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1. Abstract

Decorative chromium coatings are one of the most used aesthetic finishes in the industry.
Particularly, such coatings have been widely employed in the automotive sector, among
others, for coating both plastic and metal components. Although these coatings were
traditionally obtained using Cr(VI)-based electroplating baths, nowadays, the use of
hexavalent chromium is limited by EU regulations due to its high toxicity and carcinogenic
effects Consequently, Cr(lll)-based electrolytes have been widely explored as one of the

main alternative over the last decades.

Such decorative Cr coatings are featured by their metallic bright appearance and the high
corrosion resistance. In fact, the latter can be achieved without any aesthetic impact on the
surface thanks to a multilayer configuration: e.g., having three nickel layers underneath the
chromium one. The goal of such multilayer configuration is to maintain hidden the corrosion
front by guiding it below the surface (i.e., located in the underneath bight nickel layer).
Therefore, the overall corrosion performance belongs to a combination effect of the different
nickel layers and the top-chromium one. However, the corrosion performance of the thin Cr
layer (200 — 300 nm) itself has not been explored in detail.

In particular, this Ph.D. thesis is focused on studying different Cr coatings/electrodeposits
obtained from model Cr(lll)-based baths (a chloride and a sulphate-based one). Coatings
obtained from a Cr(VI)-based electroplating bath were used as a reference system as well
as pure Cr. The composition and physicochemical properties of such thin chromium layers
(below 0.4 um) and their native oxide (< 5 nm) are assumed to be governing the corrosion
resistance; therefore, a detailed characterisation was carried out on the different coatings:
the corrosion behaviour (by linear and non-linear potentiodynamic polarisation tests), the
semiconducting properties of the oxide layers (by Mott-Schottky and Point Defect Model),
the kinetic of such oxide formation (by current-time transients) as well as the composition
(by AES, XPS and synchrotron-based XANES).

Initially, despite very similar physicochemical properties were found for both Cr(lll)-based
electroplating baths (chloride and sulphate), the sulphate-based system presented a lower
C concentration in the Cr layer and traces of adsorbed and absorbed S on its surface and
inside the Cr layer, respectively. Moreover, the semiconducting properties of their native

oxide layers revealed a higher defect concentration (Mott-Schottky results) for the sulphate-
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based coating. Such features were attributed to the presence S which was found to hinder
the formation of the native oxide layer, triggering the formation of a less protective oxide
film. As a consequence, a lower corrosion resistance was observed for the sulphate-based
electrodeposits in the borate buffer (pH 8.4) electrolyte. Using more aggressive electrolytes
such as NacCl, it was revealed no difference in the corrosion resistance performance of both
as obtained Cr(lll)-based coatings. However, aged (1 year) sulphate-based systems
showed a higher corrosion resistance in comparison to the chloride-systems when testing

the passive film breakdown by varying the chloride content in the NaCl electrolyte.

On the other hand, since Fe is used as an additive to decrease the deposition rate of the
electroplating process in commercially Cr(lll)-based baths, its impact in the final Cr coatings
was explored using a model sulphate-based Cr(lll) bath. It was found that, independently
of the concentration, adding Fe caused the electrodeposition of a Cr-Fe alloy instead of a
Cr layer. Moreover, if the bath is doped in the 100 - 400 mg/L Fe range, a duplex Fe-Cr
native oxide layer is formed. This affected dramatically to (i) the semiconductor properties
of such native oxide layers, introducing a new n-type semiconductor behaviour with the
subsequent increase of point defects, and (ii) their oxide formation kinetics: slowing it down
and triggering the formation of a more porous oxide layer. As a result, doping the bath with
8 mg/L of Fe decreases the deposition rate of the process and provides a proper corrosion
protection, maintaining the properties of the oxide layer (i.e., semiconducting, homogeneity,
etc.). In contrast, if the concentration was 100 mg/L Fe or higher, a detrimental effect on the

corrosion resistance performance was observed.

Finally, the Cr(VI) and Cr(lll) systems were investigated and compared. In general, the
Cr(VD-based electrodeposits showed a better performance in terms of corrosion resistance,
probably caused by the presence of a thin topmost CrOs layer on the native oxide layer.
This additional topmost oxide layer is believed to be the responsible of enhancing the
corrosion resistance of the coatings, due to: (i) the low defects concentration of the native
oxide layers and low diffusion coefficient, and (ii) the fast oxide formation kinetics and lower
passivation current value. This CrOs layer was revealed by synchrotron-based XANES
measurements and it was assumed to be formed in the electroplating bath, which works at
highly acid and oxidising conditions. Indeed, when the coating was polished, this topcoat
CrOs layer was removed and the semiconducting properties were very similar to the Cr(lll)-
based systems (native oxide layer constituted mainly by Cr(lll)-based oxide and

hydroxides).



1. Resumen

Los recubrimientos de cromo decorativos son uno de los acabados estéticos mas utilizados
en la industria. En particular, tales recubrimientos han sido ampliamente usados en el
sector de la automocion, entre otros, para recubrir componentes tanto plasticos como
metalicos. Aungue estos recubrimientos se obtenian tradicionalmente mediante bafios de
electrodeposicion basados en sales de Cr(VI), en la actualidad, el uso de cromo
hexavalente est4 limitado por regulaciones de la UE debido a su alta toxicidad, por lo que
se encuentra en proceso de ser sustituido. Desde entonces, los electrolitos basados en

Cr(lll) se han convertido en una de las principales alternativas en las ultimas décadas.

Dichos recubrimientos de Cr decorativos se caracterizan por su aspecto metalico brillante
y su alta resistencia a la corrosiéon. De hecho, esto ultimo se puede lograr sin sufrir ningun
impacto estético en la superficie gracias a su configuracion multicapa: por ejemplo,
teniendo tres capas de niquel debajo de la de cromo. El objetivo de dicha configuracion
multicapa es mantener oculto el frente de corrosion guidndolo bajo la superficie (es decir,
hacia las capas inferiores de niquel brillo). Por lo tanto, el comportamiento global frente a
la corrosién viene dado por el efecto de la combinacion de las diferentes capas de niquel y
la superior de cromo. Sin embargo, el comportamiento frente a la corrosiéon de la capa fina
de Cr (200 - 300 nm) no se ha explorado de manera aislada respecto de las capas de niquel

gue se encuentran debajo.

En particular, esta tesis se centra en el estudio de diferentes
recubrimientos/electrodepdsitos de Cr, Unicamente de la capa de Cr y de su 6éxido,
obtenidos a partir de bafilos modelo de Cr trivalente (basado en cloruros y sulfatos). Se
supone que la composicion y las propiedades fisicoquimicas de dichas capas finas de
cromo (por debajo de 0,4 um) y sus capas de 6xido nativo (< 5 nm) gobiernan la resistencia
a la corrosion; por lo tanto, se ha realizado una caracterizacion exhaustiva sobre los
diferentes recubrimientos, incluyendo unos usados a modo de sistema de referencia
obtenidos a partir de un bafio de electrodeposicion de Cr(VI): comportamiento
electroquimico (mediante pruebas de polarizacion potenciodinamica lineal y no lineal), las
propiedades semiconductoras de las capas de 6xido (Mott-Schottky y Point Defect Model)
y la cinética de formacién del 6xido (por medio del estudio de current-time trasnsients), asi

como una caracterizacion de su composicion (AES, XPS y XANES basado en sincrotrén).
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Inicialmente, a pesar de que se encontraron propiedades fisicoquimicas muy similares para
ambos bafios de electrodeposicion de Cr(lll) (cloruro y sulfato), el sistema basado en
sulfato presenté una menor concentracion de C en la capa de Cr y trazas de S adsorbido
y absorbido en su superficie y dentro de la capa de Cr respectivamente. Ademas, las
propiedades semiconductoras de sus capas de o6xido nativas revelaron una mayor
concentracion de defectos electrénicos (resultados de Mott-Schottky). Tales caracteristicas
se atribuyeron a la presencia de S, el cual dificulta la formacion de la capa nativa de 6xido,
dando lugar a una capa de 6xido menos protectora. Como consecuencia, se observé una
menor resistencia a la corrosion en el electrolito de tampon borato (pH 8.4) para los
recubrimientos de Cr basados en sulfatos. El uso de electrolitos mas agresivos como NaCl
no revelé diferencias en las propiedades de resistencia a la corrosion de ambos
recubrimientos de Cr (lll) cuando se analizaron las muestras tras ser obtenidas del bafio
(as obtained); sin embargo, cuando se incremento el tiempo entre la obtencion y el analisis
de las muestras, el sistema basado en sales de sulfato mostr6 una mayor resistencia a la
corrosion en comparacion con el sistema de cloruros al evaluar la resistencia de la capa
pasiva realizando medidas electroquimicas variando el contenido de cloruro en el electrolito
de NacCl.

Por otro lado, dado el Fe se usa como aditivo para reducir la tasa de deposicion durante el
proceso de electrodeposicion de Cr(lll) en los sistemas comerciales, se investigd su efecto
final sobre los recubrimientos de Cr usando un bafio modelo de Cr(lll) basado en sales de
sulfatos. Se encontré que, independientemente de la concentracién, la adicién de Fe
provocé la electrodeposicion de una aleacion de Cr-Fe en lugar de una capa de Cr.
Ademas, si el bafio se dopaba con un rango de concentracién de Fe comprendido entre
100 y 400 mg/L, se formaba una capa de nativa de 6xido duplex de Fe-Cr. Esto afectd
dramaticamente a (i) las propiedades semiconductoras de tales capas nativas de 6xido,
introduciendo un nuevo comportamiento semiconductor de tipo n con el subsecuente
aumento de defectos electrénicos, y (ii) su cinética de formacion de 6xido: ralentizandola y
promoviendo la formacion de una capa de 6xido mas porosa. Como resultado, dopar el
bafio con 8 mg/L de Fe permitié mejorar la tasa de deposiciéon del proceso al mismo tiempo
gue proporcionaba una proteccion adecuada contra la corrosion y mantenia las
propiedades de la capa de 6xido (semiconductoras, homogeneidad, etc.). Sin embargo, si
la concentracion de Fe en el bafio era de 100 mg/L, se obtuvo un efecto perjudicial sobre

la resistencia a la corrosion.
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Finalmente, se investigaron y compararon los sistemas Cr(VI) y Cr(lll). En general, los
electrodepdsitos obtenidos por medio de Cr(VI) mostraron un mejor desempefio en cuanto
a resistencia a la corrosién se refiere, probablemente causado por la presencia de una
capa fina de CrOs que se observo sobre la capa de 6xido nativa. Se cree que esta capa de
oxido adicional es la responsable de mejorar la resistencia a la corrosion de los
recubrimientos, debido a: (i) la baja cantidad de defectos electrénicos encontrados en la
capa de Oxido nativo y el bajo coeficiente de difusion y (i) la rapida cinética de formacion
de Oxido. Esta capa de CrOs; se observd mediante medidas de XANES basadas en
radiacion de sincrotron y se asumio que se formé en el bafio de electrodeposicion de Cr(VI),
ya que trabaja bajo condiciones altamente acidas y oxidantes. De hecho, cuando se pulio
el recubrimiento, esta capa de CrOs; se eliminé y las propiedades fueron modificadas,
alcanzando valores muy similares a las de los sistemas basados en Cr(lll), cuyas capas de
oxido estaban constituidas principalmente por éxidos e hidréxidos de Cr(lll).
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Chapter 1. Introduction

1.1 Electroplated Cr coatings

Electroplating is an electrolytic process in which metallic species, that are dissolved in a
solution, are applied by the reduction of their metallic cations (caused by a direct electric
current) on the surface of a different metal. Electroplated chromium is widely used in the
industry as a surface finishing to confer new features that the bare materials (used in this
case as substrate) do not present. Among the diverse existing chromium coating types, the
hard chromium and the decorative chromium plating are well-known [1-3]. Both types of
coatings are based on the same manufacturing process but they are obtained under

different working conditions, providing systems with different features and final applications.

On the one hand, the hard chromium, also called engineered or industrial chrome, is
commonly applied directly on the metal substrate (usually, steel, copper or brass) with a
standard thickness of 20 - 40 um, reaching sometimes even 100 um depending on the final
application. Long electroplating time and high current density are required for this process.
These hard chromium coatings have properties such us heat, wear, erosion and corrosion
resistance, as well as a high hardness [4—6], making them suitable for applications like
machinery parts (which usually operates at very high temperature) or even moving parts

like pistons or hydraulic cylinders [7,8].

On the other hand, the decorative chromium coatings are generally applied on previously
nickel plated metallic surfaces or directly on stainless steel [1,9]. In contrast to hard
chromium, they have a considerably lower thickness (usually ranged between 0.4 - 0.8 um)
and therefore a less durability is achieved for similar applications. However, in such
decorative coatings the aesthetic appearance and the corrosion resistance are the targeted
properties. That is the reason why they are mainly used for covering tools, kitchen utensils
and car parts, where a shiny and smooth appearance are desired as well as easy cleaning

and resistance to external oxidising agents [10].

Particularly, this thin so-called decorative chromium has been very used in the automotive
sector, being implemented in interior and exterior parts due to its bright appearance, colour
and corrosion resistance performance. In general, such decorative chromium coatings are
also known as nickel-chrome coatings because they are electroplated with a multilayer
configuration of different nickel layers, having the decorative Cr layer (around 200 - 500 nm)
as the topmost layer. This nanometric Cr layer is enough to provide to the substrate with an
elegant shiny metallic appearance whilst ensuring a long-lasting performance during the

whole life cycle at the same time that preserves the good appearance. The multilayer nickel-
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chrome system has been continuously improved over the years, aiming to enhance the
lifetime of these coatings without affecting their aesthetic [11-13]. The idea behind this
complex system is quite philosophical since, in few words, it lies in accepting the fact that
sooner or later the surfaces will be corroded from a thermodynamic point of view. Instead
of trying to avoid this fact, the multilayer systems are designed to guide the corrosion front
inside the coating (i.e., underneath the top chromium layer and in between the nickel ones)
through artificial micropores (Figure 1). Once the corrosion front has crossed vertically the
outer microporous nickel layer, it starts to spread horizontally in such a way that the
corrosion process is locked inside and put away from the topmost and good-looking Cr
coating. Such corrosion mechanism occurs thanks to the different potential values existing
between the different Ni layers, which relative values are indicated as positive or negative
signs in the Figure 1 [14,15].

Micropores Corrosion initiation (t,) Corrosion propagation (t,,)
Micro'oomus cr m—- / { J \ — / J j \ —
Microporous = = - = _—
Multilayer Bright + + +
Ni
Basis metal
(Cu)

Figure 1. Corrosion mechanism of the multilayer nickel-chrome system [16,17].

1.1.1 Hexavalent-based electroplating baths

Traditionally, the topmost Cr layer of the decorative coatings was obtained using Cr(VI)-
based electroplating baths; however, in 2000 the European Union (EU) approved a
directive, commonly known as the end-of-life vehicle directive (ELV), in which the use of
this chemical was limited and controlled by the European Chemicals Agency (ECHA) due
to environmental and health concerns (Cr(VI) was found to be highly carcinogenic and
mutagenic) [18,19]. Although the use of Cr(VI) was supposed to be completely removed
(according to regulation of the EU called “Registration, Evaluation, Authorisation and
Restriction of Chemicals (REACH)”), in April 2013 it was included in the Annex XIV of the
list of substances subject to authorisation, allowing its use under certain limitations.
Currently, the ECHA is under an investigation procedure to decide the further use or the
complete prohibition of this substance. As a consequence, several researches were pushed
on the search of Cr(VI)-free alternatives that could meet the same required properties of
traditional Cr(VI)-based electrodeposits to completely substitute the process. Although

several alternatives were explored, such as physical vapour deposition (PVD), chemical
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vapour deposition (CVD), anodised aluminium, electroless nickel, etc. [20], Cr(lll) seemed
to be the main alternative to substitute to the Cr(VI) [21-23].

Several attempts to develop a Cr(lll)-based electroplating bath were carried out in the past,
but without commercial success. The first patents were registered in the period 1927 - 1929
but until the 1960s no electroplating bath based on Cr(lll) was commercially available.
Fortunately, suitable Cr(lll)-based electroplating baths were developed in the last decades,
mainly motivated by the imminent prohibition of the use of Cr(VI), obtaining coatings with
similar aesthetic properties and performance than the traditional Cr(VI)-based
electrodeposits. Nowadays, even though the use of Cr(VI) has not been completely
forbidden yet, most of the industrial process are currently based on the use of Cr(lll) baths
to obtain decorative chromium coatings. Nevertheless, even today there is no Cr(lll)-based
formulation capable of replicating perfectly the same capabilities than the coatings obtained
using Cr(VI)-based electroplating baths.

1.1.2 Types of trivalent-based electroplating baths

Currently, there are two main types of Cr(lll)-based baths: the chloride and the sulphate-
containing (also known as chloride-free) baths [24,25]. The primary difference between
them lies in the salts that are used in the formulation of their formulations: the chloride
system contains chloride-based chromium and conducting salts (e.g., CrClz, KCI, NH4CI,
etc.) whilst the sulphate-based system is characterised by not including any chlorides,
where sulphate salts are commonly used (e.g., Cra(S0Oa4)s5(OH)2, Nax(SOa), etc.). Usually,
the working parameters of the electroplating process are similar but in the Table 1 some

general differences of both Cr(lll) electroplating baths are gathered.
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Table 1. Advantages and disadvantages of both Cr(lll)-based electroplating baths.

(chloride-free)

Bath type Advantages Disadvantages
e Similar colour to the traditional
Cr(VI)-based coating.
e Higher resistance to metallic |e Higher cost, due to the use of Ti-
contamination. based anodes.
Sulphate

Higher working temperature, easier
maintenance of the chemical’s
concentration due to the higher

evaporation (no need of removing

Generally higher deposition rate
(which can cause more stress and
tensions in the coatings, leading to
cracked surface).

water)

e Less corrosive formulation.

difference in
Cr(VI)-based

e Greater colour

comparison to

. . . electrodeposits.
¢ Slightly higher deposition rate.

removal required when

i o Water
Chiaride e Less cost due to the use of graphite- o )
adjusting the concentration of the

based anodes. )
chemical components due to the

lower evaporation ratio (lower

working temperature).

It has to be mentioned that even inside each family of Cr(lll)-based baths (chloride or
sulphate), there is a very comprehensive selection of different formulations and working
conditions. In fact, despite the higher sensibility to metallic contamination of Cr(lll)-based
electroplating baths, it was found that the addition of small amounts of Fe could benefit the
industrial process [26]. It was discovered that the Fe can act as a colouring agent providing
a darker appearance as a consequence of its codeposition in the Cr layer [27,28], or even
that it could also enhance the deposition rate of the Cr plating [29], as well as the corrosion
resistance if the Cr(lll)-based electrolyte contained a proper amount of Fe ions [30].
Typically, the Fe is added to Cr(lll)-based electroplating baths as a soluble salt, being
chloride or sulphate the preferably anion of such salts (depending on the type of the Cr(lll)-
based electroplating bath, i.e., if its chloride or chloride-free). Anions such as nitrates are
not desirable due to their oxidising behaviour which may has a negative effect on the
electroplating bath and the plating process [27]. In principle, both Fe?* and Fe*" ions could

be added to the baths; however, traditionally Fe** was used instead of Fe** when dealing
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with formulations containing hypophosphite in order to avoid the reduction of trivalent to
divalent iron by the hypophosphite, which will lead to decreasing the concentration of the
latter; Fe** could be added to the electroplating bath as long as it does not interfere with the
rest of the chemical compounds. Therefore, Fe is sometimes added systematically in
commercial Cr(lll)-based electroplating baths since it has been empirically demonstrated

that can benefit the Cr electrodeposition process.

1.1.3 Composition and working parameters of the electroplating
baths

Despite the similarities between both Cr(lll)-based systems, the formulation, deposition
mechanism and working conditions of Cr(VI) and Cr(lll)-based baths have been found to
differ significantly. The Table 2 shows some of these differences in terms of their chemistry
and working parameters, comparing a model Cr(VI) and Cr(lll)-based electroplating baths
[25,31,32].

Table 2. Example of composition and working conditions of a model Cr(VI) and Cr(lll)-based electrolytes.

Component Electroplating bath
Cr (VI) Cr (1)
CrOs3 300 g/L
H2S04 3.5¢g/L
Basic sulphate chromium [Cr(lI])] 140 g/L (0.46 M)
HCOOH 250 g/L (5.43 M)
NH3 90 g/L (5.3 M)
KBr 10 g/L (0.085 M)
PEG 400 0.5 g/L
Ammonium quaternary compounds 1g/L
Working conditions Cr (VI) Cr (1)
Temperature (° C) 38-43 25-35
pH <1 25-28
Current density (A/dm?) 9-15 4-10
Anode Pb/Pb-based alloys Graphite or Ti-based alloys
Deposition rate 0.1 um/min 0,04 - 0,15 pm/min
Bath life From sev;églrgnonths 0 At least two months
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As it can be observed in the table above, switching from a Cr(VI) to a Cr(lll)-based
electroplating process is not as straightforward as changing the chromium and conducting
salts of the bath. The chemistry of the Cr(VI)-based electroplating baths is quite simple as
it only requires a Cr(VI)-based salt as Cr source and a strong oxidant (typically H.SO.). In
contrast, the Cr(lll)-based formulation possess a more complex chemistry, including far
more chemical components.

In fact, a Cr(lll)-based electroplating bath required the following chemicals for a proper

operation:

e Cr(lll) source. Typically, chloride or sulphate-based salts.

e Stabilising agent. Normally, they are organic complexing molecules that are
usually used together with lower amounts of other similar components (auxiliary
complexing agents). Their purpose is to ease the Cr(lIl) to metallic electroreduction
process (more details in the section 1.1.4).

o Buffering agent. The pH must be maintained in constant values because in the
cathode the hydrogen evolution secondary reaction can take place, which will cause
local pH increasing. A high pH could promote the formation of chromium hydroxides
which will precipitate due to their low solubility, reducing as a result, the efficiency
of the process.

e Conducting salts. These baths are featured by having a low electrical conductivity;
therefore, adding conducting salts are need to improve the energetic efficiency of

the electroplating process.

e Other components like brighteners or moistening additives. Organic molecules
added in very low amounts that are aimed to improve the penetration and the

covering distribution of the electrodeposition.

Regarding the working conditions of both systems (Table 2), on the one hand, Cr(VI)-based
baths work under very acid and oxidant conditions, as well as at higher temperatures and
current densities. They also require the use of Pb-based anodes which are also known for
being highly toxic. On the other hand, Cr(lll)-based electrolytes operate under milder
conditions as their pH is higher whilst their working temperature and current density are
lower. Although, graphite anodes can be used, a secondary reaction can take place at such
anodes in which Cr(lIl) could be oxidised to Cr(VI). Even if this reaction is not predominant
since it occurs at a very low rate, it could be detrimental for the deposition rate and the

efficiency of the electroplating process. This can be easily avoided by using Ti-based
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anodes, which in contrast, are more expensive and increase the total cost of the process,

together with the already mentioned higher amount of chemical components.

1.1.4 Electroplating mechanism

In theory, even if the formulation of Cr(VI) and Cr(lll)-based electroplating baths and working
conditions are different (Table 2), initially, similar nanometric Cr coatings are expected to
be obtained. However, if the features of both Cr electrodeposits are compared (Table 3), it
can be easily observed that they present different properties, as well as, a different colour

and appearance (Cr(VI)-based coatings are blueish whilst Cr(lll) ones are grey).

Table 3. Comparison of certain features of Cr(lll) and Cr(VI)-based Cr electrodeposits.
Electroplated coatings
Cr (VI) Cr (Il

800-900 800-900
(decreasing when annealing) (increasing up to 1500 after annealing)

Characteristic

Surface Hardness (HV)

Surface morphology Homogeneous Nodular
Corrosion resistance Excellent Poor
Brightness (L* value) > 85 80-85

The differences observed in the table above are significantly enough to claim that both
obtained Cr electrodeposits have not the same properties and performance. Since there is
a big difference in the formulations of their electroplating baths, the key parameter that
makes the Cr electrodeposits different should lie in their obtaining mechanism. The study
of such matter requires a brief the review and understanding of the Cr electroreduction

mechanisms when using Cr(VI) or Cr(lll).

On the one hand, the Cr electroplating process from Cr(VI) ions is simple and well-known
as it has been used in the industry for more than 80 years. Cr(VI) ions can be reduced to
metallic Cr in presence of a catalyst, which typically is the H>SO., as proposed by Fink in
his patent of 1926 [33]. Since then, all traditional Cr(VI)-based electroplating baths and
processes have been based on Fink’s formulation. Although no further discussion is done
here about hexavalent chromium, it should be note that its electrodeposition mechanism is
complex because it involves a six electrons reduction [34,35].

On the other hand, regarding the Cr(lll), there are still some unknown details about its

electroplating mechanism. The most popular hypothesis states that the electroreduction of
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Cr(lll) occurs via intermediate Cr(Il) so that it is reduced to Cr(0) in a two steps reduction
(Figure 2): first, the reduction of Cr(lll) to Cr(ll) takes place and then to metallic Cr [4,36].

+e +2e"
Cr(lll) —— Cr(ll) ——— Cr(0)
Er=-0407V Er=-0913V
+3e T

Er=-0.744V

Figure 2. Electrochemical reduction paths of the chromium ions and their standard reduction potentials.

Initially, it could be considered that the direct reduction from Cr(lll) to Cr(0) will be easy
because other metals such as Zn possess a similar standard reduction potential and are
known to be easily electroplated. However, Cr(lll) cannot be electroplated in this way
because, unlike Zn, Cr(lll) can undergo other electron transfer reaction to form Cr(ll).
According to the scheme shown in the Figure 2 this reduction (Cr(lll) to Cr(Il)) is more
thermodynamically favoured and takes place preferentially. Further reduction of Cr(ll) to
metallic Cr will not occur due to the low standard reduction potential of that reaction, and as
a consequence, no electroplated Cr will be obtained. Furthermore, its strong reducing
properties will make Cr(Il) to react with acidic medium to form hydrogen in the cathode,

producing more Cr(lll) as it is shown by the following reaction:

2Cr*t*+2H" - 2Cr3t +H, (Reaction 1)

Therefore, according to the thermodynamics, the reduction of Cr(lll) is not possible to occur
and hydrogen gas will be generated instead of forming an electroplated Cr layer. However,
the Cr(lll) has also some kinetic issues: once the Cr(lll) salt is dissolved, it forms an
hexaacuo complex ([Cr(H20)s]**) which is in equilibrium and undergoes a continuous ion
exchange with the solvent. The Cr-water complex is very stable (actually, it has a very short
bonding distance in comparison to other similar water-metal complexes) and it presents a
very slow exchange rate with the solvent, hindering the availability of Cr(lll) ions to react
and be reduced at the cathode. Fortunately, the kinetics can be modified to make possible
the reduction of Cr(lll) to metallic Cr. Using complexing agents can enlarge the distance of
the Cr-water bonds, decreasing as a consequence the stability of the hexaaquochromium
complex, and allowing to Cr(lll) ions to be reduced to metallic Cr [37]. This is the main

reason why the Cr(lll)-based electroplating baths possess a more complex chemistry in
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their formulations as they require the use of more chemical components than the Cr(VI)-
based baths.

