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Abstract

Abstract

Elaboration of Nano-composite Coatings using Sputtering Processes with

Application to the Substitution of Electrolytic Cr Coating

Zhiguo ZHANG

This research focuses on the synthesis and characterization of CrN based multilayer
coatings for the replacement of electrolytic chrome. The studied materials include chromium
nitrides coatings, Cr-Zr-N ternary multiple phase and multilayer coatings and Si added CrN/ZrN
multilayer coatings. The main objective of this thesis is to deposit the controllable coating
structure and properties based on a magnetron sputtering technology so that the coating
performance can be optimized to satisfy the replacement of Cr in industry scale. Coating
structures are characterized by various techniques such as glow discharge optical spectrometer
(GDOS), X-ray diffraction (XRD), scanning electron microscope (SEM), transmission electron
microscope (TEM). The mechanical, tribological and corrosion properties of the deposited
coatings are evaluated using nanoindentation, scratch test, pin-on-disk, dynamic polarization
techniques respectively.

The first study is related to chromium nitride coatings with controllable structure. The
hysteresis curve and target voltage versus nitrogen flow rate curve are used to predict the phase
evolution of chromium nitride. Optical emission spectroscopy (OES) analysis for various RF
biases reveals that the increased substrate bias leads the nitrogen content to decrease. The second
study is concentrated on Cr-Zr-N system. Solid solution CrN(Zr) coatings and nanoscale
multilayer CrN/ZrN coatings with bilayer thickness (A) ranging from 11.7 to 66.7 nm are prepared.
CrN(Zr) coatings show a maximum hardness value of approximately 24 GPa while CrN/ZrN
multilayers present constant hardness of 29 GPa. In corrosion tests, these coatings show good
chemical inert and very low corrosion current densities. To enhance the performance of CrN/ZrN
multilayers, a further effort to add Si into CrN/ZrN multilayer is carried out. The deposited
CrSiN/ZrN multilayer coatings with A from 13.4 nm to 86.9 nm have nanocrystalline/amorphous
structure (nc-CrSiN/a-ZrN). They demonstrate elevated corrosion potentials in comparison with
the single layers. On the other hand, CrN/ZrSiN multilayers with A from 11 nm to 153 nm form
nanocrystalline/amorphous period structure (nc-CrN/a-ZrSiN). This multilayer structure shows a
good combination of high hardness from ZrSiN and good toughness from CrN. The addition of Si
into ZrN individual layer has been shown to be an efficient way to inhibit pitting corrosion.

Key words: Magnetron sputtering; Multilayer; Mechanical, tribological and corrosion properties;
CrN; Cr-Zr-N; CrSiN/ZrN; CrN/ZrSiN

-I1I-



Résumé

Résumé

Elaboration de dépots nano-composés par pulvérisation cathodique magnétron

pour la substitution du chrome électrolytique

Zhiguo ZHANG

Cette thése concerne 1’élaboration et la caractérisation de multicouches a base de CrN
pour le remplacement du chrome électrolytique. L'objectif principal est d’élaborer des revétements,
dont les propriétés (structurales, mécaniques, tribologiques etc.) sont contrdlables par
pulvérisation cathodique magnétron. Les structures des dépots sont caractérisées par diverses
techniques telles que la Spectroscopie a Décharge Luminescente (SDL), la Diffraction de Rayons
X (DRX), la Microscopie Electronique a Balayage (MEB), la Microscopie Electronique a
Transmission (MET). Les propriétés mécaniques, tribologiques et de corrosion des dépdts sont
évaluées en utilisant respectivement un nano-indentateur, des tests de rayure et de pion-disque et
des mesures de polarisation dynamique.

La premiere étude concerne la synthése du nitrure de chrome. Les courbes de la tension
de la décharge et de la pression totale en fonction du débit d’azote injecté sont utilisées pour
prévoir la phase d’obtention du nitrure de chrome. L'analyse optique par spectroscopie d'émission
(OES) a permis de corréler le taux d’azote dans les revétements avec la tension de polarisation du
substrat.

La deuxiéme étude concerne le systéme Cr-Zr-N. Dans un premier temps, le zirconium
est introduit en solution solide dans CrN pour former CrN(Zr). Des multicouches CrN/ZrN a
1I’échelle nanométrique sont ensuite élaborés avec des périodicités comprises entre 11.7 et 66.7 nm.
Concernant la dureté des revétements, on a montré que CrN(Zr) présente un maximum de dureté
de 240 GPa a 1,5 at.% de Zr. Par ailleurs, les multicouches CrN/ZrN présentent une valeur de
dureté constante de 29 GPa. Les essais de corrosion réalisés sur ses dép6ts ont montré une bonne
stabilité¢ chimique des revétements et de faibles densités de courant.

Du silicium est ensuite ajouté au systéeme multicouche CrN/ZrN. Les revétements
multicouche CrSiN/ZrN et CrN/ZrSiN avec des périodicités différentes sont synthétisés et forment
des structures nanocristalline/amorphe. Une amélioration de la tenue a la corrosion pour le
systéme CrSiN/ZrN est observée comparée aux monocouches CrN et ZrSiN De méme, la structure
CrN/ZrSiN permet une bonne combinaison de la dureté élevée de ZrSiN et de 1’excellente
résilience de CrN. De plus, on constate que 1'addition du silicium dans ZrN empéche de maniére

efficace la corrosion de type piquration.

Mots clés : Pulvérisation cathodique magnétron ; Multicouche ; Propriétés mécanique,
tribologique et de corrosion ; CrN ; Cr-Zr-N ; CrSiN/ZrN ; CrN/ZrSiN
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Chapter 1. Introduction

1.1. Electroplated chromium

In the last century, electroplated chrome has become a commercially available
product, and the related industries have developed into a huge, well organized,
sophisticated and financial business [1]. Chrome plating is actually an electrolytic
process, which utilizes a chromic acid-based electrolyte to deposit metal on
compounds. Because of the intrinsic property of chromium and the mature technology,
electroplated chromium coatings exhibit a number of desirable characteristics, which

are shown in Table 1.1.

Table 1.1. Desirable characteristics of electroplated chrome.

»  Lubricious »  Inexpensive

>  Easily applied »  Various thickness

»  Not flammable »  Provides versatile colors

»  Stable for weeks or months »  Conductive

»  Resilient (repairs itself) »  Flexible

»  Re-hydrated after baking >  Easy to strip

»  Coats in recesses »  Single tank

» Inexpensive equipments »  Durable

>  Prevents oxyde formation »  Provides adhesion for organics

»  Slow corrosion in prototypic tests (e.g. salt »  Help prevent corrosion of painted surfaces

spray, roof top, etc.) (e.g. creep)

In addition to an excellent hardness, electroplating chrome products generally
provide good adhesion to most substrates, bright appearance with no discoloration,
low friction coefficient and high service temperature capability as well as high
resistance to corrosive environments. Electroplated chromium has a unique
“self-healing” property in most cases [2]. When they are damaged, the chromium
compounds would repassivate the exposed areas. Moreover, chrome plating is
low-cost, easily applied technique. The combinations of performance and economy

make it one of the greatest competing products for aerospace, oil and gas industry,
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heavy equipments and a wide range of general applications in industry as well as
decorative metallic coatings. However, traditional hexavalent chromium plating
technology suffers from some quality and process problems [3]. The low cathode
efficiency in hexavalent chrome plating results in a major issue: poor coverage in low
current density areas and excessive build-up in high current density areas. The
abilities of such coatings to cover the part uniformly are very small. In some cases,
the part is over-plated and even it affects the final dimensions. In order to reduce this
effect, auxiliary anodes are usually used to provide more uniform coatings of the part.
The other drawbacks of chrome plating technique are that it is easy for embrittlement
and very difficult to be used in barrel plating. The most important drawbacks is that it
is a unfriendly process to worker and environment due to the toxic hexavalent

chromium ion source [4].

1.2. Electroplated chrome applications

The most common hexavalent chrome solutions can be roughly divided into two
parts: decoration and function, which is based more upon their applications than the
chemistry of the processes [5]. However, in the overall hexavalent chrome plating
market, the hard or functional chrome plating possesses much less percentage, only

less than a quarter of the overall hexavalent chrome plating (See Fig. 1.1).

Hard Chrome
$3.19 Billion

Decorated Chrome
$15.91 Billion

Fig. 1.1 Worldwide Chrome Plating Demand, Functional vs. Decorative, 2003 [5].
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Decorative electroplated chrome provides a durable coating with a substantial
amount of abrasive wear and chemical corrosion resistance as well as visual
appearance. It is usually deposited on substrates such as steel, aluminum, plastic,
copper alloys and zinc-die castings with a thickness range of 0.5-30 um. Thinner
deposits are very porous and only offer the minimal physical property whereas thicker
deposits tend to be dull and form visible cracks. However, the final performance of
these deposits depends upon the chromium deposit interacting in synergy with their
underlying deposit, typically nickel. Their functions, besides aesthetic appearance,
include thermal control and energy saving in buildings and applications to surfaces,
which are subjected to abrasive wear and high temperature. Common items of
decorative chromium include appliances, jewelry, plastic knobs, hardware hand tools,
office furniture and automotive trims.

Functional chromium plating (or hard chromium) often offers protective
electroplated layers against wear, abrasive and corrosion to machinery, components
and tools. Substrates on which chromium is plated include both hardened and
unhardened steels, tool steels, stainless steels, cast irons and aluminum. Common
applications of functional chromium plating are aerocraft land gear, hydraulic
cylinders and rods, crankshafts, printing plates/rolls, pistons for internal combustion
engines, molds for plastic and fiberglass part manufacturing, and cutting tools.
Specially, it is also used to rebuild worn parts such as rolls, molding dies, cylinder
liners, and crankshafts. A general property requirement in aerocraft industry is shown
in Table 1.2 [6]. In this case, the coating is mainly built as a wear resistant layer.
However, because the types of components and applications for which hard chrome is
currently used are various, the requirements are versatile. In some cases, the chrome
plating process has to be designed together with the other manufacture process. For
example, during engineering practice, chrome plating has been integrated with today’s
diesel-engine design and manufacturing. Through combining its low cost, high
performance and ease of manufacturing, functional chrome plating has been approved

to be a relatively cost-efficient and effective solution [7].
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Table 1.2. General chrome coating requirements in aerocraft industry [7].

Properties Requirements Comments

Thickness 3um to 150pm Thin dense, Rebuilding
Hardness 600-1000HV Wear/corrosion resistance
Porosity <2% Prevent gas/fluid leakage
Fatigue Low Add life time
Embrittlement Low Increase strength

Finish capability Fine Minimize seal wear
Process control Good Decrease costs

Fit with depot and field repair Yes Decrease costs

1.3. The driving forces of chromium replacement

1.3.1 General environmental impacts

Health and environment are the initial impetus for considering alternatives to
electroplated chrome [8]. It should be noted that for electroplated chromium coatings,
the problem is not with the chromium itself because it is almost inert, but with the
hexavalent chrome plating process, which uses a chromic acid solution, releasing into
the air in the form of a fine mist and producing a large volume of chrome
contaminated toxic waste. Moreover, it has been long known that hexavalent chrome
is carcinogenic and causes a wide array of medical problems such as deviated septa
and skin and lung irritation [5, 8]. Fig. 1.2 presents the general plating chrome process

and its deduced health and environmental problems.

Cr&* mist
0 O gi6otonsyr Cré* rinse
Cré contam. ® o [Cré* contam. hcoreid

Q
masking o stripping soln] ~130 million gals

Cr® sludge

Cr® spills, leakage

Fig. 1.2. Chrome plating process and its problems [8].
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The main problems encountered with its use are listed as follows:
> The plating process liberates high volumes of Cr®" mist, which must be ducted
away from the plating tank in order to prevent its emission into the air.
Chrome tank wastes are toxic, as are Cr®" -contaminated maskants.
The process produces high volumes of Cr®" -contaminated rinse water.
Personnel are exposed to Cr®" mist in the plating facility, but it has been found

that uncontrolled exposures also occur during demasking.

