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advisor: Asst. Prof. Niti Yongvanich, Ph.D., Hideyuki Kuwahara, D.Eng.

Corrosion is a common phenomenon which usually undergoes on metal surface
leading to structural failure. Consequently, this topic has attracted many researchers to look
for ways to prevent corrosion and extend lifetime of service. Coating with chromium (Cr)
or chromium nitride (CrN) is the one popular technique, given the high corrosion resistance
and obviating whole part replacement. However, the conventional film’s properties might
not provide enough resistance for using in some severe environments. Tailoring structure to
amorphous is usually considered for improve corrosion resistance.

Thin amorphous featureless of CrZr-film was successfully fabricated by
magnetron co-sputtering. The suitable composition (46 %at.Zr) with low energetic adatoms
due to low sputtering power, restricted adatoms diffusion and nucleation in a similar way to
frozen them like amorphous structure. The amorphous featureless in CrZr-film contributed
to the excellent anti-corrosion property as seen by the high value of Rfiim, Ecorr With low lcorr
and passivation ability. The co-existing of Cr and Zr played the important role for
reducing dissolution of zirconium oxide (ZrO;) which was the major compound in CrZr-
passive film.

For nitride films, the CrZrN could be fabricated by reactive magnetron co-
sputtering. Complex nitride of Cr and Zr, (Cr,Zr)N, was the predominant phase in all
sputtering films. Addition of Zr with higher concentration refined crystallite size of
(Cr,ZrN due to strain confinement and simultaneously promote an amorphous Zr,ONo.
Addition of Zr at 0.578 atomic fraction was enough for promoting amorphous phase which
was high enough content for detectable by XRD.

Modification interface between matrix and film is one parameter affecting film's
crystillinity. This work revealed that addition of amorphous CrZr-interlayer could promote
amorphous structure in the top nitride film by performing as “random atomic arrangement
template” for top film. It was effective method for promoting amorphization as seen by no
evidence of crystallinity in XRD result. This amorphous featureless nitride film
contributed the excellent corrosion resistance due to less of susceptible points and columnar
structure.
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Chapter 1

General introduction

1.1 Statement of problems

Corrosion is an electrochemical, destructive process which usually undergoes
on metals/alloys and is the major cause of structural failure resulting in plants
shutdown, unsafe operations even decease. The “National Association of Corrosion
Engineers” (NACE) reported that the global cost of corrosion was approximately 2.5
trillion U.S. dollar in 2016 and continuously increased every year. Consequently, the
topic of corrosion has attracted researchers to look for ways to prevent corrosion
damage thereby achieving longer lifetime of services. For this reason, chromium (Cr)
has drawn much attention due to its corrosion resistance and a self-healing protective
passive layer. From “the national academics press” report, the mine chromium
production was produced about 23,700 in thousand metric tons in 2010 and still on
demanded. The main purpose of using chromium is a providing an anti-corrosion
property as seen by it is an essential alloying element in stainless steel. Not only is it
used in the form of a major alloy element in stainless steels, a layer of chromium and
its alloys is also typically applied on surfaces of iron and steel components. This is an
effective and economical technique which is also decorative, obviating whole part

replacement and could protect substrate from corrosion attack.

Several studies revealed that the microstructural integrity and durability of the
coating layer are the keys for determining functionality and operating life [1-4]. These
two features are governed by the selection of appropriate materials with tailored

structures and environmental parameters, e.g. pH and temperature. Unfortunately,



chromium alloy coatings are particularly prone to degrade under reducing saline
environments. Several attempts have been done to improve corrosion resistance and
achieve a good passive film such as thickening, phase modifications and alloying
elements etc. [1-4]. Tailoring structure to amorphous is the interesting method which
could provide an excellent corrosion resistance [4-6]. Amorphous structure with
uniformity has been reported to successfully inhibit pit formation, which is the main

root cause of passive film failure, due to less defective interfacial region [7, 8].

With the purpose of amorphous coating, several chemical composition by
material design of metal-metal binary systems has been investigated and developed by
many researchers for example K. Hashimoto (1993), D. Landolt (1998), M. Kitada
(2005), B. Mallia (2007), D. Wang (2012), H. Skliarova (2015) and J. D. Schuler
(2017) [2, 6, 9-13]. Noteworthy, the degree of crystallinity in various metallic binary
could be decreased when zirconium was incorporated [13, 14]. Ali et al. [15] reported
that zirconium base with chromium 20 atomic percentage (%at.) could develop a
partially amorphous structure which improves corrosion resistance in HCI solution by
the formation of an effective passive layer. Several studies have reported that addition
of zirconium increased the possibility of oxide formation in the form of zirconium
oxide (ZrOz) which is an effective passive layer [6, 16-19]. Thus, a further
improvement in corrosion resistance of chromium film was expected by tailoring with

zirconium addition especially for forming an effective passive layer.

Not only using in metallic coating, chromium was also used in ceramic
compound coating [20-24]. Chromium nitride (CrN) is a kind of chromium
compounds which has been used for coating application due to its high corrosion

resistance, high hardness and low friction coefficient [20-23]. In addition, it was



reported that addition of zirconium (Zr) into CrN tended to reduce crystallite size of
CrN from 11 to 7 nm with 31%at. Zr addition, and a small percentage of Zr addition
improved corrosion resistance of the nitride films [25-28]. For that tendency,
researchers aim to addition Zr with high percentages for achieving amorphous nitride
films. Therefore, Zr demonstrated a good potential for addition into both of Cr and
CrN because of possibility to promote amorphization and improve corrosion
resistance. Published reports only stated that the small amount of Zr addition and did
not investigate in detail about phasic nature of the metallic Cr-Zr films and CrZrN
films with a high degree of Zr addition. Therefore, researchers have been interested to
study about effect of Zr addition on phase evolution, amorphization and corrosion

behavior of the Cr-Zr and CrZrN films for using in anti-corrosion application.

Although film preparations could be done by several methods [25, 29, 30],
magnetron sputtering is an outstanding method. It is convenience, powerful, reliable
method and could perform in a wide range of temperature or work with reactive gases
including nitrogen gas [20, 31]. Moreover, the desired film’s properties could be
achieved by controlling of processing parameters. For achieving amorphous films, the
processing parameters should provide the low adatoms energy or mobility as low as
possible e.g. no auxiliary heat and bias voltage supply. Thus, magnetron sputtering
was an appropriate method for preparing both of thin metallic and nitride films in this
research. From the industrial point of view, plasma ignition in nitride deposition
process usually starts from only argon gas then introducing nitride gas. The metallic
interlayer between substrate and nitride film is inevitable. From literature reviews,

amorphous interface at substrate or matrix interface could promote amorphization in



the top films [32]. Therefore, researchers are also interesting to preparing amorphous

interlayer and investigate possibility to promote amorphization in top nitride films.

As above described, this research was categorized into 2 main sections
according to the types of films: metallic and nitride films. All films were deposited on
silicon wafer and polished AISI H13 steel by magneton co-sputtering. For metallic
section, amorphization was done by material design of Cr and Zr. In the case of
nitride section, amorphization was done by 2 techniques: material design and interface
modification. For material design in nitride section, various Zr content films were
fabricated and investigated effect of Zr addition without the interlayer. Then, effect of
the amorphous interlayer on amorphization in top nitride films was investigated. All
films (both of metallic and nitride films) was clarified about physical properties and

relation of those parameters to corrosion behavior.
1.2 Objectives

1. Investigate effect of zirconium addition to microstructure, morphology, phase
evolution, corrosion behavior of the chromium-zirconium metallic films prepared by

magnetron sputtering.

2. Investigate effect of zirconium addition and amorphous interlayer to
microstructure, morphology, phase evolution of chromium-zirconium nitride films

prepared by magnetron sputtering.
1.3 Scopes

This research was categorized into two main sections including metallic and
nitride section. For the metallic section, all films were prepared by duel-head

magnetron co-sputtering of chromium and zirconium targets with argon as working



gas. Base and working pressure were controlled at 7.5x10° and 3.0x10° Torr,
respectively. Metallic films consisted of 3 specimens according to zirconium contents:
pure chromium (Cr-film), mixture of chromium-zirconium (CrZr-film) and pure
zirconium (Zr-film). Films were deposited on (100) silicon wafer and polished AlSI

H13 steel with rotating substrate holder speed 4 rpm for achieving film homogeneity.

In the case of nitride films, they were deposited on those substrates by reactive
magnetron co-sputtering of chromium and zirconium targets with argon and nitrogen
as a working gas and reactive gas. The flow rate of those gases was controlled at 40.0
and 4.0 sccm, respectively. Base pressure and working pressure for nitride films
preparation were 2.5x10* and 8.5x1073 torr, respectively. Nitride films were also
categorized to three groups various on zirconium contents according to low-zirconium
(Low-Zr), medium-zirconium (Med-Zr) and high-zirconium (High-Zr). Deposition
time was kept at 60 minutes for all depositions. In the case of nitride film with
interlayer, the amorphous film condition in metallic section would be designed to the

amorphous interlayer.

Microstructure and morphology of films were investigated by field-emission
scanning electron microscopy (FESEM) and atomic force microscopy (AFM). Bulk
chemical composition of films was measured by energy dispersive spectroscope
(EDS) during in FESEM observation. Phase identification was examined by X-ray
diffraction (XRD). In case of amorphous structure, film crystallinity was again
confirmed by transmission electron microscopy (TEM) and electron diffraction
patterns (EDP). Focused ion beam field-emission scanning electron microscopy (FIB-
FESEM) was employed for TEM sample preparation. Chemical composition and

compound at/near film surface was investigated by X-ray photoelectron spectroscopy



(XPS). Corrosion behavior was investigated by potentiodynamics and electrochemical

impedance spectroscopy (EIS) in 3.5 %wt. NaCl solution at ambient temperature.
1.4 Expected or Anticipated Benefit Gain

1. Acknowledge effect of zirconium on phase evolution, physical properties

and corrosion behavior of chromium-zirconium metallic films.

2. Acknowledge effect of zirconium content and interlayer on phase evolution,
physical properties and corrosion behavior of chromium-zirconium nitride films.
3. Recognize the condition for preparing the optimize corrosion prevention

film resulting in reducing of instruments failure and extending lifetime of service.



Chapter 2

Literature reviews

2.1 Corrosion in metals [33]

In nature, most of the thermodynamically stable phase of metals are formed in
mineral compounds e.g. oxides, nitrides and sulfides. Thus, metals usually and
spontaneously transform to their stable phases. Corrosion is one process which brings
them to their stable forms. It could be categorized into many kinds of corrosion
depending on the resulting damages, mechanisms and authors. Nevertheless, all
corrosion forms must have these four necessary components: anodes, cathodes,

electrolytes and electron paths.

Anodes: these components are corroding and simultaneously produce free
electrons for supporting corrosion reactions. Generally, these components
are metals and perform as relatively negative potential.

- Cathodes: these components consume electrons from the anodes and
produce/transform corrosion products. Thus, they are not corroded and
relatively positive potentials with anodes.

- Electrolytes: they are mediums for ions/electrons migration.

- Electron paths: they are conductive components for electrons flow

between cathodes and anodes. In some cases, it could be a corroding metal

itself.

General reaction of corroding metals (anodes) and corrosion products

(cathodes) are expressed in equation 2-1 and 2-2, respectively. In equation 2-1, solid



metal (M) emits electrons and becomes to metal ions (M™) resulting to weight loss
and thinning. Simultaneously, oxidizer (R") or cathode component consumes the
electron from anodic reaction and becomes to the lower charge (RY). Thereby, both

reactions preform as each half-cell electrochemical reaction for corrosion process.

M > M + ne (equation 2-1)

R*+e > R (equation 2-2)
2.2 Thermodynamics of corrosion [33]

Because corrosion is chemical reactions, possibility and direction of reactions
could be determined by thermodynamics. Reaction spontaneously forwards when the
change of Gibb’s free energy (AG) of reaction is negative and in vice versa. The
relationship between AG and corrosion reaction could be expressed in term of
electrochemical potential (E) as equation 2-3. Electrochemical potential occurred
from the accumulation and depletion of electrons at anodes and cathodes,
respectively. The n and F are number of equivalent exchanged electrons and

Faraday’s constant.

AG = -nFE (equation 2-3)

E =€+ e (equation 2-4)

Electrochemical potential (E) is the sum of half-cell electrode potentials of
anode (ea) and cathode (ec) as shown in equation 2-4. Standard values of half-cell
electrode potentials of the interesting metals are tabulated in the electromotive force
(emf) series. The standard potentials in emf series could estimate stability of metals.
The higher standard potential is a noble metal whereas the negative one is active

metals (prefer corroding). Reactions in the emf series are usually written in the



reduction form; therefore, the sign of values in emf series must be remarked.
Although thermodynamics could tell us about corrosion possibility and direction, it

does not tell about how fast corrosion is.
2.3 Kinetics and corrosion measurement [33]

After understanding about thermodynamics of corrosion, kinetic of corrosion
or corrosion rate is the other important information which must be considered. As
previous discussion, corrosion composes of cathodic and anodic reaction which
accomplish with electrons flow or exchanged current between them. Consequently,
many investigations about corrosion rate base on determination of exchanged currents

e.g. potentiodynamic polarization and electrochemical impedance spectroscopy (EIS).
2.3.1 Potentiodynamic polarization

Potentiodynamic polarization is a popular, convenient method for determine
corrosion behavior and corrosion rate. In this method, specimen is immersed in testing
electrolytes and applied electrical potentials (voltages) for accelerating reactions. The
instrument records data of applied electrical potentials (Eapp) and responding current
of specimen (1) during operation as shown in figure 2-1. For example, considering
corrosion of metal (M) which immerses in an acid solution. Cathodic and anodic
reaction is expressed in equation 2-5 and 2-6, respectively. Because both reactions
simultaneously occur at the same surface, each reaction relates on the other. The
potentials, at cathodic and anodic currents are equilibrium, is descripted to corrosion
potentials (Ecorr). It normally locates between the half-cell potentials of metal M

(em/m+) and acids (ey+,y,). Current density at Ecor is called as corrosion current
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density (lcorr). Generally, the higher Ecorr implies to the higher degree of corrosion
resistance and the lower lcorr represents to lower corrosion rate.
M > M +¢ (equation 2-5)

2H" + 2¢¢ > H» (equation 2-6)
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Figure 2-1 Potentiodynamic polarization curve

2.3.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an interesting non-
destructive testing (NDT) technique which could distinguish corrosion at different
interfaces. Therefore, it has been widely employed for corrosion investigations
especially using for coating specimens. Because corrosion resistance of materials
could be considered as ability to restrict electrical flow, measurement of only
resistance might not represent to the whole corrosion behavior. Thus, EIS
measurement has gained a lot of attends for corrosion investigation. It measures
impedance (Z) of specimen by applied sinusoidal alternating current (AC) potential

and records responding current through specimen at various frequency. Potential (E)
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and current (lI) as a function of time (t) are expressed in equation 2-7 and 2-8,
respectively. Herein, the Eo and lo are amplitude of potential and current signal. The ®

is a radial frequency which equals 2xf; f is frequency and expressed in hertz. The @ is

a phase shift between current and potential signal, j is an imaginary number (v/-1).

