the XRD
diffraction profiles in Fig. 20b showing the same Fe-24W sample after annealing at 800 °C in
vacuum and in Ar, respectively.
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Figure 20. X-ray diffraction profiles showing the different phase transformation occurring for
the Fe-24W sample annealed in Ar (a), comparison of the X-ray diffraction profiles when
annealing Fe-24W sample at 800 °C in Ar and in vacuum atmosphere.

The observed crystallographic transformations of the Fe-W coatings are expected to influence
the mechanical and wear properties of the coatings as described in the following paragraphs. In
particular, the mechanical properties (i.e. hardness and Young’s modulus) described in chapter
5.2 were measured after vacuum heat treatments. The wear resistance of Fe-24W and Fe-
W/12A1,03 coatings, described in chapter 5.3 and 5.5, was studied after heat treatments in Ar
atmosphere.
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5.2 Heat treatment effects on the hardness and elastic modulus of Fe-W
coatings

Several studies have shown that the microstructural transformation occurring upon heat
treatment of binary and ternary W-containing electrodeposits (e.g. Ni-W, or Ni-Fe-W) can
improve the mechanical properties of the alloys [65,95,96]. Therefore, the hardness and the
reduced elastic modulus of the as-deposited and annealed Fe-W coatings were measured by
nanoindentation and the results are shown in Fig. 21. In the as-deposited condition, the
Fe-24W coating is characterized with the highest hardness and reduced elastic modulus,
owing to the high amount of co-deposited W and to the W-induced amorphization observed in
the sample. Furthermore, anincrease in the hardness is obtained upon annealing at 400 °C and
600 °C, where the maximum hardness and modulus are observed, i.e. 16.5 and 219 GPa,
respectively. As shown in Fig. 18c, XRD analysis on the Fe-24W sample annealed at 400 °C
did not reveal any crystallization that could be related to the observed hardness increase.
However, in-situ TEM annealing of the Fe-24W sample (Paper [V) revealed the formation of
first crystallites after 30 minutes annealing at 400 °C, see Fig. 22. The crystallization is more
evident when annealing between 500 and 600 °C, with the formation of ~40 nm nanocrystals
dispersed in the amorphous matrix (Fig. 22). Hence, the increase in mechanical properties of
the annealed Fe-24W coating is related to the formation of crystallites, starting from 400°C,
which results in the formation of a mixed nanocrystalline-amorphous structure. In fact,
previous studies on the crystallization of Fe and Zr-based bulk metallic glasses have shown
that the formation of nanocrystalline grains embedded in an amorphous structure can cause a
significant increase in the hardness and elastic modulus of the material [97,98].

A strengthening effect is also observed upon annealing of Fe-16W sample, but it is

less pronounced as compared to the Fe-24W sample. A substantial decrease in the hardness of
both Fe-16W and Fe-24W coatings is observed after annealing at 800 °C due to the grain
growth of a-Fe crystalline phase, reaching an average grain size of ~200 nm (see Fig. 6 in
Paper III). The same mechanism is observed for the Fe-4W sample. Here, due to the lower
co-deposited W, the grain growth is already starting at around 400 °C.

22 5 240
—=—24at. %W a m—24at %W b
20| e 16at% W e—16at. % W -
A P =220 , 2 .

18 4at.% W g A—4at %W /;_\\

T //i’\ " 200 | l/ \\ P
= 8 - ¢
a 14 1 \ E] B g X
9.5 4 4 gweof o 1 X
% - [T} % T/ \
@ __—&— ) \ 2
210 & - %150 - . Lt
5 RN\ 8 A
®© 8| P LN i e I ——
=5 . \\ ~y B 140l 1 I

o -

AN " }
4 RS 8 |

& X120F ¢
2
0 L L L 1 1 100 L 1 L I |
0 200 400 600 800 0 200 400 600 800
Annealing temperature (°C) Annealing temperature (°C)

Figure 21. Hardness (a) and reduced elastic modulus (b) of Fe-W coatings plotted as a function
of annealing temperatures.
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Annealed at 400 °C Annealed at 500 °C Annealed at 600 °C

Figure 22. TEM micrographs of Fe-24W sample in-situ annealed at 400, 500 and 600 °C,
respectively. The Fast Fourier Transform (FFT) acquired from the white squares in the
micrographs are shown as inset.