1.3.2 Regulations

In order to reduce the threat of the deteriorative environment, many efforts have
been made worldwide to restrict the industrial pollutions. As quoted in the
Environmental Safety and Occupational Health (ESOH) issues of the USA, the
regulations of industrial processes and products associated with chemical and heavy
metals are tightening globally. In response to growing health concerns, in the USA,
the Environmental Protection Agency (EPA) began to regulate chromium emissions
into the air. The permissible exposure limit (PEL) for hexavalent chromium in the
workplace is now 0.1 mg/m’. A proposal for change made by the Occupational Safety
and Health Administration (OSHA) to 5 pg/m’ exists, with the ultimate goal of being
a total ban [9]. EPA is now advancing a new round of pending air emission controls
for small and medium-sized plating operations. Their final regulation was published
in 2008. The implication of current hazard classification trend is that even metals
traditionally viewed by the commercial community as “green” alternatives to
chromates or electrolytic hard chrome (EHC) are now being targeted as potential
carcinogens and candidates for further regulations or eliminations.

In the European Union (EU), ELV (End-of-life Vehicle), WEEE (Waste
Electrical and Electronic Equipment) & RoHS (Restriction of Hazardous Substances)
directives regulate the management of waste from a wide range of electrical and
electronic consumer appliances as well as professional equipments [10]. ELV

directive restricts the use of lead, mercury, cadmium and hexavalent chromium on
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new vehicles. WEEE directive requires that producer should be responsible for taking
back and recycling electrical and electronic equipment while RoHS directive regulates
the substitution of various heavy metals (lead, mercury, cadmium, and hexavalent
chromium) and brominated flame-retardants in new electrical and electronic
equipment put on the market after 1 July 2006. There are also other EU and
international agreements and initiatives relevant for metal finishing as well, which
include the Stockolm Convention on Persistent Organic Pollutants (POPS), the
Convention on Long Range Transboundary Air pollution (LRTAP) and Heavy Metal
protocols. Actions under these agreements restrict materials such as perfluoro-alkalis
as key ingredients in chemical fume suppressants used to control Cr®" emission in the
workplace and ambient air [11]. In Asia, Japan and some other countries have
comprehensive bans on hexavalent chromium under considerations. And there appears
to be no near-term legislative initiatives. It is worthwhile to note that as more products
are produced and sold globally, the location regulation is becoming global effects on
the chrome plating industry. Their cost is expected to be high, which pushes the

chrome plating economic viability to the limits.

1.3.3 Industrial today

Although the continuous increasing costs in chrome plating industry associated
with waste treatments, air pollution controls, operator personal protections and
immigrations of plating shop are bringing the alternatives into a much more
economically competitive situation. The situation that a sudden changeover is
expected from chrome plating to one of those alternatives has failed to happen. On the
contrary, the chrome plating industry has largely stabilized in the past few years. The
plating shops did quite well and some even were thriving in many cases. Many
customers have little or no interest in giving up chrome. In Europe and North America,

it is ambivalent while Asia is largely unconcerned with regulating chrome plating.



Chapter 1: Introduction

1.4. Alternative techniques

The replacement of chromium by other coating technologies has been under way
during the last decades. However, either in business or in engineering, replacing a
widely used coating technology such as hard chrome is not a single replacement in
technology but rather several alternatives suited for different applications. In practical
operations, it depends upon many factors but ultimately comes down to individual
decisions based on economics. Only when electroplated chrome fails to provide
adequate performance but has to afford the very high waste-disposal costs will the
arguments of replacements increase. This is the case especially when the alternatives

can provide more stringent customer performance requirements.

1.4.1 Options of alternatives

Many industrial initiatives and efforts have been undertaken to find suitable
alternatives and eliminate hexavalent plate chrome from the coating market. A number
of coating techniques have emerged that may pose the competitors to hexavalent plate
chrome (in case of hard chrome, see Fig. 1.3). While some remain still in the
developing stage, the others have already begun to take market share away from
chrome plating. However, as the chrome plating industry has been developed for
almost 70 years and the wide range of applications corresponds to different
requirements, it is quiet difficult to replace it by any single technology or coating.
From the view-point of environmental, performance and costs, three major groups of
technologies can be thought to be perspective replacements for electroplated chrome
[12]. These alternatives include the bath technologies in terms of trivalent chrome and
the dry, clean coating methods: thermal spraying and Physical Vapor Deposition
(PVD).
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Hard chrome
alternatives
Aqueous Vacuum
Thermal spray electroless, coatings Weld coating
electroplates 9

Electro -, || Post magnetron | | Electrospark Plasma and gas
Electroless Ni sputtering deposition nitriding

| e s || nCo-P Other sputter, arc Explosive
Brey; electroplate coatings cladding
Cold spray M Hollow cathode Laser cladding
Other alloys,
composites

Fig. 1.3. Hard chrome plating alternatives, shown by major process types [12].

Heat treats

— HVOF carbides —

Among the various electroplated chrome techniques, trivalent chrome is a new
electroplating technique, which uses a similar processing method to hexavalent
chrome but reduces most of the hazards. Such a technique has already made serious
inroads in decorative chrome market [13]. The prospects of trivalent chrome are
becoming viable due to the recent improvements. In the long run, a hard trivalent
chrome coating may provide an alternative to hexavalent chrome that would allow
chrome platers to maintain their client set in critical wear coating market. To date,
however, there is no satisfactory hard trivalent chrome process, but a number of
companies and consortia have initiated development efforts. The detailed examples of
using trivalent chromium technology to replace electroplated hexavalent chrome can

be found in Ref. [2, 14].

The form of thermal spraying that represents the greatest commercial threat to
hard chrome is HVOF (High Velocity Oxygen Fuel) thermal spray technology, which
is a dry process that can use a wide range of coating materials, allowing coating
customized for individual tasks. HVOF sprays are used in aerospace applications on

landing gears, flap actuators, shafts and hydraulic parts. These coatings can be made
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very thick, so that they can be applied for rebuild. HVOF coatings applied in wear
applications provide superior performance in most situations when compared to
electroplated chrome [3, 6, 15, 16]. The weakness of thermal spraying is generally
considered to be the cost. Another important limitation of all forms of thermal

spraying is that they are “line-of-sight” technologies.

PVD, another dry and clean technology, is technically competitive and
environmentally friendly to replace electroplated chrome [1, 5, 12, 17, 18]. In the last
decades PVD technology has developed rapidly into a mature, profitable and
increasingly important sector of the surface engineering industry. The advanced PVD
coating system can be used to deposit compound coatings with composition so far that
can not obtained by any other conventional plating process. They produce high
quality coating material savings and environmental benefits in numerous applications,
e.g. through increasing service life, reducing emissions and energy consumption,
improving recycle abilities. In PVD coating fields, different deposition technologies
are available, but when it comes to replace chrome plating, only two of them are
commonly considered to be the potential alternatives [12]. These are magnetron
sputtering process and electron beam PVD (EBPVD). However, in comparison with
EBPVD, the coating quality deposited by magnetron sputtering is more convenient to
be controlled so that most of the developed coating systems are based on magnetron

sputtering technology.

1.4.2 PVD coatings as replacements of electroplated chrome

A number of PVD coatings have been developed during the last decades.
However, only very special coatings have been engineered for specific applications at
present. Fig. 1.4 shows an overview of the most frequently used PVD coatings in
friction applications [17]. These coatings are considered to be the potential

replacements of hard chrome. The main coating properties can be found in Table 1.3.
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B 4C:
\Various

Me-DLC

Fig. 1.4 Estimated global use of PVD coatings in friction applications [17].

Table 1.3. Industrially applied PVD coatings for wear resistance to replace hard chrome [17].

CrN Me-C:H a-C (pure DLC) MoS, TiN
2igoﬁﬁon emperature 150 -300 150 -250 150 -500 150 -250 150 -450
Hardness (HV 0.05) 1200-2200  800-2200 3000-7000 300-600 2000-2500
Internal stress (GPa/um) 0.1-1 0.1-1.5 2 -6 0.1-1 1-2
Thickness (um) 1-50 1-5 1-2 1-10 1-6
Friction coefficient 0.4-0.6 0.1-0.2 0.02-0.1 0.1-0.2 0.5-0.7
Maximum temperature (°C) 750 350 450 400 450
Abrasive wear - + ++ ++ -
Adhesive wear - +++ +++ - -
Corrosion +++ + +++ + +
Practical problems low low adhesive flaking low shear
Industrial experience -+ ++++ - + -+

-10-
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TiN

TiN is the most well-known PVD coating. It has been used extensively in the
fields of cutting tools. Due to its long term experience and availability, it is sometimes
used as a replacement for hard chrome. However, the properties of TiN need to be

optimized in order to satisfy the specific applications.

MoS,

Molybdenum Disulfide shows excellent tribological properties, especially their
very low friction coefficients. A major drawback of pure MoS, is that the resistance to
shear stress is relatively low. Therefore, coatings of pure MoS, are used in
combination with other hard coatings like TiAIN in order to produce specific sliding

wear properties [19, 20].

DLC and Me-DLC

Due to intense research and development efforts, DLC (Diamond-Like Carbon)
coatings are suitable for many industrial applications and at present they are widely
commercially available. The increasing interest for DLC coatings is that it is
substantially harder than any other conventional hard coating. Moreover, it can
provide excellent tribological characteristics similarly to those of graphite. It is
therefore the best surface material currently available for high-precision, high-stressed
mechanical compounds. They are also considered the most potential replacements for
electroplated chrome.

To improve the quality of DLC and especially to satisfy specific applications,
other chemical elements can be incorporated into the pure DLC coatings to tailor their
chemical compositions and vary their properties. The addition of the other elements
can improve the elasticity, toughness, adhesion and conductivity. The doped elements
including Ti, Cr, W, and Si have been proposed as an alternative way to reduce the
residual stress while maintaining fairly constant hardness values of DLC [21]. For
example, a 1% to 2% of Si doping DLC coating is very suitable for improving the
adhesion of DLC film to substrates, which can reduce the internal stress while
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maintaining the surface hardness of DLC films [22]. The Cr doped DLC coatings
deposited by unbalanced dual-magnetron sputtering in pulsed DC mode, present some
admirable properties, for example, very smooth surface, high hardness of nearly 27
GPa, good adhesion and low average friction coefficient of 0.08 [23]. In short, these
kinds of Me-DLC coatings provide great flexibilities to tailor the pure DLC coating
properties.

Another important development in DLC thin film field is that DLC coatings
have been successfully deposited on flexible polymers and rubber-like flexible
substrates. These new coatings possess a compositionally graded microstructure and
thus have a gradient of mechanical properties. In addition to these coatings that hold
promise for application on flexible or polymeric substrates, new forms of carbon films
with structure and properties close to those of DLC are now being concerned. They
show excellent mechanical and tribological properties. For instance, the coatings
produced under magnetron sputtering with a fullerene like microstructure present very

hard and resilient as well as exceptional ability of elastic recovery [24].

CrN

Chromium nitride has been widely used as an anti-wear coating [25, 26].
Though having generally a higher friction coefficient than hard chromium, a great
advantage of CrN is that the internal stresses are very low. Coatings with thicknesses
over 40 um are routinely used in automotive applications. They are the initial

replacements for electroplated chrome.

1.4.3 PVD coating applications for replacing electroplated chrome

A number of PVD coating applications have been introduced in the last ten years.
The range of PVD coatings has been extended from the initial cutting tool fields to
various industries, such as aviation, astronavigation and automobile products. A

simple overview is given in Table 1.4 [27, 28].
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Table 1.4. An overview of present and future PVD applications [27, 28].

Segment Substrate | PVD Thickness | Remark
Coating
Present applications
Automoti Routinely used by one of the
ve Piston | CrN 40 um largest Japanese piston ring
ring supplier
Drive Used for highly loaded race
CrN 3 um .
rods engines (Formula 1)
Turbo )
Cr/W-C:H |3 um For passenger car turbo engines
shafts
Diesel fuel pumps Fuel injectors
Fuel Cr/W -C:H .
L 3 um Applied already on over 50% of the
mjection | DLC )
world production
Valve Tappet, Camshaft
] Cr/W-C:H |3 pum . .
train Starting to be applied on large scale
Drive B.C Cr/W
) sun gears
train -C:H
Various Forming
CitN, CrCN | 2 um
tools
Moulds, CrN, CrCN
. 2 um
dies and Cr-C:H
Future applications
) . CrN based .
Hydraulics Pistons . up to 20 um | Improved field life expectancy
multilayers
Cutting CrN  based Use expected in cutting, slitting,
Cutlery . up to 3 um .
tools multilayers medical fields
Aeronautical | various various
) . CrN  based .
Textile various . up to 10 um | replacement of Ni/Cr
multilayers

The main applications of PVD coatings at present are in the automotive

segments. The important applications can be found in the fuel injection train in the

near future. The new generation train with very high pressure fuel injection systems

has become economically feasible by using PVD coatings. This is due to the

considerable advantages of PVD coatings that the coating can be made relatively thin.