Ew Eoexp(jot) (equation 2-7)

loexp(jot - D) (equation 2-8)

|

Impedance with a function of time (Z()) is defined in equation 2-9. It is also
expressed as equation 2-10 by substitution with equation 2-7 and 2-8. It reveals that
total impedance composes of real (Zr) and imaginary (Zim) part. The EIS instrument
records data of potential, responding current, frequency and calculate to impedance
during measurement. Typically, the EIS result or frequency respond analysis (FRA)
could present in 2 forms of Nyquist plot and Bode plot which will descript in the

further topics.

Zoy = Ew/lw (equation 2-9)

Zw = Zoexp(j®) = Zre t+ jZim (equation 2-10)
2.3.2.1 Nyquist plot

Nyquist plot is one kind to present the EIS result. It displays the real
impedance on x-axis and imaginary part on y-axis. Example of Nyquist plot for
coating sample is shown in figure 2-2. In this plot, real and imaginary impedance
could be considered as a vector. As a result, the value of impedance or impedance
modulus (JZ|) at a certain frequency is a resultant vector of Zr crossing with Zim.
Though this plot does not display frequency on the axis, frequency could be estimated

by the lower frequency staying on the left side of plot. Angle between the resultant
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vector and x-axis is a phase shift between potential and responding current. Generally,

the large semi-arc or semicircle implies to the high anti-corrosion property.

decreasing frequency
e

®

+) ,

<R,> R j:

Imaginary impedance (- Z,, )

Real impedance (Z,,)

Figure 2-2 Example of Nyquist plot

2.3.2.2 Bode plot

Bode plot is the other popular form to present the EIS data, and could be
categorized into two subplots. In case of a plot of logarithm frequency versus
impedance modulus (|Z)), it is called as Bode modulus plot. The plot of frequency and
phase shift (®) is call Bode phase. The example of bode plot, which accords to
Nyquist plot in figure 2-2, is shown in figure 2-3. The higher and wider phase shift

peak in Bode phase attributed to the higher degree of anti-corrosion.
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Figure 2-3 Bode plot of coating specimen
2.3.2.3 Interpretation of EIS

Even the EIS result could be roughly estimated corrosion behavior by the
Nyquist and Bode plot, the result should be fitted and interpreted to equivalent circuit
elements (ECs) for more information. The common equivalent circuit elements, which
are usually used for fitting EIS result, include resistor, capacitor, inductor and
Warburg impedance. Relations between impedance and phase shift of those are shown
in table 2-1. The example equivalent circuit elements model, which well fits with the
figure 2-3 and 2-4, is shown in figure 2-5. This circuit consists of 3 resistors and 2
capacitors according to the physical model of film specimen and corrosion at two
interfaces. At high frequency, total impedance of this model is approximately solution
resistance (Rs) as seen by constantly impedance without phase shift. When decreasing
frequency, impedance of film dielectric property (Ci) increases resulting to the

formation of semicircles arc in Nyquist plot, increasing of log |Z| and decreasing
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phase shift. The interception at x-axis (point a) in Nyquist plot is equivalent to the
sum of real impedance of solution and coating resistance (R1). Because of degrading
film during testing or pre-existing crack, some solution could penetrate through film
and corrode at substrate interface. This phenomenon could be considered as current
which passes over R; to the small circuit. The corrosion phenomenon at this interface
could be explained by this small circuit consisting of capacitor of double layer (C>) in

a parallel with charge transfer resistance (R2).

Table 2-1 Relationship of equivalent circuits to impedance and phase shift

Equivalent circles Impedance Phase shift (¢, degree)
Resistors Ri 0
Capacitors -j/oC;i -90°
Inductors joLi 90°

Warburg impedance - -

* Rj, Cj and L; are resistance, capacitance and inductance of component i, respectively

Figure 2-4 Equivalent circuits model of coating specimen

The interpretation of EIS result for film specimens have reported in many
equivalent circuit models [34-36]. The example models, which have been widely used
for explaining about corrosion behavior, are shown in table 2-2. The model of

[Rs([Rfiim(RctQct)]Qrim)] was the popular model which provided the good chi-squared
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and explanation of corrosion in coating specimens [37-39]. This circuit based on films
having some pre-defects/cracks before corrosion testing. These cracks played as a
direction for corrosion penetration leading to corrosion under coating. Thus, corrosion
could simultaneously occur at solution/film interface and film/substrate interface. The
other model is [Rs(RfimQfim)(RctQct)]. This model is often used in dense or
pore/crack-free film [40, 41]. Thus, solution, which is considered as current, must
pass through film circuit (Qfim and Rfim) before reaching and corroding at

film/substrate interface.

Table 2-2 The popular equivalent circuit models for film specimens

Circuit description Circuit model Authors

[R(IR(RQ)IQ)] The (Ti,Cr)O films reported
by A. Bahrami et al. [34]

[R(RQ)(RQ)] _— Rpol The poly(urea-formaldehyde)
Rs ® O—® ® films by A.G. Cordeiro et al.
) ¢ ® @@ ® [40]

Qfilm Qdl

2.4 Forms of corrosion in metals and metal alloys

After understanding about thermodynamics, corrosion rate and corrosion
investigations, form of corrosions is another key information which should be
considered and understanded. Typically, corrosion in metals and metal alloys are
categorized by attack mechanisms, resulting damages and authors. Each form has

unique characters which lead to the different resulting damages and failures. Thus, it
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is necessary to understand about corrosion forms for identification, prevention and
control those corrosions. The importance forms of corrosion are listed and briefly

described in the next sections.

2.4.1 Uniform corrosion

Uniform corrosion is a generally corrosion form which occurs on metals
surface and mainly causes metal thinning. However, it is a preferential corrosion form
because it is easy to inspection and prediction about the lifetime of services.
Generally, it has more possibility to take place when corroding materials and
environment are homogeneous. In addition, it was reported that nanocrystalline or
amorphous materials have more tendency to corroded in uniform corrosion mode [42-
44]. In the case of crystalline materials, grain boundary is a weak point for corrosion
in comparison with inside grain. As result, corrosion preferentially occur at grain
boundaries leading to pitting corrosion. In the case of nanocrystalline, they have
higher number of grain boundaries and small distance between them. As resulting to
corrosion takes place with more homogeneous and throughout the entire surface.
Therefore, nanocrystalline have higher tendency to corrode in uniform corrosion
mode [42, 43]. In term of amorphous materials, corrosion homogeneously occurs over

surface (uniform mode) due to lacking of grain boundary or weak points [44].
2.4.2 Galvanic corrosion

Galvanic corrosion usually occurs at junction between two dissimilar metals
when they are coupled with presence of electrolytes. One of them is corroded
(anodes) while the other is protected (cathodes). Corroding metals could be predicted

by Galvanic series or standard potential electromotive force (emf) series. The lower
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galvanic potential or standard potential in emf series is preferentially corroded.
Corrosion rate depends on the different potential and area of cathodes/anodes. The
similar potential and small area of cathodes (comparing with anode) minimize

corrosion rate.
2.4.3 Dealloying

Dealloying is a phenomenon of corroding especially alloying elements due to
the lower electrochemical potentials (like galvanic corrosion). It caused to the losing
of alloying elements in specimens which may affect to their strength and mechanical
properties. It could be both localized and uniform corrosion depended on the
distribution of alloying elements. However, localized attack is more serious damages

leading to penetration in specimens.
2.4.4 Crevice corrosion

Crevice is also a localized corrosion attack which usually occurs under covers
or in cavity/cracks in presence with electrolyte. Covers could be plastic, sand, metals
even though their own passive films. It could occur simultaneously with galvanic
corrosion leading to heavily corrosion in some cases. Because crevice corrosion
occurs in cavity or small area, corrosion products (metal ions and anions) are
restricted to transport away from crevice site. This leads to build up of their
concentrations and rapidly corrosion. These damages hard to detection and rapidly

penetrate leading to unpredicting failure.
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2.4.5 Pitting corrosion

Pitting corrosion is a localized attack liked crevice corrosion however it could
create pits by itself. It also restricted the transport of ions throughout and built up the
concentration in the pits. Hence, corrosion rate in the pits is higher than on the surface
and resulting to rapidly penetration. These pits might be deep, subsurface, undercut or
horizontal. They could be the initial point for crack propagation and failure.
Unfortunately, pits at the surface are typically small and hard to detection. Hence,

corrosion preventions are needed for reducing the risk of failures.
2.5 Corrosion prevention

As previous topics, corrosion could damage metals or metal alloys, decreases
lifetime of services and increases risk for failures. Hence, the corrosion prevention
should be considered. It could be done by several methods depending on operation

conditions. The popular corrosion preventions are listed in the next sections.
2.5.1 Environment modifications and materials selection

From essential of corrosion, it is chemical interactions between metals and
their environments for stabilized those metals to equilibrium states in the
environment. Some metals are immune under some certain environment conditions.
Therefore, modification or monitoring the environments to suitable conditions is a
way for prevention. Unfortunately, environment modifications are not practical or
hardly control in some cases. Thus, materials selection is more preferential method for
extending lifetime of services or preventing corrosion. It is more convenient in

practical and easier than environment control/modification.
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2.5.2 Cathodic protection and sacrificial anode

Cathodic protection and sacrificial anode are another method for corrosion
preventions which have been widely used in many industrials like oils and gases. Both
methods base on the same fundamental that corroding metals produce electrons. In the
reverse way, we could prevent corrosion by supply external electrons to our metals.
The key difference of cathodic protection and sacrificial anodes is the source of
supplying electrons. The cathodic protection applied external currents to supporting
metals specimens, whereas sacrificial anode provided electrons by corroding itself
(based on galvanic corrosion). Therefore, the sacrificial metals must be lower

standard potential in emf series, or more active.
2.5.3 Painting

Painting is a general method for corrosion prevention in daily life. It is easy,
convenience and cheap for corrosion prevention. Insulators or low conductivity paint
layers cover on the metal interfaces for restricting electrons flow and separating
metals from corroding environments. However, most of paints are polymers which
degraded at relatively low temperature and poorly mechanical properties. Therefore,

this method is limited to use in low temperature and mechanical load.
2.5.4 Coating

Like painting, coating bases on the same fundamental which separates metals
from their environments. However, this method could deposit more kind of materials
than painting especially ceramic or amorphous materials. These materials are well
known about the high corrosion resistance, good mechanical property and operating in

evacuate temperature. Therefore, this method could prepare prevention layers for
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wide operating conditions, portable specimens, and no require of material or

environment control.

From the list of corrosion preventions, coating is a good, interesting candidate
for prepare an anti-corrosion film. Researchers decided to use this method for
preparing anti-corrosion films as previous description. In addition, an ability of
corrosion prevention of this method strongly depends on coating materials. The kind

of materials will be discussed in the next section.
2.6 Coating materials

As previous mentions, an ability of corrosion prevention of coating method
strongly depends on coating materials. Typically, coating materials could be
categorized into 2 main types including metallic and ceramic coating. Selection of
materials depends on using applications and limitations such as hardness, cost,
repairability, appearance etc. Metallic coating usually operates at low temperature and
mechanical load while ceramic coating could operate with higher temperature and

load.
2.6.1 Chromium

Chromium (Cr) is an outstanding material which has been using as corrosion
prevention film due to its corrosion resistance and self-healing protective passive
layer. Not only a good anti-corrosion property, it also has an economic reasonable and
good appearance. Thus, it also has been widely used in many applications. However,
it still has some limitations such as using in saline and reduction environment. Many
researchers have developed and tailored its properties for enhancement of corrosion

resistance [1-4]. Controlling crystallinity of chromium film to amorphous structure is
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an outstanding technique for achieving an excellent corrosion resistance property.
Amorphous materials tended to be more tolerant to corrosion than crystalline
materials in the same compositions [4-6]. It was also reported that amorphous
structure successfully inhibited pit formation which was the main root cause of

passive film failure [7, 8].

To achieving amorphous structure in chromium film, material design by
addition or alloying with other elements is an interesting method. It simultaneously
provided a good corrosion resistance and showed a tendency of amorphous formation
[15]. Several metal-metal binary systems has been investigated and developed by
many research groups for preparing high corrosion resistance alloys e.g.
K. Hashimoto (1993), D. Landolt (1998), M. Kitada (2005), B. Mallia (2007),
D.P. Wang (2012), H. Skliarova (2015) and J. D. Schuler (2017) [2, 6, 9-13].
Zirconium is one of outstanding metals for combination with chromium to provide
amorphous coating. It has been reported that it tended to decrease degree of
crystallinity or promote an amorphization in several alloy systems, given a high
corrosion and specific strength [13, 14]. Therefore, researchers have been interested to

prepare amorphous chromium-zirconium film for anti-corrosion application.