The variation of the reduced elastic modulus, E,, upon annealing of the samples can also be
related to the microstructural transformations. The main microstructural transformation
occurring during annealing of the Fe-4W sample is the grain growth of nanocrystalline Fe(W)
phase. As the elastic modulus is an intrinsic material property and thus not influenced by
changes in the grain size, the E, remains almost constant with increasing temperature for the
Fe-4W sample. For the Fe-16W and Fe-24W samples, the increase in the £, observed up to 600
°C can be related to the structural relaxation and annihilation of free volume, which is observed
upon annealing of amorphous alloys [99]. The increase of E, observed for the Fe-16W sample
after annealing at 800 °C is related to the contribution of the FsWsC phase (whose elastic
modulus is reported to be ~327 GPa [100]). The same contribution is not expected for the Fe-
24W sample because the carbides are located at the substrate-coating interface and at the surface
of the coating and are therefore not included in the indents (see Fig. 19).

In summary, the Fe-24W coatings showed the highest hardness both in as-deposited condition
and after annealing treatments. Generally, a high hardness can be associated with a high wear
resistance. Hence, the as-deposited and annealed Fe-24W coatings were selected as promising
candidates for the evaluation of tribological properties.
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5.3 Wear resistance of as-deposited and annealed Fe-24W coatings

The wear resistance of as-deposited and annealed Fe-24W samples was studied under dry
friction conditions using ball-on-disc sliding tests. Figure 23 shows the variation of the
coefficient of friction (COF) measured from the as-deposited and annealed samples together
with the wear track profiles of the as-deposited sample and the sample annealed at 800 °C,
respectively (Fig. 23b and c). Except for the sample annealed at 800 °C, the Fe-24W samples
suffered of severe tribo-oxidation which caused the formation of deep cracks along the wear
tracks (e.g. ~15 um in depth as seen in Fig. 23b) and led to the instability of the measured COF,
see Fig. 16a. The occurrence of tribo-oxidation wear mechanism was revealed by SEM and
EDS analyses showing traces of adherent oxide along the wear track of the Fe-W sample
annealed up to 600 °C (see Fig. 9 in Paper V). The oxidation of the coatings during the sliding
test is an intrinsic response of the material to recover from the thermal energy generated during
dry friction [101]. The higher wear resistance of the Fe-W sample annealed at 800 °C can be
related to the precipitation of the Fe; W and FeWO4 phases upon annealing. As shown from the
comparison of the X-ray spectra acquired with Bragg—Brentano and with grazing incidence
geometry in Fig. 24, these phases are mostly present in the proximity of the sample surface.
Hence, these phases increase the resistance of the sample to tribo-oxidation, leading to a
considerable reduction of the wear rate: ~3x107 mm*/Nm as compared to ~11x107% mm*/Nm
measured for the as-deposited sample. Furthermore, the wear rate measured for the Fe-24W
sample annealed at 800 °C is found to be comparable to the wear rate of hard Cr coatings (see
Fig. 8 in Paper V). However, a lower coefficient of friction, i.e. ~0.6, is measured for the hard
Cr coating.
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Figure 23. Coefficient of friction (COF) evolution for the as-deposited and annealed Fe-24W
coatings (a), together with optical micrographs of the wear track of the as-deposited sample
(b), and the sample annealed at 800 °C (c). The surface profiles acquired at the locations of the
dashed lines are included as inserts.

35



x . B FeWO,
* Fe,W
¢ o-Fe
—_ 800 °C-Grazing incidence
3 all =
] *
[
- *
800 °C-Bragg-Brentano
" u b
oy i L L
50 60 70 80 90 100 110 120 130
20(°)

Figure 24. X-ray diffraction profiles of Fe-24W sample annealed at 800 °C acquired with
Bragg—Brentano and grazing incidence geometry.

The deposition of Fe-W/Al>,O3 composite coatings was performed aiming to improve the wear
resistance (i.e. COF and wear rate) of as-deposited Fe-W alloys. The following paragraph
discusses the influence of co-deposited alumina particles on the microstructure and on the wear
and corrosion properties of the Fe-W/Al,03; composite coatings.
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5.4 Wear and corrosion resistance of Fe-W/Al;O3 composites

As specified in paragraph 3.2, the electrolyte and deposition parameters used to deposit the
composites were kept almost identical as for the electrodeposition of Fe-W coatings with high
W content. The different amounts of co-deposited Al,O3; were obtained by increasing the
concentration of the particles in the bath (i.e. from 25 to 100 gl™!). A stirring rate of 200 rpm
was applied to facilitate the co-deposition of alumina particles within the Fe-W matrix. For the
sake of comparison, and to isolate the effect of the alumina particles on the wear and corrosion
resistance, a Fe-W coating free of particles was also deposited using the same deposition
conditions.