PVD coating thickness requirements are only a few um, allowance for coating

thickness is not required, and the part to be coated can be remained at a final

dimension. The other examples of PVD coating application are shafts of the turbo
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compressor. In the other way, considerable growth for PVD is expected in the
automotive industry. Applications at present are mainly for high performance car parts.
This will certainly have spin-offs for the normal car productions. The continuous
driving force for improved energy efficiency, weight reduction, noise reduction, and
volume reduction are all favorable conditions to increase the use of low friction PVD

coatings.

The applications which are growing rapidly rely on the fields of punching and
forming tools. In these cases, the goals are to increase the lifetime of the forming tool
and to improve the surface quality of the final formed part. Coatings that provide high
hardness and reduce mechanical forces by adding a lubricative coating during
elaborations are possible by PVD techniques. In this case, combinations of hard and
soft coatings are often proposed, mainly CrN, Cr-C-N and Me-C:H. The other
important applications are in moulds, dies and extrusion forms. Initially, CrN coating
was widely used in these areas, but the use is now shifting to combinations of hard

and soft coatings.

In addition to the above applications for PVD coatings, a number of research
reports has shown the possibilities of using PVD coatings to replace electroplated
chrome [2, 4, 17, 29-31]. However, like any new technique under development, the
weakness of PVD coatings is its high cost. However, this problem is progressively
solved because of the development of PVD coating equipments and technologies. It
has been reported that the average cost price reduction of around 7% per year on top
of normal inflation has been achieved in the last decennium. It is also expected that
the price reduction corrected for inflation will remain at a level of 10 % per year for
the near future by further technological development [17]. Also, the superior

properties provided by PVD coatings are attracting a great attention.
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1.5. Magnetron sputtered nanocomposite and multilayer coatings

1.5.1 Magnetron sputtering techniques

As mentioned above, magnetron sputtering technology is one of the most
available PVD techniques. The process relies on a suitable ion bombardment of a
target material by noble gas ions (normally Ar") in glow discharge plasma [32-38]. As
well as being considered a dry and clean technology among the various coating
techniques, magnetron sputtering provides a combination of advantages like no others.
Firstly, it is a method of production which is economically efficient generating the
thinnest and most uniform coating possible. The second is that it is a dry process at
low temperature and low pressure, which forms an indestructible bond between
coating and substrate so that a good adhesion is available. Moreover, it offers great
versatilities as compared to the other coatings. Since being a cold transfer, it can be
used for the deposition of a wide range of materials on any type of substrates,
including metals, ceramics and temperature sensitive plastic materials. In addition, the
process is a controllable deposition that can be repeated in a automatic mode. In
summary, this solution is adopted to create more resistant, higher, cleaner and more
economical materials not only affecting the current industry but everyday life.
Magnetron sputtering techniques is also considered to be the best choice to deposit
multilayer coatings. Due to its advantages, magnetron sputtering can be thought as a

perspective technology to replace chromium plating technique in industrial scale.

1.5.2 Multilayer configuration

The concept of multilayer coatings comes from the composite coating. A
composite coating usually consists of two or more phases combined either as different
layers (multilayer) or as a homogeneous isotropic mixture of different phases
(multiphase). The aims of such coatings are to combine the desired properties from
different components as well as the creation of new properties generated by the

combination of suitable materials. Since the thin, high quality coatings are usually
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deposited by PVD processes, multilayer coatings can easily be obtained by the
alternate use of different material sources (magnetron, evaporator, etc.) in PVD
deposition processes [39]. However, comparably, as described above, magnetron
sputtering is the most suitable technology for the deposits of multilayer coatings due
to the facts that they are easily controllable.

When dealing with multilayer coatings two cases have to be distinguished.
Classical multiple layer coatings and nanoscale multilayer coatings. Classical
multilayer or multiple layer coatings consist of a few (usually 3 to 20) different layers
with a total thickness of 1-8 um. These types of multilayer coatings are commercially
available since the early 1970s. They usually consist of one or more Al,O3 or TiAIN
layers between the layers of TiN, TiC, and TiCN [40]. The Al,Os or TiAIN layers are
introduced to obtain a better high temperature oxidation resistance. Additionally,
multilayer coatings consisting of materials with different mechanical properties may
show a better performance since crack propagation may be deflected or stopped at the
interfaces or in the more ductile material [41]. The tribological behavior of the
classical single layer coatings TiN and TiC can be improved by building multilayer
structures. The classical examples of TiN/TiC, TiN/TiC/BN, TiN/TiC/B4C,
TiN/TiVC/AIN, and TiN/TiC/SiC multilayers with structures composed of 3-150
layers have exhibited a lower coefficient of friction as well as a longer edge life when
they are applied on cutting tools in comparison with the single layer TiN and TiC
coatings [42].

Multilayer coatings with layer thickness in the nanometer range have shown
extremely high hardness, which makes them very attractive for tribological
applications. They are so called nanoscale multilayers. For PVD single layered
coatings applied in practice, they are relatively thin when compared to electroplated
coatings and normally have a columnar structure. Failure of these coatings may occur
owing to coating porosity, micro-cracking, residual stress and thermal expansion
mismatch. These disadvantages can be overcome by growing a multilayer with
relatively short period. As a result, the obtained high hardness and toughness enhance
the resistance to fatigue owing to crack deflection at the multiple interfaces within the
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coatings. The bilayer in the nanoscale results in the significant reduction of residual
stress. Furthermore, the multilayer structure provides an additional capability to
perform an increased corrosion resistance. Multilayer coating usually uses a graded
interlayer to enhance adhesion, which can be attributed to the formation of diffused
interfaces to ensure good bond to the substrate. Another advantage of multilayer
coating is that the composite coating principle applied in multilayer designs can
provide a convenient way to predict coating property, which means that the
combination properties such as high hardness, high toughness and low friction can be
obtained simultaneously to satisfy various applications through selecting different
coating partner systems [43-47]. In these cases, the multilayer deposition process is
usually carried out by magnetron sputtering or reactive magnetron sputtering
technology. The multilayer structure can be controlled by switching on and off the
different sources, shuttering the different sources or a suitable sample movement in
front of different sources. Appropriate multi-target geometry and controlled target
poisoning conditions by optimized pumping conditions can lead the deposition
conditions to be similar in their economy to the deposition of typical monolithically
grown binary hard coatings. In this way, the deposit coating offers one of the best
categories, in particular high hardness, wear and corrosion resistance and low friction

as well as high temperature performance.

1.5.3 Multilayer conceptual design

Multilayer conceptions provide the flexibilities to design coating for specified
applications. In designing the proper multilayer system, the task can generally be
divided into two areas: structure design and functional design. Multilayer structure
can be tailored by changing the geometry and morphology of the grains, grain size,
growth orientations, thickness of the individual layer and the constitution and size of
the interfacial boundary layer. In this way, the changed structural components ensure
the coating to enhance toughness and hardness so as to produce more wear resistant

coatings [45, 48]. On the other hand, the functional design aspect includes the
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selection of the material which depends on the type of bonding (i.e., metallic, ionic,
and covalent), the thermal, physical and mechanical properties of the material. Fig.
1.5 presents the bonding triangle and property changes with the differences in
chemical bonding [49]. The hardness of a material is often dictated by its intrinsic
properties. Materials with a high degree of covalent bonding are generally harder than
those with metallic or ionic bonding because of their generally shorter bond lengths.
However, chemical stability and inertness usually occurred as a result of ionic
bonding whereas metallic bonds yield better adhesion and toughness. Unfortunately,
few materials consist of entirely one type of bonding. Mixed bonding can be tailored
to create a film that exhibits properties indicative of each type of bonding. For
example: with the increasing demands on material systems, high hardness and good
toughness are required. This can be realized by a combination of covalent bonding
and metallic bonding. It is important to mention that chemical inertness between the
coating and the machined material in various environments is also required and

should not be ignored.

Strength Covalent hard materials
Hardness Diamond like structure

I
Adhesion é\

Toughness Stability

Inertness

Metallic
bond

Metallic hard materials Metal lonic hard materials lonic
like structure structure

Fig. 1.5 Hard materials for nanocomposite coatings in the bond triangle and changes in
properties with the change in chemical bonding PVD coatings for various applications [49].

1.5.4 Design nanoscale multilayer coatings

Fig. 1.6 presents the various designed nanoscale PVD coatings dedicated to high

temperature performance: TiAICrN/TiAIYN, to tribological applications: TiAIN/VN,
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Cr/C and to combination of wear and corrosion resistance: CrN/NbN, respectively.
These coatings present a bright future as shown in Table 1.5. The works have been
done by Materials Analysis & Research Services of Sheffield Hallam University, UK.
The figures and the related properties data are from their website and their recent

publications [47, 50-57].

HIGH TEMPERATURE, GENERAL ANTI CORROSION LOW
TiCcUT PURPOSE ANT] WEAR FRICTION
E TIAIYY E N N
la I TRAICEN L : E o
- AV = Tidly MNhN ® | Fisssiiiiiiieeteed
550 C D’..OOO:
DIALCHY VN CrN 2244 AN 4444444
_THAIYIN
N TIALCEN TidlN NhIN Cr
TIATYIN VN CilN -4 41
TIAICHN TIAIN NN 33331 C
TiAlCxlN Bass Layer VN ceN CrN
Cr Implanted VImplanted | | INb Implanted Cr Implanted
SUBSTRATE SUBSTRATE SUBSTRATE SUBSTRATE

Fig. 1.6 Designed superlattice PVD coatings for various applications [47, 50-57].

The abrasion resistant TiAIN is combined with VN to achieve a wear resistant
low friction coefficient superlattice coating. The lower friction coefficient is expected
to result from the formation of V,0Os at asperity contacts during sliding wear, a
lubricious oxide due to its low melting point [47]. TIAIN/VN is characterized with
exceptionally low friction coefficient, u=0.4 and exceptionally high wear resistance in
dry sliding conditions. This kind of coating is generally the purposed coating for high
speed steels, cutting tools and high alloy steels.

Another typical example for reducing wear is Cr/C superlattice coating. The
idea to design Cr/C coatings is originated from the excellent tribological properties of
carbon and carbon based materials, particularly their low friction coefficients. The
lower value of 0.11 is achieved when the coating is deposited on mirror polished high
speed steel (HSS) sample and is retained during sliding in dry air, oil and in water
environment. The coefficient of friction increases to 0.2 when the C/Cr is deposited
on the PVD coated HSS substrates. When this coating is deposited on top of PVD
hard coatings (TiAICrYN), it reduces the wear coefficient by almost a factor of 3 and
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shows exceptionally low wear rate in the range of 10" m?N"' when deposited on

polished steel substrate.

Table 1.5. Nanoscale multilayer PVD coatings for various applications [47, 50-57].

Coating

Application

TiAICrYN

Pseudo/Superlattice

Dry High Speed Cutting of Die Steels

Dry Cutting of Aluminum and Titanium alloys

Coating Aluminum injection moulding and forging
Machining of Inconel. Tools for hot forming operations.
Injection mould coating in abrasive applications.
Protection of aerospace Ti alloys
TiAIN/VN Low friction wear resistant general purpose coating for high speed steels
Superlattice Coating Cutting tools for Inconel, Hastelloy and High Alloy Steels
CrN/NbN

Superlattice Coating

Corrosion and Wear Resistant applications

Textile Parts, Petrochemical Applications

Moulds for plastic manufacturing

Hydraulic applications

Wood cutting and paper industries

Protection of steam turbine blades

Cutting knives, surgical blades

Protection of machine parts in food processing machines
Low temperature, (< 250 °C) process available

Potential replacement of electroplated hard chrome

C/Cr
Multilayer/

Superlattice Coating

Low friction (p= 0.15-0.2) solid lubricant coating

Automotive components

Precision Parts, Bearings.

Topcoat on all the above mentioned coatings to further reduce the friction
Cutting of special high Co containing Ni based aerospace alloys

Food industry, Surgical instruments, implants.