From the atomic size differences (d) calculation as expressed in equation 2-11
and 2-12 [45-47], binary system of chromium-zirconium had a tendency of
amorphization in the moderate composition range as shown in figure 2-5. Amorphous
film of zirconium-based prepared by DC magnetron sputtering was probably found
when & > 8.9, and the high 6 favored to amorphous formation [47]. Therefore, this
research aimed to preparing the moderate composition of chromium-zirconium alloy

for achieving amorphous film.
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§=100 /Z?:l Ci(1-2y? (equation 2-11)

r=2xLGr (equation 2-12)

The n, Ci, ri and r are the number of components, atomic percentage (%at.) of i
component, atomic radius of i and the average atomic radius, respectively. For this

calculation, the rcr and rzr are 1.28 and 1.60 pm; respectively [47].
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Figure 2-5 Relationship between atomic size differences (8) and composition in

chromium-zirconium system
2.6.2 Chromium nitride compounds

Not only using in metallic form, chromium was also used in form of ceramic
coatings. Chromium nitride is a kind of ceramics which has been widely used in many
applications including corrosion prevention layers [21, 25, 48-51]. It had higher
hardness and corrosion resistance than a commercial AlISI 304 stainless steels in both

of 1 N HzSO4 and 3.5 %wt. NaCl solution [21, 51, 52]. Potentiodynamic curves of
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CrN coating and AlSI304 is shown in figure 2-6. Generally, chromium nitride has two
polymorphous of chromium nitride (CrN, space group 225, ap = 4.1490 A) and
dichromium nitride (Cr2N, space group 162, ap = 4.8114 A) as seen in phase diagram
of Cr-N (figure 2-7). The CrN was the higher corrosion resistance phase and was
preferred for anti-corrosion application whereas the CraN was the high hardness [23,
48, 50]. S. Ahn et al., who compared the CrN and Cr2N films on H13 steels, reported
that the CrN film had lower corrosion current density (in 3.5 %wt. NaCl solution) and

denser than Cr2N film [23].
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Figure 2-6 Potentiodynamic polarization curves of (a) AISI 304 stainless steels and (b)

CrN coating
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Figure 2-7 Binary phases diagram of chromium-nitrogen

Furthermore, it has been reported that the corrosion resistance of CrN film
could be improved by addition of third transition metal into CrN film. Zirconium also
demonstrated as good candidate for apply into CrN as well as in form of metallic.
Many researchers reported that addition of zirconium into the CrN films improved
corrosion resistance, wear, hardness and reduced surface roughness, grain sizes,
corrosion rates [25, 27, 53, 54]. Interestingly, the higher zirconium addition tended to
reduce crystallite size of complex nitride of chromium-zirconium, (Cr,Zr)N [55].
According to P. Sukkul and R. Chaithammapakorn report [56], the large of zirconium
addition promoted the broaden peak in XRD result (figure 2-8) which implied to a
poorly crystalline structure. As our objectives, amorphous films are expected in this
research because they have high corrosion resistances and possible to corrode in
uniform corrosion. Researchers also aimed to investigating the effect of zirconium on

phase evolution (amorphization) and corrosion behavior of the CrZrN films.
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Figure 2-8 XRD patterns of CrZrN films: (a) (Cr-rich)N, (b) (Cr-Zr)N and

(c) (Zr-rich)N
2.7 Coating methods

Coating were fabricated by many processes such as sol-gel spin coating,
chemical vapor deposition (CVD) and physical vapor deposition (PVD) etc. [20, 29,
30]. Generally, selection of coating methods depends on coating materials, substrates
and proposes of preparations. Magnetron sputtering is an outstanding PVD method for
using in this research because it is convenient, reliable and could deposit many kinds
of materials on many substrates including metallic, ceramic or amorphous films.
Therefore, it could prepare both of metallic and nitride film of chromium-zirconium,

and has potential for fabricating amorphous films.
2.7.1 Magnetron sputtering

Generally, magnetron sputtering composes with four important parts: targets
(deposit materials), substrates, working gases and reactive gases. The schematic of co-
magnetron sputtering chamber is shown in figure 2-9. Operation starts with chamber

evacuation to base pressure, subsequently introduce working gas (usually Ar)
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with/without reactive gas into chamber. Then, apply current to target (deposit
materials) whereas anode (substrates holder) is grounded or bias. As a result, working
gas between them discharges to positive ion (Ar*) and strikes to target and ejection of
target atoms. Those atoms deposit on substrates and/or react with reactive gas. Thus,
it could fabricated both of chromium-zirconium metallic and nitride films by co-
sputtering of chromium and zirconium [27, 55]. Properties of resulted film depend on
operating conditions such as working pressure, applied current etc. Therefore, film

properties could be designed and controlled by adjustment of instrumental parameters.

Target |
(Cathode) |

Substrates ——
Anode — !
Inlet working gas
and Reactive gas

Figure 2-9 Schematic of reactive magnetron sputtering chamber

Vacuum

2.7.1.1 Instrumental parameters of magnetron sputtering

Achievement and controllable of films morphology, it must understand about
instrumental parameters because those parameters affect to films formation and their
properties. The important instrumental parameters of reactive magnetron sputtering
compose with working pressure, partial pressure of reactive gas, applied current,
substrates temperature. These parameters relate to energy and mobility of sputtered

atoms which affect to film’s morphology and microstructure.
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Working pressure is an operating pressure during sputtering process. Pressure
affects to adatoms mobility in term of their initially energy before approaching
substrates. The high pressure increases number of atoms collision leading to sputtered
atoms lose their energy. As result, adatoms have low mobility and probably form
metastable phase or amorphous. In addition, L. Meng and M.P. Santos revealed
amount of TiO2 amorphous increased with higher working pressure [57]. However,

over pressure might cause the unstable of plasma, thus pressure should be balanced.

Like working pressure, partial pressure of reactive gas gives similar effect to
adatoms. However, it has another importance effect about an over of partial pressure
of reactive gas. It causes formation of compounds on surface targets (poisoning
target) leading to lower sputtering yield and non-stoichiometric of the resulted films.
In the case of CrN and Cr2N films preparation, the partial pressure of N2 (reactive gas)
also affected to film formation, amounts of CrN phase in film increased with the

higher partial pressure of N2 [22, 23, 50].

Applied current is an electrical current which supports target materials for
generating negative potential. It excites a working gas to positive ions (at suitable
pressure) resulting to striking of those ions at the target materials (negative potential)
and emitting of target atoms. The higher applied current increases a sputtering yield

and deposition rate.

Substrates temperature also affects to mobility of adatoms and film’s
morphology. High substrate temperature enhances energy and mobility of adatoms.
As result, they could diffuse on substrates surface and seek sites for formation a stable

phase. This thermal energy also increases possibility of recrystallization and grain
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growth therefore it might promote equiaxed coarse grains [58]. Therefore, substrate
temperature should be kept at low for restrict adatoms diffusion and inhibit crystalline

formation.
2.7.1.2 Process modification

Not only adjustment of instrumental parameters but process modification also
controls and affects to film’s properties. It could be done in several ways e.g.
multilayers coating or addition of interlayer. However, addition of interlayer is more
an interesting method because it is powerful, less operating steps, could improve

film’s adhesion and corrosion resistance [59, 60].

Modification process by adding interlayer usually aims to tailoring above
film’s properties, reduces stress at interface junction (buffer layer) and improves
adhesion between top film and substrate. The importance parameters, which should be
considered about interlayer properties before using or selecting materials, composed
of crystal structure, interfacial energy and wetting ability of substrates/interlayer and
top layers/interlayer etc. The different or mismatched crystal structure, high-
interfacial energy and wetting angle affects to film morphology in the similar way by
adatoms favor to bond together than bond with substrates leading to form in island
structure and become to balloon structure. Coarse balloon structure in films causes
pores between roots of each balloon resulting to high porosity in film. In contrast,
adatoms well bond with substrates and spread over substrates resulting to smooth
surface and dense film when similar or matched crystal structure, low interfacial

energy and wetting angle.
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Furthermore, additional of interlayer has been reported that it could promote
amorphous in top films [32]. Therefore, researchers are also interesting to investigate
the effect of interlayer to the phase evolution of CrZrN films and possibility of
amorphous films preparation.

Finally, there are several parameters which control film morphology and
crystallinity as previous mention. For promoting amorphous films, it requires a low of
substrate temperature and adatoms mobility for restrict diffusion process.
Unfortunately, adjustment of applied current and partial pressure of reactive gas are
normally limited by target materials, plasma stability even instruments. Promoting
amorphization by additional of interlayers is more interesting and would be also

employed in this research.
2.8 Concepts of research

Corrosion in metals is destructive reactions which bring a lot of problems to
industrials and peoples e.g. instruments failure, costs of products and safety life etc.
Therefore, corrosions prevention is always considered for extend the lifetime of
services and make more safety operations. Coating with chromium-zirconium metallic
film is the outstanding method for anti-corrosion due to the high corrosion resistance
and self-healing passive layer. They also probably formed amorphous structure which
provides a good anti-corrosion property. From the atomic size differences calculation,
amorphization probably found in the moderate composition of chromium-zirconium
binary system. Therefore, the moderate composition of chromium-zirconium was
expected in this research for preparing amorphous film for using in anti-corrosion

applications.
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Not only using in metallic film, but chromium was also using in compound
phases. Zirconium also demonstrated as a good candidate for apply to CrN. It has
been reported that a slightly addition of zirconium into chromium nitride could
improve corrosion resistance and hardness of CrZrN films. In addition, fine crystal
structure was reported in this ternary system and amorphous structure probably found
with the higher zirconium content. Therefore, researchers also aimed to investigate
the effect of zirconium addition in large contents to phase evolution and possibility of
amorphous formation as well as in the metallic films.

From the industrial point of view, plasma ignition in nitride film fabrication
usually starts with only argon gas for preventing poisoning target and maintaining
plasma stability. The metallic interlayer usually presents between nitride film and
substrates. From literature review, the amorphous interlayer could promote
amorphization of top nitride film. Researchers also aim to add amorphous interlayer

for promoting amorphization in top CrZrN, and investigate it’s effect as well.
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Chapter 3

Metallic film of chromium-zirconium

3.1 Chromium-zirconium film

As previous description, this research could be divided into 2 main parts
including metallic film and nitride film. It will start with chromium-zirconium
metallic film part. Metallic films were categorized into 3 groups: pure chromium (Cr-
film), pure zirconium (Zr-film) and mixture of chromium-zirconium (CrZr-film). All
films were deposited on a disk-shape polished AISI H13 steel and (100) silicon wafer
by magnetron co-sputtering of chromium and zirconium targets. Details of films

preparation will be showed in the next content.

3.2 Film preparation and characterizations

3.2.1 Film preparation

Sample preparation, instruments, methods and characterizations are the
importance information which directly affect to the experimental results. Therefore,
these details must be clearly showed and explained. A heat-treated AISI H13 steel
was cut into a dish-shape with a diameter of 25.4 mm and 2.0 mm in thickness. Those
dish-shape H13 substrates were polished with a series of emery SiC papers and
finishing with 1 pum diamond-suspended paste. Detail of H13 substrate preparation

and heat treatment are shown in appendix A-1.

Before film deposition, substrates were cleaned ultrasonically in industrial-
grade acetone. Three kind of films were prepared using a dual-head DC magnetron

sputtering device with pure chromium and zirconium targets (99.95% pure, Lesker).
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Prior to the deposition process, the chamber was evacuated to 9.9x10™* Pa (7.5x10®
Torr) as the base pressure. High-purity Ar gas (99.995% pure, Linde) was introduced
at a flow rate of 20 sccm to obtain a working pressure of 0.39 Pa (3.0x107 torr). To
apply an identical plasma voltage, the electrical power supplied to the chromium and
zirconium targets were 100 W and 150 W. Therefore, a plasma current of zirconium
target (0.50 A) was apparently higher than that of chromium target (0.31 A). During
the process, the substrate holder was rotated at a speed of 4 rpm to achieve uniform
thickness. All deposition processes were done without auxiliary heater and bias
voltages. The temperature of the specimen was monitored using a K-type
thermocouple inserted into substrate holder. All deposition parameters are listed in
table 3-1. For a pure metallic chromium and zirconium, each corresponding target was
ignited. On the other hand, both targets were simultaneously used for co-sputtering of
a mixed chromium-zirconium film. For convenience, henceforth, the sputtering

conditions will be named Cr-film, Zr-film and CrZr-film, respectively.