As shown from the XRD results in Fig. 25, by increasing the amount of co-deposited alumina
grain size, a refinement and amorphization of the Fe-W matrix is observed. In fact, already with
the co-deposition of 3% of particles the intensity of the Fe(W) crystalline peak is reduced and
the broad shoulder starting at ~43 °C can be seen. In the XRD pattern of Fe-W/6%Al1,03 and
Fe-W/12%A120s coatings, respectively, only a broad halo is visible. This is attributed to the
presence of the alumina particles, as they lead to more active sites for nucleation [102]. An
increase in the nucleation mechanism, due to the applied deposition conditions, is considered
to determine the grain size refinement in electrodeposited alloys and composites [42].

+ ¢ Fe(W)
R
L 4
Fe-W/3%AL0, . .

Fe-W/6%A1,05

Fe-W/12%ALO0,

___‘A

PR U SO SRR NS NS R R
20 30 40 50 60 70 80 90 100

26 (°)

>
4

Intensity (a.u.)

Figure 25. XRD diffraction profiles of Fe-W and Fe-W/Al;03 composite coatings with different
concentration of co-deposited alumina particles.

Wear resistance of Fe-W/Al,Os composites

The co-deposition of alumina particles proved to be effective in enhancing the wear resistance
of Fe-W alloys, especially for the composite containing the most particles, i.e. 12%. In Fig. 26,
the COF and wear rate of the Fe-W and Fe-W/AlO3; composite samples are presented. The
presence of the Al2Os particles reduces the area of the Fe-W matrix affected by the sliding
contact and thus lowers the severity of the tribo-oxidation mechanism. This results in a
reduction of both the COF and the wear rate, as shown in Fig. 26.
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Figure 26. Coefficient of friction evolution (a) and wear rate of Fe-W and Fe-W/Al:03
composite coatings with different concentrations of co-deposited alumina particles.

Corrosion resistance of Fe-W/AOs composites

Selected results from the study of the corrosion resistance of the Fe-W coatings and composites
are shown in Fig. 27. Figure 27a illustrates the polarization curves measured in a 0.1 M NaCl
solution (the parameters extracted from the curves are included in Table 2), and in Fig. 27b and
27¢ are presented SEM micrographs of the surface morphology after the corrosion of the Fe-W
and Fe-W/12%A1,03 sample, respectively. The impact of the co-deposited alumina particles on
the corrosion resistance appears to be rather limited. The polarization curves of the different
sample are very similar (see Fig 27a) and are characterized by the anodic metal dissolution
without the presence of a passive state. EDS analysis performed after corrosion tests highlighted
an oxygen and tungsten enrichment at the sample surface, up to 50 and 28 at.%, respectively.
These results indicate that the corrosion occurs through the dissolution of the Fe, and the
formation of iron and iron-tungsten oxides, which is in accordance with previous studies on the
corrosion behaviour of electrodeposited Fe-W alloys [103]. Also, the formation of cracks on
the Fe-W sample surface during the corrosion tests (see Fig. 27b) can accelerate the dissolution
of the Fe-W matrix. A slight decrease in the value of the corrosion current (icorr) is observed for
the composite coatings as compared to the Fe-W sample, see Table 2. Such behaviour could be
related to a higher resistance to crack propagation as compared to the Fe-W sample, which is
thought to be attributed to the presence of the alumina particles (see Fig. 27b and 27c).
However, the Fe-W/Al>Os coatings have a lower corrosion resistance when compared to
chrome coatings (several studies report a corrosion current for chrome coating, measured in
marine environments, in the range of 10® A/cm™ [104,105] which is two order of magnitude
lower than the corrosion current measured for Fe-W alloys, see Table 2). A suggestion on how
to improve the corrosion resistance of Fe-W alloys is presented in chapter 7.
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Figure 27. Linear sweep voltammograms (a) for Fe-W and Fe-W/Al>03 composite coatings and

SEM images of Fe-W (b) and Fe-W/12%A1,0; coatings (c) after corrosion test in 0.1M NaCl
at room temperature.

Table 2 Extracted corrosion parameters from the voltammograms shown in Figure 27.

Sample -Ecorr (V) -Jeorr (A/cm?)