Low temperature (< 250 °C) process available

In the case of the designed multilayer coatings, TiIAIYN/TiAICrN multilayer

coatings are designed to achieve good high temperature performance. The role of Y

on the tribological properties at elevated temperatures as well as on the oxidation

resistance has been extensively studied and reported [58]. High-temperature
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pin-on-disc tests show that in contrast to other PVD coatings, the Y containing
“superlattice” shows a decrease of friction coefficient from 0.95 to 0.56 and wear
depth values from 2.8 to 0.9 mm when the environment temperature increases from
room temperature to 900 C. Due to its exceptional thermal stability, the
TiAICrN/TiAIYN coating find successful applications in protecting moulds for glass

industry, extrusion dies and forging dies for production of turbine blades.

Fig. 1.7 Coated mild steel samples after salt spray tests: (a) CrN/NbN directly on substrate after
24h; (b) chromium electroplated after 200h; (c) sample with CrN/NDbN coating containing Nb
barrier layer after 300h [58].

For the applications of corrosion resistance, the efforts on CrN/NbN superlattice
coatings have been carried out. The purpose of these efforts is to find a replacement of
electroplated hard Cr [52, 54, 56, 59]. This particular combination utilizes
superhardness with the exceptional chemical stability; therefore a superior corrosion
resistance has been achieved due to the presence of Nb. The potentiodynamic
polarization tests in acetic acid/sodium acetate buffer solution show their outstanding
corrosion current densities in the range of 10° Acm™ and no pitting up to potentials of
+800 mV is demonstrated by the smooth CrN/NbN coating deposited on Nb" ion
etched substrate [56]. Fig. 1.7 shows a corrosion resistance comparison among hard

Cr, CrN/NDbN directly deposited on mild steel and CrN/NbN with a Nb barrier layer
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during salt spray tests [47]. The results clearly show that the CrN/NbN coating with a
Nb barrier layer has the best corrosion resistance. This combination of tenfold
improves wear resistance with excellent corrosion performance of the CrN/NbN
superlattice coating, which allows hard Cr to be successfully replaced in case of
hydraulic ball valves, wood cutting tools, and various wear parts in petrochemical,

automotive and textile industries [60].

1.6. Objective of this thesis

As it has been introduced above, there has been increasing pressure on
electroplated chrome industry and considerable progress in the areas of nanoscale
multilayer PVD coatings. Thanks to their advantages, the PVD coating has become an
attractive electrolytic chrome replacement. However, as to the PVD multilayer
coatings themselves, there are still numbers of open questions associated with the
concept of coating design, coating synthesis, and the interpretation of material
characterizations. Nowadays, the new nanocomposite coatings have attracted much
attention [39, 45, 46, 61-65]. How to benefit from the advanced nanocomposite
concept for designing the multilayer coating structure and properties is one of the
emphases of this thesis.

In the past, our laboratory has developed a series of experiments in the
fabrication and characterization of hard coating such as CrN, CrSiN [66-70]. The
subject of this thesis is also expected to extend these works to novel approaches, such
as the fabrication of new nano-structured multilayer materials.

This thesis is one of the sub-projects included in the large project <Substitution
au Chromage Electrolytique>, which aims at finding the good solutions to substitute
electroplated chrome using an environment friendly technique in industrial scale. In
this thesis, the aim is to find the reliable coating systems based on the magnetron
technology so that the coating performance can satisfy the replacements of versatile
electroplated chrome applications. The following aspects are important for

advancement in the field of multilayer coatings for the purpose of replacing
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electroplated chrome and they also represent the objectives of this work.

- Developing a reliable PVD process control technique to ensure coating final
performance.

- Optimizing CrN coating deposition parameters for a specified coating deposition
system.

- Looking for a good multilayer partner with CrN to ensure the enhanced
performance in comparison with CrN.

- Designing a novel multilayer coating system with good performance and
investigating the evolution of coating properties as a function of the key
deposition parameters.

- Investigating the influence of an additional element on multilayer coating
structure and properties. It is preferred to combine the advantages of
nanocomposite and multilayer designing concept so that further improvement of

multilayer coating performance can be expected.

1.7. Organization of this thesis

This thesis is divided into 6 chapters: Chapter 2 describes the experimental
equipments and characterized techniques. Chapter 3 presents the process of
synthesizing and optimizing CrN coatings. The aim of this chapter is to control the
deposition parameters for the stoichiometric Cr, Cr,N and CrN coatings. To reach this
purpose, the hysteresis effects of nitrogen partial are studied and an optical emission
spectra (OES) technique is applied to investigate the detailed reactive process.
Chapter 4 shows the investigations in Cr-Zr-N system. The selection of ZrN as a
partner of CrN is based on a previous work. The ternary CrN(Zr) coating and
CrN/ZrN multilayer coating are produced. The influence of the main deposition
parameter: bilayer thickness or (deposition period) on coating structure and properties
is studied. Chapter 5 studies the influence of Si additions into multilayer coatings on
coating final performance. Two kinds of multilayer systems: nc-CrSiN/a-ZrN and

nc-CrN/a-ZrSiN are developed.
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Chapter 2. Experimental details

The intent of this chapter is to describe the main experimental details of this
research work. Much of this chapter is devoted to the description of the magnetron
sputtering system and the details of the reactive sputtering process. Additionally,
various other techniques and equipments utilized for the characterization of the

coatings are also presented.

2.1. Thin film synthesis

2.1.1 Magnetron sputtering

As one of the most important forms of physical vapor deposition (PVD)
techniques,, magnetron sputtering is commonly used in areas such as microelectronics,
magnetic films and solar control, machine tools and mechanical components. In
comparison with the other techniques, magnetron sputtering offers many attractive
advantages: (1) the high adhesive strength between coating and substrate; (2) the well
defined microstructural and compositional control of the layers; and (3) the low
deposition temperature, which is compatible with either the microstructure of
tempering and annealing metallic substrates, or the use of sensitive materials like
glasses and plastics. In addition, sputtering coatings usually have compressive stress,
which may reduce cracking although low stress is favorable to adhesion [35-37, 71].

In a conventional sputtering system, the coating material is inserted into the
vacuum chamber as a sputtering cathode under the form of a metal plate. After the
chamber has been emptied, the gasses usually argon or its mixtures are introduced
with a pressure range of 1-10 mTorr. Under this pressure, a negative potential U is
applied to the sputtering target, which firstly repels the stray electrons inside the
system. These free electrons collide with Ar atoms and ionize them into ion state,
meanwhile they produce more electrons. It is the initial stage of sputtering target

discharge. The visual glow near the target is due to the de-excitation of the atoms and
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ions. This collection of ions, electron and neutrals is so called plasma. As more
collisions occur and more ions and electron are generated, the plasma becomes
self-sustaining. When the ions strike the target through the accelerating electron fields
exerted on the cathode, the target material is sputtered as a result of momentum
transfer. On the other hand, they also generate secondary electrons. The sputtered
materials then moved toward the opposed substrate surfaces and were finally
deposited on the substrate. In the cases of magnetron sputtering, a magnet is located
behind the sputtering target. It is designed to trap the emitted secondary electrons in
cycloids and circulate movement in the vicinity of the target, hence increasing the
ionization efficiency, which can be up to one hundred times smaller than for a
conventional sputtering. This advantage allows the high deposition rates and a higher
kinetic energy at the impact on the substrate to be realized because of the lower
pressure. Unlike many other vacuum deposition techniques, there is no fusion of
material, therefore all the metals and alloys can be deposited with efficiency and high
control abilities [33]. If a reactive gas such as nitrogen, oxygen or acetylene is
introduced into the chamber additionally to the process gas, the nitride or oxide
coatings are deposited on the substrates. Different cathodes made of different
materials can be inserted in a vacuum coating system to produce multilayer systems.

A simple diagram of the principle of magnetron sputtering is presented in Fig. 2.1.

Vacuumpump Substrate Gas inlet

Plasma
AR ﬁ -
N S N
Magnet
. o ©
J?- HV | Power supply

Fig. 2.1 The principle of magnetron sputtering.
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The basic task in magnetron sputtering depositing thin films is to produce
coatings with the prescribed physical functional properties and in a fully reproducible
way. Therefore, different operating conditions are developed to enable he
microstructure, phase and chemical composition of the growing films to be
controllable. Among all cases, non-reactive DC or RF sputtering, reactive sputtering,
argon ions-assisted sputtering, coating material ions-assisted sputtering and pulsed
DC sputtering are well-developed and are now currently used in the industrial
production of coatings [37]. Such techniques extend the applications of magnetron

sputtering into a wider range including dielectric films and insulated coatings.

2.1.2 Coating deposition system

In this thesis, the coatings are deposited by a conventional magnetron sputtering
technique using a modified Alcatel SCM 450 sputtering unit (see Fig. 2.2). As can be
seen, in such system, up to three planar magnetron cathodes (® = 16 cm) with
water-cooling system can be equipped on the base plate of the cylindrical vacuum
chamber (® = 68 cm H = 30 cm). The cathode sputtering materials could be different
so that various gradient and multilayer coatings can be synthesized. The sputtering
materials are bonded to a water-cooled copper carrier, ensuring good electrical and
thermal contact. A mask is used to guarantee that only one target at a time is used for
deposition, which prevents the other targets from being polluted. The rotational
substrate holder with water-cooling system is attached to the top cover opposite to the
targets. The maximum distance between the target and the substrate is limited to 85
mm by the dimensions of the chamber while the minimum separation is
approximately 30 mm where the plasma process is disrupted for a lower distance.
During the deposition of multilayer coatings, the substrate holder is rotated until a
position directly above the target is reached. Then it remains stationary until the
desired films thickness designed by the deposition rate and time.

Various generators such as Direct current (DC), Radio Frequency (RF) and DC

pulse can be connected to both targets and substrate. For DC and DC pulse, constant
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current mode, constant power and constant voltage mode are available, whereas for
RF, controlling the output power is more conventional. In order to keep the base
pressure below 5 x 10 mbar, a turbo molecular pump system with speed of 27000
r/min is equipped. The pump speed at the pressure ranging from 10 —10"" Pa is about
380 I/s. Argon, nitrogen and oxygen gases are mixed before being introduced into the
reactor close to the target. They have the purity of 99.999% and are regulated with
brooks and EIC mass flow controllers. The dynamic ranges are 0-50 sccm for both N,
and O, and 0-100 sccm for Ar. The total pressure is monitored with EDWARD active
gauge controller while a more accurate MKS gauge is also equipped to monitor the
small changes of gas pressure in reactive sputtering process. In addition, a convenient
computer program is applied to control the vacuum system, gas flux and

water-cooling system.

Fig. 2.2 Photographs of the reactive magnetron sputtering system (a) sputtering system; (b) inside
the deposition chamber.
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2.1.3 Magnetron sputtering deposition parameters

The synthesized coating properties by means of magnetron sputtering system
can be controlled by adjusting the sputtering parameters. The main parameters include
the total pressure, volume fraction of reactive gases, substrate bias, target power
density, substrate-to-target distance, and the substrate temperature.

The sputtering current (I) determines mainly the rate of the deposition process
and hence the time which remains for the arriving particles during the growth process
for either surface diffusion and agglomeration on existing growth centers or
nucleation with other adatoms. The applied voltage (U), however, limits the maximum
energy, with which sputtered particles can escape from the target (reduced by the
binding energy). Usually, the energy of the sputtered particles shows a broad
distribution with a maximum between 1 eV and 10 eV. The applied voltage
determines also the sputter yield, which is defined as the number of sputtered particles
per incoming ion.

The total pressure (p) in the deposition chamber affects the mean free path (A)
for the sputtered material, which is proportional to 1/p. Combining with the
target-substrate distance (TS) the pressure controls how many collisions occur
between the particles on their way from the target to the substrate. This can influence
not only the porosity and the deposition rate of the films but also the crystalline and
the texture. Moreover, the ability of magnetron sputtering enables it to work on a low
pressure. The low pressure in the deposition chamber enables to create a cleaner thin
film. The typical working pressure range for magnetron sputtering is 0.1-1 Pa.