Table 3-1 Details of deposition parameters

o Coating samples
Deposition parameters

Cr-film Zr-film CrZr-film
Working gas Argon (99.995% purity)
Based pressure 9.9x10* Pa
Working pressure 0.39 Pa
Target-sample distance 130 mm
Substrate temperature 318-333 K
Rotating speed 4 rpm
Target; cr: Zr: Cr;100W/0.3A/327V
power/current/voltage ~ 100W/0.3A/320V  150W/0.5A/306V  7zr:150W/0.5A/306V
1200 seconds 600 seconds 600 seconds

Deposition time ] ) )
(20 minutes) (10 minutes) (10 minutes)
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3.2.2 Material characterizations

Surface morphology of films was firstly examined by a JEOL, JSM-7100F
field-emission scanning electron microscope (FESEM) equipped with an Oxford Inca
PentaFETx3 energy dispersion spectroscope (EDS) for determining bulk chemical
composition. The thickness of films was measured by FESEM images using Image J
software. A Veeco Dimension 3100 atomic force microscope (AFM) was used to

estimate surface roughness with a scanning area of 5x5 pm?,

Phase identification was performed using a Rigaku D/Max 2200P/C glancing
incident angle X-ray diffractometer (GIXRD) with a Cu-K, source at an incident
angle of 3 degrees. A focused ion beam field emission scanning electron microscope
(FIB-FESEM) model Versa, FEI was used for transmission electron microscope
(TEM) sample preparation. High-resolution transmission electron images (HRTEM)
and electron diffraction patterns (EDP) were obtained to confirm phase and

crystallinity by using a JEOL model JEM 2100.
3.2.3 Corrosion behavior analysis

The electrochemical behavior was investigated by using a Metrohm PGSTAT
302N Potentiostat/Galvanostat with three-electrode cells containing a 3.5 weight
percentage (%wt.) NaCl solution at a volume of 100 cm?. The tests were conducted at
room temperature using an Ag/AgCl electrode performed as a reference electrode
(RE), a platinum rod as a counter electrode (CE) and the specimen with the exposed
surface area of 1.0 cm? as a working electrode (WE). Firstly, the open circuit potential
(OCP) was measured after immersion of a specimen into the solution for 1200

seconds. Subsequently, electrochemical impedance spectroscopy (EIS) was employed
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to evaluate the response in a frequency range of 100 kHz and 10 mHz with a 1 mV
amplitude AC perturbation signal. The equivalent circuit models were fitted and
interpreted with NOVA 1.11 software with the standard deviations about 1 to 5x1072,
Afterward, potentiodynamic polarization was performed at -500 mV with respect to
their OCP values and finished at +1200 mV or current limitation (102 A/cm?). Step
potential and scan rate were 1 mV and 1 mV/s, respectively. Corrosion potential
(Ecorr), corrosion current density (lcorr), Tafel’s constant (Ba, Pc) and polarization
resistance (Rp) were calculated using Tafel’s extrapolation and a Stern-Geary equation
provided in Nova 1.11 software. The polarization resistances (Rp) were calculated
according to the equation: Rp = BaBc/2.3lcorr (BatPc) [33, 61]. To check reproducibility,
at least 3 specimens for each deposition condition were used for the corrosion tests.
The Tafel regions £50 mV with respect to the tip of the curves were selected for
further evaluation. The range of standard deviations for potentiodynamic polarization
was less than 1x10%°. The surface morphology of corroding specimens was again
observed by SEM for investigating about corrosion failure in each film. The
passivated films were further analyzed with a Shimadzu Amicus X-ray photoelectron
spectrometer (XPS) using a Mg-K, line as the chemical composition and oxidation
states. Phase evolution of the passive layer was investigated by comparing the XPS
spectra at different positions from the surface. This was done with an Ar sputtering
system (30 mA emission current, 0.5 kV beam voltage) for 2 seconds prior to

successive XPS measurement; the cycle was repeated 5 times.
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3.3 Results and discussions

3.3.1 Microstructure and morphology

Results and discussions were started with microstructure and morphology
observation. FESEM images revealed that magnetron co-sputtering successfully
fabricated all films with uniform thickness as shown in figure 3-1. Deposition rate of
Cr-film, Zr-film and CrZr-film was 22.4, 38.9 and 43.8 nm/min; respectively,
measured by Image J software. For achieving comparative thickness, therefore,
deposition time of Cr-film was increased to 20 minutes while others were 10 minutes.
The Cr-film exhibited fine columnar structure in cross sectional with average
columnar width 22.1 nm, and flake structure with some voids on surface as shown
figure 3-1(a) and 1(b). This was a typical morphology of sputtered chromium film and
the presence of voids in chromium film was explained by self-shadowing effect [62,
63]. In the case of Zr-film, FESEM images showed relatively coarse V-shape
columnar structure with nodular structure on surface morphology. Herein, the
correlation between cross-sectional V-shape columns and surface nodules could be
clearly seen. This microstructure was from competitive growth during film formation
due to the high applied voltages. The structure of pure chromium and zirconium film
were classified to Thornton’s structure zone model (SZM) in zone I and T,
respectively [64]. On the contrary, as illustrated in figure 3-1(e) and 1(f), the binary
alloy of CrZr-film had featureless cross sections with smooth surfaces which it was
suggested be due to a low degree of crystallinity or amorphousness [65]. The

featureless of this film was also confirmed by the TEM images as shown in figure 3-2.
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Nevertheless, phase and crystallinity of films will be again discussed in more details

using XRD, HRTEM and EDP results in the following section.

Figure 3-1 FESEM images of metallic films (a) - (b) Cr-film, (c) - (d) Zr-film and

(e) - () CrZr-film
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i

Figure 3-2 TEM images of the FIB specimen of CrZr-film

Topographic images of films by AFM are shown in figure 3-3. The result well
correlated with the previous FESEM images and film morphology. All films exhibited
smooth surface in a nanoscale as listed in table 3-1. The Zr-film showed the highest
average surface roughness (Ra) according to its microstructure, the coarser columnar
attributed to a rougher surface [64]. Nonetheless, several reports revealed that the
effect of surface roughness on corrosion properties was weaken with smoother
surface. The Ra in nanoscale was insignificant and could be negligible [66-68].

Therefore, the effect of surface roughness was negligible in this research.
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Figure 3-3 Topographic images of films by AFM (a) - (b) Cr-film, (c) - (d) Zr-film

and (e) - (f) CrZr-film

Table 3-2 Surface roughness of films measured by AFM

Specimens Ra (nm) Rrms (nm)
Cr-film 0.82 1.29
Zr-film 3.57 4.45

CrZr-film 0.27 0.34
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3.3.2 Phase, chemical composition and crystallinity

After understanding about film’s microstructure and surface morphology,
films were identified their phases and crystallinity by GIXRD. From the XRD
patterns (figure 3-4), the single-component films exhibited characteristic of crystalline
structure. The pattern of Cr-film matched with BCC-chromium (ICSD 01-085-1336)
while the Zr-film’s pattern attributed to HCP-zirconium (a-Zr, ICSD 01-089-4892)
coexisting with a small amount of monoclinic-zirconium dioxide (m-ZrO,, ICSD 01-
086-1449). Formation of m-ZrO, was feasible during deposition process due to the
significantly low standard of free energy of formation for ZrO> (-1,040 kJ) comparing
with -702 kJ of Cr203, evaluated on basis of a molar O> [69]. This implied that
zirconium needed lower based pressure for preventing oxidation. For the CrZr-film, it
composed of zirconium-based with 40 %wt. or 54 %at. of chromium measured by
EDS. Noteworthy, the XRD pattern of CrZr-film did not show any evidence of
crystallinity in film; conversely, it showed a character of amorphous structure as seen
by a broadly diffracted pattern near 38°. According to atomic size differences ()
calculation [45-47], amorphous structure probably found in this composition as show
in figure 3-5. Therefore, the chemical composition of this CrZr-film was desired for

prepare amorphous metallic film.
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Figure 3-5 Prediction of amorphous formation zone in chromium-zirconium binary

system and composition of the CrZr-film

This amorphous structure in the CrZr-film was confirmed by the HRTEM

image and EDP (figure 3-6), they revealed a random atomic arrangement and a
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diffuse ring. The diffuse ring was calculated for accounting into real space by
equation 3-1. The polycrystalline gold (Au) particles were employed for correcting
the camera constant (aL) with Au, ICSD 00-004-784. The dna and R; represented the
d-spacing of hkl plane and reciprocal distance. This diffuse ring corresponded to 2.1-
2.7 A according to diffraction angle approximately 34.1-42.8°. This range accorded to
the position of broaden peak in precious XRD result. Therefore, it was reasonable to
confirm that the CrZr-film was the amorphous film. It was important to note that a
moderate composition was required for an amorphous formation. From phase diagram
of chromium-zirconium in figure 3-7 [70], the composition of CrZr-film located in
between a-Cr2Zr and a-Zr. Both showed the low solid solubility limit as resulting to
nuclei needed the suitable composition in the narrow range. Incorporating with the
low energetic adatoms due to low sputtering power, adatoms were retarded to diffuse

and form a stable phase, in a way similar to frozen atoms like amorphization [71-73].

dha = — (equation 3-1)

Figure 3-6 HRTEM image (a) and EDP (b) of the CrZr-film
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Figure 3-7 Binary phase diagram of chromium and zirconium

3.3.3 Corrosion behavior

In this research, corrosion investigation started with open circuit monitoring,
EIS measurement and equivalent circuit (ECs) modelling, and potentiodynamic
polarization in the last. All investigations were performed in 100 cm?® of 3.5 %wt.
NaCl solution in ambient air. Open circuit monitoring was employed for investigate
about corrosion stability as a function of immersion time, EIS and ECs modelling for
understanding about corrosion reaction at equilibrium corrosion potential, and

potentiodynamic polarization for stability and durability under bias-voltage situations.
3.3.3.1 Open circuit monitoring
Corrosion of films on H13 substrate and bare H13 substrate were initially

investigated by OCP monitoring as shown in figure 3-8. The OCP of all films slightly

decreased due to the partial dissolution of pre-immersion oxides/hydroxides on
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surface, before reaching their equilibrium states [74]. The equilibrium potential
(average OCP in last 5 seconds) of H13, Cr-film, Zr-film and CrZr-film were -639, -
430, -463 and -356 mV, respectively. All films showed the higher equilibrium
potential than H13 substrate, and the CrZr-film had the highest value. This implied
that all films were nobler than H13 steel, and the CrZr film had the highest corrosion
stability after immersion for 1200 seconds. However, the OCP measurement did not
reflect the corrosion rate or corrosion behavior of those films. For this purposes,
further investigation by EIS measurement and potentiodynamic polarization were

discussed in the next section.
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Figure 3-8 OCP monitoring with a function of immersion time
3.3.3.2 Impedance measurement

After OCP monitoring, impedance respond of specimens were performed by
EIS at their OCP. The Zr-film and CrZr-film exhibited higher and wider phase shift

than the Cr-film and H13 substrate as seen in figure 3-9. Maximum phase shift of the
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Zr-film and CrZr-film reached to 80° while the Cr-film and H13 were approximately
60°. The high and wide phase shift peak of Zr-film and CrZr-film exhibited to the
capacitance property of the films, allowing retarded corrosion [36]. This agreed with
the Bode modulus plot in figure 3-10. The Zr-film and CrZr-film had higher
impedances that were two orders magnitude greater than those of Cr-film and bare

H13 specimens at 0.01 Hz.
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Figure 3-9 Bode phase of metallic films
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Figure 3-10 Bode modulus of metallic films



45

In term of Nyquist plot (figure 3-11), it revealed the depressed semicircles
without tail for all specimens. The characteristic of depressed semicircle was resulted
from surface heterogeneity [75]. The Zr-film and CrZr-film showed significantly
larger semicircle than others, and the Zr-film was the largest semicircle. The large
semicircle attributed to the high degree of protectiveness in film.
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Figure 3-11 Nyquist plot of metallic films

In order to understand corrosion behavior, their impedance responds were
interpreted to equivalent circuit elements (ECs) model. After fitting with several ECs
models, the best ECs models, which provided the best chi-square (x?) and correspond
to their physical model, are shown in figure 3-12. In this circuit, constant phase
element (Q) was employed instead of capacitance (C) due to surface heterogeneity
and for achieving better chi-square [37-39]. The impedance of Q (Zg) is defined as
equation 3-2, where j is an imaginary number (j> = -1). The Yo, ® and n are an
admittance (Mho), angular frequency (rad/s) and constant phase angle (rad) of Q. The

Q preforms as ideal resistor and capacitor when n is 0 and 1, respectively.

1
Zq = Yo(jo)"

(equation 3-2)
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Figure 3-12 Equivalent circuit models (a) bare H13 substrate and (b) films on H13

substrate

The fitting equivalent elements are listed in table 3-3. The H13 substrate was
well fitted with one time-constant ECs model of [Rs(RctQct)] as shown in figure 3-
12(a) while the film specimens corresponded to two time-constant model,
[Rs([Rfim(RetQct)]Qfiim)] in figure 3-12(b). The two time-constant circuit was
associated with corrosion at two interfaces: the solution/film interface and
film/substrate interface [34-36]. Herein, the Rs represented to solution resistance
which were no significant difference (x30 Q-cm?) for all testing [76].

Table 3-3 Summarized of equivalent circuit model

OCP Rs Rfiim Qfiim Rt Qct
Samples
(mV) (Q-cm?) (Q-cm?) Yo (Mho) n (kQ-cm?) Yo (Mho) n
H13 -639 32 - - - 4.66 2.75x10% 0.83
Cr film -430 45 4393 9.16x10° 0.81 4.02 2.97x10% 0.62
Zr film -463 66 4244 491x10% 0.98 573.57 1.20x10% 0.80
CrZr film  -356 32 5328 9.38x10%¢ 0.95 257.43 3.32x10% 0.72

Corrosion at solution/film interface could be explained by film capacitance
(Qrim) and film resistance (Rfim). The Qrnim attributed to reactions occurring at the
solution/film interface while the Rgim attributed to film restriction of solution

penetration. The Qsim elements of Zr-film and CrZr-film exhibited high n values of
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0.98 and 0.95; respectively, which could be considered as an ideal capacitor as their n
values were higher than 0.93 [77]. The ideal capacitor behavior with low Y/ indicated
that corrosion reactions at the surface of Zr-film and CrZr-film were retarded. This
was due to the formation of a stable zirconium oxide film on the surface, which will

be described in the next section.

In term of Rrim, it was associated to restriction of solution penetration through
film. It was found that the value of Rfim strongly depended on film crystallinity and
microstructure. The CrZr-film with featureless amorphous structure exhibited the
highest value of Rsim since there was no susceptible points for corrosion attack [78].
Conversely, crystalline Cr-film and Zr-film having a columnar structure and
intercolumnar area were susceptible to penetration of corrosion media resulting in low

values of Rfiim.