Finally, it is important to highlight that such required compounds in the Cr(lll)-based
electroplating process (i.e., organic additives) not only affects to the mechanism but can
also slightly modify the chemical composition of the electroplated Cr layer (e.g., to
codeposit, to react, or event to get stuck in the coating) [38—40]. This is believed to be the
main reason of the differences observed in the properties of the electroplated Cr layers
obtained when using a Cr(VI) or a Cr(lll)-based electroplating bath.

1.1.5 Corrosion performance and characterisation of the

electroplated Cr coatings for decorative applications

As mentioned before, nowadays the decorative coatings are designed to maintain the
aesthetic of the surface during the whole lifetime of the coating after exposure (indoor or
outdoor) to aggressive environments or daily products such as cleaning detergents.
Therefore, the multilayer system (nickel-chrome), shown in Figure 1, not only must fulfil the
corrosion resistance requirement but also is required to maintain the aesthetic appearance
during the whole service time [41]. Usually, the overall corrosion resistance performance of
the different nickel layers as well as the top-chromium one is evaluated. However, the
corrosion behaviour of the top chromium layer itself cannot be distinguished when using the
multilayer configuration, as the measured response is a combination of all the system (i.e.,
all the nickel layers and the topmost Cr layer). Therefore, the top Cr coating has to be
isolated as a “defect-free single layer” to understand its corrosion capabilities, exploring the
protection depending on the composition of the bath, the type of bath (sulphate or chloride-
based), the final composition of the Cr layer and its oxide layer as well as the

semiconducting properties of the latter.

1.1.5.1 Corrosion performance

The corrosion performance of top Cr coatings is usually evaluated having several nickel
layers underneath. Some authors observed that when using a single or duplex nickels
layers underneath of four different chromium layers (one hexavalent-based, one chloride-
based and two sulphate based), a higher icor for the chloride-based system in 5 % NacCl.
This behaviour was attributed to the presence of microcracks whilst the other systems were
crack-free [25]. On the one hand, if Cr(VI)-based coatings are compared to Cr(lll) ones, in

general the overall corrosion resistance is higher for Cr(VI) systems [10]. However,
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decorative Cr(lll)-based coatings are able to show higher corrosion resistance (impedance
around 108Q cm?) in 3 % NaCl [40] compared to hard Cr(lll) and Cr(VI) coatings (impedance
around 10*Q cm?) in 3.5% NaCl [42]. This demonstrates that the Cr electrodeposits can
have diverse properties as a function of the substrate, electroplating bath, structure,
presence or absence of microcracks/pores, type of electrolyte, etc. Therefore, electroplated
defect-free Cr coatings isolated from the substrate have been obtained in this Ph.D. to avoid
any side effect during the electrochemical characterisation and corrosion evaluation.

On the other hand, as it was previously introduced, the chemical components of the Cr(lll)
electroplating baths (e.g., the concentration of the chromium salt, additives, complexing
agents, etc.) can affect the composition of the coatings and, consequently, can modify their
corrosion performance. If the concentration of Cro(SO4)s (salt as a source of Cr) varied from
0.05 to 0.2 M, not only the deposition rate was modified (faster when using the highest
concentration) but also the corrosion behaviour was drastically affected (faster deposition
rate promotes the formation of coatings with large cracks on the surface) [43]. Indeed, using
the lowest Cr salt concentration resulted in the formation of a defect-free coating with a
lower icor value. A similar study was carried out varying the amount of formaldehyde
(additive) of a sulphate-based Cr(lll) electroplating bath. The polarisation resistance was
increased 6 times after adding 100 mg/L of such organic additive. However, increasing the
concentration of formaldehyde above that threshold worsened the corrosion resistance [3].
In this way, complexing agents can also improve the corrosion behaviour. Although basic
chloride-based Cr(lll) coatings showed pits and cracks on the surface when testing its
corrosion resistance in 3 %NacCl, adding aluminium chloride (acting as complexation agent
and buffer assistant) hinders the formation of pits and cracks as well as increases the
charge transfer resistance [40]. Using hypophosphite instead formic acid can also be used
as example of the impact of different complexing agents: Cr-P layers (obtained by
hypophosphite addition to a chloride-based Cr(lll) bath) were found to exhibit a better
corrosion resistance in 10 % HCI electrolyte in comparison to Cr(VI)-based and Cr-C
coatings [44]. The current of the passive region was found to be 4 times lower in comparison
to the other systems due to the presence of Cr phosphides in the oxide layer. Therefore, a
detailed surface analysis is crucial to explain the different corrosion behaviour.

Finally, there are few studies focused on the detailed analysis of the different corrosion
behaviour of Cr(lll)-based coatings (chloride and sulphate-based systems). Although such
coatings (Cr-C coatings electroplated on 4140 alloy steel using both baths) have shown
similar corrosion resistance (icor 0f 1.67 and 1.54x10° A cm2, respectively) [45], a tailored
characterisation has been done in this Ph.D. to figure out their singularities as a function of

the used Cr(lll)-bath (chloride and sulphate-based ones).
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1.1.5.2 Surface Analysis

Usually, electroplated Cr coatings based on Cr(lll) electrolytes for decorative applications
show inclusions of other elements into their matrix due to the presence of organic additives
(acting as complexing agents) among other compounds in the bath. In the previous section
the strong effect that the complexing agents have on the corrosion resistance has been
mentioned; however, they also have a significantly impact on the physicochemical
properties of the electroplated coatings. In fact, different Cr coatings were obtained from
chloride-based Cr(lll) electroplating baths by varying the complexing agents: formic acid,
ammonium formate, acetic acid and ammonium acetate [46]. Results revealed that the
presence of ammonium led to the Cr coating with the highest C content (up to a 37 % atomic
concentration (% at.) C when using ammonium acetate). However, a thinner Cr layer was
obtained compared to the bath that included additives without ammonium, indicating that
the efficiency was approximately reduced from 10 % to 5 %. If more than one organic
complexing agent are simultaneously used in a sulphate-based Cr(lll) baths (i.e., formic
acid and carbamide (urea)) [36], their impact in the composition of the Cr layer is quite
different, since independently of the formic acid concentration, the C content did not change
in the electroplated Cr layer. In contrast, increasing the carbamide concentration in the bath
rose the content of C in the Cr coating. In general, such C content is located inside of the
metallic Cr matrix forming carbides, consequently, the electrodeposits obtained from Cr(lll)-
based electrolytes are referred as Cr-C or chromium carbide coatings [47-49]. Regarding
to the structure of such Cr layers, it is claimed that the Cr-C coatings have a high amorphous
grade (caused by the C insertion in the crystal lattice of the Cr, decreasing its crystallinity)
which increases as a function of the C content [46,50]. The annealing process of the
samples was able to reveal the carbide phases (Cr23Cs or Cr;Cs were revealed) by
crystallising them [49,51,52].

Therefore, either the electrodeposition process or the Cr layer itself can be drastically
affected by complexing agents. Beyond the modification of their C content, the addition of
other type of complexing agents (carbon-free ligands or organic additives with other non-
metals) also has a great impact on the chemical composition of the coatings. The formation
of Cr-P coatings occurred in a chloride-based Cr(lll) electroplating bath when using sodium
hypophosphite monohydrate (phosphorus-based species) alone [44] or combined with
other C-based auxiliary complexing agents [53]. On the other hand, coatings having
absorbed S and N were obtained after using S-based and organic additives including

functional groups with N (such as urea, thiourea, glycine or hydrazine) [54-56].
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1.1.5.3 Semiconducting properties

It is generally agreed that the native oxide layer formed on metals are considered highly
disordered films with point defects that can act as dopants, providing as a result a
semiconductor behaviour [57,58]. These electronic properties are expected to play a key
role in the electrochemical reactions that can take place at the surface [59-61]. Therefore,
the study of the semiconducting properties can also provide useful information on the
understanding of the passivity/protection capabilities of such oxide films [62]. In fact, these
electronic properties can be related to the physicochemical properties of the oxide layer and
their protective behaviour when exposed to an aggressive medium, i.e., their anticorrosion
properties [63]. In fact, some authors observed that the presence of low point defects at the
native oxide layer or a low capacitance can strongly affect to the protective behaviour of
such oxide films, providing as a result a better corrosion resistance performance [64—67].

The electronic properties of the oxide layers strongly depend on the experimental protocol
used to create such oxide films (typically formed electrochemically), the procedure to
measure the semiconducting properties (e.g., potential range and direction of the
polarisation) and the medium (electrolyte) among others parameters. In this context,
contradictory results using different oxide formation protocols were obtained for pure Cr in
sulphuric-based electrolytes (with and without sodium sulphate) by Mott-Schottky
measurements [68,69]. If an anodic potential was applied to create an oxide layer, a typical
p-type semiconducting behaviour of the Cr oxide was observed [69]. However, if a polished
sample was directly used applying a stepwise potential in the less noble direction, a n-type
behaviour was obtained [68]. Finally, although photoelectrochemical measurements
revealed the presence of a oxide film constituted by an inner p-type Cr oxide and an outer
n-type Cr hydroxide layer, it is generally claimed that pure Cr possess an oxide that usually
behaves as a p-type semiconductor, having an acceptor density in the range of 101910
cm depending on the electrolyte [70-72].

Despite having a lot of information about pure Cr, to our knowledge, the semiconducting
properties of the oxide layers formed on decorative Cr(lll)-based coatings have not been
explored. Much more information can be found about bulk materials such as Cr or stainless
steel (Fe-Cr alloy). The semiconducting properties of their oxide layers are given by a
heterojunction of an internal Cr-rich and external Fe-rich oxide layer in borate buffer
electrolyte, respectively [59,60,73].

As a summary, the oxide layers are usually formed after applying a passivation potential for
certain time (i.e., electrochemically formed). In addition, not only there is an absence of

studies conducted or focused on investigating the semiconducting properties of the native
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oxide layers but also coatings from Cr(lll)-based electrolyte have not been explored yet.
Therefore, a detailed characterisation of the native oxide layer has been carried out in this
Ph.D. for coatings obtained for Cr(lll)-based electrolytes and a further evaluation of their

corrosion capabilities has been done.

1.2 Surface Analysis

Since the decorative Cr coatings are in the nanometre scale, different methodologies and

highly surface sensitive equipment have been used for a proper thin film characterisation.

1.2.1 Techniques for thin film characterisation

Usually, the characterisation of the surface is needed to understand the corrosion
resistance provided by the coatings; moreover, if certain aesthetic appearance is required
such characterisation becomes mandatory. In that sense, from the insanely large number
of atoms that there are in a bulk sample, only the outer atoms located at the interphase can
participate in superficial reactions with the external medium/environment. Therefore, the
investigation of the most superficial features is a key matter because of the surface
chemistry and its physicochemical properties. In fact, the surface is governing the type of
interactions taking place at the metallic-medium interphase, modifying the corrosion
resistance, catalytic activity or even adhesion properties, among others. Currently, it is
known that most of the protective properties are conferred by the native oxide or passive
film that spontaneously is formed on the top of the Cr electrodeposits [74,75]. This oxide
layer is known to be few nanometres thick (2 - 10 nm) so the use of sensitive techniques is
a must.

In general, the chemical composition of thin layers can be studied in the solution (in-situ
method) or after taking away from the electrolyte (ex-situ method) [76]. From a theoretical
point of view, the use of in-situ techniques (e.g., Fourier-Transform Infrared Spectroscopy
(FTIR), Raman Spectroscopy, Ellipsometry, etc) [77,78] is preferred because it avoids any
surface modification which can occur in the ex-situ techniques (e.g., X-ray Photoelectron
Spectroscopy (XPS), Auger Electron Spectroscopy (AES), Secondary lon Mass
Spectrometry (SIMS), etc.) during the removal from the aqueous media and the consequent
exposure to atmospheric conditions. However, the ex-situ methodologies have been widely
used because they can provide a very useful and more complete information about the film

composition [74].
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During the 1970s and '80s, several surface analysis techniques emerged being ones of the
most ease to use, useful and realistic tools for ex-situ measurements [79,80]. All the
different analytical techniques and methodologies operate under Ultra-High Vacuum (UHV)
conditions and they mainly differ in the type of particle and/or energy of the primary beam
as well as in the particles of the secondary beam. Some examples of the most used and
well-known surface analysis techniques are listed below and classified according to the

particles involved in the measurement:

i.  Photons in and electrons out
X-ray Photoelectron Spectroscopy (XPS), also called, Electron Spectroscopy for
Chemical Analysis (ESCA).

ii. Electrons in and out

Auger Electron Spectroscopy (AES).

ii.  lons in and out
Secondary lon Mass Spectrometry (SIMS) and lon Scattering Spectroscopy (ISS),
also called Low Energy lon Scattering Spectroscopy (LEIS) for low energy and
Rutherford Back-scattering Spectroscopy (RBS) for high-energy.

This work is mainly focused on the use of the ex-situ surface analysis techniques, most of
them are spectroscopic techniques based on the “beam in, beam out” mechanism.
Typically, a primary beam of photons, electrons, or ions penetrates the material to a very
superficial depth, depending on the beam characteristics. A second beam, resulting from
the interaction of the first beam with the solid matter gets out of the surface and is collected
in the detector of the spectrometer. The outgoing beam possesses the information
regarding the composition of the material with which the primary beam interacted.

In this section, the fundaments of each technique are briefly described, taking into account
their different advantages and disadvantages. In addition, the method to obtain information
of the depth through argon (Ar) sputtering is described, as well as some different ways to

estimate the thickness of the oxide layer using such techniques.

1.2.1.1 X-ray Photoelectron Spectroscopy/Electron Spectroscopy for
Chemical Analysis (XPS/ESCA)

The XPS is based on the photoelectric effect discovered by Einstein. X-ray photons of
known energy are irradiated on the sample, typically, they are generated from Al-Ky or Mg-

Kq (1486.6 and 1253.6 eV, respectively). As a consequence of the interaction between the
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photons and the matter, an electron (photoelectron) of the inner shells of the atom is excited
and ejected from its orbital (Figure 3). The electrons are not ejected as long as the energy
of the incident photon is not higher than the binding energy of that electron (Ep); once that
the energy threshold is overcome, photoelectrons are generated whilst the excess of the

energy is taken by them as kinetic energy (Exin) [81].

Ejected K electron
(1s electron)

Vacuum \

Fermi
valenceband 7/ A/ /S

L,
23 Incident

X-ray

L
! (hv)

K S

Figure 3. Scheme of the photoionisation process occurring in the XPS measurements [82].

The photoelectrons emitted from the surface of the sample are collected at the detector and
the analyser determines their kinetic energy. The contact between the sample and the
analyser equals their potential and, as a consequence, their Fermi level. This is why is very
convenient to use the Fermi level as a reference point for referring to the energy values,
since the Eremi Can be set in zero value. So, according to that, the following energy balance

can be proposed:
Exin = hv — Ep, — Pw det (Equation 1)

Where Ein is the kinetic energy of the photoelectrons that reached the analyser, hv is the
corresponding energy of the primary used X-ray beam, E; is the binding energy of the
photoelectron, which indeed is the energy difference between the Fermi level and the
energy level where the photoelectron has been emitted. This parameter is characteristic of
the energy level, the element and its chemical nature or oxidation state. The @w,det
parameter is the work function of the detector, which is described by the difference between
the Fermi energy level of the analyser and the vacuum level, which in fact is the zero point
of the electron energy scale. In practice, the @w,qet parameter is not quantified since it can
be omitted by calibrating the analyser with a sample such as a gold standard whose binding

energy is known [83].
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The binding energy represents the force with which the electron interacts with the nucleus.
This value increases with the nuclear charge and the distance from the nucleus (orbital s >
orbital p). The binding energy is a constant and characteristic value for each electron at a
specific energy level of a specific element. However, some shifts in the binding energy may
occur as a function of the different chemical nature or by the surroundings elements and
their oxidation state. For example, if a C atom is bounded to an O atom, the electronegative
behaviour of O will drain some electrons of the bond leaving the C with a formal positive
charge. So, the electron of this C will be more strongly attached due to electrostatic effects,
having a higher binding energy than a C that is bonded to another C (for example to and
aliphatic C-C); this effect has cumulative effect, so the more oxygen atoms bonded to the
C the higher shift will suffer its signal. As a general rule and apart from some specific
exceptions (final state effects), the more electronegative the neighbour atom is, the higher
the binding energy will be (e.g., binding energy of oxide > binding energy of the metal).

The XPS spectra are represented by plotting the intensity or number of counts against the
binding energy value. Normally, many peaks can be observed because several
photoelectrons of the same atom can be emitted from different energy levels. The qualitative
chemical analysis is done by analysing the positions or values of the binding energies of
the main photoelectronic peaks; however, other peaks may appear so the identification of
the interesting peaks must be done beforehand [84].

The gquantification of the elements is made through the quantification of the areas of the
peaks which is a complex task that requires a careful data treatment. A previous background
correction must be carried out using one of the several mathematical algorithms (e.g.,
Shirley, Tougaard., etc.). Then a data fitting must be done in order to identify and perform
a deconvolution of all the peaks included in the global envelope of the obtained signal. This
is usually carried out by adding Gaussian-distributed components with specific

mathematical parameters.

XPS results can be also used to estimate the thickness of the native oxide layer according
to the studies and calculations developed by Strohmeier and Carlson, which resulted in the

following equation [85]:

N I
d=2,sin0 [ mAmlo -+ 1] (Equation 2)
NoAoly
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Where d is the native oxide layer thickness and it can be estimated knowing the following
parameters: the inelastic mean free paths of the metal (An) and oxide (Ao), their volume
density (Nm and No), the photoelectron take-off angle (8) and the area percentages of the
metal (Im) and oxide (lo), obtained from the quantification of the high-resolution spectra of
the metal peak. This approach is valid to estimate the thickness of thin film oxide layers up

to 10 nm.

The XPS technique is applicable to both conducting and insulating samples; however, if the
conductivity of the sample is not high enough the Fermi levels of the analyser and the
sample may not be equalised, leading to misleading values. For solving this issue, most of
the modern equipment possesses an accessory called “flooding gun” that bombard the

samples with low energy electrons to provide the required conductivity.

Finally, the Angle Resolved X-ray Photoelectron Spectroscopy (ARXPS) is a non-
destructive way of modifying the depth resolution of the obtained data (without using Ar
etching). Generally, a take-off angle of 45 ° is commonly used in XPS, but when tilting the
sample and changing that take-off angle, the penetration of the escaped photoelectrons can
be modified, obtaining a more surface or bulk sensitive data (the lower angle, the more
surface sensitive). The thickness of the oxide film can also be estimated by using models
that take into account the different penetration of the escaped photoelectrons as a function

of the modification of the take-off angle [86].

1.2.1.2 Auger Electron Spectroscopy (AES)

AES, as XPS, is also based on the detection of electrons coming from the sample; however,
it uses electrons as primary source instead of X-ray photons. The measurement requires a
mechanism in which 3 electrons are involved (Figure 4). First, an electron from the core (K
shell or 1 energy level, Ex) is excited and ejected by using a primary electron source (2 - 10
KeV), as a result, a hole is generated, which is spontaneously filled by the relaxation of a
higher energy electron (from the L shell for example, E.). At this point, there are two possible
paths to remove the extra energy of the atom: (i) X-ray fluorescence, emitting the extra
energy (Ex - Ev) in form of X-rays or (ii) Auger emission, transferring the extra energy to a
neighbour electron of an outer level which is ejected as a result [81]; the latter is the
fundament of the AES technique. These are competitive processes with an associated
probability related to the atomic number of the irradiated atoms, the Auger emission is more

likely in light elements, whilst the heavier elements tend to emit X-ray fluorescence.
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Figure 4. Scheme of the three electron mechanism of Auger emission [82].

The data analysis is made through the energy balance of the transition, taking as a
reference the Fermi level of the analyser, assigned to zero value. For example, for a WXY

transition:

Ew — Ex = Ey + Egin + @w et (Equation 3)

Where Ew, Ex and Ey are the binding energy of the electrons at those energy levels, Exinetic
is the kinetic energy of the emitted Auger electron and @w,qet is the work function of the
analyser. AES electrons can be detected in XPS but not the other way round. The kinetic
energy of Auger electrons is independent of the primary source, unlike in XPS (Equation 1),
where the binding energy is dependent of the ion source energy [83].

AES measurements are preferred to be performed on conductive samples because a strong
charging effect could be caused by the primary electron beam when analysing insulators.
However, as mentioned before, the most modern equipment usually includes a flooding gun
to compensate this charging effect, allowing in some cases, to measure insulator samples
properly. Auger spectra are often presented versus the kinetic energy of the detected
electron, in the first derivate/differentiate form, because auger transitions provide small
signals in a steep and noisy background, caused mainly by secondary electrons [87].
1.2.1.3 Secondary lon Mass Spectrometry (SIMS)

The SIMS technique, usually coupled with a Time-of-Flight (ToF) spectrometer, also called
Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS), is a very surface-sensitive
tool that can study the chemical composition of both conductive and insulating materials. It
operates by bombarding the surface of the sample with a very energetic (1 - 25 kV) focused
ion beam (usually Arf, Ceo or SFe) in UHV conditions, being considered a destructive
technique. As a result of such ion bombardment, material from the topmost atomic layers

of the target surface is sputtered away by breaking the bonds of the chemical molecules.
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Consequently, secondary ions are emitted (Figure 5) in form of single atoms or other smaller
molecular fragments, in ionic or even neutral states. These ions are guided via an electric
field towards a ToF detector that separates them by their mass, based on the time required

for them to reach the detector that positioned at the end of the tube [88].

e —

S0 100 150
: 8

Intensity

&+
& 4 ¢
Primary ions & Secendary ions

- s,
A C#_N? \\
o _ e Y

Figure 5. Scheme of the ToF-SIMS measurement [89].

In the ToF analyser, the ejected ions are accelerated into the analyser with a common
energy, but at different velocities depending on their particle mass. Due to that different
speed, the smaller ions will move through the analyser faster than the larger ones. The
mass of the secondary ions, as mentioned before, is determined by their travel time through
the analyser, obtaining as a result the SIMS data in form of mass spectra.

The secondary emitted ions are characteristic and directly related to the nature of the atomic
and molecular species that originally were present at the topmost monolayer of the surface.
So, accurately measuring the masses of the detected secondary ions (thanks to the mass
spectrometer detector coupled to the equipment) allows to draw direct conclusions
regarding the chemical composition of the original uppermost monolayer of the studied
surface, thanks to the use of a fragment database [90].

1.2.1.4 lon Scattering Spectroscopy/Low Energy lon Scattering Spectroscopy
(ISS/LEIS) and Rutherford Backscattering Spectroscopy (RBS)

Analogously to SIMS, LEIS probes the surface with an ion-based primary source (typically
noble gases) and detects the backscattered ions (Figure 6). LEIS is an extremely high
surface sensitive technique, capable of measuring the chemical composition of the first
atomic monolayer, being considered one of the most surface sensitive surface analysis
technique among all the techniques described so far in this section [91]. Due to this higher
surface sensitivity, hydrocarbons that have been adsorbed from the atmosphere during

transport must usually be carefully removed from the samples to avoid any masking effects.
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When these low energy ions interact with the surface, some of them are scattered whilst
others penetrate and enter into the solid matter, when this happens the ions are neutralized
and travels through the solid in an uncharged form. As they move through the material, they
lose energy as a consequence of the multiple collisions that take place, at the same time
that several electron interactions may occur in the material. At some point, a backscattering
event can occur which reverses the trajectory of the atom and directs it out of the solid. But
if a neutral atom leaves a solid, the LEIS instrument will have no way of detecting it.
Fortunately, it turns out that when neutral noble gas atoms leave a solid, a fraction of them
are reionised and can be detected. The resultant energy of the backscattered ion can
provide chemical information about the surface as it can be directly related to the mass of
the surface atom. As a result of these effects, LEIS provides a single-atomic-layer mass
spectrum of the surface of the material, allowing the element identification.

The use of different noble gas ions lead to different sensitivities to surface atoms with
different masses, generally, heavier atoms are generally better analysed by heavier probe
ions (e.g., Ne*, Ar*, Kr*) whilst in contrast, lighter ions (He*) can resolve nicely the lighter
elements, being less effective at resolving the heavier ones [92].

o
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Figure 6. Scheme of the ion scattering phenomenon occurring in LEIS [93].
RBS is just the high-energy version of LEIS, having the main difference in the penetrated

depth (higher energy, higher penetration). Thus, the technique becomes more bulk-
sensitive allowing the investigation of the chemical composition of deeper layers in a non-

destructive way, since no destructive depth profile is performed [94].

Even if all the techniques described above are included in the same surface analysis family,
all of them possess special and unique features that differentiate them one from the other.
For example, the depth analysis or sampling area differs as it is function of the type of
particle and energy of the incident beam, as well as the materials that can be studied.

Because of that, usually different techniques are used in the investigations in order to obtain
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complementary information, because normally, no single technique provides enough
information to answer to a complex question when studying such thin films. The Table 4
summarises some of the general features of the techniqgues mentioned above, as well as

their special or unique characteristics.

Table 4. Characteristics of some of the most common surface analysis technigues [95,96].
Parameter XPS AES SIMS ISS

Primary radiation Photons Electrons lons lons

Secondary radiation | photoelectrons | Auger electrons | Secondary ions | Secondary ions

Analysed depth 3-15 2-10 2-10 1-2
(atomic layers)
Detection limit 01-2 0.1-1 104 -1 01-1
(% atomic layers)
L . Limited .
Quantitative analysis Yes Yes (standards required) Partially
Special features Detection of Higher spatlal Higher sensitivity Higher d.epth
oxidation states resolution resolution

1.2.1.5 Depth profile using surface analysis techniques

The primary beam of the spectroscopic techniques above can penetrate few micrometres
in the sample; however, the secondary produced beam can only travel a specific distance,
called the attenuation length or the inelastic mean free path (A), without suffering any
inelastic collisions (function of the kinetic energy of the electron and the element). So, only
the secondary particles that are coming from a depth less than the escape depth will not
lose energy and will reach the detector (being part of the main peaks of the resulting signal
in the spectra), whilst the others will suffer inelastic collisions losing all their energy or

contributing to the background noise if they managed to arrive to the detector [83].

Regarding the depth information, it is usually interesting to complement superficial
information with some knowledge of the layers that are underneath. This can be addressed
in practically any surface analysis technique by using a coupled etching ion gun (normally
based on Ar®). Thus, the sample is destructively bombarded, independently of their primary
beam, removing as a result some topmost atomic layers in such a way that a depth profile
can be carried out by measuring sequentially whilst the sputtering goes on [81]. This allows
to determine the chemical distribution as a function of the depth or even to estimate the
thickness multilayers systems. Although such thickness is removed during depth profiles, it

can be estimated as follows: the equipment is required to be previously calibrated using a
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standard SiO, wafer to know the sputter rate of the specific equipment. Then, the sputter
rate can be correlated by using relative correction parameters in order to transform the

sputter rate corresponding to the SiO; standard to other metals or systems [97].

1.2.1.6 Spectroscopic Ellipsometry (SE)

In addition to the chemical composition of the Cr layer and its oxide layer, the thickness and
homogeneity of the latter might be considered to be studied in order to evaluate their
corrosion protection capabilities (typically the more homogeneous and thicker, the better for

corrosion protection).