The substrate temperature has a strong impact on the growth behavior with
respect to the crystallinity or the density of the samples. It can be adjusted between
room temperature and 700 °C according to the substrate materials. However, even
during sputtering without external heating the substrate temperature may rise
considerably due to sputtered ion bombardment, especially during a long sputtering
time for the deposition of thick films. For instance, a one-hour deposition of CrN

coatings with a RF bias of 50 V in the current magnetron sputtering unit can raise the
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substrate temperature nearly to 150 °C. Since the setup is only equipped with a water
cooling system, the substrate temperature can keep a constant value of about 15 °C.
However, in all the depositions of this thesis, the water cooling system wasn’t used in
order to increase the coating density. The higher deposition temperature i. e. 500 °C is
impossible in the present setup due to the absence of the substrate heating equipment.

Usually substrate and target surfaces are parallel to each other during the
deposition. A variation of the deposition angle (or sputtering incidence angle) can be
achieved by tilting the substrate. Thereby a new preferential direction for the film
growth and the potentially anisotropic films can be produced [72]. In this thesis, the
substrate and target surfaces are always parallel and their distance is regulated at a
constant value of 80 mm.

Via the gas mixture one can control the coating stoichiometry. For the deposition
of nitride ceramic coatings, the nitrogen flux (Fx7) is usually the parameter that varies
whereas the desired total pressure is kept constant by the regulation of the Ar flow
rate or a simple method is applied to keep the Ar flow rate as constant.

The low energy (< 200 e¢V) ion bombardment method during deposition is often
used to affect the nucleation and growth kinetics of growing films, which eventually
can alter the microstructure, texture, surface morphology, internal stress, adhesion,
hardness, mechanical, physical and chemical properties of the coatings. An optimum
level of low energy ion bombardment can result in an increase in the mobility of
surface species that may improve surface roughness, increase film density and reduce
the number of pinhole defects. The ion bombardment is essential especially when
deposition is carried out at low temperature when there is little or no surface and bulk
diffusion. If the ion bombardment energy is too low or too high, the advantage of ion
bombardment can not be demonstrated evidently. Usually, bombardment by
high-energy ion beyond a critical threshold results in irradiation induced defects and
the damage of the film. Obviously, if the energy is too low, little effect is observed. In
addition to the ion energy, the ion flux can also play an important role in the influence
of film properties. One can obtain the beneficial effects without ion bombardment
induced defects by reducing the ion energy while increasing the ion flux. The
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energetic particles can come from the self-energy of the depositing atoms, from the
flux of energetic neutrals that result when using heavy target material, and most
importantly, from the flux of gas ions that were accelerated by a substrate bias.
Furthermore, the bias form and voltage have an important influence on the ultimate

coating properties [35, 73-75].

2.2. Determination of the basic deposition parameters

As discussed above, there are many deposition parameters that affect the final
coating performance. For a specified coating system, all these parameters need to be
optimized in order to get the best coating performance. The amount of work is huge as
there are complex interactions between these parameters. And for different coating
systems, the optimized deposition parameters are different. Therefore, in this thesis,
only the widely investigated parameters are concerned in detail, e.g. the nitrogen
partial, the substrate bias in the single coating system and the bilayer period for
multilayer coatings. As to the other deposition parameters, a simple method based on
Cr coating deposition is used to determine their values. The goal is fixed to obtain a
maximum deposition rate with high efficiency and a fine coating structure for the
deposition of Cr. To avoid the damage of the cathode sputtered particles on substrate,
the target-to-substrate distance was regulated at the nearly maximum value of 80 mm.
The substrate temperature, however, was maintained at room temperature at the
beginning of the deposition due to the limitations of this setup. In all cases, the
cooling system was not used in order to increase the substrate surface atomic
diffusion. The maximum deposition temperature is about 150 “C as discussed above.
The power of sputtering target was regulated as a constant current mode. Hence, the
discharge characteristics of magnetron target (Cr) vs. the deposition pressure can be
obtained and the results are shown in Fig. 2.3. In this case, no substrate bias was

applied.
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Fig. 2.3 The characteristics of sputtering discharge with different Ar flow rates.

From this figure, it can be seen that at different Ar flow rates, increasing the

target current I, the target voltage U initially increases dramatically, then changes into

a slight increment. The current range between 1.25 A and 1.5 A is considered to be a

transition zone. Below this range, the target current is insufficient to support sputtered

particle energy. Above this range, the increase of target current show little effect on

improving sputtered particle energy. On the other hand, with increasing Ar gas flow

rates, the target voltage vs. current curves firstly decrease rapidly, and then show a

very small change. The transition point corresponds to the Ar flow rate ranging from

10 to 15 scem. Therefore, the shadow zone as shown in Figure. 2.3 can be considered

a zone to obtain the high efficiency for depositing Cr coating. These four points are

then chosen to deposit pure Cr coatings on glass substrate. The cross-sectional images

of the obtained Cr coatings are shown in Fig. 2.4.
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Fig. 2.4 Scanning electron fracture micrograph of Cr deposited with various deposition parameters
(a) Target current: 1.25 A and Ar flow: 15 scem; (b) Target current: 1.5 A and Ar flow: 15 sccm; (¢)
Target current: 1.25 A and Ar flow: 10 sccm; (d) Target current: 1.5 A and Ar flow: 10 scem.

It can be observed that the obtained Cr coating under a target current of 1.5 A
and a Ar flow rate of 10 sccm has a typical columnar structure and the highest
thickness. As all the samples are prepared using the same deposition time, this coating
thus has the highest deposition rate. Therefore, in this thesis, without special issues,
the Cr target current will be regulated at a value of 1.5 A while Ar flow rate

maintained at 10 sccm.

2.3. Characterization

2.3.1 Coating chemical composition

Coating chemical compositions are generally evaluated by a Leco DS-750 Glow

discharge-optical emission spectroscopy (GD-OES) technique. It is a fast, easy-to-use
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analytical procedure, which can produce detailed information on both conductive and
non-conductive coatings. By the spectroscopy, sample analysis can be performed in
less than one minute and there is the added capability of direct depth profiling of the
solid sample without the need for any prior sample preparation [76-78].

Glow discharge utilizes a low-pressure, non-thermal process in which material is
uniformly sputtered from the sample surface by a stream of argon ions. The sputtered
material is then atomized and excited in a low-pressure plasma discharge, away from
the sample surface. The cathodic sputtering of the sample surface removes material
layer by layer, without any change in sample chemical compositions caused by
melting, selective volatilization, oxidation or re-solidification. The light emitted from
this excitation is analyzed using an optical emission spectrometer. The composition
and intensity of the light allows the quantification of the elemental components. The
excitation of the atoms occurs in the glow discharge plasma discretely away from the
sample surface, thus reducing the metallurgical and chemical history inherent in all
samples. Calibration curves are essentially linear and permit a good estimation of
concentrations by extrapolation beyond the calibration range. This process
characteristic makes the glow discharge an ideal source for very precise bulk content
analysis and an ideal analytical tool for the depth concentration profile analysis. The
design of the excitation source results in very little sample-to-sample carryover,
allowing quick matrix changes. In this thesis, GDOES depth profile is used to
estimate coating compositions. The operations were in agreement with ISO

14707:2000 standards.

2.3.2 X-ray diffraction for structure analysis

X-ray diffraction is a common technique to perform the structure
characterization of a solid material. The wavelength of the X radiation is of the order
of the interaction distances of the crystals, which acts as diffraction arrays. Indeed,
X-rays are diffracted in determined intensities and directions. Thus, the diffractogram

of a solid is a representation of its crystalline structure. Diffraction maxima are
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produced when the subtended angle is formed between the emergent and incident
X-ray beams. Their principles follow by Bragg’s Law. In this research, the coating
structure is mainly examined by a X’ Pert Pro diffractometer using the Cu Ka
radiation (wavelength A = 1.541 A), at a tube voltage of 40 KV and current of 30 mA.
High-angle (0-20) scan is used to obtain information such as crystallinity, phase, and
crystallographic orientation when compared to the tabulated references obtained from
the Joint Committee for Power Diffraction Studies (JCPDS). In multilayer structure
characterization, small angle X-ray diffraction (SMXRD) or X-ray reflectivity (XRR)
is used to determine the individual layer thickness and the interface quality.
Reflectometry is effective for the study of films with poor crystallinity as for instance,
amorphous materials with embedded nanocrystals. In this way, low angle incidence
provides more fraction of the X-ray beam to be diffracted which increases the signal
to noise ratio. Many film characteristics may be achieved by a simulation process of
XRR diffractograms. In this thesis, for the characterizations of multilayer, the

SMXRD scans are performed with a Bruker D8 advanced diffractometer.

2.3.3 Scanning Electron Microscopy

The scanning electron microscopy is a valuable tool for imaging coating
morphology. In this study, the morphological information of the as-deposited coating
specimens are obtained by using a JEOL JSM 5800 LV scanning electron microscopy
(SEM). Generally, the fractured cross-sectional images on silicon substrate are
achieved for a straight-forward observation of the film thickness and the identification
of the coating growth style. The surface morphological photographs after the
electrochemical tests also are obtained in order to investigate the corrosion
mechanism. This setup is equipped with a Princeton Gamma-Tech EDX system,
which makes it possible to determine the topography and the composition of the

corrosion products.
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2.3.4 Transmission electron microscopy

The structures of certain as-deposited coatings are studied by means of
transmission electron microscopy (TEM). It is a powerful analysis tool to observe the
microstructure directly by means of a focus beam of electron passing through a thin
foil specimen. By changing the focal length of the electron beam, TEM can be used in
either imaging mode or diffraction mode. In the former, the electron beam transmits
an image of the specimen onto the phosphorous screen. However, in the diffraction
mode the electron beam transmits diffraction contains information regarding the
crystal structure and orientation of the specimen onto the phosphorous screen. In this
thesis, TEM observation is performed on a Philips CM20 microscope operating at an
accelerating voltage of 200 kV. The samples are typically obtained on silicon
substrates thanks to their easy preparation. For multilayer coating specimens, the
cross-sectional images are preferred in order to get the detailed information about the

bilayer period directly and the thickness of different coating layers.

2.3.5 Nanoindentation hardness and modulus

The nanohardness and the elastic modulus are characterized by means of a
B2120 nano-indenter (Berkovich) on a MTS-XP Nanoindentation tester configured on
a continuous stiffness measurement (CSM) mode [79]. The major components inside
the MTS Nano Indenter XP are shown below. This indenter sits on a mechanical
vibration isolation table and its container has sound dampening materials inside. The
load frame is essentially the gantry of the indenter and should be as stiff as possible,
so not to contribute significantly to the displacement of the load train. The load frame
stiffness can be calibrated by an iterative procedure in which a number of deep

indentations are made in a standard material (i.e. fused silica).
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Fig. 2.5 A diagram of inside components in the MTS-XP nano-indentation tester [79].

Currently, the most common method for extracting the hardness and modulus
values from an indentation curve is known as the “Oliver and Pharr” method [80, 81].
This is also the method that the MTS-XP Testworks software uses to determine
hardness and modulus. Their method is based on the contact mechanics solutions
developed for a solid of revolution indenting a half-space. This method applies to both
sharp and spherical indentation. The Oliver and Pharr method begins by assuming a
flat, smooth, isotropic and orthogonal contact between the tool and the material.
Elastic deflections of the material are taken into account, as shown below. This
consideration allows more precise measurements of hardness and modulus properties,
as well as a more accurate determination of phase transformation pressures when

combined with other contact mechanics relations.

surface profile after P
load removal
indenter initial
s hy surface -

surface profile
under load

Fig. 2.6 The diagram of Oliver and Pharr method to determine nano-hardness [80, 81].
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From the generated curve, the three most important pieces of information that
are used to calculate hardness and modulus are the maximum applied load, Pmax, the
displacement into the surface at maximum load, hy,, and the slope at the beginning
of the unloading curve which is unloading contact stiffness, S. As described by Oliver

and Pharr, this unloading curve is fit to the function:

P=C(h—nh)"

Where P is the applied load at a point in the unloading curve, C, m, and residual depth
h; are empirically fit constants, and h is depth into the surface corresponding to a load
P. The value of m will be between about 1 and 2. This fit equation is then

differentiated, and the stiffness is found by evaluating:

dP)

2

While h, can be found experimentally for complete unloading, for this analysis it

remains a fit constant. To find material hardness, the relation:

H=—
A

1s used, where A is the area of contact between the indenter and the material at load P.
Different hardness definitions exist, but this is the definition used in depth-sensing
indentation. This is similar to the way hardness is found for Brinell, Vickers, and
Knoop methods, except that in this case the elastic deflection of the surrounding
material is taken into consideration. Hardness is typically evaluated at Py, but this
relation can be used to describe contact pressure at any point in the loading curve as

well, provided the tip geometry is known.