After solution successfully penetrated through the film and reached to H13
interface, corrosion at film/substrate interface could be explained by a parallel of
charge transfer-capacitance (Qc) and -resistance (Rct). None of these films had the n
of Q. exceeded 0.93 which indicated to non-ideal capacitor behavior [77]. This
suggested that there was no/ineffective protective film forming at the
solution/substrate interface. Furthermore, the Rt increased with increased zirconium
content in the film, according to their natural electrical resistivity (p; pzr = 421 nQ'm
and pcr = 145 nQ-m) [79, 80]. This gave high impedance of small circuit resulting in

superior corrosion resistance even after the solution partially reached to substrate.

Considering the overall corrosion processes at both interfaces, controlling film

structure as an amorphous solid enhanced the stability and the quality of the
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solution/film interface, as could be seen by the high values of OCP, n of Qfiim, Rfiim,
and low Yo in the CrZr-film. The addition of zirconium in film could improve
corrosion resistance especially at film/substrate interface as seen by the high
impedance of a parallel of Q¢ and Rt in the Zr-film and CrZr-film. The Zr-film and

CrZr-film had high total impedance over the Cr-film at their average OCP.
3.3.3.3 Potentiodynamic polarization

To consider application of the films, the duration and stability of the films
must be considered. Therefore, potentiodynamic polarization was performed for
corrosion investigation in wide potential range as shown in figure 3-13. Corrosion
potential (Ecorr), corrosion current density (lcorr) and other important parameters were
calculated from NOVA 1.11 software and are listed in table 3-4. The amorphous-
featureless of CrZr-film showed the highest Ecor among all specimens representing to
the highest degree of corrosion stability which was expected for anti-corrosion
application. The Ecorr result agreed with the previous Ryiim result, which revealed that

the CrZr-film was the highest due to the absent of susceptible points [78, 81].
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Figure 3-13 Potentiodynamic polarization of metallic film and substrate

Table 3-4 Corrosion parameters of specimens

Sample Ecorr lcorr Pa Be Rp Epass lpass Epitting
(mVv)  (Acm?  (mV-decl) (mV-dech) (kQ) (mV) (A-cm?) (mV)
H13 -880 2.28x10° 128.3 191.7 1462 -779 7.70x10°8 -355
Cr film -521 1.25%x10° 2315 65.5 17.66 - - -
Zr film -543 2.20x10°8 99.7 68.1 797.64 - - -
CrzZr film  -453 4.12x108 48.6 39.0 22739 -134 6.31x10* 137

Considering in term of lcorr, it was found that the lcorr tended to decrease with a
zirconium fraction in film. The trend of Icor Was an inverse relationship to Ret as well
as other reports [82-84]. Because of the higher anodic current in H13 substrate,
corrosion preferentially occurred at substrate instead of film surface after solution
reaching to substrate. This phenomenon associated to the description of Rt; therefore,

addition of zirconium affected to lcor and Rct as previous mention.

When increasing test potentials, the CrZr-film exhibited spontaneous
passivation with passive current density (lpass) approximately 10* A/cm?. This was

suggested that it was due to the shortest active region (Ecor t0 Epass) with lowest
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anodic current density in the CrZr-film. This implied that the corrosion in CrZr-film
took place in shortest period with the lowest metal dissolution rate. As a result, the
CrZr-film had low damages before passivation (as shown in active region Il). For this
reason, passive film in the CrZr-film could form and cover the entire surface as shown
in figure 3-14. According to other studies, passivation over damaged surface leaded to
a low quality or high lpass of passive film [85, 86]. Therefore, the CrZr-film had an

ability to form the effective passive film.
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Figure 3-14 Illustration of corrosion process and passivation on the CrZr-film

Although the Cr-film and Zr-film seem to show ability to passivation, the
formation of passive layer at such high current density values (over than 10 A/cm?)
could not be considered as effective passivation. Because of wide active region and

having columnar structure in the Cr-film and Zr-film, these films had more damages
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before passivation especially at intercolumnar area. These damages among columnar
could perform as direct path for solution penetration, caused some solution penetrated
to substrate in a short period of time. Though the passive layer could be later formed
on top of the Cr-film and Zr-film, the corrosion would mainly take place at the
film/substrate interface instead of film/solution interface as shown in figure 3-15. As a
result, protection by these passive layers to achieve a low lpss could not be
accomplished. The higher lpass in Cr-film, in comparison with Zr-film, was a result of

the higher degree of porosity as seen in the microstructure (figure 3-1).

Cathodic region Active region I Corroded

Penetrate

Active region I1 Passive region

= Passive film
amage l

Corrosion Corrosion

Figure 3-15 Illustration of corrosion process and passivation on columnar films
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3.3.4 SEM observation of corroding films

After corrosion testing, films were again observed their morphology as shown
in figure 3-16. All films suffered from pitting corrosion especially the Cr-film and Zr-
film because pits preferentially formed at grain boundary and intercolumnar space
[86]. Pits were initial points for solution penetration leading to film failure and
corrosion under coating. The difference of corrosion failures in films caused by their
microstructure. Columnar structure in the Cr-film and Zr-film were susceptible to
expansion of corrosion product under coating (especially in parallel with columnar
direction), leading to film delamination. In contrast, the CrZr-film still covered almost
substrate surface though the filiform corrosion was found in some area as seen by
thread-bulge structure in figure 3-16(c). Because of the single-dense layer without
columnar structure, it was more tolerable to expansion of corrosion products including

in perpendicular direction.
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Figure 3-16 SEM after potentiodynamic polarization testing (a) - (c) Cr-film, Zr-film

and CrZr-film.
3.3.5 XPS analysis of corroding film

Afterward, corroding specimens were investigated their chemical states and
compounds by XPS analysis. The investigation was performed on specimen surface
and beneath by etching with Ar sputtering every 2 seconds from 0 to 10 seconds. The

XPS analyses were separated into 3 subtopics according to 3 kinds of films.
3.3.4.1 XPS analysis of Cr-film

XPS analysis of Cr-film consisted of the Cr 2p and O 1s spectra as shown in
figure 3-17. Without sputtering, the Cr 2p spectra were deconvoluted into 2 pair of
peaks. This implied that there were co-existences of two oxidation states on surface.

These binding energy (b.e.) associated to Cr 2p12 and Cr 2psy2 spin-orbital splitting of
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Cr®* (b.e. = 588.4 and 578.7 eV for Cr 2p1, and Cr 2ps;2) and Cr¥* (b.e. = 586.4 and
576.7 eV for Cr 2p12 and Cr 2ps). The doublet peaks of Cr®* and Cr** denoted the
presence of CrOs, Cr(OH)s and Cr.Os [87-91]. According to the O 1s result, it
revealed the O% peak of adsorbed water at 533.2 eV, Cr(OH)s at 532.0 eV and at
530.5 eV for chromium oxide compounds (CrOs, Cr203) on surface [87-89]. The
presence of adsorbed water correlated to moisture from air. Binding energy of those

compounds are listed in table 3-5.
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Figure 3-17 XPS evolution of Cr 2p and O 1s spectra in Cr-film
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Table 3-5 Deconvolution of XPS spectra in the Cr-film

Deconvoluted peak spectra (eV)

Compounds
Cr 2p1p Cr 2psp O1s
CrOs 588.1+0.3 578.3£0.4 530.5+0.2
Cr03 585.9+0.5 576.4+0.3 530.5+0.1
Cr(OH)s 585.9+0.5 576.4+0.3 532.0+0.3
Cr-metallic 583.7+0.2 574.6+0.1 -
Adsorbed water - - 533.4+0.2

After sputtering for 2 seconds, the doublet peaks of metallic chromium (Cr©)
were detected and became the predominant peaks at 583.6 and 574.5 eV [89]. From
the O 1s spectra, the intensity of hydroxide compound noticeably decreased, as a
result, peak of oxide compound became the predominance instead. This implied that
almost of Cr(OH)s formed on surface and its amount decreased with sputtering time

as shown in figure 3-18.
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Figure 3-18 Compounds profiles of Cr-film with sputtering time
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3.3.4.2 XPS analysis of Zr-film

The XPS spectra of Zr-film after corrosion tests, are shown in figure 3-19. The
two splitting peaks at 185.3 and 183.0 eV, corresponding to Zr 3ds, and Zr 3ds2 of
Zr**, were found on the surface [92-96]. The high intensities of these two peaks
implied that Zr** is the predominant oxidation state at the surface. It could be in the
form of zirconium oxide (ZrO2) or zirconium hydroxide, Zr(OH)as, or a mixture of the
two. This ambiguity was distinguished by the O1s spectra. It was well deconvoluted
into 3 peaks at 533.8, 532.6 and 531.1 eV, which corresponds to O? adsorbed water,
Zr(OH)s4, and ZrO», respectively [94-97]. This result confirmed the coexistence of
both ZrO, and Zr(OH)4 on the top surface. The fraction of compounds is shown in

figure 3-20.
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Figure 3-19 XPS evolution of Zr 3d and O 1s spectra in Zr-film
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Table 3-6 Deconvolution of XPS spectra in the Zr-film

Deconvoluted peak spectra

Compounds
Zr 3ds12 (eV) Zr 3dsp (eV) 0 1s (eV)
ZrO; 185.3+0.1 183.0+0.1 531.1+0.1
ZrOx, Xx<2 183.6+0.6 181.1+0.4 531.1+0.1
Zr(OH)4 185.3+0.1 183.0+0.1 532.74£0.2
Zr-metallic 180.9+0.2 178.6+0.1 -
Adsorbed water - - 533.840.2
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Figure 3-20 Compounds profile of Zr film with sputtering time

After sputtering for 2 seconds, Zr** was found to be a dominant oxidation state
together with small amount of lower oxidation state zirconium (Zr?*) as seen by low
intensity peaks at 184.2 and 181.5 eV. The Zr?" peaks were denoted as zirconium
oxide (Zr0O). After more sputtering, a slight shift of Zr?* peaks to the lower binding
energy was observed and reached to 183.1 and 180.4 eV when sputtering for 10
seconds. This was suggested to be the formation of non-stoichiometric zirconium

oxide (ZrOx, x<1) beneath the ZrO layer [98-102]. From this it could be concluded
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that formation of zirconium oxide was in the form of ZrO,., in which the value of x
increased from 0 at the surface to a value greater than 1 after 10 seconds of sputtering
due to the slow diffusion of oxygen through the zirconium oxide layer [101]. The
metallic zirconium peaks (Zr°) were detected at 180.9 and 178.6 eV [102], after 4

seconds of sputtering.

Furthermore, the intensity of adsorbed water peak significantly decreased after
2 seconds of sputtering. This indicated that water could penetrate through film in a
limited distance comparing with the deeper penetration in Cr-film. The Zr-film had
SZM T structure which was considerably denser than the SZM | structure of Cr-film,

and was more effective in preventing water penetration into the film.
3.3.4.3 XPS analysis of CrZr-film

The XPS spectra of CrZr-film consisted of Cr 2p, Zr 3d and O 1s spectra as
shown in figure 3-21. The Cr 2p spectra of CrZr-film had three doublet peaks,
attributed to 3 oxidation states of chromium; Cr®" in CrOs, Cr®* in Cr,03/Cr(OH)s and
metallic Cr° which were the same as the detected peaks in Cr-film. When sputtering
for 2 seconds, the intensities of Cr®* and Cr®" in oxide and hydroxide peaks decreased,
as a result, the Cr° doublet peaks were the predominance. Likewise, most of the
zirconium was fully oxidized to Zr** at and near surface, and was significantly
decreased by sputtering for 4 seconds as shown in figure 3-22. This indicated that
oxide/hydroxide compounds were preferentially formed only as a thin layer on top of
the surface, and would be removed by sputtering. In addition, the binding energy of

deconvoluted peaks are listed in table 3-7.
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Table 3-7 Deconvolution of XPS spectra in the CrZr-film

Deconvoluted peak spectra (eV)

Compounds
Cr 2pip Cr 2p3p Zr 3dsp Zr 3dsp O1s
CrOs 588.1+0.3 578.3£0.4 - - 530.1+0.2
Cr03 585.9+0.5 576.4+0.3 - - 530.1+0.2
Cr-metallic 583.740.2 574.610.1 - - -
ZrO; - - 185.240.1 182.8+0.2 531.1+0.1
ZrOy, x<2 - - 183.2+0.3 180.8+0.4 531.140.1
Zr-metallic - - 178.6+0.1 181.0+0.1
Metal-hydroxides - - - - 532.510.2
Adsorbed water - - 533.4+0.2

Because this film composed of two metals and had an ability to passivation,
the ambiguity about oxide compounds in passive film must be distinguished by the O
1s spectra. It was well deconvoluted into 4 peaks attributing to adsorbed water, metal-
hydroxides, Zr-oxides, and Cr-oxides. The adsorbed water peak occurred only at the
top surface as can be seen by peak at 533.4 eV, and significantly reduced after only 2
seconds sputtering. Though there were existence of Cr-oxides and Zr-oxides along the
testing depth, the fraction of zirconium oxide was higher than chromium oxide at/near
surface. Therefore, it could confirm that zirconium oxides were the main oxide
compound for the passivation on the top surface of CrZr-film as seen by the high
fraction at/near surface. It could believe that ZrO» was the main compound in passive
layer of the CrZr-film as seen in the Zr 3d spectra result. Amount Zr-oxides implying
to passive layer tended to decrease with sputtering time, as a result to clearly observe

the peak of chromium oxide in the O1s spectra.