Fe-W 0.8 5x10*
Fe-W/3%A1,03 0.8 3x10*
Fe-W/6%A1,03 0.82 3x10*
Fe-W/12%A1,0;3 0.84 3x10*

In summary, the acquired results highlight the beneficial effect of the co-deposition of alumina
particles in the Fe-W matrix for the wear resistance of the composite coatings. In particular, the
composite containing 12% of Al,O3 particles showed promising results, i.e. lowest COF and
wear rate. Thus, this specimen was selected as the most competitive sustainable replacement of
hard Cr coatings. In the following paragraph, the wear resistance of the composite coating and
of electrodeposited hard Cr is compared, both in as-deposited condition and after annealing
treatment at 600 °C. As described in Paper VI, the co-deposition of 12% Al»O3 particles
enhanced the wear resistance, but also resulted in a slight reduction of the mechanical properties
of the composite as compared to the Fe-W coating. Hence, the heat treatment is performed for
obtaining a coating with both optimized mechanical properties and wear resistance.
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5.5 Mechanical and wear properties of annealed Fe-W/12% Al,O3 composites

As described in chapter 5.1, annealing of the Fe-W/12%A1>03 composite at 600 °C led to the
formation of o-Fe crystalline phase and resulted in a mixed amorphous-nanocrystalline
structure (see Fig. 2 in Paper VII). The a-Fe crystallites formed after annealing can be seen in
in Fig. 28b. In the SEM micrograph of the annealed coating (Fig. 28b), they appear as small
white particles.

Figure 28. SEM micrographs of the surface of the Fe-W/12%Al20;3 coatings in the as-deposited
condition (a) and after annealing at 600 °C (b).

Electrodeposited Cr coatings were also annealed at 600 °C before measuring the mechanical
properties and the wear resistance of the coatings. The variation of the hardness upon annealing
is shown in Fig. 29, whereas the COF and the wear rate are shown in Fig. 30. The hardness of
both Fe-W/12%Al1>03 and hard Cr coatings is strongly affected by the annealing treatment, see
Fig. 29. The hardness of the composite coatings significantly increases up to 16.3 GPa, whereas
a 50% decrease is observed in the hardness of hard Cr coatings. For the composite coatings the
hardness increase can be related to the partial crystallization of the Fe-W matrix, which results
in the formation of a mixed amorphous-nanocrystalline structure as described in the paragraph
5.2. The decrease in the hardness of heat-treated Cr coatings can be related to grain growth, as
observed in previous studies [ 106]. The heat treatment reduces also the wear resistance of hard
Cr coatings. In fact, the wear rate increases from ~4 x10° up to ~24 x10°° mm?/Nm, see Fig. 30.
In turn, the wear resistance of the composite coatings is preserved upon annealing, i.e. the COF
and wear rate for the as-deposited and annealed coatings are almost identical. The slight
increase in the COF observed after annealing can be related to an increase in the surface
roughness due to the formation of the a-Fe grains.

In summary, the obtained results show that heat treatments of Fe-W/Al,03; composite coatings
can be applied to further enhance the mechanical properties of the coating while preserving the
wear resistance. In fact, in the applied experimental conditions the annealed Fe-W/12%A10;
composite coatings are characterized with mechanical properties and wear resistance which are
superior to the properties of as-deposited hard Cr coatings. The combination of good
mechanical properties and high wear resistance obtained in the annealed Fe-W/Al>,O3 composite
coatings represents an important step towards the development of competitive and sustainable
alternatives for hard Cr coatings.
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Figure 30 Coefficient of friction (a) and wear rate (b) of Fe-W/12%Al203 and hard Cr coatings
in the as-deposited state and after annealing at 600 °C.
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6 Conclusions

This thesis focuses on the characterization of Fe-W alloys which are electrodeposited with a
sustainable approach. In fact, a properly developed electrolytic bath is used for the deposition
of the coatings: minimally invasive, thermodynamically stable, and without toxic compounds.
The main goal of the thesis is to evaluate the interactions between the materials characteristic
(e.g. composition and structure) and the properties of interest, i.e. mechanical properties, as
well as wear and corrosion resistance. In connection to the research questions formulated
in chapter 1.2, the following conclusions (summarized in Fig. 31 and 32) were obtained:

RQ1: How is the composition (i.e. the W content) influencing the structure and the thermal
stability of Fe-W coatings?

RQ2: How are composition and structure influencing the hardness of Fe-W coatings?

e An increase of the W-content leads to a transition from a nanocrystalline structure, as
observed for the Fe-4W coating, to a homogeneous amorphous structure, as observed
for the Fe-24W coating.

e An increase of the W-content leads to enhanced thermal stability of the material. For
the Fe-24W coating, a large fraction of the amorphous structure is preserved upon
annealing at 600 °C for 1 hour and complete crystallization is not even reached after
annealing at 800 °C for 12 hours.

e The co-deposited O present in the Fe-4W and Fe-16W samples causes the precipitation
of FeWO4 phase upon vacuum annealing at 800 °C. Annealing at 800 °C in a slightly
oxidizing atmosphere (i.e. Ar atmosphere) favours the crystallization of the oxide also
in the Fe-24W coating.

o The Fe-24W coating shows the highest hardness and reduced elastic modulus both in
the as-deposited and annealed condition.

e For the Fe-24W coating, the maximum hardness and elastic modulus are obtained after
annealing at 600 °C for 1 hour, due to the formation of a-Fe crystallites in the Fe-W
amorphous matrix.

e Annealing the Fe-24W and the Fe-16W coatings at 800 °C for 1 hour leads to a reduction
in hardness due to the growth of the a-Fe grains. For the Fe-4W sample, a reduction in
the hardness is observed already at 600 °C.