To calculate modulus, one firstly finds the reduced modulus derived as:

sz
" oapia

Where f is a constant close to 1 that varies depending on indenter geometry (= 1.034
for a Berkovich indenter). This relation was originally derived from purely elastic
theory for unloading between a conical indenter and a surface, but also holds true for

Berkovich and spherical indenters. The reduced modulus is related to material
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modulus E by the relation:

1 =) -y

E E E,

r I

Where v is the Poisson’s ratio and the subscript i refers to the properties of the
indenter. For diamond indenter, E; =1141 GPa and v; = 0.07 [79]. An inherent
weakness of this method is that v of the tested material must be known or closely
estimated beforehand. In this entire thesis, the Poisson’s ration was assumed as 0.25.
Although this assumption is not in the fact, it is shown that there are little
uncertainties to estimate the results [82]. For this work, the typical continuous
stiffness measurement (CSM) mode was operated with a constant strain rate of 0.05
s and the penetration depth was generally fixed at 500 nm. Without any special

issues, the nanohardness tests were performed on the AISI304 stainless steels.

2.3.6 Scratch adhesion testing

In scratch testing, a diamond stylus of defined geometry is drawn across the
surface of a coated sample at a constant speed with a defined normal force over a
defined distance. The normal force that can be constant, may progressively increase,
or may incrementally increase. The diamond stylus typically has a Rockwell C
geometry with an angle of 120 degrees and a spherical tip radius of 200 um. Different
tip radii can serve to change the contact pressure.

In a scratch testing, the tangential force, the penetration depth, and the acoustic
emission signals are recorded as secondary test data, along with the normal force.
After the completion of the test, the scratch track is microscopically analyzed for
specific, well-defined damage such as cracking, deformation, buckling, spallation, or
delamination of the coating. The critical load L. is defined as the load that
corresponds to the different failure events. This load is related to the practical
adhesion strength and the damage resistance of the coating/substrate system. The
critical load depends strongly on the test parameters (stylus parameters and geometry,

loading rate, scratch speed) as well as on the properties of the coated sample (coating
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thickness, surface roughness and microstructure, damage mechanism, hardness,
modulus of elasticity, fracture strength) [83].

Fig. 2.7 illustrates the scratch test method. Three load modes can be used to
determine the adhesion: constant-load, progressive-load, and incremental-load. The
widely used test method for PVD coatings is the progressive-load mode. In such a
mode, the stylus is drawn along the sample while the normal force is linearly
increased to a maximum predetermined value. The critical load is recorded as the
normal force at which the damage is first observed.

The tangential force F; is defined as the force that opposes the relative motion
between the stylus and the sample. During the scratch test, the tangential force (or
frictional force) may change in amplitude as different types of damage develop with
increasing load. The acoustic emission sensor can detect any high-frequency elastic
waves generated in the coating/substrate system by brittle damage events such as
cracking, delamination, chipping, or buckling. However, it is much preferred to use

the optical observations to determine the real damage events.

Applied Normal
Force Fy,

Diamond Stylus

Progressive Damage \ Coating on
Along Scratc Substrate

Specimen Horizontal
Displacement (dx/dt)

Fig. 2.7 Schematic of the scratch test method [83].

In this work, the apparatus used for this testing is a Teer ST3001 test machine.
The typical tests are carried out using a Rockwell diamond tip (200 um diameter) on
M2 high speed steel (HV(; =230) and work with a constantly increasing load rate of
100 N/min at a horizontal speed of the sample of 10 mm/min. After the tests, the
samples are observed by an optical microscopy but the critical load is derived from
the friction coefficients vs. displacement curve. The different damage events

depending on the coating system are defined and can be found in the next chapters.
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2.3.7 Tribology test

In tribological test, a flat, a pin or a sphere is loaded onto the test sample surface
with a precisely known force. The pin is mounted on a stiff lever, designed as a
frictionless force transducer. The friction coefficient is determined during the test by
measuring the deflection of the elastic arm. Wear coefficient for the pin and disk
materials are calculated from the volume (or mass) of material lost during the test.
This simple method facilitates the study of friction and wear behavior of almost every
solid state material combination with or without lubricant. Furthermore, the control of
the test parameters such as speed, frequency, contact pressure, time and the
environmental parameters (temperature, humidity and lubricant) allows to simulate
the real life conditions of a practical wear situation.

In this thesis, a CSM pin-on-disk tribometer is applied to evaluate the coating
tribological properties. Following a ASTM standard (ASTM G99-95 a), the amount
of wear were determined by measuring appropriate linear dimensions of both
specimens (ball and disk) before and after the test, or by weighing both specimens
before and after the test. In practice, linear measures are often preferred since the
mass loss is often too small to be measured precisely. The standard pin-on-disk setup

is shown in Fig. 2.8 with the parameters required to calculate wear.

Fig. 2.8 Schematic of pin-on-disk setup where F is the normal force applied on the ball, r is the
ball diameter, R is the radius of the wear track and w is the rotational speed of the disk.

To calculate the wear rate, one should estimate the wear mechanism firstly after
a test. If the main wear form is abrasive wear, the test material pair will dictate

whether the ball, the disk or both, will become significantly worn. An example of
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each case is summarized in Fig. 2.9. Assuming that there is no significant disk wear,
the volume loss of the spherical ball (or spherical-ended pin) is given by:
Pin volume loss = (ph/6)[3d*/4 + h?]
where h =r - [r* - d%/4]"* (height of material removed)
d = wear scar diameter
r = ball radius
Assuming that there is no significant pin wear, the volume loss of the disk is given by:
Disk volume loss = 2pR[r2 sin™ (d/2r) - (d/4)(4r2 - d2)1/2]
where R = wear track radius

d = wear track width

eoo

(a) (b) (c)

Fig. 2.9 Three possible situations for different wear resistance of ball and flat disk specimens; (a)
only the ball wears, (b) only the disk wears, and (c) both ball and disk wears .

It should be noted that the disk volume loss calculated in this manner may have
certain error due to variations around the wear track, accumulations of debris and
plastic deformation. A stylus profilometer is often used to measure the cross-sectional
area of the wear track in several places around the track. This provides a more
accurate measure of the disk volume lost when multiplied by the track length.
However, if the wear mechanism is the combination of different wear mechanisms, it
is very difficult to calculate the wear rate. In this thesis, the typical pin-on-disk tests
on M2 high speed steels are performed in ambient temperature ranging from 25 to 35
°C and a relative humidity of 50+ 5%. Two kinds of balls: 100Cr6 and WC-Co with
diameters of 6 mm are used as counterparts and the applied load kept at 5 N (or 2N)
with a sliding velocity of 0.2 m/s. The friction coefficient is determined after a sliding
distance of 1000 m (or 500m) and the wear tracks are measured using an optical

microscope, SEM and a 3D topographical profilometer.
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2.3.8 Potentiodynamic polarization

The measurement of the polarization behavior of coating/substrate system is a
powerful method for determining the corrosion behavior of PVD thin film coated
system. During the test, a polarization curve is a plot of the current from the working
electrode surface versus the measurement of the rate of the overall process at each
potential. There are in general two techniques to obtain the polarization curve:
potentiostatic and potentiodynamic polarization methods. The potentiostatic
polarization technique measures the polarization behavior of a working electrode by
applying a series of discrete potential steps (for example, increasing or decreasing
potential (50 mV) vs. open circuit potential in increments of 5 minutes) and
monitoring the current response at each applied potential. However, with the widely
available modern instrumentation, most anodic polarization curves are now obtained
potentiodynamically. In potentiodynamic polarization, the potential is changed
continuously with a constant scan rate (e.g. 100 mV/min) and the response current is
measured simultaneously. From this study, characterization of a coated specimen by
its current-potential relationship provides important information such as: the ability of
the material to spontaneously passivate in a particular medium; the potential region
over which the specimen remains passive; and the corrosion rate. In anodic
polarization, the working electrode (thin film coated specimen) potential is scanned
continuously in the positive direction versus open circuit potential and hence acts as
an anode; in this way, the coated metal or the substrate material corrodes or forms a
metal oxide, the passive coating. This method permits the easy automation of curves
and real time plots of the experimental data.

The scan rate and scan range with respect to the applied potential are very
important during the potentiodynamic polarization tests. In general a scan rate is
selected to minimize testing time but slow enough to obtain a polarization curve at
near steady-state conditions. The magnitude of the current measured at each potential
has been reported as a function of the scan rate [84].

The fundamental procedure for experimentally evaluating corrosion current
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density is by Tafel extrapolation. In general, a potential scan greater than = 50 mV
versus corrosion potential is required to reach potentials at which the anodic and
cathodic Tafel behavior dominates and to determine whether a linear section of at
least one decade of current is present. To obtain anodic and cathodic polarization
curves with a single scan, the starting potential in the scan is a negative (-200 to -400
mV). However, a lager starting potential can alter the steady-state condition
established at the corrosion potential and influence the measurement of the corrosion
current density. In addition, the ASTM standard G5-94 recommends a potential range
of 0 to 1.6 V versus corrosion potential for anodic polarization curves.

In this thesis, the corrosion behaviors of various single or multilayer coatings are
evaluated by means of a radiometer PGP201 (Radiometer, Denmark)
potentiostat/galvanostat interfaced to a computer. A conventional three-electrode cell
setup is applied for the electrochemical tests. The saturated calomel electrodes (SCE)
and the platinum wire are used as the reference and counter electrodes respectively.
The specimens are sealed in a small Teflon box with leaving an area of 2.543 cm? (®
= 0.9 cm) exposed to the 3.5% NaCl aqueous solution. The tests are carried out at
room temperature and under open-air conditions. The specimens are the coated
AISI304 stainless steels. These specimens are initially stabilized for 2 min before
polarization, and then the dynamic potential scan begins from -800 to + 1200 mV
with a rate of 120 mV/min (2mV/s). The analyses for these potentiodynamic
measurements are performed using the VOLTA MASTER 4 software. Corrosion
potential and current are determined following the program with “Ist Stern-Tafel”
method. After the corrosion tests, generally, the specimens are observed by SEM

observations so that their mechanisms can be drawn out.
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Chapter 3. Deposition and optimization of monolayer

CrN coatings

3.1 Introduction

Following the successful applications of TiN coating for cutting tools and
machine parts, increasing amounts of attention are devoted to chromium nitride
coatings because of their excellent corrosion and wear properties [85-87]. Chromium
nitride coatings produced by PVD techniques have been considered promising
candidates for clean replacements of electroplated chrome. In comparison with
electroplated chrome, the nitrogen doped chromium coatings offer even greater
advantages of abrasive wear resistance and corrosion resistance [17, 73, 88]. On the
other hand, chromium nitride coating can also be used as a substitute material for TiN
coating, which is due to their high toughness and micro-hardness, superior wear
resistance [89, 90], as well as excellent oxidation resistance and adhesion to steel
substrates [85].

In chromium nitride binary system two stoichiometric nitride phases are very
important: hexagonal Cr,N (B-Cr,N) and face centre cubic (FCC) CrN [66]. Generally,
CrpN 1s harder and offers better corrosion resistance whereas CrN shows better
abrasive wear resistance [91]. From Cr-N binary phase diagram (Fig. 3.1), one can see
that the stable composition of Cr;N strongly depends on temperature; at room
temperature it varies in a very narrow range from 30.3 to 33.3 at. % N. In contrast to
Cr;N, the homogeneity range of CrN at room temperature is even narrower, only
extending from 49.5 to 50 at. % N. For these reasons the pure single-phase Cr,N and
CrN are difficult to produce, especially in PVD deposition processes, the mixture
phases Cr+Cr,N or Cr,N + CrN are generally obtained and the control of the coating
microstructures and properties becomes very important. Moreover, even it is easier to
deposit stoichiometric CrN in a pure N, atmosphere than in the mixture of Ar and N,,
the problem of a decreasing deposition rate is inevitable [35]. In addition, the
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preferred orientation of the deposit coating is strongly dependant on the deposition
parameters [92]. Therefore, for applications where specific properties are required,
deposition parameters need to be strictly controlled. In various chromium nitride PVD
deposition techniques [93, 94], DC reactive magnetron sputtering techniques are

widely used in industry because of their high efficiency [34].
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Fig. 3.1. Cr-N binary phase diagram [91].