Furthermore, the CrZr-film also contained a lower amount of hydroxide than

other films. Unfortunately, they could not be clearly distinguish about fraction of
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Cr(OH)z and Zr(OH)s due to the close binding energy of them. Hence, they were
considered as only a hydroxide compound. It has been reported that hydroxide
compound had poorer corrosion resistance than oxide compound [103, 104]. This
directly affected to film’s corrosion property; therefore, the oxides/hydroxide ratio in

each film would be discussed in the next section.
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Figure 3-22 Compounds profile of CrZr-film with sputtering time
3.3.6 Effect of the oxide/hydroxide ratio on corrosion property

As previous results, the compounds in passive films directly affected to
corrosion property. From the XPS result, the films were composed of oxide and
hydroxide compounds in different ratios as shown in figure 3-23. The CrZr-film had
higher values of oxide/hydroxide ratio than other films especially at 2 seconds of
sputtering. It was known that an oxide film provides a better passivation layer than
hydroxide film [103, 104]. Therefore, the higher oxide/hydroxide ratio on CrZr-film

yielded better corrosion resistance than other films.
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Figure 3-23 Oxide/hydroxide ration with sputtering time
In terms of the dissolution of films in 3.5 %wt. NaCl solution during the tests,

the plausible reactions related to oxide and hydroxide formation of Cr-film, Zr-film

and CrZr-film are listed below [77, 103-105].

Equations:
Cr (s) + 20H" (aq) <> Cr(OH)2(s) + € (a)
Cr(OH)2 (s) «> CrO (s) + H20 (aq) (b)
2Cr0O (s) + 2H20 (aq) <> Cr20s3 (s) + H2 (9) (c)
Cr(OH)2 (s) + O2 (g) <> Cr205 (s) (d)
Cr (s) + 30H" (aq) <~ Cr(OH)s () ()
Zr (s) + 2H20 (aq) < ZrO2 (s) + 2H2 (9) ()
ZrOz (s) + 4H" (aq) <> Zr*" (aq) + 2H.0 (aq) (9)

Zr** (aq) + 4H20 (aq) <> Zr(OH)4 (s) + 4H" (aq) (h)
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Chromium metal reacted with hydroxide ion (OH"), water (H20) and oxygen
(O2) in the solution to form hydroxide and oxide compounds as seen from reactions
(a) to (e). Under pH values between 6 to 7 in the tests and data from the Ellingham
diagram, it was found that both chromous hydroxide (Cr(OH)z) and Cr(OH)s could be
formed by reaction (a) and (e), respectively [106]. Although, the Cr(OH)2 did not exist
on the surface as confirmed by XPS analysis, it was able to transform into Cr,03 as
shown by reaction (b), (c) and (d). In Zr-film, reactions to form hydroxide and oxide
compounds are shown in reaction (f), (g) and (h). Reaction (g) described the
possibility of zirconium oxide (ZrO>) dissolution in acid solution (pH<7). Dissolution
of ZrO; in reaction (g) increased Zr** content in the solution which promoted the
formation of Zr(OH)4 by reaction (h). In the case of CrZr-film, all reactions listed
above occurred simultaneously. Due to the intimate random mixing of chromium and
zirconium in the amorphous film, as seen in the FESEM and TEM images, all
reactions occurred uniformly on the entire film surface. On the CrZr film-surface, the
formation of Cr(OH). released an electron as can be seen in reaction (a). This one
electron could react with a hydrogen ion (H*) to form H, gas, according to the
reaction, 2H" (aq) + 2e” < H> (g). Depletion of H* due to this reaction enhanced ZrO»
stability in the passive layer by limiting the dissolution of the ZrO, compound
according to reaction (g), resulting in a better passivity of the CrZr-film comparing to
the Cr-film and Zr-film. Moreover, lowering the hydrogen content at the specimen
surface improved its corrosion resistance. It has been reported that reduction of
hydrogen effectively decreases the corrosion rate of metal including zirconium as
reported by several research groups [107-109]. Oxide formed in a low hydrogen

content solution was thin and had the form of tetragonal zirconium oxide (t-ZrOy)



64

which was known for its superior corrosion resistance. When the content of hydrogen
in the solution increased, thick ZrO, with monoclinic structure occurred resulting in
low corrosion resistance. This explanation is in accordance with the results found by

XPS analysis showing that the CrZr-film has thinner ZrO; layer than Zr-film.
3.4 Summary

Magnetron sputtering of chromium and zirconium targets could fabricate a
pure chromium (Cr-film), pure zirconium (Zr-film), and mixture of them (CrZr-film).
They covered the entire surface with smooth surface (Ra in 2-5 nm) and uniform
thickness in the range of 380-450 nm. Noteworthy, the mixture film showed
amorphous-featureless structure while the pure film exhibited crystalline-columnar
structure. Amorphization in the CrZr-film was promoted by low energetic adatoms
due to low discharge sputtering power, and suitable composition (moderate range

composition).

From corrosion test, all films significantly improved corrosion resistance of
H13 substrate especially in the Zr-film and CrZr-film. The CrZr-film exhibited the
highest protectiveness among the films as seen by the highest Ecor, low lcorr and
passivation ability. It could improve Ecor from -881 mV of H13 to -453 mV, and
greatly reduced lcorr from 10 to 108 A/cm?. The good at corrosion property of this
film was supported by featureless-amorphous structure. The featureless structure
retarded solution penetration through film and amorphous reduced susceptible points
for corrosion attack, leading to the highest film resistance (Rfim) in the equivalent
circuit. In contrast, the penetration of solution through intercolumnar paths in pure

films was anticipated resulting in low Rsim. Although the pure films had an ability to
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passivation at higher potentials, corrosion preferentially occurred at substrate interface
instead of film surface after solution reaching to substrate interface. Therefore, the
crystalline-columnar structure of pure films had lower protectiveness than the

featureless-amorphous structure in the CrZr-film.

Equivalent circuits together with surface compound analysis by XPS clarified
the role of zirconium on the corrosion behaviors of the films. Zirconium in the filma
played an important role in the formation of a protective layer in the form of
zirconium oxide film. The formation of zirconium oxide as a protective layer was
more effective than the formation of chromium oxide due to its natural property. The
formation of zirconium oxide delayed the corrosion reaction on the film/solution
interface as seen from low values of Yo and high values of n (close to unity) in film
capacitance (Qfiim) of the Zr-film and CrZr-film. In contrast, the Cr-film exhibited a
high Yo value and low n value (less than 0.93). This indicated that the protective layer
on the surface of the Cr-film was not effective. XPS revealed that there were oxide
and hydroxide compounds on the surfaces of all films. A high ratio of
oxide/hydroxide was found in the CrZr-film providing better protective properties to
the film. Chromium content in the CrZr-film plausibly reduced dissolution of
zirconium oxide that formed on the CrZr-film surface resulting in a high ratio of

oxide/hydroxide.
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Chapter 4

Chromium-zirconium nitride film

4.1 Chromium-zirconium nitride film

After successfully fabricated thin amorphous film in chromium-zirconium
binary system as shown in the previous chapter, it revealed that addition of zirconium
into chromium film could promote amorphization and improve corrosion resistance of
films. Therefore, addition of zirconium was integrated to tailor properties of
chromium-zirconium nitride (CrZrN) film. Generally, chromium nitride (CrN) is a
kind of materials which has been widely used in many applications especially in
coating, given its high hardness, good corrosion resistance and low friction coefficient
[20-24]. Zirconium also demonstrated a good potential for addition into CrN as well
as in metallic film, because of possibility to improve both thermal stability and
hardness [25, 27]. However, published reports stated that the addition amount of
zirconium was only in small percentages and did not investigate in detail about phasic
nature of the CrZrN film with a high degree of zirconium addition. Hence, this
research aimed to investigate the effect of zirconium addition with a high amount on

phase evolution of CrZrN film.

4.2 Film preparation and characterizations

4.2.1 Film preparation

Nitride films were also fabricated by dual-head DC magnetron sputtering with
a nitrogen (N2) as a reactive gas. Films were categorized into three specimens varies

on zirconium content according to low zirconium (Low-Zr), medium zirconium
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(Med-Zr) and high zirconium (High-Zr). It was controlled by adjusting ratio of
applied current of the chromium and zirconium targets as described in table 4-1.
Before deposition process, (100) silicon substrates were cleaned ultrasonically in
industrial-grade acetone for 600 seconds and placed on substrate holder. Then, the
chamber was evacuated to base pressure at 1.33x10 pascal. High-purity Ar and N
(99.995% pure, Linde) were introduced into chamber simultaneously with flow rate of
40 and 4 sccm to obtain a working pressure at 1.13 pascal. A plasma of Ar and N>
mixture was ignited by using chromium and zirconium targets as cathodes while the
chamber served as an anode. The deposition time was kept constant for all nitride
films at 3600 seconds. All deposition processes were done without auxiliary heater

and bias voltages, and all deposition parameters are listed in table 4-1.

Table 4-1 Details of deposition parameters

Deposition Coating samples
parameters Low-Zr Med-Zr High-Zr
Working gas Argon (99.995% purity), 40 sccm
Reactive gas Nitrogen (99.995% purity), 4 sccm
Based pressure 1.33x10° Pa
Working pressure 1.13 Pa
Target-sample
g_ P 150 mm
distance
Substrate
318-333 K
temperature
Applied current
] 0.4 A 0.4 A 0.3A
chromium target (A)
Applied current
04 A 0.7 A 0.7A

zirconium target (A)

Deposition time 3600 seconds 3600 seconds 3600 seconds
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4.2.2 Material characterizations

Nitride films were firstly observed their cross-sectional microstructure by a
JEOL, JSM-7100F field-emission scanning electron microscope (FESEM). The
thickness of films was measured by FESEM images using Image J software. Energy
dispersion spectroscope (EDS, Oxford Inca PentaFETx3) was performed for
determining bulk chemical composition of films. A Veeco Dimension 3100, atomic
force microscope (AFM), was used to observe surface morphology and measure
surface roughness with a scanning area of 5x5 um2. Phasic evolution of CrN due to
zirconium addition was clarified by using a Rigaku D/Max 2200P/C glancing incident
angle X-ray diffractometer (GIXRD) with a Cu-K, source at an incident angle of 3
degrees, and X-ray photoelectron spectroscopy (XPS, ULVAC-PHI Versa-Probe I1) at
energy step 0.05 eV using Al-K, X-ray source. Range of operation was between 20-

70° with scan speed 1°/minute.

4.3 Results and discussions

4.3.1 Microstructure and morphology

As well as metallic films, the result of nitride film started with microstructure
observation. Reactive magnetron sputtering successfully fabricated nitride films with
uniform thickness. Cross-sectional microstructure of nitride films is shown in figure
4-1. They exhibited fine, uniform columnar structure through film thickness without
micropores or microcracks for all coating conditions. Thickness of all films measured
by image J software was in the range of 1.01-1.30 um according to deposition rate in
the ranged of 0.28 to 0.36 nm/s. The thickest film was found in the Med-Zr condition

since the highest total current was applied to both chromium and zirconium target in
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order to maintain plasma stability and avoid poisoning target. This high current
caused high sputtering rate on targets resulting in slightly higher deposition rate of

Med-Zr film comparing to Low-Zr and Med-Zr.

ks

Thickness 1.3 ym

——

Thickness 1.0 um

Figure 4-1 Cross-sectional FESEM images of nitride films; (a) Low-Zr, (b) Med-Zr

and (c) High-Zr

Surface morphology of nitride films was also investigated by AFM with
scanning area 5x5 pm? as shown in figure 4-2. All nitride films exhibited smooth
surface with nanoscale of Ra and Rrms as listed in table 4-2. Surface of nitride film was
slightly smoother with higher zirconium fraction. The details of smoother surface will

be discussed in in the further section.
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Figure 4-2 AFM topographic images of nitride films

Table 4-2 Surface roughness and chemical compositions of nitride films

70

Surface roughness

Composition (%at.)

Sample Ra(nm)  Rmms(nm) chromium zirconium 2t fraction(x)
Low-Zr 2.8 3.7 32.41 7.29 0.183
Med-Zr 2.5 3.2 22.66 18.21 0.445
High-Zr 1.9 2.4 16.04 22.01 0.578

Chemical composition of the nitride films was measured by EDS analysis as

described in table 4-2. Total of chromium and zirconium for all films was
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approximately 40 %at. and the rest was light elements of nitrogen and oxygen.