RQ3: What is the main factor determining the wear and corrosion resistance of Fe-W coatings?
Can such properties be improved with the co-deposition of hard particles such as Al,O3?

RQ4: Which combination of material characteristics and annealing treatments results in
optimum hardness and wear resistance in Fe-W alloys? Are such properties comparable to the
hardness and wear resistance of hard Cr coatings?

e Tribo-oxidation is found to be the main factor influencing the wear of as-deposited and
annealed Fe-24W coatings. The severe tribo-oxidation observed for the Fe-24W
samples annealed between 200 and 600 °C caused the formation of deep cracks along
the wear track (i.e. ~15 pm in depth).

e The formation of the FeoW and FeWO4 phases upon annealing of Fe-24W samples at
800 °C increases the resistance to tribo-oxidation which results into a considerable
reduction of the wear rate.
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The co-deposition of Al,Os; particles favours the grain size refinement and the
amorphization of the Fe-W matrix.

The co-deposition of Al,O3 particles enhances the wear resistance of the Fe-W matrix.
In particular, the composite containing the highest amount of particle, i.e. 12vol.%
Al>O3, is characterized with the lowest COF and wear rate.

The influence of the co-deposited alumina particles on the corrosion resistance is
limited. The corrosion occurs through Fe dissolution and the formation of Fe and W
oxygen compounds.

The co-deposited alumina particles do not influence the microstructural transformation
of the Fe-W matrix upon annealing at 600 °C, where part of the Fe-W matrix crystallizes
with the formation of a-Fe.

Annealing treatments result in a substantial increase in the hardness and the Young’s
modulus of the Fe-W/12%A1,03. Under the same conditions, the hardness of the Cr
coating considerably decreases.

The wear resistance of the composite coatings is preserved upon annealing, whereas a
significant increase in the wear rate of hard Cr coatings is observed. In the applied
experimental conditions, the mechanical properties and wear resistance of Fe-
W/12%A1,03 composite coatings, especially after annealing, are superior to the
properties of as-deposited hard Cr coatings.
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7 Future work

In consideration of the results presented in this thesis work, the following aspects are suggested
for continuation of the work:

The electrolytes used for the electrodeposition of the Fe-W alloys studied in this thesis
did not contain organic additives. It would be interesting to study the effect of organic
additives, e.g. grain-refiners, on the deposition of Fe-W alloys. With the addition of
grain-refiners, it could be possible to deposit nanocrystalline and/or amorphous Fe-W
coatings with lower W content. A decrease in the co-deposited W content would result
in a lower environmental impact of the produced coatings.

The deposition of Fe-W alloys was performed with the application of direct current. It
would be interesting to study the effects of different electrodeposition techniques, i.e.
pulse plating and/or reverse pulse plating. There are several advantages when
performing pulse plating, e.g. better surface finishing of the deposit, more uniform
deposit thickness and grain size refinement, among others. Improvements in the surface
finishing would be beneficial for the up-scaling and marketing of Fe-W coatings. The
beneficial effects of grain refinement have been already pointed out above.

Promising results have been obtained with respect to mechanical properties and wear
resistance of the studied Fe-W alloys. However, improvements are required regarding
the corrosion resistance of the Fe-W alloys especially when compared to the corrosion
resistance of chrome coatings. Studying the addition of Sn as a ternary alloying element
to enhance the corrosion resistance of the Fe-W alloys would be of interest. Sn is often
added as alloying element in corrosion resistant coatings, and its use would also meet
sustainability concerns expressed in Paper I (i.e. Sn is not listed as CRM or as a SVHC
and it can be recovered from metal scraps).

The study of Fe-W alloys could also be extended towards magnetic properties. A paper
from Nicolenco et al. [81] revealed that as-deposited coatings with relative low W
content (i.e. between 5 and 14at.% of W) are characterized with a good combination of
mechanical and magnetic properties which could be of interest for various
microelectromechanical systems. The study could be extended including the analysis of
how heat treatments affect the magnetic properties of such coatings. Relaxation and
recrystallization mechanisms occurring upon annealing can result in an improvement of
the magnetic properties [107].
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