The spectroscopic ellipsometry is a contactless and non-destructive technique to study thin
films, which is based on the change of the polarisation state that the light suffers when
interacting with a material [98]. Analysing the changes in the polarisation state allows to
determine parameters such as thickness and optical constants, as well as the chemical
composition, crystallinity, anisotropy and uniformity in a more indirect way. The resolution
of the thickness determination is ranging from the few angstroms to tens of microns [99].

The final output is obtained through mathematical modelling of the signal.

1.2.1.7 Transmission Electron Microscopy (TEM)

TEM is a microscopy technique in which a beam of electrons is transmitted through an ultra-
thin sample. The interactions between the electrons and the atoms can be used to observe
features such as the crystal structure or structure dislocations and grain boundaries. TEM
can also be used to perform chemical analysis to study the growth of layers, their
composition and defects in semiconductors. High resolution measurements can be used to
analyse the quality, shape, size and density of quantum wells, wires, and dots. Sample
preparation procedures are usually required (e.g., mechanical thinning or ion milling). If the
sample is properly prepared, the measurement of the oxide thickness could be directly
performed from the obtained microscopic image.

TEM is considered one of the most powerful techniques for determining thin film thickness
because it measures the real thickness instead of obtaining data based on indirect
calculations or assumptions, for this reason it is not necessary to build models that can

conduct to subjective results, as most of the methods [100].

1.2.1.8 X-Ray Reflectivity (XRR)
When visible electromagnetic waves interact with a surface, the radiation is specularly

reflected (same angle than incident one), diffusively reflected and refracted. In the case of
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X-rays, total reflection occurs when the incident angle is smaller than the critical angle. Thin-
film parameters can be determined, including thickness, density and surface or interface
roughness by measuring the reflection intensity curves from grazing incident X-ray beams.
The obtained results are analysed by fitting the measured data to a simulated curve, which
is calculated using the recursive Parratt's formalism combined with the rough interphase

formula [101]. In this way:

- The interference between the layers is observed as an oscillating signal (Kiessing
fringes). The oscillation depends on the film thickness, thicker films present shorter
periods of oscillations.

- The amplitude of the oscillation and the critical angle for total reflection provide
information about the density of films. The amplitude shows the difference between
the densities of the thin film and its substrate. The larger the oscillation, the larger
density difference.

- The larger the roughness of a film, the faster the decay rate of its X-ray reflectivity

and the larger interface roughness, lower oscillations.

1.2.1.9 Synchrotron radiation-based X-ray absorption spectroscopy (XAS)

The X-ray absorption spectroscopy (XAS) technique allows the study of atomic local
structure and electronic states, as well as the elucidation of the chemical composition of
individual elements in an alloy; this is carried out by studying energy shifts in the core and
valence electron states as a result of the interactions of the X-rays photons with the
surrounding atoms. XAS measurements require high intensity as well as coherent and
tunable X-ray beams over a wide energy range; therefore, such measurements are usually

carried out in synchrotron radiation facility.

A synchrotron is an accelerator of electrons that can produce synchrotron-based radiation;
a scheme of such facility is shown in Figure 7. Electrons emitted by an electron gun are first
accelerated in a linear accelerator and then transmitted to a circular accelerator where they
continue increasing their velocity until finally reaching a certain high energy level. These
high-energy electrons are then injected into a circular storage ring where they circulate in a
vacuum environment at a constant energy for many hours. Afterwards, the electrons are
accelerated and deviated in the storage ring by different magnetic components to generate
the desired electromagnetic radiation, since the frequency of synchrotron radiation can

cover the entire electromagnetic spectrum. When necessary, the radiation is guided
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towards the experimental analysis rooms of the different beamlines, also called endstations,
which are located tangentially to the storage ring in order to interact with the sample and
perform the desired experimental measurement. Each beamline is designed for a specific

type of research or for being used with a specific technique [102].

SYNCHROTRON LIGHT
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Figure 7. Scheme of the radiation production process in a synchrotron accelerator facility [103].

The synchrotron radiation is featured for being able to provide X-ray photons with a million
times higher intensity than a conventional X-ray tube. Moreover, it can be also tuned by
using several slits, attenuators, crystal monochromators and mirrors that can allow
controlling precisely parameters such as the bandwidth, photon flux, beam dimensions,
focus and collimation. Thus, using synchrotron radiation becomes crucial to provide the
proper scenario required to investigate these nanometric coatings and very thin oxide films,
as well as, to resolve the possible limitations that can be found when using conventional

techniques (e.g., energy resolution, sensibility, depth analysis, etc.).

Regarding to XAS technique, it is based on the same primary beam than XPS since X-rays
are irradiated to the sample. As a consequence of the interaction of such X-ray photons
with the matter the photoelectric effect takes place ejecting a photoelectron and leaving the
atom in an excited state with an empty core-level hole. As explained before, the atom is
relaxed immediately by the competition of two mechanisms: X-ray fluorescence and Auger
emission [104,105]. In XAS no secondary generated beams are studied since it is based on
the absorption effect of X-rays. Such measurements are made through the calculation of
the absorption coefficient on the basis of the Lambert-Beer law. Therefore, the absorption

coefficient can be determined by measuring the ratio between the incident and transmitted
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photon intensity; there are two ways of making such measurement (depending the sample
and the required accuracy level): monitoring the intensity of the (i) transmitted or (ii)
fluorescent X-rays. Generally, transmission mode is preferred due to its ease and accuracy,
whilst the fluorescence mode is more suitable for analysing low concentrated or more dilute
samples [106].

Typically, the absorption coefficient decreases as a function of the energy of the incident X-
ray photons and, at specific energies, abrupt discontinuities can be observed (the so called
absorption edge), which represents the absorption of a photon and the consequent
excitation of the core-electron [107,108]. The study of the absorption edge can provide
additional information apart from the elemental identification as they contain a fine structure
that, if analysed, can provide complementary electronic and structural information.
Different regions are distinguished in XAS, having the absorption edge as a reference
(Figure 8): (i) X-ray Absorption Near Edge Structure (XANES or also called NEXAFS) and
(i) Extended X-ray Absorption Fine Structure (EXAFS). Whilst XANES gives information on
the oxidation state, three-dimensional geometry, and local electronics of the elements,
EXAFS provides information on the local geometry of the surrounding and nearest

neighbouring atoms [88].

XANES ~ EXAFS

Y

Absorption
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Energy (eV)

Figure 8. lllustration of the XAS regions of interest: XANES and EXAFS [107].

Every element with a given electronic structure, surrounding atoms and phase, has a
signature XANES spectrum, in fact, changes of the charge of the ions produce big chemical
shift. Therefore, the use of standards for using a “fingerprinting” approach (measuring
standards and comparing/matching their signals with the signal of the samples) can be a
good methodology in order to identify the chemical components and oxidation states of the

elements present in the sample.

26



Chapter 1. Introduction

1.2.2 Other complementary techniques

Despite the highly surface sensitive techniques described in the previous section, there are
several other techniques that can study surfaces and provide useful complementary

information when studying thin films.

1.2.2.1 Scanning Electron Microscopy (SEM)

SEM is a technique for high-resolution imaging of surfaces. It uses a focused beam of high-
energy electrons that scan the surface of the samples and generates an image by detecting
the emitted electrons. The signals that derive from the electron-sample interactions reveal
information about the sample including external morphology, chemical composition, and
crystalline structure and orientation of the materials that are present in the sample [109]. In
most applications, data are collected over a selected area of the surface of the sample, and
a two-dimensional image is generated that can displays spatial variations. SEM is also
capable of performing analyses of selected local points on the sample when coupling with
an Energy Dispersive X-ray analyser (EDX). This approach is especially useful for the
qualitative or semi-quantitative determination of the chemical composition of surfaces [110].
The crystalline structure and crystal orientations can also be studied when coupling the
microscope with a Backscattered Electron detector (BSE).

1.2.2.2 Profilometry

A stylus profilometer can measure the surface profile with the aim of characterising the
roughness. Such profilometers are constituted by a mechanical probe or tip, which make
direct contact with the surface, allowing the monitoring of the topography of the samples as
the function of the scanning axis [111]. The vertical motion of the probe is turned into height
information by a transducer that transforms the vertical motion into electrical signals,
representing the surface profile. Thus, the roughness of the surface can be determined by

using specific software.

1.2.2.3 X-ray Fluorescence (XRF)

This technique is similar to the EDX of the SEM because it irradiates the sample with X-
rays, exciting and ejecting consequently electrons from the inner shell of the atom. This
destabilises energetically the atom and the equilibrium is restored through the relaxation of
electrons that are located at higher energy levels. In this relaxation process the excess of
energy is released by the emission of X-ray fluorescence. The energetic difference between
the ejected electron and the one that is relaxed (energy of the emitted X-ray photon) is

characteristic of each chemical element, so the energy of the X-ray fluorescence is directly
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related to the chemical element that is being studied [109]. Furthermore, most of the
equipment can be calibrated with standards in order to determine simultaneously the
chemical composition (of the bulk) and the thickness of multilayers systems, if suitable

standards are used.

1.2.2.4 X-ray Diffraction (XRD)

XRD analysis is based on constructive interference of monochromatic X-rays and a
crystalline sample. The X-rays are generated by a cathode tube, then they are filtered to
produce monochromatic radiation and finally are collimated to concentrate and direct the X-
rays towards the sample. The interaction of the incident X-rays with the sample produces
constructive interference (and a diffracted beam) when the experimental conditions satisfy
the Bragg’'s Law. This law relates the wavelength of the electromagnetic radiation to the
diffraction angle and the spacing lattice in a crystalline sample. The characteristic X-ray
diffraction pattern generated in a typical XRD measurement provides a unique “fingerprint”
of the crystalline elements present in the sample [112]. When properly interpreted, by
comparison with standard reference patterns and measurements, these fingerprints allow,
among other applications, the identification of the crystalline phases of the elements present

in the sample.

1.3 Semiconducting properties

Different methodologies and approaches were used for the study of the semiconducting

properties of the oxide layers formed on top of the Cr electrodeposits.

1.3.1 Mott-Schottky

The Mott-Schottky analysis is proved to be a powerful methodology for in-situ analysis of
oxide layers formed on metals and alloys. Mott-Schottky analysis is based on the fact that
the oxide layers act like a semiconductor, so their semiconducting properties can be
measured. According to the Mott-Schottky theory, the semiconducting properties of oxide
films can be studied by measuring the capacitance of the interphase layer developed in the
oxide film, i.e., the space charge layer (a double layer formed next to the outer part of the
oxide) and the Helmholtz layer (double layer formed in the electrolyte near the oxide), as a
function of the applied electrode potential when the electrode is immersed in an electrolyte.

The experimental measured capacitance of a film can be described as [113,114]:
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1 1 1
E = — 4+ — (Equation 4)

Csc Cu

Where Cs is the capacitance of the space charge layer and Cy the capacitance of the
Helmholtz layer. The Mott-Schottky approach assumes that the space charge capacitance
is significantly lower than the Helmholtz capacitance (Csc <<< Cy), so the 1/Cy parameter is
assumed to be insignificantly low and consequently neglected in the Equation 4; as a result,
the measured capacitance is assumed to be the capacitance of the space charge layer [65].
Therefore, the oxide film/electrolyte interphase may be described by the followings Mott-
Schottky relations when the semiconducting film (oxide layer) is polarised at the depleted
state [66,115,116]:

1 = 2 E—E kBT Equation 5

C? B eEe NA ~ Bt e for p-type semiconductors
sc 0
1 = 2 E—E kBT Equation 6

CZ.  \eegoNp - by for n-type semiconductors
sc 0

Where ¢ is the dielectric constant of the oxide film, €o is the vacuum permittivity (8.85x101*
F cm?), e is the electron charge (1.602x107'° C), E is the applied potential (V), Ew is the
flatband potential (V), kg is the Boltzmann constant (1.38x102% J K'*) and Na/Np are the

charge carrier density (Ng) in the oxide layer, acceptor or donor respectively (cm™).

The application of the Mott-Schottky theory allows the determination of the semiconductor
type and the main charge carriers, as well as the quantification of such carrier density and
the flatband potential. The charge carriers are donors or acceptors species (depending of
the semiconductor type), which in fact are point defects in the oxide layer that include
different ion vacancies or interstitials. Typically, oxygen vacancies and cation interstitials
are the main charge carriers in n-type semiconductors whilst cation vacancies are the main
carriers in p-type semiconductors [117,118]. Generally, a lower donor or acceptor densities
restrains the electron transfer at the oxide/electrolyte interphase, inhibiting electrochemical
reactions and decreasing the oxide film dissolving or metal oxidation. In contrast, a high
charge carrier density will lead to higher currents values, facilitating the oxide dissolution
[118,119]. The flatband potential represents a region where predominant electronic defects

establish the transition between p and n-type semiconductor; it determines the position of
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the energy bands with respect to the redox potential of the electroactive ions present in the

electrolyte.
1.3.2 Point Defect Model (PDM)

Although here are several theories and models to describe the passivity [120], nowadays
the PDM, developed by Macdonald and co-workers [62,121], is perhaps the most well-
known to study the growth and breakdown of passive films in order to understand their
protection capabilities. As it was mentioned above, the oxide layers are generally
considered highly disordered and defective oxide layers that contain point defects (metal
and oxygen vacancies and cation interstitials according to the previous section). According
to the PDM, the transport of such dopants through the oxide film is involved in the growth
and breakdown of the oxide layer [122,123]. Anion vacancies and cation interstitials are
created and consumed at the metal/film and film/electrolyte interphases respectively; whilst
cation vacancies are created at the film/electrolyte interphase but are consumed at the
metal/film interphase. The formation and annihilation of anion vacancies contribute to the
film growth and cation vacancies contribute to the metal dissolution. So, the passivity
breakdown is closely related to the concentration of cation vacancies at the metal/film
interphase, and hence related to the flux of cation vacancies through the film [124].
Consequently, the first assumption of this model lies in the fact that the transport of point
defects within the oxide film under the influence of both a concentration gradient and an
electrical potential gradient, is necessary for the processes of film growth and breakdown.
Another important assumption of the PDM is that the electric field strength across the film
depends on the chemical and electrical properties, being independent of the applied

potential and film thickness.

A key parameter when describing the transport of point defects or the kinetics of oxide film
growth is the diffusion coefficient of the point defects. Such diffusivity parameter can be
determined studying the dependency of the charge carrier density of the oxide layer as a
function of the oxide film formation potential, using Mott-Schottky analysis in conjunction
with the PDM. This kind of measurement requires the electrochemical formation of the oxide
films at different passive potentials under controlled conditions in order to quantify the
charge carrier density (by Mott-Schottky analysis) of each passive film, formed at different
potentials; the native oxide layer is previously removed to provide a reproducible surface
for the electrochemical oxide formation. Then the obtained results are fitted to the following

exponential function [125,126].
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Nq = W1 e_bE + w- (Equation 7)

Where w1, w2 and b are unknown constants, Nq the calculated charge carrier density
(acceptors or donors) from the Mott-Schottky analysis and E is the applied potential (V)
used in the electrochemical oxide film formation.

Consequently, the diffusion coefficient can be calculated using the following equation:

_ _Jo_ _ _JoRT .
DO - - (Equation 8)
ZK(A)Z Zszke

Where:
i
]0 = - i (Equation 9) and K= E (Equation 10)

being Do the diffusivity coefficient of the charge carriers (cm? s), Jo the calculated flux of
charge carriers (A cm? C?), R the ideal gas constant (8.31 J K** mol?), T the temperature
(K), F the Faraday constant (96485 C mol ) and ke the electric field of the oxide film (typically
considered 10°% Vcm™ [69]), e is the electron charge constant (- 1.6x10° C) and iss the
determined mean value of the steady state passive currents (A cm?) obtained during the

potentiostatic growth of the oxide layer.

1.4 Corrosion resistance properties

As it was mentioned before, the corrosion protection properties of Cr are well known to be
conferred by the passivity of the native oxide layer that is spontaneously formed on their
surface. In order to distinguish the key role of the oxide film, it is interesting not only to study
the overall corrosion performance of the coating itself but also to try to isolate and evaluate
the corrosion resistance of the oxide layer instead. Several conventional electrochemical

techniques and methodologies are used for such characterisation.

1.4.1 Corrosion evaluation

Outdoor natural exposure, accelerated and electrochemical (conventional and localised)
tests are the most common methodologies used to study aqueous corrosion of metals.
Electrochemical techniques allow the study of the anodic (oxidation) and cathodic
(reduction) reactions occurring on the metals at laboratory level in a controlled ambient and

in a non-destructive or destructive way (depending on how much the system is disturbed
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electrochemically). Thermodynamic and kinetic parameters can be obtained after
evaluating/quantifying the performance of the samples under different aggressive

environments (i.e., electrolytes), monitoring corrosion events with time, etc.

1.4.1.1 Accelerated corrosion tests

This type of corrosion tests can provide information of the corrosion resistance very quickly
(usually from days to 1 - 2 months) in comparison to outdoor exposure tests or in-situ
exposure during their use in their final applications (which will take years). Although the later
provides reliable information about the lifetime before failure under real service conditions,
such tests are very time-consuming. Accelerated corrosion tests offers an alternative of
simulating aggressive environmental conditions, which in fact, are widely used in the
industry as quality control test to validate the corrosion resistance performance of the
samples, due to the speed of the measurement.

One of the most common accelerated corrosion tests is based on exposing samples to a
fog inside a chamber under controlled temperature, they are known as salt spray tests and
typically worked under the standard B117 [127]. The Table 5 shows the conditions and
electrolytes of some of the different tests that are used in order to simulate different

corrosive environments [128].

Table 5. Conditions of the salt spray tests, in accordance with the ISO 9227:2017 [129].

Neutral Salt Acetic Acid Salt | Copper-Accelerated Acetic
Spray (NSS) Spray (AASS) Salt Spray (CASS)
Temperature (° C) 35 35 49
pH . . .
(adjusted with acetic acid) 65-7.2 31-33 81-33
NaCl (%) 5 5 5
CuCl; (%) - - 0.0205

The evaluation of the corrosion performance in such accelerated corrosion tests is carried
out by periodic visual inspection of the surface appearance [130]. According to the visual
examination, a semi-quantitative evaluation is done in which samples can pass the test only
if they are not showing defects on the surface. However, the use of this kind of accelerated
corrosion tests still presents some drawbacks, such as the reproducibility between
specimens, the not short enough testing periods, the subjectivity during evaluation of the

results and the lack of information about the reasons for passing or failing the test.
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1.4.1.2 Open Circuit Potential (OCP)

The OCP provides information of the working electrode (i.e., sample to study) in a specific
medium (electrolyte) with respect to a reference electrode in a two-electrode configuration
cell when no external current is applied (open circuit). In fact, the OCP is a non-invasive
measurement (without application of any external potential or current) at which the oxidation
and reduction reaction rates are in equilibrium in a particular environment. Despite this
parameter corresponds to the equality of reaction kinetics, it is usually used to discuss the
thermodynamic trend of the sample to participate in electrochemical reactions (corrosion)
with the electrolyte or surrounding media [131], where in general it is considered that a
metal with a higher OCP is expected to be less prone to suffer corrosion reactions (more
noble), whilst a lower OCP is a feature of metals with a higher trend to be oxidised (less
noble). Studying the OCP variation as a function of the immersion time in a electrolyte can
also provide some insights about the corrosion resistance behaviour of the studied samples;
for example if the OCP increases with the time it could indicate that the surface is becoming
passive due to the formation/growth of a protective oxide layer as a result of the exposure
of the metal to certain electrolytes. In contrast, when the OCP decreases with time it is

generally considered that the metal is being attacked [132].

Usually, samples are exposed to the electrolyte and the OCP is monitored until the system
reaches an equilibrium. Although it depends on the couple system-electrolyte, typically 5

mV variation in several minutes is considered stable.

1.4.1.3 Linear Polarisation Resistance (LPR)

The LPR measurements are used for the calculation of the polarisation resistance (Rp), a
widely used parameter for evaluating the corrosion performance and even for estimating
the corrosion rate [133,134]. This technique is based on the mixed potential theory which
claims that the cathodic and anodic reactions in a corrosion process at the metal-electrolyte
interphase take place at a mixed or corrosion potential, so that the sum of all cathodic
reaction rates equals the sum of all anodic reaction rates.

In a LPR experiment, typically, the current is measured as a result of sweeping the potential
over a very small range and close to Eocp, typically + 10 mV vs Eocp. Then a linear E vs i
relationship is obtained and the R, can be determined from the slope by applying the Ohm’s

Law.
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1.4.1.4 Potentiodynamic polarisation curves (PDP)

Potentiodynamic polarisation curves measurements, unlike the OCP, are based on shifting
the system from the equilibrium (i) by applying a potential and monitoring the current density
(potentiostatic) or (ii) by applying a current and monitoring the resulting potential
(galvanostatic). Potentiodynamic polarisation curves (referred as potentiostatic
measurements) are obtained by pushing away the sample from the equilibrium (the sample
it is polarised). As a result, the anodic or cathodic reaction rates can be modified, providing
information about features such as passivation, pitting potentials or even current limiting

values that are governing the corrosion process.

Aqueous corrosion events are electrochemical reactions that generally are controlled by the
kinetics of the electron transfer reaction at the metal surface, which obeys the Tafel
eguation. Since a corrosion system is constituted by an anodic and a cathodic reaction,
assuming that there are only two half reactions and combining their Tafel equations, the

Butler-Volmer equation is formed [135]:

i=i, +i.= icorr(e(ZB(E—Eocp)/ﬁa) — e(—2-3(E—Eocp)/Bc)) (Equation 11)

Where, i is the measured current density, icorr the corrosion current, E the applied potential,

Ecorr the corrosion potential and Ba/B. the respective anodic and cathodic Tafel coefficients.

The Butler-Volmer equation (Equation 11) describes the electrochemical behaviour,
providing zero current at the Eoce and obtaining a total current contributed by cathodic and
anodic reactions at potentials near Eocp, having predominant contribution of one of them
when applying potentials far from the equilibrium. The Tafel plot is generated when plotting
the log | vs E in such a way that the corrosion current can be obtained graphically by
extrapolating the linear sections of the cathodic and anodic branches. The corrosion current
can also be calculated resolving numerically the resulting Butler-Volmer equation, by using
mathematical software. However, a further simplification can be performed on the equation
when restricting the equation to potentials close to Eocp having as a result the Stern-Geary

equation [136]:

BaBc

i = Equation 12
corr 2'3Rp(Ba+Bc) (Equation 12)
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Where, R, is the polarisation resistance, a parameter that can be calculated from a LPR
experiment (previous section). The Tafel coefficients (B«/ Bc) can be determined from the
slope of the linear regions of the anodic and cathodic branches in the corresponding Tafel

plots.

It should be stressed that both the Tafel and Butler-Volmer equations are usually used for
system controlled by charge transfer and cannot be used straightforward when dealing with
passive metals like Cr due to the presence of the passive regions (current plateau as a
function of the potential. In such cases, the corrosion resistance can be evaluated based
on other electrochemical parameters characteristic of passive metals, like for example the
current value of the passive region, also kwon as the passivation current (ipass), Which can

provide insights about the stability of such systems [137,138].

1.4.1.5 Electrochemical Impedance Spectroscopy (EIS)

The EIS has been proven to be one of the most powerful non-destructive electrochemical
techniques for both fundamental and applied research. It is normally used for studying
corrosion mechanisms, kinetics of electrochemical reactions, adsorption phenomena, or for

evaluating corrosion inhibitors [139].

The impedance (Z) is the equivalent of the resistance but in an Alternating Current (AC)
circuit rather than in Direct Current (DC). The concept of resistance is the ability of an
electrical circuit to resist the flow of electrical current. The well-known Ohm’s Law defines
the resistance as the ratio between the potential and the current (R= E/I), but this is valid
when considering only one circuit element: resistors. In fact, this is a simplification since in
the real world there are several factors that can impede the electron flow in an
electrochemical cell, for example, geometrical aspects like defects or pores, different
kinetics of reactions, diffusion of ions, etc. All of them can be considered to behave like
resistors, capacitors and inductors, i.e., equivalent circuits of AC. In this way, in AC the
resistance is now substituted by the impedance, which in fact is a complex number, as well

as frequency-dependent [140,141].

The electrochemical impedance is measured by applying a small sinusoidal AC potential
and measuring the resulting sinusoidal AC current. The applied potential perturbation and
the generated current are different in amplitude and phase which according to mathematical
transformations can be described by complex numbers, having the impedance a real (Z')

and imaginary part (Z”), as it is shown in the next equation [141]:
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Z(w)=7Z'(w)+ijZ"(w) (Equation 13)

Due to the complex nature of the impedance, EIS data can be plotted in different ways
(Figure 9), the most popular ones are (i) the Nyquist plot, real component (Z’) vs. imaginary
component (Z”) and (ii) the Bode plot, impedance modulus |Z| vs. frequency, or impedance

phase angle vs. frequency.
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Figure 9. Example of (a) Nyquist and (b) Bode plots for the EIS data presentation [142].

The data obtained from EIS measurements is commonly analysed by fitting the obtained
signals to an equivalent electrical circuit model built by combination of the already
mentioned electrical elements. For example, most of the more common studied systems
can be modelled by using a basic Randle equivalent circuit (Figure 10) where a resistor is
used for defining the resistance of the solution (Rs) together with a parallel combination of
another resistor which usually described the charge transfer resistance (Rc) and a capacitor
to represent the electrochemical double layer capacity (Cal), formed as a result of adsorbed

ions on the surface.

Rs Cdl
VAV i |
Rct

Figure 10. Basic Randle equivalent circuit for EIS data fitting.

Additionally, such capacitance values can be also used to estimate the thickness values

(e.g., thickness of an oxide layer) using the following equation:

C —_ T (Equation 14)
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Where C is the measured capacitance, ¢ is the dielectric constant of the oxide layer, € is

the vacuum permittivity (8.85x10** F cm™) and & is the thickness of the capacitor.

1.4.1.6 Critical chloride content

The critical chloride content is the chloride concentration threshold (Ccrit) which is defined
as the minimum amount of chloride ions that are required at the electrolyte-oxide interphase
to initiate the depassivation and breakdown of the oxide film. Initially, this methodology was
commonly used for the study of the corrosion caused by chlorides ions in steel rebars that
are contained in concrete [143]; however, it is also suitable for the evaluation of the
corrosion resistance of oxide films.

In such measurements, the breakdown of passivation is determined due to the action of
chloride anions. This methodology lies in monitoring a specific electrochemical parameter
(e.q., Eocp, pitting potential, passivation current, corrosion current etc.) and studying its
variation as a function of the chloride concentration in the electrolyte [144], an example is
shown in the Figure 11. Usually, the value of the selected parameter is constant with the
lower chloride concentrations until certain threshold, in which a dramatic change of the

value is observed, due to the breakdown of the oxide film, caused by the chloride ions.
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Figure 11. Example of the critical chloride content methodology [145].

1.4.1.7 Passivation kinetics or current-time transients

One of the most characteristic features of protective oxide layers is the fast speed they
show during their formation, granting to the metals with a unique “autorepairing” ability.
Therefore, the study of the kinetics of such oxide films formation is a matter of interest and
of great importance when investigating such oxide layers.