. . . Yoat. Z TR
Zirconium fraction (x, x = at 21 l) in films increased from 0.183 of Low-Zr to

0.578 of High-Zr. This indicated that zirconium was successfully doped into the
nitride films. Though amount of nitrogen could be achieved by EDS analysis,
reliability of quantitative analysis for light element by EDS was considerably low.
Hence, phasic analysis must be done by other methods such as GIXRD or XPS

analysis.
4.3.2 Phase, chemical composition, and crystallinity

Phase evolution of nitride were investigated by GIXRD and their patterns are
shown in figure 4-3. The dominate pattern in all films corresponded to CrN (ICSD 01-
076-2494) although those peak positions shifted toward lower degree. Those peaks
approached to the positions of ZrN (ICSD 03-065-0972) when increasing zirconium
fraction in films. Because they had the same crystal structure (rock salt structure),
they could share the sites of cation in lattice and formed as complex nitride of
chromium-zirconium, denoted as (Cr,Zr)N. A shift of those peak positions caused by
an increasing of zirconium cations in the (Cr,Zr)N lattice. This was supported by the
expansion of lattice parameter (ao) which was calculated by Bradley-Jay extrapolation
as shown in figure 4-4. The result revealed that ap of (Cr,Zr)N increased with
zirconium fraction in film and all calculated ao values were between ag of CrN and
ZrN references. Due to the bigger size of zirconium cation, it expanded base crystal
structure of (Cr,Zr)N resulting in the increasing of ag in (Cr,Zr)N with Zr fraction in

film.
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Average crystallite size of (Cr,Zr)N was calculated from plane (200) by
Scherrer’s equation. Crystallite size of Low-Zr, Med-Zr and High-Zr films were 10.2,
9.9 and 7.7 nm; respectively, which slightly decreased with zirconium fraction. Since
chromium ion was substituted by zirconium ion, lattice parameter of (Cr,Zr)N was
expanded from the equilibrium. From the nano-strain (g) in film calculation as
expressed in equation 4-1 [110], strain in all nitride films increased with lattice
parameter or zirconium fraction. The a; represented to distortion lattice parameter and
aoref is the lattice parameter of CrN (4.1409 A). The higher number of substituted
zirconium ions expanded crystal and created strain energy which limited crystal
growth of the (Cr,Zr)N [111]. This was also supported by the AFM result and Ohring,
that refine structure leaded to smoother surface [64]. Hence, smoother surface of the

CrZrN film could be achieved by increasing zirconium fraction.

ai-a0 ref .
gy =" (equation 4-1)
aQ,ref

Furthermore, the High-Zr film had one more broaden peak (27-34°) among
(Cr,Zr)N peaks which could not clearly identify by XRD. To investigate phase
evolution and distinguish this broaden peak in more details, XPS was employed for
examine these films due to the higher sensitivity than XRD. The XPS investigation of
nitride films were performed in the range of Cr 2psp2, Zr 3d, N 1s and O 1s spectra.
All spectra were collected after surface sputtering for eliminating contaminants, and
were calibrated with carbon 1s (285.0 eV). The Cr 2pas spectra of all nitride films
could be deconvoluted into two peaks as shown in figure 4-5, attributing to the
binding energy of Cr 2pa in Cr203 at 576.4+0.1 eV and CrN at 574.5+0.2 eV [28, 89,

112, 113]. Herein, the binding energy of CrN represented to bonding of Cr-N in
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(Cr,Zr)N. The presence of Cr203 peak was plausibly from reaction of chromium and
residual oxygen in chamber during film deposition. Amount of Cr.03 slightly
decreased with increasing zirconium fraction in film, as seen by a decreasing of Cr203
intensity. This result agreed with Ellingham’s diagram, revealed that Cr2O3 could be

reduced by zirconium.
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Figure 4-5 XPS spectra of Cr 2pz2 in nitride films

In the case of Zr 3d spectra (figure 4-6), they could be deconvoluted into four
peaks corresponding to binding energy of ZrN (Zr 3ds, = 180.4 eV and Zr 3ds; =
183.3 eV) and zirconium oxynitride (Zr2ONz; Zr 3ds2 = 181.5 eV and Zr 3ds2 = 184.3
eV). Binding energy of ZrN presented to the bonding of Zr-N in (Cr,Zr)N as well as
in the Cr 2ps2 spectra. The values of (Cr,Zr)N and ZroON: in this report were in
agreement with another reports [114, 115]. The formation of Zr,ON> was from the

reaction of zirconium with residual gas during film deposition. Noteworthy, the XPS

result revealed that zirconium preferentially formed in Zr,ON> although the Zr,ON>
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peak could not be detected in the XRD result. The absence of Zr,ON. peak in the
XRD patterns might be due to the nature of amorphous structure and a small amount
of the oxynitride. At this point, it could be concluded that added zirconium would
form in two compounds as in crystalline-(Cr,Zr)N and amorphous-Zr,ON2. Amount

of these phases was discussed in further section.
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Figure 4-6 XPS spectra of Zr 3d in nitride films

The XPS of N 1s spectra was the other key for phase investigation because it
was an elemental of the (Cr,Zr)N and ZrON.. It was found that the profiles of N 1s
slightly translated from high to low binding energy as shown in figure 4-7. According
to literature reviews, the binding energy of N 1s in CrN, ZrN and Zr,ON: was 396.7,
395.9 and 395.5 eV, respectively [116, 117]. This implied that the amount of nitrogen
in form of Zr,ON> and bonding of Zr-N in (Cr,Zr)N increased with zirconium fraction
in film. This was in good agreement with the Zr 3d spectra which revealed that

amount of Zr,ON2 and number of dissolved zirconium in (Cr,Zr)N increased with
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zirconium fraction. In addition, XPS spectra of O 1s also demonstrated to the
presence of Cr.O3 and ZroON> as seen by well deconvoluted of two peaks attributing
to O 1s of Cr203 (531.2 eV) and Zr.ON; (529.6 eV), as shown in figure 4-8. These
values agreed with another reports [113, 118], and correlated well with other XPS

results.
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Figure 4-7 XPS spectra of N 1s in nitride films
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Integrating the XPS results of Zr 3d and Cr 2ps;» spectra with quantitative

analysis by EDS, amount of zirconium in (Cr,Zr)N and Zr,ON could be calculated as

shown in table 4-3. As previously described that zirconium formed in both of

(Cr,Zr)N and Zr,ON>. The amount of zirconium in form of Zr,ON was about 1.5-2.5

times of zirconium in form of (Cr,Zr)N. Therefore, it confirmed that zirconium

preferentially form in amorphous-Zr,ON., while chromium preferentially formed in

(Cr,Zr)N and was the predominant elemental cation in (Cr,Zr)N.

Table 4-3 Amount of chromium and zirconium in each compound calculated by EDS
and XPS results

Amount of chromium (%at.)

Amount of zirconium (%at.)

Sample

(Cr,ZrN Cr203 (Cr,ZnN Zr,0ON2
Low-Zr 25.28 7.13 2.00 5.29
Med-Zr 17.68 4.98 7.07 11.14
High-Zr 12.52 3.52 8.72 13.29
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Finally, from the calculation of EDS and XPS, it could be concluded that all
nitride films composed of 3 compounds: Cr203, (Cr,Zr)N and Zr,ON2. Amounts of
cations in these compounds was calculated and showed in figure 4-6. The (Cr,Zr)N
was the dominant compound existing with Cr.Oz and Zr.ON for all nitride films.
Only the Zro,ON> from all, its amount increased with zirconium fraction in films.
Therefore, it was reasonable that the low intensity boarded peak in XRD result of
High-Zr film was belonged to the Zr.ON> compound. Addition of zirconium into

CrZrN film refined crystallite size of (Cr,Zr)N and also promoted amorphization of

ZI’zONz.
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Figure 4-9 Compound fraction in nitride films
4.3.3 Effect of interlayer addition and corrosion property

From the industrial film preparation point of view, plasma ignition in
deposition process usually starts from only a working gas then introducing a reactive
gas into chamber. This process causes to a presence of thin metal film between the top

nitride film and substrate. Therefore, researchers decided to apply an interlayer and
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investigate its effect to a possibility of amorphization in the CrZrN film. It has been
reported that amorphous interlayer could promote amorphous structure in the top
layer [32, 56]. Hence, the moderate mixture of chromium and zirconium film, which
exhibited amorphous structure, could be employed as amorphous interlayer for
promoting amorphous structure in the CrZrN film. The Med-Zr film was chosen for
representative of the top nitride film due to no evidence of amorphous in this film.
The specimen of this chromium-zirconium interlayer with the top Med-Zr film is
denoted as Int.-MedZr. Deposition parameters of the interlayer and top-nitride film
are summarized in table 4-4. The interlayer (CrZr-interlayer) was firstly deposited on
substrates by magnetron co-sputtering with only argon gas for 15 minutes, then

introduced nitrogen gas for prepare the top nitride film for 60 minutes.

Table 4-4 Deposition parameters of Int.-MedZr

Layers Cr target Zr target Deposition Ar flow N> flow
CrZr-interlayer 04 A 0.7 A 15 minutes 20 sccm -
Med-nitride 0.4 A 0.7A 60 minutes 20 sccm 4 sccm

The FESEM images (figure 4-10) clearly demonstrated that film covered the
entire surface with uniform thickness. Featureless structure could be observed in both
of interlayer and nitride layer as shown in figure 4-10(a). The junction between them
was clearly distinguished by back scattering electron (BSE) image in figure 4-10(b).
The average thickness of interlayer and nitride were 234 and 828 nm, respectively.
Topographic images of the Int.-MedZr film by AFM are presented in figure 4-11.
This film exhibited very smooth surface with R, at 2.2 nm and Rims at 2.8 nm. There
was no significantly difference in surface roughness between the MedZr film and Int.-

MedZr.
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Figure 4-10 FESEM images of the Int.-MedZr film: (a) SEM image and (b) BSE

image
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Figure 4-11 AFM Topographic images of the Int.-MedZr film

Phase and crystallinity of the Int.-MedZr film were also performed by GIXRD
and comparing to the Med-Zr film (no interlayer). Interestingly, the XRD pattern of
the Int.-MedZr film showed the characteristic of amorphous structure (broaden peak)
instead of crystalline structure like the Med-Zr film as shown in figure 4-12. This

result showed that amorphous of CrZrN film could be promoted by addition of

chromium and zirconium interlayer.
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Figure 4-12 XRD patterns of Int.-Med-Zr film and Med-Zr

Figure 4-13 Out-view TEM image of the Int.-MedZr film

To confirm crystallinity of both interlayer and top nitride layer, the Int.-MedZr

film was investigated by TEM and EDP. Out-view TEM image of the Int-MedZr film

clearly demonstrated the junction between interlayer and nitride by contrast of each

layer as shown in figure 4-13. Their thicknesses were agreed with the FESEM result.

No evidence of columnar structure was found in the TEM image (figure 4-13(b)) as

well as in the FESEM image. Close-up HRTEM image at the junction is shown in

figure 4-14. The nitride layer grew on the interlayer without explicit interface. This

suggested that nitride layer continuously growth from the interlayer surface.
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Nitride

Interlayer

Figure 4-14 HRTEM image at junction between interlayer and nitride of the Int.-

MedZr

Crystallinity of interlayer was confirmed by selected area of HRTEM and
EDP. The HRTEM image of interlayer (figure 4-15(a)) revealed only a random
atomic arrangement attributing to characteristic of amorphous structure. According to
the EDP in figure 4-15(b), it revealed only the diffuse ring corresponding to
amorphous structure. It could be concluded that the CrZr-interlayer was amorphous

structure as well as the result in chapter 3.

5 1/nm

i

Figure 4-15 HRTEM image and EDP in the interlayer area of Int.-MedZr film

The HRTEM image and EDP in the nitride area of Int.-MedZr film are shown

in figure 4-16 and 17. Almost of nitride film exhibited amorphous structure as shown
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in figure 4-16(a) and (b). However, the selected area in nitride film exhibited a diffuse
ring existing with spots and crystalline ring as shown in figure 4-17. It revealed a few
areas of ordering arrangement embedded in amorphous matrix. These implied to a

short-range order structure existing with amorphous matrix in the top nitride layer.
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Figure 4-17 HRTEM image in the nitride area of Int.-MedZr film

The reciprocal space of EDP in figure 4-17 was calculated and displayed in
figure 4-18. The real space and diffraction angle of diffuse ring corresponded to the

broaden peak in the previous XRD result. The first and second crystalline rings
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corresponded to the (200) and (220) peak of (Cr,Zr)N. Therefore, it was reasonable
that the ordering arrangement area in figure 4-17 corresponded to the area of a

crystalline structure of (Cr,Zr)N.
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Figure 4-18 EDP of the top nitride and calculated real space

Therefore, addition of amorphous CrZr-interlayer could promote amorphous
structure in the top nitride layer of CrZrN although there was presence of a few
ordering arrangement of (Cr,Zr)N in some area. It was suggested that the amorphous
interlayer performed as a “random arrangement template” for the top nitride
deposition. Incorporating with the near chemical compositions between
interlayer/nitride layer and low adatoms mobility, adatoms in the nitride deposition

period continuously growth from the random arrangement template. As a result, the



85

top nitride film (Med-Zr) preferred to being amorphous structure in instead of being

as a crystalline film.

Corrosion of the Int.-MedZr film was also investigated by potentiodynamic
polarization under 3.5 %wt. NaCl solution. The Int.-MedZr greatly reduced the lcorr
from 2.28x10° of bare H13 substrate to 3.12x10° A/cm? and improved Ecor to -354
mV as shown in figure 4-19. In addition, it also had a better anti-corrosion property
than the amorphous CrZr-film and other nitride films in several reports [25, 77, 119-
121]. The good anti-corrosion property of this film plausibly obtained from the
amorphous formation in top nitride film and the presence of a good anti-corrosion
property of CrZr-interlayer. Although partially corrosive solution penetrated through
the top nitride film, it was again retarded by interlayer which also had a good
corrosion property. Therefore, the Int.-MedZr film was the best anti-corrosion film

among other film in this research.
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Figure 4-19 Potentiodynamic polarization of Int.-MedZr comparing with other reports
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4.4 Summary

Nitride film of CrZrN exhibited columnar structure through uniform thickness
in 1.0-1.3 um and nanoscale surface roughness. By material design, addition of
zirconium refined the crystalline size of (Cr,Zr)N which was the predominant phase
of this nitride films existing with Cr>Oz and amorphous Zr,ON>. The higher addition
of zirconium more refined the crystallite size of (Cr,Zr)N from 10.2 to 7.7 nm due to
lattice distortion (strain energy), and simultaneously promoted formation of
amorphous ZroON». Addition of zirconium at 0.578 atomic fraction significantly
promoted amorphous structure in nitride film which was enough for detected by XRD

as seen by the broaden peak.

By addition of amorphous CrZr-interlayer or interface modification, this
specimen composed uniform thickness of interlayer and nitride for 234 and 828 nm;
respectively, with nanoscale surface roughness. There was no evidence of columnar
structure (featureless) in both of interlayer and nitride layer. For phase identification,
addition of amorphous interlayer could promote amorphization in the top Med-Zr
nitride film. The amorphous interlayer performed as a “random arrangement
template” for sequentially nitride layer. Because of the near chemical compositions
between interlayer/nitride layer and low adatoms mobility, adatoms in the nitride
deposition period continuously grew up from the random arrangement template of
interlayer. As a result, this top nitride film (Med-Zr) preferred to being amorphous

structure instead of being as a crystalline film.