During the deposition process of various PVD techniques, especially magnetron
sputtering system, the use of low energy ion bombardment has become increasingly
important in order to improve coating properties. Through affecting the nucleation
and growth kinetics of films, it eventually alters the coating microstructure, texture,
surface morphology and internal stress [95]. Very frequently, ion bombardments are
realized by applying negative bias on the substrates. The advanced DC pulse or the
RF bias is considered favorable to deposit isolate or low conductive coating because
they can depress small arc discharges on substrate surface [74]. However, due to the
complexity of the physico-chemical mechanisms in applying bias that many

interdependent processes take place simultaneously, for instance: in the cases of
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depositing nitride coating in Ar-N; mixed atmosphere, the fundamental process under
bias effects has not been fully understood [96, 97]. It has been argued that during the
deposition without chemical reaction, depending on the value of the bias voltage,
several phenomena can appear, such as cleaning, densification and resputtering [74].
On the other hand, in the cases of reactive sputtering process, the reaction process to
synthesis compounds on the coating surface occurs simultaneously under ion
bombardment. In addition, the interactions are generally non linear [97]. Therefore, it
is very interesting to determine the role of a negative bias especially RF potential
applied to substrate during the film deposition as the strong coupling effects between
magnetron sputtering discharge and RF capacity discharge would modify the plasma
characteristics and finally affect the plasma chemistry process.

In this chapter, two important deposition parameters for CrN coatings are
investigated: the nitrogen partial pressure and the RF substrate bias. The hysteresis
curves and plasma optical emission spectra (OES) are used to monitor chromium
nitride coating synthesis process and to optimize coating properties. It is expected to
fabricate the stoichiometric Cr, Cr,N and CrN by controlling nitrogen partial pressure.
On the other hand, during the investigation of the RF bias on coating structures and
properties, OES signals are recorded and analyzed in order to obtain an optimum
value of the bias, under which the mobility of surface species and the chemical
activity would enhance. In turn, it improves surface qualities, increases coating

density and reduces the numbers of pinhole defects.

3.2 Coating preparations

In this chapter, two kinds of materials: boron-doped Si(100) wafers and AISI
304 stainless steel were used as substrate materials. Stainless steel substrates were
firstly lapped, polished with diamond paste (0.1 um); and then rinsed ultrasonically
together with silicon wafer in acetone and alcohol successively. The deposition setup
and the selected basic deposition parameters have been described in chapter 2. In this

chapter, only one single Cr target (purity: 99.99%) was employed to produce the
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nitride coatings. An Advanced Energy DC power unit (regulation of the current) was
regulated at 1.5 A for Cr target during all the deposition processes. To eliminate the
small arc discharge on the substrate holder and improve the quality of the deposited
coatings, a RF power was applied to enhance ion bombardment. Without any special
issues, the standard deposition steps are defined as follows:

1) Before sputtering, the substrates were etched (-300 V) with an argon flow
rate of 10 sccm for 15 min.

2) During the last 5 minutes of etching, the target was powered to remove the
contamination layer on the target surface. In this process, the target and substrate were
separated by a shutter to avoid contamination.

3) After that, a pure metal (i.e. chromium) interlayer was deposited for 5 min
before the compound coating synthesis started.

4) All the depositions were made at room temperature and the deposition time
for chromium nitrides was fixed at 60 min.

For chromium nitrides, two series coatings were deposited. The first one focused
on the influence of nitrogen atmosphere on coating properties. It was controlled by
varying the introduced nitrogen flow rates while keeping the RF self-bias voltage at
-100 V. The corresponding RF power was 50 W. The second one was dedicated to the
effects of RF bias ion bombardment. In this investigation, the nitrogen flow rate
remained at 12 sccm while RF negative bias decreased progressively from 0 to -200

V.

3.3 Influence of N, flow rates on structures and properties of
chromium nitride coatings

3.3.1 The hysteresis effects and deposition parameter selection

The total sputtering pressure and sputtering voltage versus nitrogen flow rate
curves were recorded and are presented in Fig. 3.2 at a constant argon flow rate of 10

sccm. The pressure was monitored by an accurate capacitive Baratron MKS 670
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gauge. This method was usually used in reactive sputtering process for deciding the
sputtering target working mode: metallic, transition or reactive [35]. The sputtering
voltages from the sputtering power supply were also in-situ recorded. The curves
were obtained by increasing the nitrogen flow continually from zero to a maximum of
20 sccm with an interval time of 2 min for each point. During the short interval time,
the pressure in the deposition chamber can reach nearly stable, which means that the
equilibrium between gas absorption (and consumption by reacted with sputtering

target) and desorption can be obtained approximately.
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Fig. 3.2 Evolution of the total deposition pressure and sputtering voltage as a function of the
introduced nitrogen flow rates.

In Fig. 3.2, the typical hysteresis (or instability) effects [33] on the total pressure
versus nitrogen flow rate curve are not observed. This is due to the facts that nitrogen
does not react readily with Cr as it does with other reactive elements such as Ti [98].
However, when comparing the pressure versus flow rate curve with and without
discharge, it is still possible to specify the curve into three different zones with

different nitrogen flow rates, which properly corresponds to three different target
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working modes. As indicated in Fig. 3.2, in zone A, the target works on an elemental
sputtering mode, under which all the reactive gases were gettered by the sputtered
metal and the chamber wall. As a consequence, every small increase in nitrogen flow
rate results in few variations of total pressure in the deposition chamber. On the other
side, zone C can be thought to correspond to a reactive sputtering mode, where a
further increase of nitrogen flow rate leads to a linear increase of total pressure as it
does without plasma discharge. One can see the two lines have very close slopes. For
Zone B, it is more complicated because the target works on a transition mode but the
pressure vs. flow rate curve can not clearly indicate this transition process either from
Cr to CrpN or from CrN to CrN. However, the recorded sputtering voltage vs.
nitrogen flow rate curve gives some useful information, where two different transition
regions: B(I) (4-7 sccm N;) and B(II) (10-12 sccm N;) can be distinguished as
indicated in the figure. In region B(I), the sputtering voltage increases nearly linearly
with increasing nitrogen flow rate. In contrast, in region B(II), the voltage initially
decreases till the nitrogen flow rate of 9~10 sccm and then increases again,
particularly from 10 sccm the velocity of increase is quite high. This unstable
transition process reflects the sharp change of the target surface status. These two
regions possibly correspond to the transitions of the covering layer materials on the
sputtering target from metal chromium, to chromium rich compound and to nitrogen
dominated compound. Therefore, the experiment parameters of nitrogen flow rate are
determined and listed in Table 3.1.

Table 3.1.Deposition parameters under a constant argon flow rate of 10 sccm and the main

characteristics of the Cr-N coatings.

N, flow working pressure Thickness critical load ~critical load
1 at%Cr  at%N

(sccm) (10" Pa) (um) Le; (N) Le, (N)

0 2.05 100 0 5.5 9.8 -

2 2.03 90.2 9.8 52 4 17.5

4 2.08 77.9 22.1 5.0 3.7 13.7

5 2.13 73.7 26.3 4.8 4.1 14.0

6 2.20 65.9 34.1 3.8 4.3 15.0

10 2.52 54.0 46.0 3.4 2.5 16.2

12 2.67 51.5 48.5 3.1 2.6 15.1
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3.3.2 Coating compositions and microstructures

The compositions of the deposited coatings as a function of nitrogen flow rate
can be found in Table 3.1. The composition results measured by Electron Probe
Micro-Analysis Micro (EPMA) using an EPMA-1600 electron probe (Acc.V=15KY,
SHIMADU corporation) indicate that the nitrogen concentration in the coatings
increases with increasing nitrogen flow rates. The coatings deposited in the zone A of
Fig. 3.2 have N concentration below 10 at. %, which could be associated with the
formation of Cr or Cr solid solution (Cr(N)) according to the binary diagram of this
system (See Fig. 3.1). On the other hand, as predicted by the target voltage versus
nitrogen flow rate curve, the region B(I) with nitrogen ranging from 4 to 7 sccm
corresponds to chromium-rich coatings, which can be considered as a mixture of
cubic Cr and hexagonal Cr;N phases since here the atomic ratio of chromium to
nitrogen is below 2:1. At the nitrogen flow rate of 6 sccm, the atomic ratio of Cr to N
is nearly 2:1, which most possibly corresponds to Cr,N phase. In the following region
B(II) where the nitrogen flow rate is between 7 to 12 sccm, Cr and N atomic ratio
continuously increases to nearly 1:1, which, however, should be attributed to the
formation of Cr,N and CrN mixtures. The coating deposited at 12 sccm forms nearly
stoichiometric CrN. As the nitrogen flow rate increases into zone C, it would be
expected to be the single phase CrN. The composition evolutions present good
corresponding correlations with the curves presented in Fig. 3.2. It is also found that
these results are in good agreements with the Cr-N binary phase diagram indicated in
Fig. 3.1.

Since EPMA analysis for light element (i.e. N, O) is not very accurate, to
confirm the composition results from EPMA and to investigate the element
distribution along the depth direction, a GDOES depth analysis was performed. The
sample deposited with the nitrogen flow rate of 5 sccm was chosen, and the obtained
GDOES depth profile is presented in Fig. 3.3. The average chemical composition of
this chromium nitride coating is 74.5 at. % Cr and 25.5 at. % N, which is in good
agreement with the results from EPMA (73.7at. % Cr and 26.3 at. % N). It should be
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noted that there is rare oxygen and carbon observed in both kinds of analyses. From
the depth spectrum, there is a slight slope on both the Cr and N composition traces,
indicating that the nitrogen content of the film is slightly higher next to the Cr
interfacial layer than close to the surface of the coating. This would be associated to

the slight variation of deposition temperature under continual ion bombardment.
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Fig. 3.3 GDOES quantitative elemental depth profile of chromium nitride coatings deposited at Ar
flow rate of 10 sccm and N, flow of 5 sccm.

The phase evolutions of the deposited chromium nitride coatings with different
nitrogen flow rates were examined by X-ray diffraction in 6-20 mode. The obtained
XRD spectra are shown in Fig. 3.4. Again, a good correspondence between the
sputtering pressure, target voltage evolutions and the phase developments with respect
to nitrogen flow rate can be found, therefore, the same zones A, B and C discussed on
the hysteresis curve are used here. The results show an evident trend that the coating
phases vary from a single bee-Cr phase to Cr+Cr,N (or Cr(N)), then stoichiometric
Cr,N. A further increase of the nitrogen flow rate changes the phase into mixed Cr,N
+ CrN structures and finally nearly stoichiometric CrN is reached. This transition
process in zone B of XRD patterns is well predicted by the sputtering voltage versus

nitrogen flow rate curve from Fig. 3.2 and also confirms the composition results of
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EPMA. Moreover, the results are in good agreement with the Cr-N binary diagram

[66] and previous reports [99].
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Fig. 3.4 XRD spectra of chromium nitride thin films deposited with different nitrogen flow rates.

From the XRD patterns, the bcc Cr phase with a stronger <110> texture firstly

appears at a pure argon atmosphere. With the addition of a small amount of nitrogen

(= 2 sccm), one can observe not only the broadening of the peaks due to the

nitrogen incorporation into the Cr lattice, but also a preferred growth orientation

transition from <110> to <200>. It is a little surprising that the halo of amorphous

phase was found when nitrogen flow rates are between 2 and 6 sccm, which indicates

the obtained coatings have very small grain size. When the nitrogen flow rate is 6

sccm, XRD spectra present sharp peaks and the hexagonal Cr,N phase occurs as
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expected from the composition results of EPMA. In contrast, the coating deposited at
12 scem N3 is FCC CrN with a lattice constant of 0.412nm, slightly smaller than that
of the bulk phase, 0.414nm [JCPDS76-2494]. This CrN coating has a preferred
orientation of <200>, which can be associated with the theory of the minimization of
surface energy [91]. Nonetheless, the stoichiometric CrN can be readily obtained, as
long as an adequate nitrogen flow is supplied. However, a decreasing trend of
deposition rate with increasing nitrogen flow rate is evident from Table 3.1. Moreover,
the preferred crystallographic orientation is still unclear upon further introductions of
nitrogen. It should be noted that in this thesis, this is a basic result that the
stoichiometric CrN can be obtained with a mixture of 10 sccm Ar and 12 sccm Nj
under a low RF bias and with a Cr target current of 1.5 A. Although a further
investigation is needed in order to optimize the properties of various CrN at further
increased nitrogen flow rate, the following work in the next chapters still used these
deposition parameters to ensure the stoichiometric CrN because such deposition

parameter configurations contribute to a high deposition rate.