The growth kinetics of anodic oxide films usually starts with the chemisorption of hydroxyl

ions (OH), which as a result of exchanging reactions with the metal ions in the surface,
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forms oxide molecules. Further reactions yield to monolayers, homogeneous multilayers, or
thick islands of oxides, depending on the ratio of lateral to normal growth. In the case of
protective oxide films, usually homogeneous films with almost constant thickness are
formed, even if local inhomogeneities may cause slight thickness changes [146]. The
growth rate is equivalent to the current density of the oxide formation, which will depend on
the electrode potential E, the time t, and the concentration of OH".

In this way the passivation kinetic can be monitored according to the following equation
[147]:

iH)=A-t™ (Equation 15)

Where i(t) is the current density of the oxide film at certain t time, A is a constant and n is
the passivation index. The latter parameter is an indirect way of measuring the oxide film
formation velocity and it can be determined from the slope of the log i vs log t of the logarithm

form of the previous equation:

logi(t) =logA—n-logt (Equation 16)

Typically, the n value varies in the range 0 - 1 in such a way that the higher this parameter
is the faster the oxide layer formation is. Furthermore, its value also describes the type of
oxide layer since oxide films with values similar close to 1 have been found to be compact,
as well as highly protective. In contrast, n values < 0.5 are characteristic of porous and less

protective oxide layers [148-150].

Analogously to the PDM measurements, electrochemically formed oxide layers are studied
in this methodology to have a reproducible surface for each test, so prior to performing the
current time transient measurement the native oxide layer is usually removed. It must be
taken into account that when applying a constant potential within the passive region, despite
the oxide film formation, the current density can also be consumed by other events such as
metal dissolution that compete with the oxide layer formation. Therefore, when measuring
the current density under potentiostatic conditions the current evolution will indicate which
event is predominantly taking place as a function of the potential application time. As it is
illustrated in Figure 12, typically, 3 steps or stages can be identified during a current-time

transient measurement.
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Figure 12. Example of the passivation current evolution as a function of the passivation time [151].

In the first stage (Figure 12, stage 1), the current is constant with the time, showing a plateau
which indicates that the oxide film formation and metal dissolution are equal. So actually,
no oxide film is being formed because the metal surface is in equilibrium, continuously
dissolving and reducing the metal. The second stage (Figure 12, stage 2) is a transition step
in which the current starts to decrease very slowly. This, points out to a higher oxide layer
formation rate in comparison to the metal film dissolution. After certain time, the oxide
formation kinetic clearly dominates on the metal dissolution (stage 3 in the figure above)
since the current density decreases very quickly with a clear linear dependence [151].
Generally, the study of the stage 2 is related to kinetics of the oxide formation in the very
beginning of such process whilst the stage 3 is focused on the growth of the oxide layer as

it occurs at higher times.
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Chapter 2. Motivation and objectives

Based on the fact that the well-known Cr(VI)-based electrodeposits have to be substituted
due to environmental and health concerns (according to REACH compliance) and despite
showing optimum corrosion protection capabilities, the industry is seeking for alternatives.
Cr(ll)-based electroplating baths have been found to fulfil most of the requirements even if
they cannot completely replicate all the properties of the traditional Cr(VI)-based Cr
coatings. However, such formulations are quite complex since they possess a more
complicate electroplating mechanism, maintenance etc., and even today there are still some
uncertainties around the properties of the obtained coatings. The industry has been pushed
by the REACH to replace their Cr(VI)-based processes in a very short time and they turned
very quickly to Cr(lll)-based systems. In fact, most of them have introduced the Cr(lll)
empirically or even they added Fe salts to the process because it has been found to be
beneficial for the electroplating process. Although this is one of the main reasons why there
is still a high level of uncertainty about these coatings, it is becoming more complex due to
the broad variety of Cr(lll)-based electroplating baths which are showing very diverse
formulations with different chemical components, additives and working conditions.

This Ph.D. research is focused on studying in detail the properties of Cr electrodeposits
obtained from Cr(lll)-based electroplating baths. Two different model Cr(lll)-based
electroplating baths were used to obtained the electrodeposits: generic chloride and
sulphate-based baths, respectively. In parallel, Cr(VI)-based coatings have been obtained
from a model Cr(VI)-based electroplating bath for comparison as well as a pure Cr standard.
The idea is to generate enough knowledge to extrapolate to the more complex commercial
electroplating baths (both, chloride and sulphate Cr(lll)-based) in order to contribute to a
next generation of decorative and functional Cr(VI)-free Cr(lll)-based coatings, with a similar

lifetime/durability and performance of the coatings obtained from Cr(VI)-based baths.

The uniqueness of this research is the following: (i) to isolate the electroplated decorative
chromium layer from the substrate, (ii) to perform a detailed characterisation of the
nanometric chromium and oxide layers, respectively, and (iii) to investigate the properties
of the native oxide layer formed on such electroplated Cr layers. Therefore, sophisticated
techniques able to provide information at nanoscale level have been used to fulfil the

following main objectives:

1. To understand the effect that the different families of Cr(lll)-based electroplating
baths (chloride and sulphate-based) have on the physicochemical properties of the
electroplated Cr layers and their native oxide layers, including the presence of

additives such as Fe
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2. To perform a detailed and tailored characterisation (composition, semiconducting
and corrosion resistance properties) of the Cr layer and its native oxide in order to
explain which feature is governing the performance of the electrodeposits, in terms

of corrosion resistance for each type of coating.

The experimental approach followed for such study is illustrated below:

Cr(1ll) electrodeposits Fe effect on Cr(lll)
Chloride vs sulphate sulphate-based coatings

Cr layer (250 nm)

Model substrate
(Ni coated brass, 2 um)

Cr(Vi) vs Cr(lil) coatings

Chemical composition ana . Physical properties
thickness Surface Analysis * Morphology

* XPS/AES (depth profile, ARXPS) * Roughness

* Synchrotron XANES, XRR .

A (Cr layer & oxide)

Corrosion Semiconducting
performance properties
(Cr layer + oxide) (Oxide layer)
Corrosion resistance . .
* Immersion electrochemical tests ‘-—_—-” Electronic behaviour
* CASS chamber test * Mott-Schottky
* Passsivation kinetics * Point Defect Model

Finally, it should be stressed the high current interest and relevance of this topic as there
have been several projects on the Horizon 2020 and Horizon Europe framework programme
aimed to find suitable Cr(VI)-free alternatives for such decorative Cr coatings, as well as the
industrial interest shown by ATOTECH Deutschland GmbH by triggering this Ph.D.
research.
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Chapter 3. Experimental techniques and methods

The detailed characterisation of the nanometric chromium layer and its oxide layer required
the isolation of the topmost decorative chromium coating from the substrate (Ni coated
brass); therefore, homogeneous, pore and defect-free metallic layers were obtained in order

to assure that there was no effect of the underneath layers in any of the studied properties.

Two different model Cr(lll)-based electroplating baths (chloride and sulphate-based) were
used to obtain different Cr electrodeposits. Moreover, in order to improve the deposition
rate of the electroplating process, sulphate-based baths were doped with different amount
of Fe. Cr(VI)-based coatings were obtained from a model Cr(VI)-based electroplating bath
for the sake of comparison as well a pure Cr standard.

All the measurements shown in this research are considered to be reproducible, in some
cases the results are shown in tables constituted by mean values of several samples,
including the standard deviation in parenthesis.

This chapter has been divided in three different blocks: (i) electroplating process of the
coatings, (ii) surface analysis and (iii) electrochemical characterisation, which includes

semiconducting properties and corrosion resistance evaluation.

3.1 Electrodeposition of the Cr coatings

Cr electrodeposits were obtained using model Cr(lIl) and Cr(VI)-based electroplating baths.
Information about the setup, formulations and working parameters for obtaining such

coatings are described below.

3.1.1 Sample preparation and activation

Brass plates coated with a single nickel layer were used as substrate to obtain the different
decorative chromium coatings. Initially, the surface of each brass sample was prepared and
activated as follows (Figure 13): firstly, the brass substrate was immersed in an alkaline
soak cleaner dissolution (Uniclean 154) to remove the heavy duty/dirt present on the
surface, then a cathodic electrochemical cleaning was carried out using an alkaline
dissolution (Uniclean 279) and finally the substrate was activated by immersion in an acidic
dissolution (Uniclean 675) to promote the depassivation of the surface. Once the surface of
the brass was cleaned and activated, a bright Ni layer (2 um) was electroplated using a
commercial electroplating bath (Unibrite 2002) in order to provide a smooth and continuous
layer with the aim of increasing the adhesion of the posterior topmost Cr layer, as well as
to develop a physical barrier between the brass substrate and the Cr layer (avoiding the Cu

from the brass to contaminate the Cr(lIl) bath).
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Cr removal
from holder

Ha |
50 % (v/v)|

Brass (cathode)

!

Uni. 154

Uni. 279

v
v

Uni. 675

A

Brass/Ni/Cr
—>! Ni Bright —>  Cr(lll) ——>
coating

Figure 13. Cleaning, activation and electroplating sequence of the brass substrate.

Since the samples were electroplated using a metallic holder (Figure 14 (a)), the remaining

Cr was stripped from the holder after each electroplating sequence by immersion in a 50 %

HCI (v/v) dissolution for 3 min for the sake of its continuous reuse, avoiding its thickening

(which could affect to the formal applied current density on the sample). The Ni was

eventually stripped using the same methodology but with a HNO3 dissolution.

The Table 6 gathers chemical components/concentrations of the above-described

activation dissolutions/baths, as well as their optimised working conditions.

Table 6. Chemical composition and working conditions of the Uniclean and Unibrite 2002 dissolutions, used for
the cleaning and activation of the substrate.

Concentration

Solution Chemical component (gL Working conditions
154 30 Immersion for 3 min at 60 °C
. 10 Adm2 (stainless steel
Uniclean 219 0 electrode) for 30 s at R.T.
675 60 Immersion for 3 min at room temp.
HsBOs 40
NiSO4-6H20 270
] Dummy plating 1.3 Ah/L
NiCl2-6H20 40 Strong air agitation
Ug(')tg'zte Nickel Carrier A-5 22 T:55°C, pH 3.5 - 4.0
Anode: Ni sheet
Nickel Additive SA-1 7 (2:1 anode to cathode ratio)
6 Adm2, 10 min
Unibrite 2002 brightener 0.35
Wetting Agent Ni835 1
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3.1.2 Cr electroplating setup

The cathode consisted of a 4x4x0.1 cm mirror finish brass sheet (63.30 % Cu, 36.66 % Zn,
0.012 % Ni, 0.013 % Fe, 0.004 % Pb, 0.002 % Sn and 0.001 % S) which was coated with
2 um of a single bright nickel layer (Unibrite 2002) and plated by both sides (0.32 dm? of
total area). A homemade Cu-based active shielding holder was used to homogenise the
current distribution at the cathode and to avoid burning the sample due to possible current
spikes at the edges (Figure 14 (a)). Air bubbling was used for the agitation of the baths in
order to provide a suitable air flow for the electrodeposition process and it was achieved by
building suitable homemade pipes, according to the dimensions of the plastic containers
(Figure 14 (b)). These homemade parts are shown together with a general overview of the
used electroplating setup in the Figure 14 (c) for both, the activation and electroplating

process.

_ Ni plating
(C) B Cr plating
(P =
\ / X \ j \&.“j ,,
i , - & 28 ‘,‘ -

Figure 14. Homemade (a)active shielding holder and (b) air agitation pipes used in the electroplating.
(c) Overview of the cleaning, activating and electroplating setup.

3.1.3 Electroplating baths and sequence

Several Cr systems were studied in this Ph.D. The chemical composition and working
conditions of the different used Cr baths are shown in the Table 7. Two different Cr(lll)-
based electroplating baths were used (2.5 L), as well as one Cr(VI)-based bath (1.75 L) in
order to have a traditional Cr(VI)-based Cr coating as reference system. All the chemicals
used for the preparation of the electroplating bath formulations or for preparing any other
dissolution required for other experiments were reagent grade or higher.
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Table 7. Chemical composition of the model electroplating baths used in the deposition of the topmost Cr layer.

Model . Concentration : -
bath Chemical component (gL™) Working conditions
CrClz-6H20 107
H3BO3 49
Dummy plating 1.3 Ah/L
NH4CI 53 Slight air agitation
Cg:r%rl'ge KCl 75 T:30°C, pH 2.5 - 3.3
Anode: Graphite
NH4Br 10 (2:1 ratio) .
10 Adm2, 4 min
HCOOK 67
CH3COONa 14
Cra(S0O4)5(OH)2 143
(Basic chromium Sulphate)
HaBOs S0 Dummy plating 2.5 Ah/L
Strong air agitation
Na2S04 110
T:60°C,pH 3
K2SO4 90 Anode: Graphite
Sulphate (2:1 ratio)
cr(lln) HOC(COONa)(CH2COONa)2-2H20 103 10 Adm-2, 15 min
(Trisodium citrate dihydrate)
TP&%E’::)Z 0.01 (Deposition time reduced to
13, 8 and 5 min, respectively
C7H4NNaO3S 2 as a function of the added Fe)
(Sodium saccharin)
0,0.02,0.27,1.1
FeS0a-7H20 (0, 8,100, 400 ppm Fe)
Dummy plating 1 Ah/L
CrOs 240 glL No agitation
H2S04 1 mL/L Anode Pb-Sn (1:1 ratio)
16 Adm2, 10 min

The pH of the Ni and Cr electroplating baths were adjusted using 10 % (v/v) H>SO4, NaOH

and NHs. Prior to obtain the coatings, every electroplating bath was stirred for 1 day after

its preparation and further activated by dummy plating, carried out by applying the working

conditions for 1-2 hours on a sample; this was done to remove beforehand the possible

impurities of the used chemicals (the obtained dummy plated sample is discarded). All the

optimised working conditions were stablished in order to obtain Cr coatings with an

approximate thickness of 250 nm, whilst preserving a good aesthetic appearance.
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Finally, coatings doped with Fe were obtained to reduce the deposition time. Different
amounts of iron (FeSO4-7H.0) were added to the sulphate-based Cr(lll) bath in order to
study its impact on the coatings (see chapter 4.2) at three different levels: low, intermediate
(close to the added Fe concentration in commercial baths) and high concentration in the
bath. For simplicity, the obtained samples using the different Fe-doped baths will be referred
as follows: Fe0 (non-iron containing reference), Fe8 (+8 mg/L Fe), Fe100 (+100 mg/L Fe)
and Fe400 (+400 mg/L Fe).

3.1.4 Sample preparation of the Cr standard

Additionally, a 99.95 % purity Cr standard foil was acquired from Goodfellow as a pure bulk
reference material. The Cr standard was cut and embedded in hot resin, afterwards it was
grinded and polished to equalise its roughness to the one of the Cr electrodeposits
(approximately 10 - 20 nm R, measured by profilometer and confirmed by AFM). An
automatic Phoenix 4000 grinder and a polisher from Buheller was used. The standard was

grinded and polished using the following procedure:

(1) Grinding: 4000 pm silicon carbide paper
(i) Polishing: 3 pm silicon carbide paper
(iii) Polishing: 1 pm silicon carbide paper

All the steps were applied for 5 min, working at 125 revolutions per minute and with a 20 N
force. The grinding was carried out only the first time and eventually when the surface was
heavily affected by the measurements carried out, in general, after each electrochemical

measurement the polishing steps was found enough for the surface preparation.

3.2 Surface Analysis

Although the use of the techniques such as SIMS and ISS provide the highest sensitivity
and depth resolution respectively, the use of AES and XPS/ARXPS was found to provide

useful enough information.

3.2.1 Chemical composition analysis. XPS and AES

The chemical composition and oxidation state was studied by Auger Electron Spectroscopy
(PHI-650, AES) and X-ray Photoelectron Spectroscopy (PHI 5000 Versaprobe Il, XPS).
AES measurements were carried out using 5 keV excitation energy whilst XPS

measurements were performed using a monochromatic Al Ky X-ray radiation (1486.6 eV
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and 25 W); in both cases the used take-off angle was 45 °. Charge compensation was
applied by an electron and ion flood gun (automatically tuned by the device) during the
measurements conducted with the PHI 5000 Versaprobe Il XPS, whilst the charge
compensation was achieved by a manually controlled electron flood gun for the
measurements carried out with the PHI 650 AES; the current of the flood gun was gradually
increased in order to set the maximum of the C 1s peak to 284.8 eV.

Depth profile experiments were performed using a coupled monoatomic Ar ion gun with 3
and 1 kV in the case of AES and XPS measurements, respectively. The sputter rate
corresponded approximately to 25 and 3 nm/min (corresponding to 3 and 1 kV Ar ion gun
energy respectively) according to a calibration performed on a SiO./Si reference standard
measured with such equipment. The fastest sputtering was used to study the Cr layers
themselves (AES measurements). In contrast, special attention was paid on the native
oxide film by carrying out XPS depth profile measurements using the softer and slower Ar

ion sputtering rate.

AES results were analysed using the PHI Multipak software (v 9.8.0.19) and XPS curve
fitting was performed using CasaxPS (v 2.3.19 PR1.0). PHI sensitivity factors were used
for AES analysis together with a Shirley background subtraction for the peak fitting of XPS.
Survey and high-resolution spectra of elements such as Cr, C, O and Fe were used for the
data analysis. All the measured spectra were corrected to the metallic Cr 2ps, peak (574.2
eV) as the adventitious C peak from the C1s spectrum was only observable at the surface

and not in the deepest measurements.

Different kind of measurements were carried out using AES and XPS with different
conditions and aiming to obtain different information.

Typically, as a preliminary study of the surface, two AES survey scans were carried out on,
before and after performing a cleaning etching with Ar ions, respectively, in order to obtain
the composition of the surface with and without the presence of adventitious carbon.
Secondly, a fast sputter rate AES depth profile was carried out to investigate the distribution
of such chemical elements through the electroplated Cr layer (as a function of the depth).
The depth profile was stopped after reaching the underneath Ni layer.

Regarding the XPS measurements, besides XPS depth profiles used a slower sputter rate,
three different measurements were typically done: without any Ar ion sputtering (referred
as “as obtained”), and after etching the surface approximately 10 nm (referred as “etched
surface”). Because of the high intensity difference between the measurements of the Cr

2ps» and Fe 2ps» peaks before and after the sputtering, their high-resolution spectra are
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presented in the min-max normalised way (maximum value is given 1 and 0 value to the

minimum) to make easier their qualitative comparison by using the same modified scale.

The XPS measurements carried out on the Cr 2ps, aimed to the deconvolution of the Cr-O
peak were acquired after performing a cleaning sputtering of the surface (6 s of Ar ion
etching, corresponding to approximately 0.3 nm of superficial removal) instead of on the as
obtained surface since a noisy signal was obtained due to the presence of an adventitious
carbon an organic contamination layer. Such deconvolution is very dependent of the quality
of the signal and, in fact, could affect dramatically to the fitting and the further quantification.
Therefore, a soft sputtering was performed to get rid of the contamination layer, assuming
that the native oxide layer will be minimally affected.

3.2.2 Synchrotron radiation based XAS measurements
Synchrotron measurements were performed at the BL29 beamline (BOREAS) of the ALBA

Synchrotron light facility located in Cerdanyola del Vallés (Barcelona, Spain). X-ray
absorption measurements were carried out at the X-ray Absorption Spectroscopy and
magnetic circular dichroism endstation (HECTOR).

XAS measurements were carried out using a combination of Total Electron (TEY) and Total
Fluorescence Yield (TFY) modes (larger analysed depth) on the Cr and Fe L-edge as well
as on the C and O K-edge in order to investigate the compounds that were present in the
electroplated Cr layers and on their oxide layers. Additionally, in some cases, the samples
were bombarded with an Ar ion gun prior the measurements in order to get rid of the
superficial contamination layer. Together with the Cr electrodeposits, powder standards (the
CrO3z and Cr,O3 chromium oxides, together with the Cr23Cs and CrsC, chromium carbides)
were measured as well in order to identify the signals of the samples.

The samples were attached to the holder using double sided Cu tape and the powder
standards were dispersed in ethanol, previously to being drop casted on the holder.
Similarly to the XPS high-resolution spectra, the obtained data was normalised (min-max

normalisation) to make the comparison of the samples and the standards easier.

3.2.3 Thickness of the oxide layer determination

Although XRR measurements were performed, results were not able to provide information
about the thickness and density of the oxide layer and the obtained results only were able
to provide information about the roughness. Additionally, estimation of the native oxide layer

using ellipsometry was found to be very dependant of the used model, as well as, on the
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parameters included during the fitting (e.g., roughness of the sample or thickness of the
electroplated Cr layer). Therefore, the thickness was estimated by XPS measurements,
using the Carlson and Strohmeier equation (Equation 2).

XPS measurements of the non-sputtered surface were used to calculate the area
percentage of the metallic Cr and Cr oxide signals (Im, loxige in the equation, obtained from
the Cr-Cr and Cr-O components of the Cr 2ps2 peak). The inelastic mean free paths of Cr
and Cr oxide (Acr and Acr203) Were calculated and extracted from the NIST Electron Inelastic-
Mean-Free-Path-Database (SRD 71), corresponding to 1.55 and 1.83 nm respectively. The
volume density of the Cr and Cr oxide were fixed in 7.19 and 5.22 g/cm?, respectively and
the take-off angle was 0.785 radians (corresponding to the 45 ° take-off angle used during
the XPS measurements).

3.2.4 Other complementary techniques

3.2.4.1 X-ray fluorescence (XRF)

An Energy Dispersive X-ray Fluorescence spectrometer (Fischerscope XDV-SDD) was
used for a rapid verification of the chemical composition of the Cr layer in order to assess
the reproducibility of the obtained Cr coatings, as they were obtained. The thickness of the
electroplated Ni and Cr layer was also obtained using standards as a quality control of the

electroplating process.

3.2.4.2 Profilometry

The roughness was obtained by contact profilometry using a profilometer Talysurf Intra 50
mm from Taylor Hobson. The measurements were carried out following the indications of
the UNE-EM ISO 4288 [152].

3.2.4.3 Field Emission Scanning Electronic Microscope (FE-SEM)
The morphology of Cr coatings was investigated by using a JSM-7100F FE-SEM from
JEOL. The chemical composition of the coatings was investigated by using the coupled

EDX; chemical analysis and micrographs were acquired at 15 kV.

3.2.4.4 X-ray diffraction (XRD)

The crystallinity of the coatings was explored by using a D8 Advance equipment from Bruker
to obtain their X-ray diffraction pattern. The measurements were carried out using a Cu Ka
radiation source (A= 1.54060 A) in the 25 - 100 ° 26 range and using a 0.02 ° step size and

10 s step time. Due to the nanometric thickness of the Cr electrodeposits, the XRD patterns
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were obtained using grazing incidence configuration instead of the conventional Bragg-
Brentano (6/26) configuration, fixing the incidence angle to 4 ° and varying the detector
angle in order to enhance the signal from the topmost Cr layer, avoiding any masking effects
due to the substrate signal. Due to the deep penetration of XRD measurements (ranged in
the microns rather than in the nanometre scale), thicker Cr layers (2 - 5 um thickness instead
of 250 nm) were electroplated exclusively for these measurements to avoid the high signal
volume coming from the substrate, assuming that the crystallinity of the samples will be
similar regardless the increased thickness of the metallic electroplated layer. However, due
to the particular features of each model electroplating bath, setup and working conditions
used, the sulphate-based Cr(lll) electroplating bath, resulted to be less efficient and it was
more difficult to obtain thicker Cr coatings in comparison to the chloride system. Thus, a
small contribution of the substrate could be observed in the sulphate-based coatings whilst
no Ni or brass signals are expected to be found in the chloride one due to their different Cr
thickness (approximately 2 vs 5 um respectively).

3.3 Electrochemical characterisation

Electrochemical measurements (i.e., potentiodynamic polarisation curves, linear
polarisation resistance, Mott-Schottky and passivation kinetics) were performed on a
standard three-electrode glass cell, using a Biologic VSP-300 multichannel and a PGSTAT
30 AUTOLAB potentiostat (only for passivation kinetics measurements). The Cr
electrodeposits were used as working electrodes (1 cm? exposed area), a Pt mesh was
used as counter electrode and a Saturated Calomel Electrode (SCE, KCI saturated) as
reference electrode (Esce= + 0.244 V vs SHE); all the potential values shown in this work
are referred to SCE. A borate buffer solution of pH 8.4 (0.3 M H3BO3 + 0.075 M NazB,O7-10
H,0) was used as electrolyte for the characterisation of the native oxide layer. The borate
buffer electrolyte (BB), as well as NaCl electrolyte (concentrations from 103 to 1 M)) were
used to evaluate the corrosion resistance of the coatings by the linear polarisation
resistance (LPR and PDP) measurements. All the measurements were conducted at room
temperature (25 °C) and the OCP was monitored for 1h before the different electrochemical
measurements listed below, except for the PDM, passivation kinetics measurements where
no OCP was monitored, as well as the critical chloride content where 18 h of OCP were
used instead. Additionally, accelerated corrosion test (CASS) was used for evaluating the

corrosion resistance performance as it is carried out in the industry.
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3.3.1 Semiconducting properties

Semiconducting properties of the native oxide layers were studied using the (i) Mott-
Schottky approach, to study the concentration of point defects of the oxide films and the (ii)
Point Defect Model for an additional analysis on the diffusion of such point defects through
the oxide layer. These measurements were carried out using the pH 8.4 borate buffer

solution.

3.3.1.1 Mott-Schottky

Mott-Schottky experiments were made through multi-frequency Electrochemical Impedance
Spectroscopy (EIS) measurements by polarising the sample at different potentials within
the passive region (previously determined by potentiodynamic polarisation curve), starting
from the Eocp until 0.6 V with 25 potential steps. Due to the larger passive region observed
when adding Fe, the measurements were extended up to 1 V with 38 potential steps for the
Fe400 sample. The potential steps were also increased to 60 when studying the Cr(VI)-
based coating in order to have enough experimental data to perform the fitting of the linear
region. Each EIS measurement was recorded in the 1 MHz - 100 mHz frequency range with
7 points per decade and 10 mV sinus amplitude disturbance. The coatings were exposed
to the borate buffer electrolyte for 1 h prior to the Mott-Schottky measurement. The
capacitance data was extracted from each EIS measurement at 1.233 kHz, since that
frequency value was confirmed to be descriptive of the sample (not belonging to other
external events/mechanisms, like pores or electrochemical reactions of the electrolyte) and
was considered to be high enough (typically 1 to 102 kHz) to exclude the influence of
leakage currents and interference of surface states phenomena, according to the
assumptions of the Mott-Schottky [153,154]. The capacitance was calculated from the
imaginary part of the impedance, assuming a pure capacitance behaviour, according to the

following equation:

1 — -1
2nfc

(Equation 17)

Where Z” is the imaginary part of the impedance, f is the used frequency and c is the speed
of light (3x108 m s1).

The charge carrier density was calculated from the Equation 5 and Equation 6 using a
dielectric constant value of 12 for both chromium and iron oxide [72,73,116].

These measurements were carried out immediately after the obtaining of the sample.
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3.3.1.2 Point Defect Model (PDM)

The PDM measurements were carried out according to the electrochemical procedure
shown in Table 8. The step 1 was performed for the sake of the reproducibility of the surface,
as a quality control by comparing the OCP value of each tested sample. The step 2 and 3
were focused on reducing and removing the native oxide layer sequentially in order to

provide a reproducible surface for each experiment.