In term of corrosion testing, the Int.-MedZr film greatly reduced lcor and

improved Ecorr Of bare H13 substrate and showed the best anti-corrosion film over the
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amorphous CrZr-film and other reported films. The excellent anti-corrosion property
of the Int.-MedZr film plausibly obtained from the amorphous featureless structure in
both of top nitride film and CrZr-interlayer. Corrosive solution hardly penetrated
through the top nitride film. Consequently, the Int.-MedZr film was the best anti-

corrosion film among other film in this research.
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Chapter 5

Conclusions

5.1 Chromium-zirconium metallic film

Thin metallic films of chromium, zirconium, and mixture of them were
successfully fabricated by magnetron co-sputtering. All films covered substrate with
uniform thickness in the range of 390-450 nm and nanoscale surface roughness. The
pure component films exhibited a characteristic of columnar-crystalline structure
while the moderate mixture film was featureless-amorphous structure. Phase
identification performing by GIXRD indexed that the Cr-film was BCC-chromium

and the Zr-film corresponded to HCP-zirconium with a small amount of ZrO..

Corrosion behavior of all specimens were investigated by OCP measurement,
EIS with equivalent circuit interpretation and potentiodynamic polarization in 3.5
%wt. NaCl solution. Microstructure and crystallinity of films strongly affected to film
resistance (Rfim), corrosion potential (Ecor) and passivation ability. The featureless-
amorphous CrZr-film showed the best anti-corrosion properties among other films
due to the low susceptible point such as grain boundary and intercolumnar, leading to
the highest film resistance (Rfim) and corrosion potential (Ecor). Moreover, the
featureless (no intercolumnar) in this film could retard a solution penetration leading
to successful and effective passivation. In contrast, columnar structure in the Cr-film
and Zr-film poorly retarded a penetration because solution could directly penetrate
through film via intercolumnar. As a result, although the Cr-film and Zr-film had an
ability to passivation after increasing potential, corrosion favorably took place at

substrate surface instead of film after it reached to substrate. Therefore, their passive
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films were not effective as seen by the high passive current (Ipass) which were higher

than 10° A/cm?.

Furthermore, zirconium played the important role to pre-native oxide film on
surface as seen by the high impedance of film capacitance (Qsiim) in Zr-film and CrZr-
film. The formation of zirconium oxide as a protective layer is more effective than
chromium oxide. This attributed to a retarding yield of corrosion reaction at
solution/film interface as could be seen from the low values of admittance (Yo) and
high n (close to unity). In contrast, the Cr-film exhibited a high Yo with low n (less

than 0.93) indicating to a low protectiveness.

XPS analysis revealed that there were presence of oxide and hydroxide
compounds after corrosion testing in all films. However, the highest oxide/hydroxide
ratio was found in the CrZr-film providing a better protective property to this film.
The presence of chromium in the CrZr-film plausibly reduced dissolution of
zirconium oxide that formed on this surface resulting in the high ratio of

oxide/hydroxide compounds and a good anti-corrosion property of the CrZr-film.
5.2 Chromium-zirconium nitride film

Chromium-zirconium nitride films were also successfully fabricated by
magnetron co-sputtering with argon and nitrogen as a working gas and reactive gas.
The composition of chromium and zirconium in nitride films could be adjusted by
controlling of applied current as seen by the zirconium fraction in Low-Zr, Med-Zr
and High-Zr film. All nitride films showed columnar structure through films with

uniform thickness in the range of 1.0-1.3 micron and nanoscale surface roughness.
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From phase identification, complex nitride of chromium and zirconium
denoted as (Cr,Zr)N, was the predominant phase existing with a small amount of
amorphous zirconium oxynitride (Zr.ON). Addition of zirconium refined crystallite
size of (Cr,Zr)N from 10.2 to 7.7 nm with the higher zirconium fraction due to lattice
disorder (strain energy) from size difference of dissolving zirconium ion. This strain

confined crystal growth resulting in a smaller crystallite size.

By XPS analysis, amorphous Zr,ON was presence in all nitride films and its
amount increased with zirconium fraction. With a higher zirconium fraction, an
amount of undissolving zirconium was greater and reacted with residual gas forming
to amorphous oxynitride. Therefore, amorphous Zr.ON; and fined crystalline
(Cr,Zr)N could be achieved by addition of zirconium into chromium nitride. Addition
of zirconium at 0.578 atomic fraction significantly promoted amorphous structure in

nitride film as seen by the broaden peak in XRD pattern of High-Zr film.

Furthermore, addition of amorphous CrZr-interlayer could promote
amorphous structure in the top Med-Zr nitride film. The amorphous interlayer
performed as a “random arrangement template” for sequentially nitride layer. Because
of the near chemical compositions between interlayer/nitride layer and low adatoms
mobility, adatoms in the nitride deposition period continuously grew up from the
random arrangement template of interlayer. As a result, the top nitride film (Med-Zr)
with interlayer preferred to being amorphous structure instead of being as a crystalline

film.

Corrosion of the Int.-MedZr film was also investigated by potentiodynamic

polarization. The Int.-MedZr film greatly reduced lcorr and improved Ecorr Of bare H13
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substrate and showed the best anti-corrosion film over the amorphous CrZr-film. The
excellent anti-corrosion property of the Int.-MedZr film plausibly obtained from the
amorphous structure in both of top nitride film and CrZr-interlayer. Even if, partially
corrosive solution penetrated through the top nitride film, it was still retarded by
interlayer which also had a good corrosion property. Consequently, the Int.-MedZr

film was the best anti-corrosion film among other film in this research.
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Appendix A

General information

A.1 Materials and substrate preparation

Details of chemicals and materials using in this experimental are listed in table
A-1. As description in previous chapter, both of metallic and nitride films were
deposited on a disk shape H13 steel. Before deposition process, H13 steel bars were
heat-treated for elimination of retained austenite. The diagram of heat treatment is
shown in figure A-1. Afterward, heat treated H13 bar were cut to a disk shape with
25.0 mm in thickness and polished with emery paper number 320, 400, 600, 800,

1000, 1200, 2000 and finishing with alumina powder (particle size 1 pum).

Table A-1 Details of chemical and materials using in this experimental

Chemicals/materials Details

5%wt. Cr, 1.5%wt. Mo, 1%wt. V, 0.4%wt.C and Fe balance,
AIlSI H13 steels -
diameter 25.4 mm

Emery paper No. 320, 400, 600, 800, 1000, 1200 and 2000
Alumina powder particle size ~ 1 um
Acetone Ajax

Temperature ("C)

50 mins
1050 R e oo mmmmmm—-

60 mins 60 mins

01l quench \ /
Air quench Air quench

Time

550

Figure A-1 Heat treatment diagram of H13 steels
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A.2 Thickness measurement with image J software

In this research, all films were measured their thickness by FESEM images
integrating with image J software. Each film was measure at least 30 lines and 3 fields
for estimate thickness. The example of program display and measurement of pure

chromium film (Cr-film) is shown in figure A-2.

File Edt Image Process Analyze Plugins Window Help
Oolz|ofE &N A|)| 0|0 oufsw|4 |8 |~

1996.10x1596.88 nm (1280x1024); 8-bit; 1.2MB

£ Results = m]
File Edit Font Resuits
[Label larea [Mean  [Min  [Max  [angle [Length

1 x60000_1.bmp 693.091 90417 53.792 179453 -90 442292
2 x60000_1bmp 695523 88.551 52848 165037 -90 444 864
3 x60000_1bmp 676067 87417 49763 156.163 -90 432.006
4 x60000_1bmp 671204 83623 47526 191247 -90 429435
5  x60000_1.bmp 683.363 B4.780 46.912 208.230 -90 437.149
6  x60000_1bmp 683.363 109.218 89.151 164731 -90 437.149
7  x60000_1bmp 695523 111.150 69616 182350 -90 444 864
8  x60000_1bmp 712546 114813 74,643 193563 -90 455.150
9  x60000_1bmp 712546 109.748 73983 199.318 -90 455150
10 x60000_1bmp 717410 108.001 67.010 173541 -90 457.721
11 x60000_1bmp 717410 98.375 66564 192601 -90 a457.721
12 x60000_1bmp 712546 102424 63052 187438 -90 455.150
13 x60000_1bmp 724705 102071 61985 193.347 -90 462864
14 x60000_1bmp 724705 99.796 51726 216467 -90 462864
15 x60000_1bmp 719842 92267 55701 201319 -90 460.293
16 x60000_1bmp 727.137 88.250 50309 176772 -90 465436
17 x60000_1bmp 727.137 87.393 46849 188440 -90 465436
18 x60000_1bmp 71984285627 50170 148.192 -90 460.293
19 x60000_1bmp 688227 92017 52383 187233 -90 439.721
20 x60000_1bmp 68093191981 62842 160.128 -90 434578
21 x60000_1.bmp 680931 131.299 92469 187.868 -90 434578

22 x60000_1bmp 693.091 114.173 63650 185376 -90 442292
— 100nm JEOL 12/12/2018 ___
X 60,000 15.0kV SEI SEM WD 9.2mm 9:38:32 |Jj]

Figure A-2 Thickness measurement of the Cr-film by FESEM integrating with image

J software
A.3 The XRD patterns for analyzation

The XRD patterns, which were used for phase identification in this research,
are listed in this section. It composed of 3 patterns in metallic chapter and 2 patterns
in nitride chapter. The metallic chapter consisted of ICSD 01-085-1336, 01-089-4892
and 1CSD 01-086-1449, while the nitride chapter consisted of ICSD 01-076-2494 and

03-065-0972.



1. Chromium (ICSD 01-085-1336)

Crystallographic parameters

Crystal system: Cubic

Space group: Im-3m

Space group number: 229

a (A): 2.8849, b (A): 2.8849 and ¢ (A): 2.8849

Alpha (°): 90.0000, Beta (*): 90.0000 and Gamma (°): 90.0000
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Peak list
No. h k I d(A) 2Theta (°) I (%)
1 1 1 0 2.03996 44371 100.0
2 2 0 0 1.44247 64.554 11.2
3 2 1 1 117777 81.693 17.2
Stick Pattern
e TET
% @ m el-

Pesiton [FIThesd



2. Zirconium (ICSD 01-089-4892)

Crystallographic parameters

Crystal system: Hexagonal
Space group: P63/mmc

Space group number: 194

a (A): 3.2312, b (A): 3.2312 and ¢ (A): 5.1477

Alpha (°): 90.0000, Beta (*): 90.0000 and Gamma (°): 120.0000
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Peak list

No. h K | d(A)  2Theta() (%)
1 1 0 0 279830  31.957 25.0
2 0 0 2 257385  34.829 25.8
3 1 1 1 245853  36.519 100.0
4 1 0 2 1.89437  47.986 13.3
5 1 1 0 161560  56.952 14.4
6 1 0 3 146279  63.552 14.3
7 2 0 0 139915  66.809 2.0
8 1 1 2 1.36836  68.518 143
9 2 0 1 135017  69.573 10.1
10 0 0 4 1.28692  73.534 1.8
11 2 0 2 122926  77.605 2.2

Stick Pattern
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2. Zirconium dioxide (ICSD 01-086-1449)

Crystallographic parameters

Crystal system: Monoclinic
Space group: P21/c
Space group number: 14

a (A): 5.1442, b (A): 5.2097 and ¢ (A): 5.3112

Alpha (°): 90.0000, Beta (°): 99.2200 and Gamma (°): 90.0000
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Peak list
No. h k | d(A)  2Theta(") | (%)
1 1 0 0 5.07776 17.451 7.6
2 0 1 1 3.69538 24.063 18.4
3 1 1 0 3.63627 24.460 14.3
4 -1 1 1 3.16267 28.194 100.0
5 1 1 ik 2.83923 31.484 69.0
6 0 0 2 2.62129 34.179 20.7
7 0 2 0 2.60485 34.401 13.5
8 2 0 0 2.53888 35.324 15.8
9 0 2 1 2.33276 38.563 5.7
10 -2 1 1 2.21246 40.750 13.9
11 -1 2 1 2.17954 41.394 5.3
12 1 1 2 2.01932 44.849 6.8
13 2 1 1 1.98999 45.547 13.9
14 0 2 2 1.84769 49.278 5.3
15 2 2 0 1.81813 50.134 6.8
16 -1 2 2 1.80298 50.585 6.6
17 -2 2 1 1.78224 51.216 17.0
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4. Chromium nitride (ICSD 01-076-2494)

Crystallographic parameters

Crystal system: Cubic

Space group: Fm-3m

Space group number: 225

a(A): 4.1400, b (A): 4.1400 and c (A): 4.1400

Alpha (°): 90.0000, Beta (*): 90.0000 and Gamma (°): 90.0000
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Peak list
No. h K | d(A) 2Theta() 1 (%)
1 1 1 1 2.39023 37.601 84.7
2 2 0 0 2.07000 43.694 100.0
3 2 2 0 1.46371 63.507 43.7
4 3 1 1 1.24826 76.209 18.3
5 2 2 2 1.19511 80.263 10.9
Stick Pattern
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4. Zirconium nitride (ICSD 03-065-0972)

Crystallographic parameters

Crystal system: Cubic

Space group: Fm-3m

Space group number: 225

a(A): 4.5750, b (A): 4.5750 and ¢ (A): 4.5750

Alpha (°): 90.0000, Beta (*): 90.0000 and Gamma (°): 90.0000
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Peak list
No. h K | d(A) 2Theta() 1 (%)
1 1 1 1 2.64138 33.911 100.0
2 2 0 0 2.28750 39.357 88.2
3 2 2 0 1.61751 56.878 47.6
4 3 1 1 1.37941 67.894 30.6
5 2 2 2 1.32069 71.360 13.2
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