Table 8. Electrochemical procedure used for the Point Defect Model measurements.

Electrochemical protocol Measurement conditions

1. OCP 5 min

2. Potentiodynamic polarisation

curve From Eocpto -1V (100 mV/S)

3. CV (Cyclic voltammetry) From -1V to- 0.8V, 30 cycles (100 mV/s)

4. CA (Chronoamperometry)

o -0.1Vto 0.3 Vrange every 100 mV, for 9 h
Passivation

5. Mott-Schottky See Mott-Schottky section

The potential applied in the step 4 aimed to formed electrochemically an oxide layer,
promoting the passivation (the potential was applied until stabilisation of the monitored
steady state current, after 9 h). Finally, the charge carrier density was measured using the
procedure described in the previous Mott-Schottky section. The steps 2 to 5 were carried
out in a loop, removing the oxide layer and forming a new one to finally measure the
semiconducting properties by Mott-Schottky, until passivating the surface at every potential,

from the - 0.1 to 0.3 V range, every 100 mV.

3.3.2 Corrosion resistance

The corrosion performance of the different Cr systems was evaluated using conventional
electrochemical techniques (OCP, LPR, PDP) as well as studying the critical chloride
concentration for the breakdown of the oxide layer and the kinetics of the oxide formation.
Although the borate buffer and 0.1 M NaCl electrolytes were mainly used, several
concentrations of NaCl (0.001 M, 0.01 M, 0.1 and 1 M) were also used in order to find the

critical chloride content that could promote the breakdown of the oxide layer.

3.3.2.1 Conventional techniques (OCP, LPR, PDP)
The corrosion performance was studied by using an electrochemical procedure (Table 9)

constituted by a sequence of several non-destructive measurements (OCP and LPR). Such
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measurements were carried out by immersing the Cr coatings in the electrolytes
immediately after the obtaining of the samples (to avoid any uncontrolled aging effect on

the surface).

Table 9. Electrochemical procedure used for the corrosion resistance evaluation of the Cr coatings.

Electrochemical protocol Measurement conditions

1. OCP 1lh

+ 10 mV vs Eocp

2. LPR (0.166 mV/s scan rate)
3. OCP 2 min
4. PDP Eoce to +0.6 V, 0.166 mV/s

The PDP were carried out by making anodic sweeps at the end of each experiment as a
destructive test. PDP and LPR measurements were carried out according to the ASTM G5-
94 [155]. The corrosion performance was evaluated in both, borate buffer pH 8.4 and 0.1 M

NacCl electrolytes.

3.3.2.2 Critical Chloride content

The resistance of the passive film was evaluated by monitoring the evolution of the Rp
(obtained from the LPR test) as a function of the chloride concentration in the electrolyte.
Thus, the protectiveness of the oxide was evaluated by means of the critical chloride
concentration, indicating the breakdown of the passive layer. These experiments were
carried out using different NaCl dissolutions comprised in the 102 - 1 M range. In these
measurements the R, values were obtained from LPR experiments performed after 18 h
OCP time, since some differences were emphasised between the studied Cr(lll) coatings

when the immersion time was increased.

During the analysis of the corrosion resistance properties of the it was found that the time
elapsed from the obtaining of the sample to its analysis (their aging under uncontrolled
conditions) had a strong effect, increasing the corrosion resistance of the coatings and
showing different trends for the studied samples. This aging effect was only studied in the

critical chloride content methodology.
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3.3.2.3 Passivation kinetics or current-time transients

The protective features of the native oxide layers were also investigated by studying their
passivation kinetics in the borate buffer (pH 8.4) electrolyte. Current-time transients were
monitored whilst applying a passive potential. Due to the fast nature of such measurements,
a very high data collection rate is required, and for that reason the passivation kinetics were
carried out using a PGSTAT 30 Autolab potentiostat, following the procedure in Table 10.

Table 10. Electrochemical procedure for the passivation kinetics measurements.

Electrochemical protocol Measurement conditions
1. CV From-0.5Vto- 1V, 10 scans (10 mV/s)
2. CA -0.9V, 5 min
3. CA Acquisition ra?ézf:\/i il—?z (1 point/ms)

Similar to the PDM measurements, step 1 aims to reduce and remove the native oxide layer
in order to have a reproducible surface. The second step was performed to check the
stabilisation of the surface, as well as the reproducibility between samples, by monitoring
the current at such cathodic potentials. Finally, in the third step a passivation potential was
applied for a very short time (5 s) in order to measure the current evolution during the
passivation. The used passivation potential (0.2 V) lies approximately in the middle of the

passive region of all studied samples.

3.3.2.4 Copper Accelerated Acetic Acid Salt Spray (CASS) test

CASS accelerated corrosion tests were run in a Saltevent SC500 Weiss cabinet according
to ISO 9227:2017 [129], which suggests an exposure at 49 °C to a fog of CASS electrolyte,
being a pH 3.1 solution containing 50 g/L NaCl + 0.26 g/L CuCl,-H,O [156]. The visual
evaluation of the samples was periodically performed every 24 hours, and the examination
criteria was based on the 1SO 10289 [130]. The samples were considered to pass the test
when no defects were observed on their surface, if so, they were considered as failed,
putting them aside from the running test and indicating the time that took for that sample to

fail.
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4.1 Trivalent chromium coatings: chloride vs sulphate-

based systems

Two different coatings were obtained using model trivalent chromium-based electroplating
baths, chloride and sulphate-based electrodeposits, in order to study their corrosion
resistance avoiding the influence of the substrate. A pure Cr standard was also tested as a
reference system. The characterisation of the coatings was devoted not only to the Cr layer
but also to its native oxide layer. On the one hand, the physicochemical properties of the
surface were investigated using Field Emission-Scanning Electron Microscopy (FE-SEM),
X-Ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS), Angle Resolved XPS
(ARXPS) and Auger Electron Spectroscopy (AES). On the other hand, Mott-Schottky and
Point Defect Model (PDM) measurements were carried out to obtain information about the
semiconducting properties of the oxide layer, whilst the corrosion resistance was evaluated
by accelerated corrosion test (CASS chamber test) and different electrochemical
methodologies, such as Linear Polarisation Resistance (LPR) and Potentiodynamic
Polarisation (PDP) tests using different electrolytes (borate buffer pH 8.4 and NaCl
electrolytes). Although results revealed a similar morphology (crack-free Cr coatings),
composition (Cr-C layer) and semiconducting behaviour (p-type), the main differences
consisted in the lower C concentration, the presence of S in the composition and the certain
crystallinity in the structure of the sulphate-based coating. Chloride-based coatings showed
a slightly better corrosion resistance using non-aggressive electrolytes (borate buffer pH
8.4); however, when increasing the aggressiveness of the electrolyte (NaCl) both coatings
exhibited a similar behaviour except for the 1-year-aged samples, where the sulphate-

based Cr electrodeposits presented a better corrosion performance.

4.1.1 Electroplated Cr layer

4.1.1.1 Composition of the Cr layer by AES

The AES depth profile of the Cr standard, (Figure 15 (a)) showed, as expected, a strong
predominant Cr signal, together with an unexpected residual C signal. FE-SEM
observations revealed that such C presence corresponded to superficial contamination of
carbon particles (images not shown here), probably caused during the grinding process.
Therefore, for the sake of comparison, the Cr standard is considered to be constituted by a
mainly pure Cr chemical composition. In addition, certain oxygen concentration was found
inside the bulk Cr, which remained constant after approximately 5 min of sputtering (later

discussed in this section).
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Figure 15. AES depth profile of the (a) Cr standard and the Cr(lll) systems: (b) chloride and (c) sulphate-
based coatings.

Regarding to both Cr coatings (Figure 15 (b) and (c)), three different regions were identified
in their AES depth profiles: (i) the surface (0 - 2 min of sputtering), corresponding to the
chemical contribution of the oxide layer together with adsorbed species corresponding due
to adventitious carbon or other exogenous organic species from the atmosphere, (ii) the Cr
layer (2.5 - 25 min of sputtering) and (iii) the underneath Ni layer (beyond 25 min of
sputtering). According to such AES depth profiles, both Cr(lll)-based coatings revealed a
homogeneous distribution of the different elements through the electroplated Cr layer, but
a higher C concentration (approximately 30 vs. 15 % at.) was observed for the chloride-
based coating.

4.1.1.2 Composition of the Cr layer by XPS

Initially, the quantification of the elements was done by AES, XPS and SEM-EDX. Different
results were obtained (not shown here), which probably were attributed to (i) the high
penetration of the beam in the SEM-EDX (deeper analysed volume than the others) and to

(ii) the differences in the sensitivity factors that are used in AES and XPS analysis [157].
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Furthermore, a strong overlapping of the Crl and O1 signals was observed in the AES
measurements due to their proximity in energy which could compromise the quantification
of these elements (Figure 47, Appendix A). As a consequence, the detailed quantification
was made by XPS (XPS depth profiles displayed similar results in comparison to AES ones).
The Table 11 shows the summary of the chemical composition for both Cr(lll)-based
coatings and the Cr standard, including values without and with a preliminary cleaning
sputtering (etching up to 10 nm in the surface, which was found to be representative of the
whole Cr layer).

Table 11. Chemical composition, measured by XPS, of the surface and of the Cr layer (after etching
approximately 10 nm).

Sample atomic % Cr C (0] S
Surface 5.6 (-) 72.2 (-) 22.2 (-) -
Cr
Etched 63.8 (-) 22.5(-) 13.7 (-) -
Surface 8.5(5.2) 54.5 (21.4) 37.1(16.1) -
Cr(lll) chloride
Etched 70.1 (0.6) 20.2 (0.2) 9.7 (0.6) -
Surface 11.2 (2.6) 45.4 (6.5) 41.0 (4.2) 2.5(0.4)
Cr(lll) sulphate
Etched 78.2 (0.4) 11.1 (3.1) 7.9 (0.4) 3.0(0.8)

The chemical composition of the surface (as obtained samples, without any Ar ion
sputtering) of all samples is mainly constituted by a high C and O concentration, due to the
presence of the oxide layer as well as the already mentioned superficial contamination layer
(e.g., adventitious carbon and exogenous adsorbed organic contaminants) [158,159]. The
high deviation of these values is attributed to the stochastic variation of such superficial
contamination layer. After sputtering, although it was expected to remove the oxygen
contribution on the etched surface, some residual O was still found in the Cr layer of both
coatings, and even in the Cr standard, as previously shown by AES (Figure 15). This oxygen
concentration was also found to be increased when the elapsed time between the sputtering
step and the next measurement was extended (Figure 47, Appendix A). Considering this,
the detected oxygen amount was attributed to the high reactivity and ability of Cr to form
spontaneously an oxide layer (even inside the ultra-high vacuum chamber at very low
oxygen concentrations) [160], since similar concentration plateaus were observed after
etching all the studied samples (ranging the 8 - 14 % at. O).

Besides the oxygen, relatively high C concentrations were found in the Cr layer of both
coatings. This is in agreement with previous studies that also investigated Cr(lll)-based

electrodeposits, where certain organic additives were deposited together with the Cr during
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the electroplating process [37,46,47,161]. In fact, as pointed out in the AES depth profiles,
the chloride-based Cr electrodeposits possess an approximately two times higher C
concentration in the Cr layer. The unexpected high C concentration on the etched surface
of the Cr standard was attributed, as mentioned before, to a C particle contamination which
was later observed by FE-SEM. Additionally, traces of S were observed on the surface and
inside the Cr layer of the sulphate-based Cr coating, probably related to some ad/absorbed

sulphate-based salts from the electrolyte (Table 7).

XPS high-resolution spectra were measured in order to study the oxidation state and the
surrounding chemistry of the chemical elements present in the coatings. The Figure 16
shows representative XPS high-resolution spectra of the Cr 2ps», C 1s and O 1s, as well as
the S 2p peak only for the Cr(lll) sulphate-based coating (the same trend was observed for
both Cr coatings, although S was not detected in the chloride system). The high-resolution
spectra of the Cr standard are not discussed here (Appendix A).
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Figure 16. Representative XPS high-resolution spectra of (a) Cr 2pas2, (b) C 1s, (¢) O 1s and (d) S 2p of the
electroplated Cr(lll)-based coatings, as a function of the sample’s depth.
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The surface of the as obtained samples presents in the Cr 2ps» spectra a strong Cr-O
component (576.8 eV), which corresponds to Cr oxide/hydroxide species of the native oxide
layer, together with a weaker metallic Cr component (574.2 eV) [30,44,46,47]. The O 1s
peak for the as obtained surface shows a broad signal constituted by O-C (531.8 eV) and
O-metal (530.2 eV) components [46,47,56]. The former disappears due to the sputtering of
the organic adsorbed contamination and the O-metal component decreases as a function
of the etching, since to the native oxide layer is removed (the residual O-metal component
was attributed, as mentioned before, to a repassivation issue inside the XPS vacuum
chamber as explained before). The O-C signal of the as obtained surface is expected to be
also including or masking an smaller OH-metal component located at approximately 533.5
eV [162-164], corresponding to Cr hydroxides at the outer part of the oxide layer and an
additional O=S peak (532.5 eV), related to the SO.*> observed in the S 2p peak, which is
discussed later [165].

Regarding the C 1s spectra, a broad C-OOH peak (288.6 eV) and a sharp C-C (284.6 eV)
peak with a shoulder corresponding to C-O peak (285.6 eV) are observed in the as obtained
surface. This is in agreement with the presence of a topmost carbon and organic
contamination layer at the surface, as observed in the previous O 1s spectra. These
elements disappeared after etching the surface and a new peak appears at 282.7 eV,
corresponding to carbide carbon or C-metal [46,47,55]. This fact indicates that the obtained
Cr electrodeposits are formed by chromium carbide instead of by a pure Cr layer [36,166].
According to the S 2p high-resolution spectra, adsorbed SO,? salts (S-O peak at 168.9 eV)
can be observed in the as obtained surface. After etching the sample, these adsorbed
sulphates are removed and a new peak appears at 162.5 eV, corresponding to S=C [47,55].
This signal is believed to correspond to the thiourea organic additive (also called carbamide,
CH4N>S) that is used in the sulphate-based electroplating bath (Table 7), which may get
occluded inside the Cr layer during the electroplating process of the sulphate-based system.

4.1.1.3 Morphology

The surface morphology of the Cr(lll)-based coatings was explored by means of FE-SEM.
Micrographs (Figure 17 (a) and (b)) revealed that both Cr electrodeposits present a
microcrack-free and nodular surface morphology, which is typical of the Cr(lll)-based
electrodeposition mechanism [4,56,167,168]. Cross-section micrographs were also
obtained (Figure 17 (c)) to confirm the thickness values of the electroplated Ni and Cr layers

as initially they were estimated by XRF.
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Figure 17. Surface morphology of the Cr(lll)-based electrodeposits: (a) chloride and (b) sulphate-based
systems. Representative (c) cross-section of the chloride-based Cr coating.

4.1.1.4 Crystalline structure
The crystalline structure was investigated by XRD. The Figure 18 shows the different

diffractograms used for the peak indexing.
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Figure 18. XRD diffractograms of the Cr(lll)-based Cr coatings, together with some standards of the
underneath Ni layer and brass substrate, as well as the pure Cr.

65



Chapter 4. Results and discussion

The Cr, Ni and Ni/brass (signal divided by 20 due to the high intensity obtained in its
measurement, for the sake of the qualitative comparison) samples were measured as
internal standards where the peaks 42.6; 49.6; 72.6; 87.9 and 93.0 ° were believed to
correspond to the brass substrate of the Ni/brass sample.

The sulphate-based Cr(lll) electrodeposit shows sharper peaks, an intrinsic feature of a
more crystalline structure. The more intense peaks located at approximately 44.4, 64.4,
81.5 and 97.7 ° corresponds to the main peaks of the Cr standard, although certain
contribution of the Ni underneath could be expected for the ones located at 44.4 and 97.7
°, respectively. Additional smaller peaks were found in the sulphate-based coating, which
were attributed to signals coming from the underneath Ni layer and brass substrate: the
peaks 42.6, 49.6, 72.6, 87.9 were found to correspond solely to the brass substrate whilst
peaks 51.8 and 76.4 ° were attributed to Ni. In contrast, the chloride-based Cr(lll) coating
possess a more amorphous structure due to the presence of a wide and broad peak.
centred at 43.6 ©, (main peak of the Cr and Ni). The absence of signals from the Ni and
brass substrate in the chloride-based coating can be explained due to the higher thickness
of Cr layer for this sample (5 vs 2 um) due to the less efficiency of the sulphate-based
electroplating bath as it was explained in the 3.2.4.4 section).

The more amorphous structure of the chloride system can be explained in terms of its higher
C content, in comparison to the sulphate-based Cr(lll) coating (Figure 15, Table 11).
Generally, Cr-C coatings are amorphous, usually favoured by the higher C content. This is
caused by the doping of C in the natural crystal lattice of the Cr that disturbs the crystalline
setting order of the Cr atoms, making as a consequence, a more amorphous Cr layer
[46,50].

In spite of the fact that both coatings have shown the presence of carbides by XPS (Figure
16 (b)), no carbide phases were detected in any of the Cr(lll)-based coatings. This could be
caused because such carbides are in an amorphous form, being XRD unable to detect

them.

4.1.2 Native oxide layer

4.1.2.1 Chemical composition of as obtained samples

XPS depth profiles were conducted with a lower sputter rate in order to elucidate the
chemical elements (distribution and concentration) present in the oxide films of both Cr(lIl)-
based coatings (Figure 19). The XPS depth profile of the Cr standard is shown and
discussed in the Appendix A. Similar results were obtained in comparison to the previously

carried out AES fast depth profiles (Figure 15).
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Figure 19. XPS depth profiles using a slower sputter rate to study the native oxide layers formed on (a)

chloride and (b) sulphate-based systems.

In addition to XPS depth profiles on the native oxide layer, the Cr 2ps, high-resolution

spectra was analysed in detail. A specific deconvolution was carried out on the Cr 2ps»
peak to quantify the contribution of the Cr oxide and hydroxide species from the Cr-O peak.
Although the deconvolution of the Cr-O peak into a two components (oxide and hydroxide)

is usually done by some authors [46,72,146], it is known that the Cr presents multiplet-

splitting (due to the coupling between unpaired electrons from the core to with other

unpaired electrons from the outer shell), making the deconvolution more complex. Such

deconvolution was performed (Figure 20) according to the suggestions of some authors,
who based their studies on theoretical and empirical data [169].

67



Chapter 4. Results and discussion

5000
(@) Cr 2p,, Cr
4000
) Cr-Cr
S Cr(OH)
% 3000 8
a2
c
2 2000
© -
1000
Cr,0, .
582 580 578 576 574 572 570

Binding Energy (eV)

9000 : 8000
a000] () Cr2p,, Cr(lll) chloride 0] (©) €T 204,
7000 _
2 6000 @ 6000+
e Cr(oH), S 5000{ Cr(OH)
o 5000 - ° 3
2 @ 4000
€ 40004 2
3 3 30001
G 30004 3
20001 2000
10001 ,0, R 1000 ] Cr,0,

580 578 576

O

Cr(lll) sulphate

Cr-Cr

574 572 582 SéO

Binding Energy (eV)

578 576 574 572

Binding Energy (eV)

Figure 20. Deconvolution, considering the multiplet-splitting effect, of the Cr 2ps/2 peak of the (a) Cr standard
(b) Cr(lll) chloride and (c) Cr(lll) sulphate-based coatings.

The Figure 20 shows the high-resolution spectra of Cr 2ps2 peaks of the native oxide layer

from the different systems. The Cr oxide/hydroxide concentration (Cr-O component) was

much higher (in terms of intensity and area) for the sulphate-based Cr coating whilst the

lowest value is observed for the native oxide layer formed on the Cr standard. Moreover,

the chloride system seems to possess the higher Cr hydroxide contribution among the three

systems. These qualitative observations were confirmed in the Table 12, where the

concentration of the Cr-oxide and hydroxide components of the native oxide layer are

distinguished and quantified according to the deconvolution (taking into consideration the

multiplet-splitting effect on the Cr 2ps» spectra).

Table 12. Analysis of the Cr 2ps;2 peak deconvolution of the Cr standard and Cr(lll)-based coatings.

Atomic % Cr-Cr Cr-O Cr203 Cr(OH)s
Cr 62.3 (-) 37.7 () 32.2(9) 5.5(-)

Cr(Ill) chloride 51.8 (3.2) 48.2 (3.2) 13.8 (6.6) 34.3(3.2)

Cr(Ill) sulphate 42.4 (1.3) 57.6 (1.3) 25.7 (6.6) 31.9 (5.3)
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Native oxide layers formed on both Cr(lll)-based coatings have approximately a 50 - 60 %
of Cr oxy/hydroxide concentration (Cr-O component), showing an slightly higher general Cr-
O concentration for the sulphate-based coating. Although both samples are showing a
similar Cr-hydroxide content (34.3 and 31.9 %, respectively), the amount of oxide is slightly
higher for the sulphate-based samples (25.7 vs. 13.8 %). Interestingly, despite showing the
lower Cr-O concentration (37.7%), the Cr standard sample is mainly formed by Cr-oxide

rather than Cr-hydroxides.

4.1.2.2 Thickness
The Table 13 gathers the estimated values of the thickness of the native oxide layers using
the Carlson equation (Equation 2).

Table 13. Native oxide layer thickness estimated by XPS (Carlson equation).

Sample Native oxide layer thickness (nm)
Cr 0.9 ()
Cr(lll) chloride 1.0 (0.1)
Cr(lll) sulphate 1.6 (0.3)

According to the table above, the thickness values of the native oxide layers are ranged
around 1 - 2 nm, which is in agreement with previous studies [69,170,171]. Similar values
were obtained for the oxide layer formed on the surface of the standard Cr and the chloride-
based Cr(lll) coating (0.9 and 1 nm, respectively), whilst the sulphate-based system showed
a slightly thicker native oxide layer (1.6 nm). Such difference can be explained according to
the previous XPS measurement (Figure 20 and Table 12) where the Cr-O component was
increasing in the following order: standard Cr < chloride-based coating < sulphate-based
coating, showing a positive correlation between the Cr-O concentration and the thickness

of the native oxide layer.

4.1.3 Semiconducting properties of the oxide layer
4.1.3.1 Mott-Schottky

Polarisation curves in borate buffer (pH 8.4) electrolyte were carried out prior to Mott-
Schottky measurements in order to identify the passive region. The Figure 21 shows the

anodic branches in the borate buffer electrolyte (pH 8.4).
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Figure 21. Polarisation curve (anodic branch) of the Cr standard and Cr(lll)-based coatings in borate buffer
electrolyte (pH 8.4).

The polarisation curves above showed a similar passive region for both Cr(lll)-based
coatings (approximately from - 0.4/- 0.3 to + 0.4 V) in which the current density is constant
(approximately 8x10“* mA cm2). Although the presence of a passive region is not clearly
observable for the standard Cr, its significant lower current density value in comparison to
the Cr(lll)-based coatings (around 1 order of magnitude lower) confirms its passive
behaviour. According to the anodic branches, both Cr coatings present a similar breakdown
potential (corresponding to the start of the transpassive region) to the Cr standard located
around 0.5 V in the borate buffer electrolyte. Regarding the Ecorr, it can be observed the
following increasing order to more noble values: - 0.412 V for the chloride-based coating <
- 0.320 for sulphate-based coating and < - 0.180 V for the Cr standard. In general, the lower
passivation current and the more positive Ecor 0f the Cr standard may initially indicate a
more protective ability in comparison to the Cr coatings. If both Cr electrodeposits are
compared, the only difference that can be observed is the Ecor, most probably due to the
different chemical composition of their Cr and native oxide layers (Table 11 and Table 12).

The Figure 22 shows the Mott-Schottky plots where a similar and common trend can be
observed for all systems: a negative slope, characteristic of p-type semiconductors, being
the chromium vacancies (Vcr3+) the main charge carriers or point defects in the native oxide
layers. The presence of such defects in the Cr oxide layer are acting as acceptor dopants
[60,72,172].
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Figure 22. Mott-Schottky plot of the Cr(lll)-based coatings and the Cr standard in borate buffer (pH 8.4).

The charge carrier density and the Ex, were calculated using the Equation 5 (Table 14). The
fitting was carried out on the linear range of the Mott-Schottky plot, in the ranges: 0.17 -
0.53 V for the Cr standard, 0.22 - 0.49 V for the chloride-based coating, and 0.28 - 0.52 V
for the sulphate system. The charge carrier density provides information about the
concentration of point defects that are present in the oxide film (also related to its electronic
and electrochemical activity). In theory, a lower donor and/or acceptor density limits the
charge transfer. On the contrary, a high charge carrier density leads to a higher passive
current density (it facilitates the oxide film dissolving and breakdown) [118,119].

Table 14. Electronic properties calculated from the Mott-Schottky plot for the Cr standard and Cr(lll)-based
coatings.

Sample Na (x10%° cm3) Ew (V vs SCE) Semiconductor type
Cr 4.8 (0.1) 0.60 (0.04)
Cr(Ill) chloride 6.9 (0.2) 0.56 (0.01) p
Cr(Ill) sulphate 8.0 (0.3) 0.57 (0.01)

According to the table above, the calculated Na are around 10%° cm for all the systems,
which corresponds to typical values of heavily doped oxide films in comparison with
classical semiconductors like Si or Ga. Such values are in agreement with the ones obtained
in other studies performed on Cr or Cr-Fe alloys, which are usually in the range 10*° to 10%
cm=3[60,70,72,73,115]. The native oxide layer formed on the Cr standard stands out as the
less defective system, due to its lower charge carrier density. This is consistent with the

lower current values and the more positive Ecor Observed [173,174] in the polarisation curve
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(Figure 21). In contrast, both Cr coatings present higher Na values, where the chloride
system seems to have a slightly lower concentration of point defects in comparison to
sulphate (6.9 and 8.0x10° cm™ respectively). The more defective native oxide layer
observed for the sulphate-based Cr coating could be related with the presence of adsorbed
S on its surface, as previously observed by AES and XPS measurements (Figure 15 and
Table 11). The presence of S could hinder the oxide layer formation, leading to a more
porous or defective oxide film, as shown by its lower Na value; a similar detrimental effect
was found in the chromium oxide layer of the stainless steel [113].

Regarding the Ex, potential both Cr(lll)-based Cr coatings are showing similar values (0.56
and 0.57 V, respectively) and close to the standard Cr (0.60 V), which probably points out
to the presence of a native oxide layer of similar chemical nature for all the systems [69],
i.e., a native oxide layer constituted by a pure Cr-oxide/hydroxide single layer (Figure 20).

4.1.3.2 Point Defect Model

Point Defect Model (PDM) measurements were performed in order to provide
complementary information about the charge carrier density/point defects present in the
oxide layers and how they can migrate through the native oxide layer. It should be noted
that these kinds of measurements are based on the study of electrochemically formed new

oxide layers at different passivation potentials (the native oxide layer is removed).

The Figure 23 shows the evolution of the donor density (Na) as a function of the film

formation potential which trend is consistent with results studying similar systems [69,124].
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Figure 23. Charge carrier density evolution of the Cr(lll)-based coatings and Cr standard as a function of the
film formation potential.

72



Chapter 4. Results and discussion

The data was fitted according to the Equation 7 (experimental fitting shown in the graph),
the Table 15 shows the results. Parameters such wi, w2 and b were obtained from the
experimental fitting and were used to calculate the diffusion coefficient (Do), according to
Equation 8, 9 and 10. The discussion of the results was carried out in terms of the Do and

the steady state current (iss) values.

Table 15. Results on the ion migration properties obtained from the fitting of the Point Defect Model data.

Cr Cr(lll) chloride Cr(lll) sulphate
w1 (cm3) 1.1x102° 1.1x102° 1.3x10%°
b (V1) 23.44 8.0 25.8
wa (cm-3) 9.0x10%° 7.5x1020 4.6x10%
Ke=e&L (V cm?) 1x108
iss (A cm?) 1.7x10® 3.1x108 1.0x10®
Do (cm? s1) 7.2x101° 1.6x1018 8.8x101°

Similar steady state current values (around 10 A cm2) were obtained for all the systems
decreasing in the following order: 3.1x10® A cm chloride-based coating > 1.7x10® A cm2
Cr standard > 1.0x10® A cm sulphate-based coating. Regarding the Do, a higher value
was also obtained for the chloride-based Cr coating (1.6x108 cm? s) in comparison to the
sulphate system (8.8x107° cm? st) and the Cr standard (7.2x101° cm? s1). In theory, a low
passivation current and diffusivity coefficient denotes a more protective oxide layer [175].
According to these results, the chloride system might provide a lower protection, (higher iss
and Do) than the Cr standard and the Cr(lll) sulphate-based systems (lower iss and Do
values). However, it seems to be a controversy between Mott-Schottky and PDM results:
the oxide layer formed on the sulphate-based Cr coating was the system with the highest
acceptor density or point defects in Mott-Schottky (Table 14) whilst it is the system with the
lower acceptor density (PDM, Figure 23). This discrepancy could be caused because in
Mott-Schottky the native oxide layer was explored whilst in PDM a fresh electrochemically
formed oxide layer after removing the native oxide was studied (further discussed in the
Annex B); furthermore, some authors observed significant differences in the chemical
composition of the native and passive films on the same surface [176-178]. Therefore, Mott-
Schottky reveals the presence of a more defective native oxide layer in comparison to the
one formed electrochemically in PDM for the sulphate-based system. Such controversy can
be justified by the presence of traces of S in the native oxide layer (according to AES and
XPS measurements) which, as mentioned before, could be causing the formation of a more

defective native oxide layer; the removal of such native oxide layer could also have removed
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totally o partially the adsorbed S, leading to a new less defective fresh oxide film. This
hypothesis was confirmed by removing the native oxide layer electrochemically and
performing a Mott-Schottky measurement on the new formed oxide film, whose point
defects were decreased for the sulphate-based system whilst an increase was observed for
the chloride system (see Appendix B).

Finally, the Cr standard shows the lower acceptor density in PDM and the lower diffusion
coefficient which is in agreement with the findings observed in the Mott-Schottky. In this
case, the Cr standard is polished after each experiment and it seems that, independently of
the way that such oxide layer is formed, the semiconducting properties studied in Mott-
Schottky and PDM are in agreement.

4.1.4 Corrosion resistance evaluation of the Cr layer and oxide
film

4.1.4.1 Kinetics of the oxide layer formation

The Figure 24 shows the evolution of the current as a function of the time, also called
current-time transients, which are used to carry out kinetic studies on the oxide formation.

The Table 16 shows the results after a linear fitting in the range of 20 - 60 ms (which

corresponds to the oxide formation stage).
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Figure 24. Passivation kinetics or current-time transients measurements of the Cr standard and the Cr(lll)-
based Cr coatings.
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Table 16. Obtained parameters from the linear fitting of the passivation kinetics measurements.

Sample n io (MA cm?2)
Cr 0.74 (0.04) 1.3(0.2)
Cr(lll) chloride 0.78 (0.01) 1.4 (0.1)
Cr(lll) sulphate 0.74 (0.06) 1.4 (0.2)

As mentioned in the Introduction, these two parameters were used for discussion: the slope
(passivation index, referred as n) which is proportional to the kinetics of the oxide formation
and the resulting passivation current of the initiation of the passivation (referred as io from
now on). Similar time-current transients were observed in the Figure 24, as well as similar
io and n values (Table 16). This indicates that all the systems have similar oxide formation
kinetics. Usually, n values close to 1 indicates a fast oxide formation kinetic and
characteristic of an compact and protective oxide layer [148—-150Q].

According to the protocol described in the Experimental chapter, analogously to PDM, the
passivation kinetics measurements also require to remove the native oxide layer prior to the
passivation, therefore, similar trends to the ones observed in PDM will be expected.
However, it must be taken into consideration that the measurements of the passivation
kinetic is very fast (few seconds or even less than 1 second according to the fitting
performed in this study). So, in current-time transients, only the inherent properties to the
very beginning of the oxide layer formation are studied whilst in PDM the passivation
potential is applied for much longer times (9 h), leaving the oxide layer to be completely
formed. That is the reason why the differences mentioned in the PDM measurements were
not observed in the passivation kinetics, even if both methodologies are based on a similar

protocol.

4.1.4.2 Corrosion resistance evaluation
4.1.4.2.1 Corrosion resistance evaluation in borate buffer electrolyte
LPR measurements were performed in borate buffer electrolyte (pH 8.4) and the

polarisation resistance (R,) was determined (Table 17) after linear fitting.

Table 17. Polarisation resistance values obtained from the LPR measurements.

Samples Rp (x10° Q cm?)
Cr 6.6 (1.0)
Cr(111) chloride 2.6 (0.6)
Cr(Ill) sulphate 1.0 (0.1)
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The Cr standard possesses the highest polarisation resistance in the borate buffer
electrolyte (6.6x10° Q cm?), which is in agreement with the low current values observed in
the anodic branch of the polarisation curve (Figure 21), the lower defects found in Mott-
Schottky (Table 14) and the lower diffusion coefficient observed in PDM (Table 15). Both
Cr(lll)-based coatings exhibit a lower R, in comparison to the Cr standard (2.6 and 1.0x10°
Q cm? for the chloride and sulphate system respectively). Even if the differences between
both Cr electrodeposits is small, it seems that the chloride-based system possess a slightly
higher R, indicating a possible better corrosion performance than the sulphate-system. The
lower corrosion resistance of the sulphate system can be caused by the presence of
adsorbed S [113], found by surface analysis (Figure 15 and Table 11) which, as mentioned
before, could have affected to the oxide film formation, leading to a more defective native
oxide layer (Na, Table 14). This, together with the fact that the Cr layer, electroplated by
using the sulphate-based Cr(lll) electroplating bath, resulted in a more crystalline structure
(more presence of grain boundaries, which can act as potential corrosion sites or local
points to initiate pitting corrosion) could explain the slightly lower corrosion performance of
the sulphate system when comparing to the chloride one [51,179].

4.1.4.2.2 Corrosion resistance evaluation in NaCl-based electrolytes

Additional experiments were carried out to explore the corrosion behaviour under different
close to service conditions scenarios. Three complementary experiments were performed
varying the aggressiveness of the environment: (i) Copper Accelerated Acetic Acid Salt
Spray (CASS) as the most aggressive test commonly used for evaluating such decorative
coatings in the automotive industry, (ii) Potentiodynamic Polarisation (PDP) in 0.1 M NaCl
electrolyte and (iii) critical chloride content test, varying the concentration of NaCl in order
to provoke the breakdown of the passive layer where the R, was obtained by LPR.

- Copper Accelerated Acetic Acid Salt Spray (CASS) test
The Cr(lll)-based coatings were also tested in the CASS chamber (typical test in the
industry) in order to study their corrosion resistance under accelerated conditions. The
evaluation was carried out by visual examination according to a standard methodology
mentioned in the Experimental section; such evaluation was done every 24 h. rinsing and
drying the samples previously. The Figure 25 shows the pictures of the evolution of the
samples in the CASS chamber after 48, 72 and 96 h.
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Figure 25. Visual examination of the Cr(lll)-based coatings (chloride, left column and sulphate right column)
after (a, b) 48, (c, d) 72 and (d, e) 96 h of exposition to the CASS chamber.

A similar appearance is observed for all samples, without exhibiting any corrosion pits or
visual damage of the surface (pictures not shown) after 24h. However, white rust was
observed in both Cr(lll)-based Cr coatings, together with smaller red pits only observed in
the sulphate one after 48 h. The red and white corrosion products are believed to be caused
by the oxidation of the substrate, Cu and Zn respectively: (i) the observed reddish corrosion
products are also known as “red rot” which are constituted by Cu residues that came off as
a result of the zinc leakage during the dezincification of the brass, and (ii) the white rust was
caused by the oxidation of the Zn which formed white Zn hydroxides residues. After 72 and
96 h such defects further increased, pointing out both Cr coatings failed between 24 and 48
h. However, the corrosion had a less visual impact for the sulphate-based system, showing
more homogeneously spread pits.

Usually, if commercial samples having a multilayer nickel-chrome configuration are tested,
these kinds of defects are not observed. This different behaviour between commercial and
coatings studied in this research may be due to:
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() The presence of different Ni thickness and number of Ni layers underneath. Ni layers in
commercial systems are usually 5 times thicker (10 um in the commercial samples vs 2 um
for the model systems obtained in this work); isolating more efficiently the topmost
decorative Cr layer from the substrate. Moreover, three different nickel layers are commonly

used instead of a single one (Figure 1).

(i) The absence of micropores/microcracks, which could unable the proper distribution of
the corrosion current along the surface of the sample (through such
micropores/microcracks) and therefore, the corrosion attack could be located and focused
in singular spots/points, reaching more easily even to the substrate.

Therefore, the CASS chamber test seems not to be suitable to evaluate the chromium
coating itself. Due to the intrinsic features of the samples (substrate, intermediate nickel
layer and the distribution and thickness of the electroplated Cr layers), all coatings suffered
a severe and fast corrosion process that did not allow to distinguish between them. Thus, a
less aggressive environment is required to compare both Cr(lll) samples.

- Potentiodynamic polarisation tests. “As obtained” samples in 0.1 M NaCl
The aggressiveness of the electrolyte was decreased using 0.1 M NaCl instead of the CASS
test electrolyte (used in the previous section). The Figure 26 shows the anodic branches if
the “as obtained” samples in 0.1 M NacCl, together with the ones measured in borate buffer

electrolyte (Figure 21), for the sake of comparison.
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Figure 26. Potentiodynamic polarisation curve of the as obtained Cr(lll)-based Cr coatings in both borate
buffer and 0.1 M NacCl electrolyte.
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Similar PDP curves were obtained for both Cr(lll)-based systems in 0.1 M NaCl. The anodic
branches showed an increase of the anodic current at approximately - 0.15 V, which was
also observed in previous studies of Cr alloys [180] and could be attributed to the oxidation
phenomenon of Cr(lll) ions into Cr(VI) [181]. After that, a pseudo-passive region is observed
in the potential range from - 0.1 to 0 V for both coatings. The ipass for the chloride-based
coating is approximately a % order of magnitude higher if compared to the sulphate-based
system (6.0 and 1.4x10° mA cm approximately), showing, initially, a slightly less stable
oxide film. After such plateau, the anodic current was dramatically increased (approx. at
0.12 V), due to the metal dissolution taking place at the transpassive region, close to 0 V.
If the PDP curves obtained in both electrolytes are compared, a shift to more positive Ecor
value is observed in 0.1 M NaCl as well as a narrow passive region, having a lower Eg in
comparison to the breakdown potential observed in the measurements with borate buffer
(0.04 instead of 0.45 V), as a result of the more aggressiveness of the NaCl electrolyte.

Despite the differences observed in the PDP measurements carried out in 0.1 M NaCl, both
coatings showed similar R, values (not shown here), indicating that maybe this electrolyte

was still very aggressive to show the subtle differences between the Cr(lll)-based systems.

- Critical chloride content
CASS tests and PDP did not show significant differences in terms of corrosion resistance
performance between as obtained samples for both systems. Therefore, in order to have a
broad variety of aggressiveness, a screening of the corrosion resistance (based on the R,
obtained from LPR measurements) was carried out varying the chloride content (Figure 27)

for two types of samples: (a) as obtained, and (b) aged samples (around 1 year).
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Figure 27. Polarisation resistance evolution of the Cr(lll)-based coatings as a function of the different chloride
concentration in the electrolyte: (a) samples tested immediately after their obtaining and (b) after 1 year
elapsed time.
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The figure above shows the variation of the R, as a function of the chloride concentration.
On the one hand, as obtained samples (Figure 27 (a)) are showing that the R, values vary
between 2x10° and 6x10°Q cm? for both coatings. Apparently, the breakdown of the passive
layer cannot be observed since no dramatic decrease of the R, is observed at any chloride
concentration. On the other hand, aged samples (1 year) are showing higher R, values
(Figure 27 (b)): the highest resistance (2x10° Q cm?) was obtained for both coatings in 0.001
M NacCl which was one order of magnitude higher than the “as obtained” samples. Although
the R, is maintained when using 0.01 M NaCl, there is a drop of the R, when the
concentration is increased to 0.1 M (7x10°Q cm? for the sulphate-based coating and 4x10°
Q cm? for the chloride-based coating). Such R, values slightly continue decreasing as the
concentration is increased to 1M NaCl. Therefore, a similar critical chloride content was
found for the both Cr(lll)-based coatings (between 0.01 and 0.1 M NaCl) where the
sulphate-based system possessed a slightly higher R, for 0.01 M to 1 M NaCl range. This
could indicate a better corrosion resistance performance in comparison to the chloride-
based system in this particular conditions.

As a summary, it seems that both Cr(lll)-based coatings evolved with the time, reaching a
higher corrosion performance for the aged samples in comparison to the as obtained ones
(Rp was one order of magnitude higher tested in 0.001M NacCl). Moreover, the sulphate-
based coating seems to behave better than the chloride-based one (further discussed in
Annex B).
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4.1.5 Summary of the chapter

The most important findings of this chapter are described below:

1. The chemical composition of the electroplated Cr layers obtained using both Cr(lll)-
based baths presented some differences:
e Chloride presents higher C content (x2).
¢ Sulphate has absorbed and adsorbed traces of S in the Cr layer (thiourea).

¢ Chloride has a more amorphous structure.

Whilst a higher Cr oxide/hydroxide to Cr metal ratio was observed for the

sulphate system, as well as a thicker native oxide layer.

2. Despite the similar chemical nature (Ew) and semiconductor behaviour (p type) of
the native oxide layers formed on top of both Cr(lll) systems, slight differences were
observed on their semiconducting properties:

¢ A more defective native oxide layer (higher point defects, Na) was formed on
the sulphate system, which was attributed to the presence of adsorbed S.

o However, the electrochemically formed oxide layer (after removing the native
one), presented a lower Do and iss, probably due to the absence of adsorbed
S.

3. The sulphate system presented a slightly lower (2 times) R, in the borate buffer
electrolyte.
e Such lower corrosion resistance was not observable when using a 0.1 M
NacCl electrolyte, when studying immediately obtained samples.
o However, when studying 1-year aged samples, the sulphate system was
found to have a higher R, even if it presented the same critical chloride
content than the chloride system (0.01 - 0.1 M NacCl).
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4.2 Effect of Fe on the properties of the obtained sulphate-

based Cr electrodeposits and their performance

A model trivalent chromium-based electroplating bath was doped with different Fe content
in order to study its effect on the electroplated coatings. The use of Fe is interesting as
commercially is added to the baths to reduce the deposition time of the Cr electroplating
process. Therefore, the impact that the Fe addition may have on the electroplated Cr layer
as well as on the physicochemical properties of their native oxide layer was investigated.
Furthermore, the possible modifications that the Fe may cause on the semiconducting
properties of their native oxide layers as well as on their corrosion resistance performance
was additionally explored. A detailed surface characterisation of the Cr layer and its native
oxide film was made by X-ray Photoelectron Spectroscopy (XPS), Angle Resolved XPS
(ARXPS) and Auger Electron Spectroscopy (AES). Moreover, the semiconducting
properties were studied by Mott-Schottky and the corrosion performance by the Linear
Polarisation Resistance (LPR) and kinetics of the oxide formation. Results revealed not only
a homogeneous Fe distribution into the Cr layer but also the presence of an iron-chromium
duplex oxide layer for concentrations = 100 mg/L Fe in the bath. Mott-Schottky showed a p-
n junction for such coatings due to the presence of an iron oxide layer on the top of a
chromium oxide one, increasing the total amount of point defects (charge carrier density)
which drastically affected the corrosion resistance (the polarisation resistance decreased
by one order of magnitude and their oxide layer showed slower kinetics and higher
passivation current). In contrast, coatings with a single chromium oxide layer behaving as
p-type semiconducting showed the best corrosion performance (samples obtained from
baths without Fe and with 8 mg/L Fe).

4.2.1 Chemical composition

4.2.1.1 Electroplated Cr layer (AES)

The Figure 28 shows the AES depth profiles for the different Cr electrodeposits (the
reference system without Fe and the three systems with different amount of Fe, Fe8, Fe100
and Fe400, containing respectively 8, 100 and 400 mg/L Fe in their electroplating baths),
where the following elements were monitored as a function of the depth: Cr, C, O, S and
Fe.
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Figure 28. AES depth profiles of (a) the reference sulphate-based Cr(lll) coating without Fe, and the three
coatings obtained using Fe doped baths, containing (b) 8, (c) 100 and (d) 400 mg/L of Fe, respectively.

The C concentration in the Cr layer seems to be independent of the Fe concentration as it
varies in the range of 10 - 25 % at. for all the coatings. Since organic additives are present
in the electroplating process, C is expected to be present in the electroplated Cr layer
[37,46,47,161]. The oxygen concentration is much higher at the beginning of the depth
profile (at the surface) due to the presence of the native oxide layer. Although some residual
atomic O was found inside the coating (i.e., beyond 3 minutes of sputtering), it was attributed
to the high reactivity of Cr to spontaneously form an oxide layer even inside the ultra-high
vacuum chamber at very low oxygen concentration; a similar effect was found elsewhere
under similar oxygen concentrations [160].

Regarding to S, traces were also found through all the Cr layers, most probably due either
to the adsorption or to the occlusions of sulphate-based salts or other organic additives
(e.g., thiourea), as previously discussed in the chapter 4.1.

Finally, a Cr-Fe alloy was created according to the AES depth profiles above, where the Fe
concentration in the coating increases as a function of the amount of Fe added to the
electroplating bath (Table 18). The concentration of Fe varies from a 4 (Fe8 sample) up to

43 % at. concentration (Fe400 sample).
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Table 18. Relation between the Fe added to the bath and present in the Cr layer (after 10 min sputtering).

[Fe] in electrolyte (mg/L) [Fe] in Cr layer (% at.)
8 4.7 (1.1)
100 27.2(0.3)
400 43.1(0.8)

4.2.1.2 Electroplated Cr layer and native oxide layer (XPS)

In addition to the AES measurements, XPS high-resolution spectra of Cr, C, O, S and Fe
were measured in order to obtain complementary information about the oxidation state of
such elements in the electroplated Cr coatings. However, even after the Fe addition and
independently of the presence of Fe (and its content), the Cr, O, C and S elements
presented the same behaviour and chemical nature of the sulphate-based Cr coating
without Fe (Fe0), since similar high-resolution spectra to the previously shown and already
discussed in the chapter 4.1 were obtained (Figure 16).

The high-resolution spectra of the Fe 2ps, peak for Fe8 and Fe400 samples are shown in
the Figure 29, where different trends were observed as a function of the Fe concentration
of the bath. Due to the similar results obtained for Fe100 and Fe400 samples and for the

sake of simplicity, from now on, only Fe400 data is shown.
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Figure 29. XPS high-resolution spectra (before and after the Ar ion etching) of the Fe 2ps2 peak of (a) Fe8
and (b) Fe400 coatings.

Results showed the absence of Fe (Fe-Fe bond) at the surface for the Fe8 sample. In
contrast, a broad peak centred at 711.0 eV (Fe-oxide/hydroxide species) [30,182] was
observed for the Fe400 sample together with a peak at 707.0 eV (metallic Fe) [183,184].
After the etching, the later peak is also revealed for Fe8 sample whilst the peak at 711.0 eV

disappears for Fe400 sample. These findings indicate a different composition of the surface
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between Fe400 and samples Fe8, where the former seems to have Fe-oxide/hydroxide (Fe-
O) species on the surface.

According to AES and XPS results, the addition of 8 mg/L Fe to the electroplating bath is
enough to produce a Cr-Fe alloy coating but it does not lead to an electrodeposit which has
Fe-oxide/hydroxide species in its native oxide layer, as it does the addition of 400 mg/L Fe.
This fact is related to the Cr/Fe amount in the alloy, since the chemical composition and
physicochemical properties of the native oxide layer are a function of the composition of the
bulk material underneath, as well as are also function of the used electrolyte or media. It is
known that the Cr is typically added to the steel, among other reasons, to increase the
corrosion resistance behaviour due to the formation of a protective Cr oxide layer [185—
187]. This effect has been only observed when the Cr is above a certain threshold, usually
> 12 % at., when the corrosion resistance of the alloy increases abruptly at the same time
that the Cr content increases in the oxide film [183,187,188]. In this specific case, the
opposite effect is observed for the Fel00 and Fe400 samples since for the non-Fe
containing sample there is a pure Cr oxide/hydroxide-based native oxide layer and, as the
Fe content is increased in the alloy coating, the Cr amount decreases until certain threshold
(somewhere between 4 and 43 % at. concentration Fe in the coating) where the Fe starts
to be more dominant in the reactions and mechanisms of the formation of the native oxide
layer, and finally iron oxide is formed in the oxide film.

Additional XPS depth profile measurements were performed to explore the composition of
the native oxide layer of the Fe400 sample, by studying the Cr 2p and Fe 2p spectra (Figure
30). The evolution of the Cr and Fe 2p peaks as a function of the sputtering shows a
relatively high contribution of metal-oxide signals due to the presence of the native oxide
layer (576.8 eV for Cr and 711.0 eV for Fe) at the beginning (sputtering time 0). A significant
decrease of those oxide-related components occurs during the sputtering, increasing the

contribution of both metallic components (574.2 eV for Cr and 707.0 eV for Fe).
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Figure 30. Representative XPS high-resolution spectra of the (a) Cr 2p and (b) Fe 2p peaks for the Fe400
sample as a function of the sputtering time during the depth profile experiment.

Interestingly, a selective etching of the iron oxide layer in comparison to the chromium oxide
(the ratio of Cr-O/Cr peaks remains constant) was observed from 0 to 36 s. In fact, the
signal corresponding to the Fe oxide/hydroxides (Fe-O) disappears after 66 s of sputtering
whilst the Cr oxide/hydroxide signal (Cr-O) remains until disappearing completely after 180
s). It seems that the native oxide layer of Fe400 (and Fel00) sample may be formed by a
duplex film, having an outer Fe-rich and an inner Cr-rich oxide/hydroxide layer. A similar
finding was observed by other authors when studying stainless steel samples [74,172,189].

In order to confirm the hypothesis of the duplex native oxide layer, ARXPS measurements
were run modifying the take-off angle (20 — 80 °) and avoiding side effects during the Ar ion
sputtering in depth profile experiments (e.g., inhomogeneous sputtering of the surface).
Information of such oxide layers was obtained at different angle/depth (the higher angle, the
deeper analysed spot) using as obtained samples (without any previous sputtering). Initially,
only the Fe 2p spectra was analysed; however, due to the complex deconvolution of the
Fe-O peak (i.e., overlapping of satellites), the Fe 3p spectra was also measured (Figure 31)

in order to elucidate the Fe oxidation states and the ratio of Fe®*/Fe?"[190,191].
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Figure 31. ARXPS measurements of: i) the Fe 2p for (a) Fe8 and (b) Fe400 samples, and ii) the Fe 3p for (c)
both samples (Fe8 and Fe400).

In agreement with the previous XPS results, Fe8 sample did not show the presence of Fe
in its native oxide layer at any take-off angle (Figure 31 (a)), neither in the more superficial
(< 45 °) nor in the deeper measurements (> 45 °). In contrast, the Fe400 sample possesses
a strong Fe oxide (Fe-O) contribution at all angle/depth value in the Fe 2p spectra (Figure
31 (b). Furthermore, the intensity of the metallic Fe-Fe peak increases as a function of the
take-off angle, if the measurement goes deeper, lower volume of Fe oxide is measured or,
what is the same, more metallic Fe is being measured. In order to study the different
oxidation states of the Fe in such oxide layer, the Fe 3p spectra was also analysed (Figure
31 (c)). The Table 19 shows the quantification according to the different chemical states of

the Fe (Fe*'/Fe?") as well as the Cr/Fe ratio, respectively.
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Table 19. Ratio of the metallic elements present in the native oxide layer of Fe400, studied by ARXPS.

Take-off angle (°) Fe3*/Fe?* Cr/Fe
20 0.9 0.63
30 1.3 0.60
45 1.1 0.63
80 0.5 2.00

It can be observed that, in the case of Fe400, there is iron oxide on the surface (20 ©°),
constituted by approximately 50 % of Fe?* and Fe3". In contrast, at the highest angle (80 ©°,
corresponding to the deepest measurement) the Fe?* signal becomes 2 times higher than
Fe3". At the same time, if the content of Cr and Fe are compared, it can be observed that
the maximum amount of Fe is located on the surface (Cr/Fe ratio is lower than 1 and only
at 80 ° the ratio increases to 2). These findings support the hypothesis of the duplex oxide
film in Fe400 and in Fe100 samples. A similar behaviour has been previously observed in
some stainless steels [192—-194], where the Fe concentration in the bulk was high enough
to form an iron oxide layer on top of a Cr oxide film. It is assumed that, initially, the Fe is
preferentially dissolved to form an outer oxide layer (via formation of bivalent iron
hydroxide). During the Fe oxide formation, the chromium is also oxidised through the still-
forming oxide layer and through its boundaries to create an inner chromium hydroxide film
(and further dehydrated) which eventually is covered by the iron oxide [195]. Under the
scenario of this research, a similar oxide formation mechanism is also possible because of
the higher mobility of Fe cations in comparison with the Cr ones [58,192]. Indeed, the
presence of Fe oxide species (mainly Fe?* according to the Fe®*/Fe?'= 0.5) into Cr oxide
layer (80° take-off angle where Cr/Fe= 2.0) is in agreement with the presence of
simultaneous oxidation reactions of Fe and Cr, where certain amount of Fe?* species are

occluded into the chromium oxide layer before reaching the outer iron oxide layer.

4.2.2 Semiconducting properties of the oxide layer
4.2.2.1 Mott-Schottky

Previously to the Mott-Schottky measurements, potentiodynamic polarisation curves were
obtained to identify the passive region of the Cr coatings and to define the potential range
for such experiment. The Figure 32 shows the anodic branches in the borate buffer
electrolyte (pH 8.4). The potential range in terms of passive region for Fe0 and Fe8 samples
was similar, comprising approximately from Eoce (- 0.25/- 0.3 V) to + 0.4 V (approximately

the breakdown potential for both samples). However, the passive region of Fel00 and
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Fe400 was found to be much larger, where the Fe400 sample did not show any breakdown
potential up to 1.0 V. The transpassive dissolution of Cr occurs for Fe0 and Fe8 at
approximately 0.4 - 0.5 V, being the Cr oxidised from Cr(lll) to Cr(VI). Therefore, the iron
will mainly govern the electrochemical behaviour at such potentials [74] in the samples with
higher Fe concentration (Fe100 and Fe400). In fact, a similar behaviour was observed in
the passive region of stainless steel samples in the literature [60,64,196], which are
generally featured by two anodic peaks: the first one located approximately at 0 V which will
be attributed to the oxidation of Fe(ll) to Fe(lll) whilst the second one, observed at
approximately 0.6 V, which would correspond to the oxidation of Cr(lll) to Cr(VI) as
previously mentioned for Fe0 and Fe8 [197-199]; oxidation from Cr to Cr®* and Fe to Fe?*
occurs prior to the first anodic peak, in the active region.

A shift of approximately 300 and 600 mV was observed for the breakdown potential of
Fel100 and Fe400 respectively, in comparison to Fe0/Fe8 samples. This is probably caused
because at high anodic potentials (0.6 - 1 V), as previously mentioned, the iron is ruling the
electrochemical response, as the Cr is dissolved at lower potentials, and as a result, the
polarisation curves are similar to the ones of iron and stainless steel, having a characteristic

higher breakdown potential and consequently, a larger passive region.
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Figure 32. Polarisation curves of the Fe0, Fe8, Fe100 and Fe400 coatings in borate buffer electrolyte.

The Mott-Schottky plots of the native oxide layers are shown in the Figure 33 where two
different trends as a function of the Fe concentration were observed. Typical negative
slopes of p-type semiconductors were observed for all samples where the chromium
vacancies (Vcrs+) were the main charge carriers or point defects in the native oxide layers.
Such defects were acting as acceptor dopants in the Cr oxide layer [60,72,172]. In addition

to the p-type behaviour, positive slopes (characteristic of n-type semiconductors) were only
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observed for Fel00 and Fe400 samples. In those cases, Fe interstitials and oxygen
vacancies were the main charge carriers. According to previous studies, the p-type
behaviour (negative slope) corresponds to the Cr oxide layer [72] whilst the n-type
behaviour (positive slope) corresponds to the Fe oxide [200,201]. Moreover, Mott-Schottky
plots show a p-n heterojunction due to the p-type inner Cr oxide and n-type semiconducting
behaviour of the outer Fe oxide layer [73,126,172,202]. This is in agreement with the
previous results (Figure 30 and Figure 31) where Fel00 and Fe400 samples showed a
duplex oxide layer constituted by an outer Fe oxide layer and an inner Cr oxide layer. This
modification of the semiconducting behaviour of the native oxide layer for Fe100 and Fe400
samples may have an impact on their protection ability (it will be discussed in section
4.2.4.2).
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Figure 33. Mott-Schottky plots of Fe0, Fe8, Fe100 and Fe400 coatings.

In addition to the semiconductor type behaviour of the oxide film, the charge carrier density
(Ng) was calculated using the Equation 5 and Equation 6 as acceptor density (Na) or donor
density (Np), as well as the acceptor and/or donor flatband potential (Ew). The Table 20
shows the results obtained for the different systems. The charge carrier density can be
understood as an intrinsic value that indicates the degree of point defects inside the oxide
film, which are also related to different features (e.g., the protection ability of such oxide
films). In general, the lower the Ng, the more limited the charge transfer is, hindering
superficial electrochemical reactions such as corrosion events [180,203,204]. The obtained
Nq values are ranged around 10%° cm for all coatings, such values are in agreement with
the ones obtained in other studies on Cr or Cr-Fe alloys, which are usually in the range 10*°
- 10?2 cm[60,70,72,73,115]. Although there are no significant differences in the Na of the
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p-type semiconducting behaviour for all systems, the n-type semiconducting behaviour
reveals more defects (Np), specially for the Fe400 sample compared to Fe100, making their

native oxide layer more defective.

Table 20. Electronic properties obtained from the Mott-Schottky plot for the reference and Fe-containing Cr
coatings.

Added Na Np Ew acceptor Es donor Semiconductor
[Fe] (mg/L) (x10%°cm3)  (x10%° cm3) (V vs SCE) (V vs SCE) type
0 8.0 (0.3) - 0.57 (0.01) -
8 6.7 (0.4) - 0.57 (0.01) - P
100 a7.4 (0.6) b3.4 (0.4) 20.65 (0.01) b0.47 (0.02) o
400 28 4 (0.5) b6.8 (1.0) 20,86 (0.01) b0.30 (0.04) P

aResults for the negative slope (p type) in the range 0.3-0.5 V (using Equation 5)
bResults for the positive slope (n type) in the range 0.6-0.8 V (using Equation 6)

Regarding the Eg, it represents the region at which there is no depletion layer at the p-n-
type junction. At this potential, there is no electrostatic potential gradient (no band bending)
in the oxide film [118]. Results are showing some modifications in the Es, values, which can
be explained by the modification of the chemical composition of the oxide layer and the
different proportion of Cr and Fe in such oxide films (Figure 29 and Table 19). For the p-
type Cr oxide layer, an increase of the acceptor Ex, is observed in the following order: FeO
= Fe8 < Fel00 < Fe400. Although the Es did not change after adding a small amount of Fe
(Fe8) in comparison with the reference coating (Fe0), significant changes were obtained for
Fel00 and Fe400 samples. This increase of the Es, could explain the shift of the breakdown
potential in the polarisation curve to more positive values when increasing the iron content
(Figure 32). In the case of the n-type Fe oxide layer, an opposite trend is observed for the
donor Es, which decreases with the amount of Fe. This shift is believed to be caused by the
increase of iron content in the sample (Cr-Fe alloy and outer oxide layer) and explained by

the more negative Eg, of the oxide formed on pure iron [64,126,205,206].

4.2.3 Corrosion resistance evaluation of the Cr coating and oxide
film

4.2.3.1 Kinetics of the oxide layer formation

Current-time transients (Figure 34) were measured to investigate the impact of the Fe
content on the oxide layer formation kinetics. If the different curves are compared, two

separated groups but with similar trend were observed: the reference non-Fe containing

coating (Fe0) and all samples with Fe, respectively. This finding clearly would indicate that
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the kinetic of the oxide layer formation was affected by the presence of Fe in the

electroplated coating, even when Fe was added in smaller amounts (Fe8).

j Tl ms __ 10ms

10° 10% 10" 10° 10
Time (s)
Figure 34. Passivation kinetics or current-time transients measurements of Fe0, Fe8, Fe100 and Fe400
coatings.

In order to explain it, Table 21 gathers the parameters that are obtained from the fitting the
current-time transients in the range 20 - 60 ms of passivation time (corresponding to the
oxide formation stage). Since the value of the n parameter was decreased for the Fe-
containing coatings in comparison to Fe0, the presence of Fe into Cr(lll) sulphate-based
electrodeposits has a detrimental effect on the oxide layer formation kinetics. This
parameter is proportional to the oxide layer formation velocity, typically lower values are
characteristic of porous and poorly protective oxide films [148-150]. Moreover, the
passivation current density measured at the beginning of the passivation (i) also increased
with the amount of iron in the electroplated coating. This was in agreement with the
statement above, since in general, higher current values involve a higher superficial
reactivity, increasing the passivity breakdown susceptibility. In that sense, although Fe8 and
Fel00 samples were showing similar n values (0.70), the current seemed to be slightly
higher for the Fe100 sample, and therefore, a lower corrosion protection will be expected.

Table 21. Obtained parameters from the linear fitting (20-60ms) of the passivation kinetics measurements.

Sample n io (MA cm?)
Sulphate (No Fe) 0.74 (0.06) 1.4 (0.2)
Fes 0.70 (0.15) 1.5 (0.6)
Fe100 0.70 (0.17) 2.0 (0.3)
Fe400 0.67 (0.12) 2.7(0.2)
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Finally, according to the current-time transients curves, the following protection of the oxide
layer is expected: FeO > Fe8 ~ Fe100 > Fe400.

4.2.3.2 Corrosion resistance evaluation

PDP and LPR measurements were carried out to evaluate the corrosion resistance
performance of the Fe-doped Cr(lll)-based electrodeposits compared to the reference Cr
coating. The experiments were conducted in both borate buffer and 0.1 M NacCl electrolyte
to compare the corrosion protection in different aggressive conditions. No significant
difference was observed between the samples in the PDP experiments (not shown here)
when using the 0.1 M NaCl. However, the passive region observed in borate buffer
electrolyte (Figure 32) was disappeared, as well as the breakdown potential was decreased,
probably due to the higher aggressiveness of the medium. The Table 22 shows the
polarisation resistance (Rp) values that were obtained after doing a linear fitting following

the Ohm’s Law using both electrolytes.

Table 22. Polarisation resistance values obtained from the LPR measurements for the reference and Fe-doped
sulphate-based Cr(lll) coatings.

Rp (x10° Q cm?)

Sample
Borate buffer (pH 8.4) 0.1 M NaCl
Fe0 1.0(0.1) 1.5(0.4)
Fe8 2.2 (0.2) 1.3 (0.3)
Fel00 1.3(0.1) 0.9 (0.1)
Fe400 1.0 (0.1) 0.7 (0.2)

On the one hand, despite the differences observed in the PDP measured in borate buffer
electrolyte (Figure 32) no clear trend was observed in the R, value as a function of the Fe,
since the calculated values for the Fe0 and Fe400 were practically the same. An increase
in the R, was observed for the Fe8; however, it was not considered significant due to the
similitudes found between the Fe0 and Fe8, being attribute probably to a repeatability issue
between different batches of samples. In general, it seems that the borate buffer electrolyte

does not have the enough aggressivity to show differences between this samples.

On the other hand, when studying the polarisation resistance value obtained using 0.1 M
NaCl electrolyte, a decreasing trend was observed as a function of the added Fe. It can be
observed that the addition of 8 mg/L Fe to the electroplating bath does not modify
significantly the corrosion resistance of the reference Cr coating. However, when adding

100 or 400 mg/L Fe to the bath, the R, decreases reaching values almost one order of
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magnitude lower, exhibiting a worst corrosion resistance. This is in agreement with the
detrimental effect caused by the iron species in the native oxide layer of Cr-Fe alloys
[207,208]. Moreover, having a Cr oxide layer doped with other elements also have a
negative impact in the corrosion resistance in comparison to a purely constituted Cr oxide
film [186].

Apparently, there is a critical value between 5 and 27 % of Fe content into the alloy (Table
18) that trigger the formation of a native duplex oxide layer (Fe100 and Fe400 samples,
Figure 31) rather than a pure Cr oxide-based layer (FeO and Fe8 samples, Figure 16 and
Figure 29, respectively). The presence of Fe in the native oxide layer is promoting the
formation of a defective and poorly protective oxide layer due to the higher passivation
currents (Figure 34), lower oxide formation kinetic (Table 21) and additional highly defective
n-type semiconducting behaviour (Figure 33). In contrast, since the Na did not change
significantly, the grade of point defects of the Cr (p-type, Table 20) was not affected
independently of the Fe content. It can be explained analysing the Mott-Schottky
measurements, where the charge carriers of the surface are under different scenarios as a
function of the applied potential. Since the passive region of a p-type semiconductor is
normally below the Eg, a depletion of positive holes occurs in the space charge of the oxide
film. Under this first scenario, the surface will be negatively charged, minimizing the anion
adsorption and enhancing the resistance to pitting corrosion (e.g., limiting Cl- ions mobility).
In contrast, a depletion of electrons occurs at potentials above the Eg for a n-type
semiconductor, and therefore, the surface will be charged positively [135,209]. This is the
reason why passive films exhibiting n-type semiconducting behaviour generally have a
higher susceptibility to pitting corrosion, being the donor density a representative feature of
the affinity of CI ions for the passive film or the pit nucleation ability [210-212].

Therefore, the addition of 8 mg/L of Fe to the sulphate-based Cr(lll) bath increases the
deposition rate providing similar corrosion resistance than the reference coating (FeO.In
contrast, although Fe100 and Fe400 improved the deposition rate much more than Fe8, the
corrosion resistance was drastically affected due to their naturally formed duplex oxide
layer. A critical Fe concentration (between 8 - 100 mg/L) in the bath could be further explore

to reach the best deposition time/corrosion resistance relationship.
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4.2.4 Summary of the chapter

Below the findings of this chapter are listed:

1. The Fe addition to the sulphate-based electroplating bath has a great impact on the
physicochemical properties of the Cr layer, and as a consequence, on the native
oxide layer.

2. Adding 8 - 400 ppm Fe to the bath makes Fe to codeposit in the Cr layer forming a
Cr-Fe alloy (8 - 43 % at. Fe respectively in the electroplated layer).

3. Fe oxide is present in the native oxide layer when > 100 mg/L Fe are added to the

bath, forming a duplex native oxide layer (outer Fe rich and inner Cr rich).

4. The presence of Fe in the native oxide layer (> 100 mg/L), affects dramatically to
the semiconducting properties of such films and to the oxide layer formation kinetics.
e New n-type semiconducting behaviour with higher point defects.
o Different Es, (chemical nature).
¢ Slower oxide layer formation kinetics and higher passivation current.

e Lower corrosion resistance, featured by a 1-order of magnitude lower Ry.
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4.3 Hexavalent vs trivalent based Cr coatings

The native oxide layer of decorative Cr coatings obtained from trivalent and hexavalent
chromium-based electroplating baths have been evaluated and characterised in detail, as
well as their electroplated Cr layer. On the one hand surface sensitive techniques have
been such as Synchrotron radiation-based X-ray Absorption Spectroscopy (XAS/XANES),
Auger Electron Spectroscopy (AES) and X-ray Photoelectron Spectroscopy (XPS) have
been used to explore the chemical composition of both Cr and oxide layer. On the other
hand, electrochemical measurements were performed to evaluate the semiconducting
properties by Mott-Schottky, Point Defect Model (PDM), as well as the corrosion resistance
by studying its oxide formation kinetic, linear polarisation resistance (LPR) and
potentiodynamic polarisation (PDP). Results have revealed a completely different
behaviour between samples in most of the properties. The Cr(VI)-based electroplated Cr
layer resulted to have a total absence of C and a more amorphous structure, as well as
more Cr oxide/hydroxide- rich native oxide layer, which was constituted mainly by Cr
hydroxides. Despite having a single Cr.Os oxide layer, synchrotron-based measurements
revealed the presence of a unique topmost CrOs thin film on the surface of the Cr(VI)-based
Cr electrodeposits, which was believed to provide enhanced semiconducting properties to
the native oxide layer, resulting in an outstanding corrosion capabilities in comparison to

the Cr(lll)-based coating.

4.3.1 Electroplated Cr layer

4.3.1.1 Chemical composition by AES and XPS

AES fast depth profiles (Figure 35) revealed that the Cr layer obtained when using a Cr(VI)-
based electroplating bath was constituted by a homogeneous pure Cr layer, having a total
absence of C unlike the Cr(lll)-based systems, where a relative high C content was found
in the electroplated Cr layer (due to the presence of organic additives that are used in the
Cr(ll)-based electroplating baths and are not used in the Cr(VI)-based ones (Table 7). In
fact, the C signal of the Cr(VI) system remained negligible and constant almost until the Cr-
Ni interphase was reached (after approximately 20 - 25 min). In contrast to Cr(lll)-based
coatings (sections 4.1 and 4.2), the signal of the C spectra was constituted by a noisy
background (leading to the quantification of an artifact signal), confirming the absence of C

on the Cr layer (validated also by the XPS high-resolution spectra).
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Figure 35. AES depth profiles of (a) Cr(VI) and (b) Cr(lll)-based (chloride system) Cr coatings.

The Table 23 shows the chemical composition measured by XPS of the surface before and

after sputtering the surface (approximately 10 nm of penetration depth after etching) for
both Cr coatings.

Table 23. Chemical composition, measured by XPS, corresponding to the surface and Cr layer after Ar ion
sputtering (approx. 10 nm).

atomic % Cr C (@] S
Surface 12.7 (-) 37.3 () 46.6 (-) 3.5(-)
Cr(VI)
Etched 81.4 (1) 4.6 (-) 13.3 () 0.7 (-)
Surface 8.5(5.2) 54.5 (21.4) 37.1(16.1) -

Cr(lll) chloride
Etched 70.1 (0.6) 20.2 (0.2) 9.7 (0.6) -

On the one hand, the results corresponding to the non-etched surface followed a similar
trend for both Cr(VI)-based and Cr(lll)-based Cr coatings. As mentioned previously,
typically, the surface is covered by a high C and O concentration corresponding to
contamination (adventitious C together with adsorbed organic components). Additionally,
traces of S were detected on the surface of the Cr(VI)-based coating, similarly to the
sulphate-based Cr(lll) coating (Table 11), most probably due to adsorbed sulphate ions
coming from the electrolyte.

On the other hand, the etched surface is constituted by high Cr content (as it was expected
once the contamination layer and the oxide were sputtered away). The oxygen present in
the etched surface of both coatings was already discussed in the chapter 4.1 and attributed
to a repassivation phenomenon of the Cr. Regarding to the C, it was only observed in the
Cr(ll) chloride-based coating and corresponds to the inclusions of organic additives. Finally,
no S were found on the etched surface of the Cr(VI)-based coating.
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The high-resolution spectra (Figure 36) of the main elements present in the Cr(VI)-based
electrodeposits were acquired to study their chemical nature and oxidation states (Cr 2paz,
C 1s, O 1s and S 2p). The high-resolution spectra belonging to Cr(lll) chloride-based
systems were shown in the Figure 16, with the exception of the S, element that it was only

present for the sulphate systems.
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Figure 36. XPS high-resolution spectra of (a) Cr 2pas, (b), C 1s, (c). O 1s and (d) S 2p (d) of the electroplated
Cr(VI)-based coating, as a function of the depth.

The Cr and O high-resolution spectra provided the same information than for the Cr(lll)-
based coatings: Cr oxide/hydroxide at the surface and mainly metallic Cr into the coating
(already discussed in chapter 4.1). Regarding C 1s, as previously observed in the XPS
chemical composition (Table 23), it is only present on the as obtained surface,
corresponding to the C adventitious and organic contamination layer (C-C and C-OOH
peaks found at 284.6 and 288.3 eV respectively), no C is detected inside the coating (Figure
36 (b), intermediate etched surface), but it should be noted that after longer sputtering times
(Figure 36 (c), etched surface), a carbide C signal appears at 282.9 eV, as a result of the
reduction effect caused by the sputtered energetic Ar ions as; this effect was previously
observed in the literature [213]. The time at which the metallic Cr layer of the Cr(VI)-based

coating suffers this effect (approximately between 100 and 160 s of Ar ion sputtering) is an
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useful reference to confirm that the carbide sighal measured in the Cr(lll)-based systems
(Figure 16 (b)) are inherent carbides present in the electroplated coatings because they
were detected long before that critical sputtering time; after that time an increase in the C
content was observed in all systems due to this mentioned effect.

The S 2p spectra (Figure 36 (d)) shows that the sulphur present in the as obtained surface
is constituted by adsorbed sulphate ions, probably coming from the H,SO, electrolyte used
in the Cr(VI)-based electroplating baths. That sulphur was completely removed after etching

the surface.

4.3.1.2 Morphology

The surface morphology of both Cr-based coatings was explored by means of FE-SEM.
Figure 37 shows the morphology of both Cr electrodeposits. As mentioned before, the
Cr(lll)-based coatings (Figure 37 (b)), present a nodular morphology with different sizes due
to their electroplating mechanism [4,56,167,168], whilst the Cr(VI)-based coatings (Figure
37 (a)) has a more rough and homogeneously distributed surface with smaller nodules
[44,49,214].

Figure 37. Surface morphology of (a) Cr(VI) and (b) Cr(lll)-based electrodeposits.

4.3.1.3 Crystalline structure

XRD experiments (Figure 38) revealed that the Cr(VI)-based coatings were completely
amorphous, presenting no peak in the diffractogram. The Cr(VI)-based Cr electrodeposits
have been found to be amorphous or crystalline, depending on the chemical composition
of the electroplating bath, as well as, on the electrodeposition conditions, having the current
density a high impact [42,49]. In contrast, the Cr(lll)-based system, possess a broad peak
belonging to the Cr and an overall amorphous structure, caused by the high C content in
the Cr layer as it was discussed previously in the chapter 4.1.
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Figure 38. XRD diffractograms of the C(VI) and Cr(lll)-based coatings (green and blue respectively).

4.3.2 Native oxide layer formed on top of the Cr coatings

4.3.2.1 Chemical composition

The chemical composition of the native oxide layers of both systems were calculated (Table

24) based on the deconvolution of the Cr 2ps» peak of XPS using the multiplet splitting
effect (Figure 39).
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Figure 39. Deconvolution, considering the multiplet-splitting effect, of the Cr 2ps/2 peak of the (a) Cr(VI)-based
and (b) Cr(lll)-based chloride coatings.

Table 24. Analysis of the Cr 2paz2 high-resolution peak of the native oxide layer of the Cr(VI) and Cr(lll)-based

coatings.
Atomic % Cr-Cr Cr-O Cr203 Cr(OH)3
Cr(VI) 21.3 () 78.7 (-) 9.7 (-) 69.0 (-)
Cr(Ill) chloride 51.8(3.2) 48.2 (3.2) 13.8 (6.6) 34.3(3.2)
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At a first sight, it can be observed that the Cr-O component of the Cr(VI)-based coating is
much larger that its metallic contribution. According to the Table 24, the native oxide film
formed on Cr(VI) systems possess the highest oxide/hydroxide contribution (Cr-Cr/Cr-O
ratio of 21.3/78.7) compared to the Cr(lll)-based coatings (Cr-Cr/Cr-O ratio of 51.8/48.2).
This difference can be due to the different conditions of the electroplating baths. Even if the
Cr(ll)-based baths are known to work under acidic pH (pH 3), the Cr(VI)-based ones are
extremely acidic (they are mainly constituted by high concentrations of H,SO4, Table 7). At
such low pH, the chromium solubility is increased and as a result, the concentration of Cr-
O in comparison to Cr-Cr [171,215,216]. Regarding to the type of oxide/hydroxide, both
coatings are showing a similar amount Cr.Os, whilst the amount of Cr(OH)z was much
higher for the Cr(VI) system (69 %) in comparison to the Cr(lIl) chloride one (34.3 %).

In addition to conventional surface analysis techniques such as AES or XPS, the samples
were also studied in a synchrotron facility by using the XAS technique (Figure 40). Total
electron yield (TEY) measurements were carried on the Cr L edge together with C and O K

edge.
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Figure 40. XAS measurements in TEY mode of the (a) Cr L edge, (b) C K edge, (c) O K edge and (d) TFY
mode O K edge on electroplated Cr(VI) and Cr(lll) chloride-based coatings.
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The Cr L edge spectra (Figure 40 (a)), shows similar shapes and peaks for both Cr coatings,
corresponding mainly with the signals of a the Cr.O3 standard (not show here) [217,218].
However, the Cr(VI)-based sample presented a higher relative intensity for the peaks
located at 578.6 and 587.1 eV, which were attributed to the Cr,O3 (the intensity difference
was slightly attenuated by the normalisation of the data). This could indicate a possible
thicker native oxide layer of the Cr(VI) system. In addition, an extra shoulder was observed
at 580.5 eV for the Cr(VI)-based coating, which corresponded to the main peak of the CrOs
powder standard.

The C K edge spectra (Figure 40 (b)) was measured with the aim of exploring the presence
of the Cr carbides present in the Cr(lll)-based coatings [219,220]; however, most of the
signals were found to be masked by the C adventitious contamination layer since the
spectra of the Cr coatings matched perfectly to the spectra of a silicon standard wafer
[158,159]. The surfaces were etched using a coupled Ar ion gun (similarly to AES and XPS)
to try to get rid of the contamination layer and to measure the Cr layer underneath. New
peaks were promoted/revealed at 288.8 eV after the sputtering, which could be attributed
to chromium carbides (according to the Cr23Cs and CrsC, powder standards, measurements
not shown here); however, this peak was also observed in the Cr(VI)-based coating (which
indeed does not contain carbides according to XPS, Figure 36 (b), intermediate etched),
indicating that they were formed by the Ar ion sputtering (as previously observed in Figure
36 (b), etched surface).

The TEY O K edge spectra (Figure 40 (c)), are showing similar shape for both Cr coatings
analogously to the Cr L edge, with slight and not significant shifts in their peaks. The main
peak located at approximately 532.7 eV and the broad signal observed in the 537.7 - 543.6
eV range are believed to correspond Cr.03, as they matched with the spectra of the
standard Cr,O3; powder [221]. However, an additional small peak was observed for Cr(VI)-
based coating at approximately 529.2 eV which was attributed to the presence of CrO3 as
it corresponded to its main peak, in agreement with the same finding on the Cr L edge. Such
CrO; oxide disappeared in the TFY spectra (larger analysis depth, Figure 40 (d)). Both
findings (the peak at 529.2 eV in TEY and its absence in TFY), confirms the presence of a

thin CrOs layer on top of the Cr,O3 oxide one for the Cr(VI)-based coatings.

4.3.2.2 Thickness
The Table 25 shows the thickness values of the native oxide layer formed on top of the two
Cr coatings systems, which were measured using XPS superficial measurements and the

Carlson equation (Equation 2).
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Table 25. Native oxide layer thickness estimated by XPS (Carlson equation) for the Cr(VI) and Cr(lll)-based
coatings.

Sample Native oxide layer thickness (nm)
Cr(VI) 2.3(-)
Cr(111) chloride 1.0 (0.1)

The native oxide film formed on the Cr(VI)-based coating was found to be 2 times thicker
than the one formed on the Cr(lll) system. This result is in agreement with the higher relative
Cr,0s signals observed in the Cr L edge (Figure 40 (c)) of the synchrotron-based XAS
measurements and also with the higher Cr oxy/hydroxide concentrations (Cr-O component)
by XPS (Table 24).

4.3.3 Semiconducting properties of the oxide layer

4.3.3.1 Mott-Schottky
Initially, the anodic branch was obtained by PDP measurements in borate buffer electrolyte

(pH 8.4) to determine the passive region.
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Figure 41. Polarisation curve of the Cr(VI) and Cr(lll)-based Cr coatings in borate buffer electrolyte (pH 8.4).

The corrosion potential of the Cr(VI)-based coating was found to be much more negative
than the chloride-based Cr(lll) one (- 0.8 V and - 0.4 V, respectively) whilst the breakdown
potential was slightly more positive (0.4 V vs. 0.5 V, for Cr(VI) and Cr(lll) systems
respectively). The passive region of the Cr(VI)-based system was broader and its ipass Was
found to be approximately % order of magnitude higher than the Cr(lll) one, at potentials
below 0.2 V; initially, the higher ipass Will denote a less stable passive film. The Figure 42

shows the Mott-Schottky plots for the Cr(VI) and Cr(lll)-based electrodeposits.
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Figure 42. Mott-Schottky plot of the as obtained surface of Cr(lll) and Cr(VI)-based Cr coatings in borate
buffer (pH 8.4), together with the corresponding measurement after polishing the Cr(VI) system.

Although a similar Mott-Schottky plot was expected for the Cr(VI)-based and the Cr
standard (similar chemical composition without C), the shape of the Mott-Schottky plot was
found to be completely different (Figure 42 and Figure 22). The main differences that could
explain this are mainly, but not exclusively the followings: (i) differences in the non-
stoichiometry of the oxides present in the native oxide layer, since their semiconducting
properties could depend on that [222], (ii) presence of the thin CrOs layer that was found by
synchrotron-based XAS measurements on the top of the surface of the native oxide layer
formed on Cr(VI)-based coatings, (iii) the fact that the Cr standard is polished after each
experiment, which could be having an impact on the semiconducting properties of its oxide.
Taking into account that some authors observed that the properties of the formed passive
films were sensible to different mechanical treatments of the surface [223], the Cr(VI)-based
sample was gently polished in order to remove CrOs thin layer present in the native oxide
layer and to find out if this CrO3 was formed in the electroplating bath or if it was inherent to
the system. This was addressed by measuring the semiconducting properties, using Mott-
Schottky, of the spontaneously formed fresh air-oxide film. At first glance, a change in the
shape Mott-Schottky plot was observed (Figure 42, black line) being more similar to the Cr
standard and to the Cr(lll)-based systems (Figure 22 and Figure 42). This confirms that: (i)
most probably, the CrOs is having an impact on the semiconducting properties of the native
oxide layer, (ii) the native oxide layer of Cr(VI) systems cannot be straightforwardly

compared to the one of Cr standard and only the polished ones can be easily compared.
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The electronic properties were calculated from the previous Mott-Schottky plot (Figure 42)
and gathered in the Table 26 in order to support the discussion on the semiconducting
properties. Despite the multiple linear regions observed in the Cr(VI)-based sample, the
fitting was carried out in the last slope, located between 0.4 and 0.6 V, because a similar
E#w (chemical nature of the oxide) was obtained in comparison to the Cr(lll) system (further
discussed below), whilst very different Eg, values were obtained for the previous slopes (-
1.1, 0.05 and 1.5 V respectively for the slopes present in the following potential ranges:- 0.3
to 0, 0.15 to 0.25 and 0.35 to 0.45). Moreover, when increasing the frequency of the Mott-
Schottky plot such slopes disappeared, showing a trend with only one linear region
(corresponding to the last slope of the Figure 42, in the 0.4 - 0.6 V range, which was fitted
for the data analysis) with the same Eg, to the one obtained in the table below.

Table 26. Electronic properties calculated from the Mott-Schottky plot for the Cr(VI) and Cr(lll)-based coatings,
as obtained and after polishing the Cr(VI) sample.

Semiconductor

Sample Ecorr (V Vs SCE) Na (x102° cm®) Em (V vs SCE) type
Cr(VI) -0.72 (0.08) 0.32 (0.08) 0.51 (0.00)
Cr(VI) (polished) -0.21 () 5.13 () 0.53 (-) p
Cr(lll) chloride -0.42 (0.04) 6.9 (0.2) 0.56 (0.01)

Regarding the native oxide layers of Cr(lll) and Cr(VI) systems, it can be observed that
Cr(VI)-based systems possess a one order-of-magnitude less defective oxide film (0.32 and
6.9x10%° cm® Na for Cr(VI) and Cr(lll) systems, respectively). It would decrease the
reactivity of the surface, hindering as a result the electronic mobility and the electrochemical
reactions taking place at the oxide/electrolyte interphase [118,119]. Some differences are
also observed when analysing the Ej, of the oxide layers of both systems: the native oxide
layer formed on the Cr(VI)-based system has a lower Eg, (0.51 V) in comparison to the
native oxide layer formed on the Cr(lll) system (0.56 V). This may indicate some subtle

differences in the chemical nature of their oxide layers.

When the surface of the Cr(VI)-based coating is polished, the charge carriers density are
decreased by one order of magnitude (from 0.32 to 5.13x10%° cm), having a similar Na
value (but still smaller) to the Cr(lll)-based sample and to the Cr standard (Table 14 and
Table 20). The Es potential is slightly increased after the polishing (from 0.51 to 0.53 V)
whilst the Ecor is significantly shifted towards more positive values (from - 0.72 to - 0.21 V)
reaching a similar value compared to the Cr(lll) system (- 0.42 V). This supports the
hypothesis of the CrO; layer providing the enhanced semiconducting properties; this layer

is believed to be formed during the native oxide layer formation in the electroplating bath
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due to the extremely acid and high sulphuric acid concentration and, when it is removed
after the polishing, a common Cr,0; is believed to be formed by the exposure to the

atmosphere, similarly to the Cr(lll)-based in terms of semiconducting properties.

4.3.3.2 Point Defect Model

The PDM measurements results are shown in the Figure 43. A negative exponential
function was obtained for both cases, which was fitted according to the Equation 7
(experimental fit shown in the figure) to obtain the diffusion coefficient (Table 27).
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Figure 43. Charge carrier density evolution of the Cr(VI) and Cr(lll)-based coatings as a function of the film
formation potential.

The preliminary electrochemical protocol used to remove the native oxide layer, prior to the
formation of passive films (described in the experimental section, Table 8) was believed to
be enough to remove the topmost CrO; layer since the Mott-Schottky plot of the obtained
passive films in the PDM experiment changed the shape in a similar way to the observed in
the Mott-Schottky experiments after polishing the surface (Figure 42). So, the CrOs layer is

assumed no to be playing a role in such passive films formed on the Cr(VI) system.

Table 27. Results of the Point Defect Model data fitting for the Cr(VI) and Cr(ll1)-based coatings.

Parameter Cr(VI) Cr(lll) chloride
w1 (cm3) 5.4x10%9 1.1x10%°
b (V1) 3.4 8.0
wo (cm3) 4.6x10% 7.5x10%0
Ke=eL (V cm?) 1x1068
iss (A cm2) 1.1x108 3.1x10®
Do (cm? s1) 9.4x101° 1.6x1018
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Slightly lower iss and Do values were obtained for Cr(VI)-based system. This is in agreement
with the previous Mott-Schottky results for the native oxide layer formed on Cr(VI) system.
Typically, a high ion mobility will lead to a higher tendency for aggressive ions to penetrate
and move through the oxide layer, reaching the metal surface and initiation pitting corrosion
events, which eventually will cause the passive film breakdown with the consequent loss of
protection; in contrast a low current and ion mobility will provide the passive layer a more
protective ability [175]. Therefore, the lower point defects (Mott-Schottky results) and the
lower mobility and diffusion coefficient (PDM results) obtained for the oxide layer formed on
the Cr(VI) system are typical of a protective oxide film.

On the other hand, the Do from PDM is less than ¥ order of magnitude lower (Table 27) for
Cr(VI) in comparison to the Cr(lll) system. This could be due to the fact that, as previously
mentioned in the chapter 4.1, in the Mott-Schottky measurements the native oxide layer is
measured (observable positive effect of the topmost CrOs layer), whilst in the PDM passive
films are studied after removing the native oxide layer, and probably after removing the
CrO:s layer (further discussed in the Annex B). In this case, the slight differences observed
in the iss and Do between the Cr(VI) and Cr(lll)-based systems could be due to the different

C amount and crystalline structure of both electroplated Cr layers.

4.3.4 Corrosion resistance evaluation of the Cr coating and oxide
film

4.3.4.1 Kinetics of the oxide layer formation

Current-time transients (Figure 44) were measured to investigate the oxide layer formation
kinetics in order to explore the protection capabilities of the different oxide layers. The Table
28 shows the different parameters obtained after the linear fitting of such curves within the
range 20 - 60 ms (Figure 44). Information of the oxide formation kinetic through the

passivation index n (slope of the fitting) and from the current values of the beginning of the

passivation (i) were obtained.

107



Chapter 4. Results and discussion

16°] 1ms  10ms
o 4
c 10
(&)
<
S
= 10°- 3S
— Cr(VI)
— Cr(lll) chloride
10° : T : .
10° 10° 10" 10° 10*
Time (s)

Figure 44. Passivation kinetics or current-time transients measurements of the oxide layer formed on Cr(VI)
and Cr(lll)-based coatings.

Table 28. Obtained parameters from the linear fitting of the passivation kinetics measurements carried out on
the Cr(VI) and Cr(lll)-based coatings.

Sample n io (MA cm??)
Cr(VI) 0.87 (0.08) 0.8 (0.1)
Cr(lll) chloride 0.78 (0.01) 1.4 (0.1)

The oxide layer formed on the Cr(VI) system presents a significantly lower passivation
current (0.8 mA cm) in comparison to Cr(lll) system (1.4 mA/cm2). In addition, a higher
oxide formation kinetic was obtained for the Cr(VI)-based electrodeposit (0.87 vs. 0.78,
Table 28). These features are typical of compact and protective passive films that are
formed very quickly, hindering the absorption and penetration of aggressive ions. Better
protective abilities are expected from the oxide formed on the Cr(VI)-based Cr
electrodeposits compared to the Cr(lll) system, since due to the observed higher oxide layer
formation kinetics and lower passivation current. These enhanced properties are in
agreement with the Mott-Schottky and PDM measurements where the native and formed

oxide layer were found to be less defective and to present less diffusibility.

4.3.4.2 Corrosion resistance evaluation. Borate buffer vs NaCl electrolyte

PDP measurements were run to study the anodic branches of both systems (Figure 45).
According to the findings observed in the previous chapters (4.1 and 4.2), two electrolytes
were used in these measurements in order to explore the corrosion performance of the
coatings (i) in a non-aggressive medium where the semiconducting properties were already

studied (borate buffer electrolyte, pH 8.4) and (ii) in a more aggressive medium (0.1 M
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NaCl). For the sake of reproducibility, samples were tested immediately after they were

produced (“as obtained”).
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Figure 45. Potentiodynamic polarisation curve of Cr(VI) and Cr(lll)-based Cr coatings in both borate buffer
and 0.1 M NacCl.

The Figure 45 shows the anodic branches of the PDP curves of the Cr(VI) and Cr(lll)-based
Cr coatings in both electrolytes. The impact of the 0.1 M NaCl electrolyte was similar for
both Cr electrodeposits, in terms of potential values: a shift of the Ecor was observed to
approximately + 100 mV, as well as a considerably lower Ep: (approx. - 400 mV) in
comparison to the breakdown potential obtained in the PDP carried out in the borate buffer
electrolyte. The Cr(VI)-based system presents a lower Ecor but a slightly higher Epic in 0.1 M
NaCl when compared to the Cr(lll) system: the Ecor and Epie values of the Cr(VI)-based
coating are - 0.66 and + 0.10 V, respectively, whilst the Cr(lll)-based system has - 0.32 and
0.05V, respectively. Additionally, as the main difference between both coatings, the passive
region is reduced by approximately 500 mV for the Cr(VI)-based whilst the Cr(lll)-based Cr
coating does not present a passive region, despite an small pseudo-passive region located
in the - 0.04 and 0 V range. Regarding the impact of 0.1 M NaCl on the iyass, was found to
be different for each system when comparing to the borate buffer electrolyte: the Cr (VI)-
based one did not undergo any significant variation (~ 10° mA cm? at 0.0 V) whilst the
Cr(lll)-based system abruptly increased its ipass from 6x10* mA cm? to 6x10° mA cm at
0.0V.

Prior to the pseudo-passive region of the Cr(lll)-based system, an small increase of the
anodic current is observed at approximately - 0.1 V, related to the oxidation of Cr(lll) to
Cr(VI) [180,181] as explained in the chapter 4.1; curiously, this current increase was not

observed for the Cr(VI)-based coating.
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Summarising, although the corrosion capabilities have been diminished for both systems
when studied in 0.1 M NacCl, the Cr(lll)-based one exhibits an increased ipass One order of
magnitude) and is showing a pseudo-passive region instead of the wide and well-defined
passive region that the Cr(VI)-based systems presents. Initially and theoretically, all this will

provide a less protective behaviour to the Cr(lll)-based system.

Additionally, the polarisation resistance was calculated (Table 29) from LPR measurements.

Table 29. Polarisation resistance values obtained from the LPR measurements for the Cr(VI) and Cr(lll)-based
Cr coatings in both borate buffer (pH 8.4) and 0.1 M NaCl electrolytes.

Rp (x10° Q cm?)

Sample
Borate buffer (pH 8.4) 0.1 M NaCl
Cr(VI) 4.3 (0.6) 1.9 (0.1)
Cr(Ill) chloride 2.6 (0.6) 1.2 (0.1)

The R, of the Cr(VI)-based electrodeposit was found to be almost 2 times higher in
comparison to the Cr(lll)-based systems in the borate buffer electrolyte (pH 8.4). This is in
agreement with the semiconducting properties of the native oxide layer: one order-of-
magnitude lower point defects (Mott-Schottky, Table 26) as well as a lower diffusion
coefficient (Table 27) and a higher oxide layer formation kinetics (Table 28). These features
are believed to be conferred by the presence of the thin topmost CrO; layer detected by
synchrotron-based XAS (Figure 40), since in the literature the CrO3z was observed to provide
good anticorrosion to coatings [224], as well as its hydrated form H.Cr04.[225] If R, values
are compared in 0.1 M NaCl electrolyte, the values are decreased for both coatings due to
the higher aggressiveness of the electrolyte but, even so, similar corrosion resistance was
obtained: 1.9 and 1.2x10° Q cm? respectively. Once again, the Cr(VI) system possess a
slightly higher polarisation resistance value, showing still a better corrosion resistance

performance.
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4.3.5 Summary of the chapter

The most relevant observed findings are mentioned below:

1. Cr(VI)-based Cr coatings are constituted by pure Cr layers in comparison to Cr-C
layers of the Cr(lll)-based ones.

2. The presence of a topmost very thin CrOs layer was found on the surface by
synchrotron-based XAS, whilst XPS was not sensitive enough to detect it.

3. The native oxide layer formed on Cr(VI)-based Cr electrodeposits shows an
enhanced semiconducting properties and oxide formation kinetics.
o Lower point defects (1 order of magnitude lower Np).

¢ Higher oxide formation kinetics and lower passivation current.
However, when removing the native oxide layer by polishing the surface, the
new air-formed oxide layer presents higher defects, having closer values to

the oxide formed on the Cr(lll)-based Cr coating.

4. The Cr(VI)-based coating presented a higher corrosion resistance (higher R;) in both
borate buffer (pH 8.4) and 0.1 M NaCl.
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Chapter 5. General conclusions

This Ph.D. intended to provide new insights about the passive layer of nanometric
electroplated decorative Cr coatings. The different Cr coatings have been obtained by
electrodeposition using model Cr(lll) and Cr(VI)-based electrolytes. The physicochemical
properties of the Cr layers and their native oxide layers have been explored including the
semiconducting behaviour of their passive films and corrosion resistance performance.
Analogously, the effect of Fe addition on a sulphate-based Cr(lll) electroplating bath has
been investigated based on the same terms. Finally, a comparison between a Cr(lll) and
Cr(VI)-based Cr electrodeposit was carried out.

As a result, a correlation has been stablished between the properties of the Cr layer/oxide
film (regardless the underneath substrate) and the semiconducting properties and corrosion

resistance performance. The main conclusions are the following:

Cr(ll) chloride vs sulphate-based Cr coatings

1. The sulphate-based Cr coating has shown lower C content and a more crystalline
structure. Additionally, traces of S were found in the sulphate system, corresponding to
superficial adsorbed sulphates ions and absorbed sulphate salts/thiourea (S=C). The
semiconducting properties of the native oxide layer were showing higher point defects.
Despite having a more Cr-oxide rich and thicker native oxide layer, the sulphate-based
system presented a lower corrosion resistance performance in borate buffer electrolyte
(pH 8.4). Thus, a direct correlation between the semiconducting properties and the

corrosion resistance was found.

2. Increasing the aggressiveness of the electrolyte (0.1 M NaCl) provokes a much lower
corrosion resistance compared to borate buffer electrolyte. However, although a similar
behaviour was obtained for both Cr(lll)-based systems, aged sulphate-based coating

has shown a better performance.

As a summary, the traces of adsorbed S on the sulphate-based Cr electrodeposits are
believed to be responsible of the more defective and less protective oxide film formation.
Among all the measured parameters (chemical composition, thickness, structure, etc.) the
semiconducting properties and specifically, the concentration of point defects measured by
Mott-Schottky seems to be ruling the corrosion performance.

Additionally, such defective oxide layer (sulphate system) evolved with the time and showed

a better performance in aggressive mediums such as NaCl-based electrolytes after 1-year

aging.
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Effect of Fe addition on the Cr(lll) sulphate-based bath

3. The addition of Fe to the Cr(lll) sulphate-based electroplating implies the formation of a

Cr-Fe alloy but with a different impact on the naturally formed oxide layer:

() adding 8 mg/L Fe did not affect to the native oxide layer (a single Cr.O3 oxide
layer showing a p-type semiconductor behaviour) and to the corrosion

resistance (similar to the Fe0 sample).

(i) if the Fe concentration in the bath is 100 mg/L or higher (400 mg/L), a duplex
oxide film was formed, containing an outer Fe-rich and an inner Cr-rich
oxide/hydroxide layer. A more defective native oxide layer (p-n type
semiconductor behaviour) having higher passivation current values during the
kinetics formation. It was in agreement with the lower polarisation resistance
(one order of magnitude lower if systems are compared in 0.1 M NaCl

electrolyte).

As main conclusion, adding 100 - 400 mg/L Fe affected dramatically to the
semiconducting properties and oxide layer formation, and as a result, to the corrosion
resistance properties of the coatings. In contrast, it was possible to decrease de
deposition rate adding 8 mg/L Fe to the sulphate-based Cr(lll) electroplating bath without

diminishing the corrosion performance .

Cr(ll) vs Cr(VD)-based Cr coatings

4. In contrast to Cr(lll)-based system, the Cr(VI)-based ones provides amorphous and pure

Cr coatings.

5. The native oxide layer formed on the Cr(VI)-based is formed by a single layer of Cr.O3
(p-type behaviour) which also has a thin CrO3 oxide on the top according to synchrotron-
based measurements, probably due to the extremely acidic working conditions of the
electroplating bath of the Cr(VI) system. The semiconducting properties in comparison
to the Cr(lll)-based samples are much better (Na are one order of magnitude less
defective, having a lower ion diffusion coefficient, faster oxide layer formation kinetic and
lower passivation current values). Consequently, a more protective native oxide layer
was formed, presenting a higher corrosion resistance performance in both borate buffer
and 0.1 M NacCl electrolytes.
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In few words, the enhanced corrosion resistance of Cr(VI)-based coatings in comparison to
the Cr(lIl) ones was found to be caused by the presence of a topmost thin CrO3 layer. This
layer provided less defective oxide layer with a very high oxide formation kinetics, which

resulted in a very protective oxide film.
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Chapter 6. Future perspectives

New insights have been provided on decorative Cr coatings based on Cr(lll) electroplating
baths, in terms of physicochemical properties of the electroplated Cr layers and their native
oxide layer, and their impact in the corrosion resistance performance. Interestingly, the

results have brought the following open question and issues to address:

- To explore in detail the electroplated Cr layers. It has been found that both Cr(lll)-
based electroplated Cr layers are constituted by chromium carbide coatings but
there were not observable by XRD or even by synchrotron-based XAS. Therefore,
additional techniques/strategies are required to determine such carbides (e.g.,
Cr23Cs, Cr3Co, etc.). The following strategy could be followed: (i) chemical treatments
and attacks of cross-section samples, (ii) heat treatment and annealing processes
to promote the crystallisation and further observation in XRD, (iii) using more
sophisticated equipment such as TEM coupled with Selected Area Electron
Diffraction (SAED) for their observation and characterisation.

- To transfer the knowledge generated in this Ph.D. to the industry and to validate the

findings creating new protection systems:

() using the Ni-Cr multilayer configuration of real commercial coatings.

(i) studying different electroplating bath formulations by modifying their
organic additives (e.g., phosphorus-based ligands) in order to tune the

corrosion resistance performance.

- To further decrease the deposition rate of Cr(lll)-based baths varying the Fe
concentration between 8 and 100 mg/L, or even changing the doping agent but

assuring that the p-type semiconducting behaviour is maintained.

- Finally, taking into account the direct impact of the semiconducting properties of the
native oxide layer on the corrosion performance, the surfaces of the Cr coatings
could be further post-treated to improve such properties, for example, promoting the
indirect formation of CrOs using new Cr(VI)-free alternatives or modifying the bath

and working conditions to tune the semiconducting properties of the oxide film.
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Appendix A

The XPS depth profile of the Cr standard is shown in the Figure 46 (a). Similar findings to
the AES depth profile (Figure 15 (a)) were observed: a predominant Cr concentration,
together with an unexpected and uniform C and O concentration, approximately 20 and 10
% at. respectively. High resolution spectra of the Cr, C and O were measured (Figure 46

(b, c, d)) to explain the presence of such elements in a bulk pure Cr standard.
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Figure 46. XPS measurements on the Cr standard: (a) XPS depth profile, together with the (b) Cr 2ps2, (c) C
1s and (d) O 1s high-resolution spectra, as a function of the sputtered depth.

The Cr 2ps» peak (Figure 46 (b)) shown an Cr oxide/hydroxide-rich surface that increases
its metallic Cr contribution as the oxide layer is sputtered away, as expected.

The C 1s high-resolution spectra (Figure 46 (c)) confirmed that the superficial C was
constituted by an organic and adventitious C contamination layer; however, as the
sputtering progressed a metal carbide signal appeared (approximately after 42 s of
sputtering), which was unexpected to be found in a Cr standard of high purity (99.95 %).
Most probably, this is an effect caused by the Ar ion gun, which sometimes can form such

carbides on metallic surfaces (previously discussed in the chapter 4.1). Additionally, as
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mentioned before in the chapter 4.1, this surface was found later to be contaminated with
C patrticles, which could explain such results.

Regarding the O 1s spectra (Figure 46 (d)), revealed that there were significant organic
components on the surface (O-C) which disappeared partially when the sputtering was
carried out at the same time that the metallic oxide (O-metal) contribution started to
decrease; however, the signal was stabilised in a significant non-zero value. Initially this
could point out to different events happening in the surface: (i) oxide presence inside the Cr
standard, which seems very unlikely due to its high purity, (ii) repassivation of the surface,
(i) oxygen implantation caused by the Ar sputtering and (iv) detection of superficial oxygen
due to an inhomogeneous sputtering of the Ar ion gun.

The Arion gun was calibrated and the measurements were repeated in other different XPS
equipment, obtaining the same trend for the oxygen and being, as a result, the repassivation
issue the most probable explanation.

Additionally, similar findings were observed during the AES depth profile on a Cr(lll)
sulphate-based electrodeposit (Figure 47), where a stable oxygen signal was found in the
Cr layer. Then, the sample was stored at the vacuum chamber for 20 h and when measuring
again an increase of the oxygen signal was observed, (almost three times, from an
approximate 5 to 16 % at.), with no additional changes in the rest of the elements. This
demonstrated the high reactivity of the Cr, even under UHV conditions, to react with traces

of oxygen to oxidise its surface.
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Figure 47. AES survey spectra performed on the Cr(lll)-sulphate coating after 15 min sputtering (blue line)
and after 15 min sputtering + 20 h storage at the vacuum chamber (red line).
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This repassivation phenomenon could also be explained by some gas leakage of the
chamber or due to a malfunction in the vacuum pump. However, this event was also
observed in other different XPS equipment, reducing the probability of being caused by

external oxygen entering in the vacuum chamber.
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Appendix B

The native oxide layer of the Cr electrodeposits was removed electrochemically by following
the same procedure used in the PDM measurements (Table 8) in order to find out if (i) the
adsorbed S was hindering the native oxide layer formation, leading as a result to a more
defective oxide layer, (ii) to confirm the findings observed in the section 4.3.3.1 regarding
the enhanced semiconducting properties provided by the CrO; topmost layer in the Cr(VI)-
based coating and (iii) to explain the discrepancies between the Mott-Schottky (study on
the native oxide) and the PDM results.

The Table 30 shows the obtained results and comparison between the semiconducting
properties of the native oxide layer and the oxide films formed after removing the native

oxide for all the Cr coating systems.

Table 30. Comparison of the electronic properties, calculated from the Mott-Schottky plot, for the native oxide
layers and oxide films formed after removing electrochemically the native oxide layer.

amole S e Mott-Schottky PDM
p y Na (x10%° cm) Do (cm? s)
Native 4.8 (0.1) n/a
Cr i i
After removing the native 5.9 (0.6) 7.2%x1019
oxide layer
Native 6.9 (0.2) n/a
Cr(lll) chloride i i
After removing the native 8.8 (0.5) 1.6x108
oxide layer
Native 8.0 (0.3) n/a
Cr(lll) sulphate i i
After removing the native 4.7 (0.1) 8.8x1019
oxide layer
Native 0.3(0.1) n/a
Cr(VI) i i
After removing the native 5.0 (0.6) 9.4x1019
oxide layer

According to the findings of the Mott-Schottky of the chapter 4.1 and 4.3 (section 4.1.3.1
and 4.3.3.1) the following point defect concentration ranking was observed, in terms of
native oxide layers: Cr(VI) << Cr < Cr(lll) chloride < Cr(lll) sulphate, concluding that, the
Cr(VI) system possessed the lower point defects concentration (lower Na) due to the
presence of the CrOs thin layer, the pure Cr in second place as the ideal Cr system with a
standard Cr oxide/hydroxide layer and then the Cr(lll) systems, having the sulphate-based
one a slightly higher value due to the presence of ad/absorbed S which hindered its oxide
layer formation, leading to a more defective native oxide layer.

According to the table above, after removing the native oxide layer and studying the

semiconducting properties of the new air-formed oxide layer all the systems got a more
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defective oxide layer (higher Na value), except for the sulphate-based Cr(lll) system, which
showed a decrease in the point defects concentration (from 8.0 to 4.7). This supports the
hypothesis of the adsorbed S being the responsible of the more defective native oxide layer
formation. During the electrochemical removal of its native oxide layer the adsorbed S was
partially or totally removed and it did not participate or hinder the formation of the oxide film,
leading to a less defective oxide. Analogously, the Cr(VI) loses the CrOs layer during the
electrochemical removal of the native oxide layer and the point defects concentration is
increased (from 0.3 to 5.0) supporting the hypothesis of such CrOs layer being the
responsible of the enhanced semiconducting properties (also confirmed by polishing the
surface in the 4.3.3.1 section).

Additionally, the pure Cr, Cr(VI) and Cr(lll) sulphate system possessed similar Na values
after removing the native oxide layer (5.9, 4.7 and 5.0 respectively) in comparison to the
significantly high value of the Cr(lll) chloride system. In fact, this trend is positively correlated
to the diffusion coefficient (Do) of PDM results, having the Cr(lll) chloride system a
significantly higher value in comparison to the rest of the system which present lower and
similar values. The higher Do and Na values of Cr(lll) chloride after removing the native
oxide layer, in comparison to the Cr(lll) sulphate system could explain the better corrosion
resistance performance of the sulphate system in 0.1 M NaCl of the 1 year-aged samples
(critical chloride content experiment in section 4.1.4.2.2).

This Do and Na correlation after removing the native oxide layer also confirms that the
properties of the native oxide layers formed on such Cr electrodeposits can be very different
from their air-formed oxide layers after removing the native one. Therefore, the PDM
measurements cannot be comparable to the M-S experiments when studying native oxide
layer; however, PDM results are in agreement to the M-S after removing the native oxide

layer (since in PDM the native oxide layer is removed).
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