N flow rate

v

0 sccm 6 sccm 12 sccm

Fig. 3.5 Scanning electron micrographs of fracture cross-sections.

The cross-sectional micrographs of fractured specimens in Fig, 3.5 are obtained
by cooling the coated AISI 304 stainless steel substrates to liquid nitrogen and

fracturing them when the temperature is below the ductile-to-brittle transition

-54-



Chapter 3: Deposition and optimization of monolayer CrN coatings

temperature. It can be observed that the coating thicknesses range from 3 um to 6 pm.
In comparison with the pure Cr, the chromium nitrides exhibit lower deposition rates.
The columnar growth structures are clearly visible due to a low deposition
temperature and low Ar pressure [100]. The pure chromium has a dense fibrous
structure with (110) preferred growth orientation (Fig. 3.5a). Cr,N phase presents an
almost featureless structure corresponding to very fine pore free columnar structure
(Fig. 3.5b) whereas the stoichiometric CrN phase appears to be a compact columnar
structure (Fig. 3.5¢) similar to the pure chromium. A similar morphology evolution

has been reported in the literature [101, 102].

3.3.3 Mechanical properties

The evolutions of the nano-hardness (H) and elastic modulus (E) of the
deposited coatings versus nitrogen flow rate are shown in Fig. 3.6. The measured
nano-hardness and elastic modulus of chromium nitride coatings are in the range of
12 to 25 GPa and from 221 GPa to 338 GPa, respectively. The sputtered Cr coatings
have the lowest hardness but the highest elastic modulus in comparison with the other
chromium nitrides. The maximum hardness of approximately 25 GPa is achieved at a
nitrogen flow rate of 12 sccm, corresponding to the stoichiometric CrN. The hardness
of stoichiometric Cr;N is 23.7 GPa, close to that of CrN. It is of great interest that
N-containing solid solution Cr(N) formed at 2 sccm N; also presents a relatively high
hardness of 23.3 GPa, nearly the same value as Cr,N. This is very interesting because
it provides another possibility to replace electroplated chrome directly because this
coating has a high deposition rate as it was deposited under an elemental sputtering
mode. A number of factors could account for the unexpected variation, including
residual stresses, texture and grain growth (size and density) [66]. Here the
nanocrystalline grain size and the transition of the preferred orientation from Cr(110)
to Cr(200) may be the most reasonable explanations for the unexpected high hardness
of the coating deposited at 2 sccm Nj. On the other hand, the very low hardness of

Cr+ CnN coatings can be associated with their amorphous-like structures because
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amorphous phases generally present lower hardness in comparison with their
crystalline phases.

A high hardness H does not necessarily correspond to a good wear resistance;
the elastic modulus E also plays an important role in determining coating wear
resistance. According to S.Y. Lee et al. [103], the H*/E” ratio is a strong indicator of a
coating resistance to plastic deformation in the elastic-plastic plate contacts. The
values of H*/E? of chromium coatings at various nitrogen flow rates are also presented
in Fig 3.6. The value of H*/E? for the pure Cr is very low, only 0.016. Conversely, in
the case of chromium nitrides, the maximum value of H*/E* (0.15 GPa) is achieved at
the nitrogen flow rate of 12 sccm (CrN). A high HY/E* with the value of 0.144 GPa is
also obtained for the stoichiometric Cr,N coating. Therefore it is expected that the
stoichiometric chromium nitride coatings show better wear resistance than the

non-stoichiometric coatings.
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Fig. 3.6 Hardness and elastic modulus at various nitrogen flow rates.

The progressive load scratch tests were carried out to evaluate the practice
adhesion between coatings and substrates in this study. The first derivatives of the
friction force, the acoustic emission (AE) signal were recorded and optical

microscopy observations were performed to determine the critical load. Two kinds of
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critical loads are defined: the first is the cohesive failure critical load (L.;), which
corresponds to the start of cracking and generally reflected by a sudden change of the
first derivative of the friction force or AE signal at low loads; the second one is the
adhesion failure critical load (L.;), where the first damage (chipping, delamination) of
the coatings is visual under the optical microscope and the first derivatives of the
friction force and AE signal fluctuates dramatically. However, considering the
accuracy of optical observations, it is very hard to draw the real value of critical load
from that. Thus, in this study, the results of the obtained critical load values were
drawn from the friction force signals. The test results are listed in Table 3.1. It can be
observed that the critical loads do not show any evident dependence on the nitrogen
flow rates. This can be explained by the drawbacks of this test technique. The test
parameters have more effects than a coating substrate system on the final results.

However, one can still draw some useful information from the test results.

Fig. 3.7 Optical micrographs of the scratch tracks (a) Cr at the end of the track; (b) Conformal
cracks for chromium nitride deposited at 12 sccm N, with L.;=2.6 N; (¢) Chipping failure for
chromium nitride deposited at 12 sccm Npwith L,=15.1 N.
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Fig. 3.7 presents the optical micrographs of the scratch tracks. For the pure Cr,
there is no visible delamination although the arc tensile crack occurs at a load of
nearly 10 N (Fig.3.7 a). However, for the chromium nitride coatings, the cohesive
failures occur at relatively low loads in the range of 2-5 N. The failure mechanism of
these coatings appears to be conformal cracking in the scratch track (Fig. 3.7b). These
kinds of cracks are often associated with relatively soft substrates and hard coatings.
And in our cases, they could be related to the soft stainless AISI 304 substrates. The
adhesive failures of chromium nitride coatings are caused by the chipping at the edge
of the scratch track as shown in Fig. 3.7c. For the chromium nitride coatings, the
adhesive failure critical loads (L.;) have normal values between 10 to 20 N. The Lc,
for stoichiometric Cr,N and CrN coatings are 15 and 15.1 N, respectively. These
values seem low as compared to the adhesion properties deposited by other PVD
techniques (35-40N) [94], which can be attributed to the presence of a high stress at
low temperature and the soft substrate. However, it should be noted that the scratch
test results strongly depend on the test setup and test environments. The comparison
among different literatures can’t provide any evidence to prove that the coating
adhesion is better or worse. In this case, in order to improve the adhesion strength, a
combination of galvanic and PVD coating maybe a good choice, as suggested by B.
Navinsek et al. [104]. Some attempts should be done in the project of replacing

electroplated chrome.

3.3.4 Tribological properties

The tribological properties of chromium nitride coatings were examined using a
CSM pin-on-disk tribometer with 100Cr6 counterparts. The applied load was 5 N
with a sliding velocity of 0.2m/s. These operations were performed in ambient
temperature ranging from 25 to 35 °C and a relative humidity of 50+5%. The
average friction coefficient values were calculated using the regions of friction
coefficient versus distance curves where the friction coefficient reached a relatively

constant value. Two typical curves of friction coefficient vs. sliding distance with
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respect to Cr,N and CrN are shown in Fig. 3.8. It can be observed that the first 200 m
distance corresponds to a typical “running-in” process. In this process, the evolution
of CrN friction coefficient presents a progressive increase whereas for CrN, the
friction coefficient decreases dramatically from the initial 0.9 to 0.5 during the sliding
distance of 200 m. After that, the friction coefficient maintains a relatively constant
value. Thus, the mean friction coefficient value during the rest distance was taken as
the real friction coefficient for all the deposited coatings.

Fig. 3.9 presents the friction coefficients of the deposited coatings at different
nitrogen flow rates. It can be seen that the friction coefficients range from 0.5 to 0.75.
The pure Cr and stoichiometric CrN have relatively low friction coefficients of nearly
0.5. However, the nanocrystalline Cr(N) solid solution and stoichiometric Cr,N

coatings have the high friction coefficients of 0.73.
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Fig. 3.9 Friction coefficients at different nitrogen flow rates.

Fig. 3.10 shows the results from optical and 3D profile observations for the
sputtered Cr, CrN and CrN coatings after pin-on-disk tests. In these cases, the
transferred materials from the counter-ball to the disc in the wear track can be clearly
seen from the 3D topographies. The sputtered Cr coating shows little damages despite
of its relatively low friction coefficient of 0.53. The adhesive wear between the
materials on 100Cr6 ball and the materials transferred from the counterpart may be
responsible for that. After tests, the observed wear on the counter balls under the
optical microscopy also supports the fact of adhesive wear (See Fig. 10d). However,
for Cr,N coating, the abrasive wear by wear debris occurs during sliding contact. As a
result of combined abrasive and adhesive wears, the friction coefficients yield the
characteristic of high values of approximately 0.73. In the case of CrN coating,
material transfer occurs but the damage was quite weak, which can be related to the
low friction coefficient in combination with high hardness and modulus in
comparison with those of Cr,N. As shown in Fig. 3.10, different wear mechanisms
occur simultaneously during the sliding process, it is very difficult to calculate their
wear rate and make comparisons. For this reason, no wear rate is calculated here, the
directive observations from coating wear confirm that CrN has a better abrasive

resistance compared to Cr;N, as reported in other literature [91].
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Fig. 3.10 Optical, 3D photographs and profiles of the wear track after the pin-on-disc tests (a) Cr;
(b) Cr,N; (c) CrN coatings; (d) typical ball wear scar.

3.3.5 Corrosion properties

The principle of dynamical polarization method and the test setup to evaluate
coating corrosion resistance has been described in Chapter 2. The polarization curves
of chromium nitride coatings for different nitrogen flow rate are presented in Fig. 3.11.
In this figure, the corresponding nitrogen flow rate to deposit the chromium nitride
coating was marked as Nj. For comparison, the polarization curve of the AISI 304
substrate is also plotted in the same figure. The first remark is that the coated
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specimens show relative positive corrosion potentials and very low corrosion current
densities in contrast to those of the substrate, indicating their strongly protective
characteristics. The typical passive behaviors can be observed for all coated
specimens and so does the substrate. This is due to the presence of Cr in the materials,
which was oxidized during the tests. Therefore the corrosion products (chromium
oxides) can stop a further corrosion as they are generally inert in the test

environments.
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Fig. 3.11 Polarization curves for different chromium nitride coatings and AISI 304 substrates (N;
corresponds to the nitrogen flow rate; i.e. Np: 2 sccm N»).

The corrosion potential (Eor) and corrosion current density (I.on) drawn from
the Tafel linear zone are presented Fig. 3.12. In all cases, lcor is lower and Ecqr shows
more positive for the coated specimens when compared to the substrate. However,
when comparing their E.o, one can find that the non-stoichiometric coating presents
more positive Ecr, Which is due to the formation of chromium oxides in these
coatings. The most positive Ecqy 1S -260 mV (vs. SCE) for both the pure Cr and the
amorphous-like chromium nitride coatings (a-CrN). On the contrary, the

stoichiometric CrN present the most negative Ecor 0f -451 mV. Eor of CroN coating
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has a little improvement of 30 mV to positive direction in comparison with CrN. For
Lcor, similar results are found. A-CrN with a nitrogen flow rate of 4 sccm presents the
lowest I¢orr of one order of magnitude than the highest I o from stoichiometric CrN.
This can be attributed to the homogenous composition distribution in the amorphous
phase. As to pure Cr and Cr;N, they present medium I, comparable to that of a-CrN
(4 sccm N). In short, the order of corrosion resistance of the chromium nitride

coatings in a 3.5 % NaCl aqueous solution is a-CrN > Cr > Cr,N > CrN > AISI 304.
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Fig. 3.12 E o and I, of chrome nitrides as a function of nitrogen flow rate.

After the tests, the coating surfaces were examined by SEM. The SEM images
of the pure Cr, stoichiometric Cr,N and CrN are shown in Fig. 3.13. From this figure,
the coating surfaces were almost uncorroded, which can also be reflected by the
extremely low I., in nano order. However, as shown in the figure, there are still a
very small amount of parts of the surfaces that were corroded. Since the transition
metal nitride coatings are generally inert to the environments, the most common
corrosion behaviors are the pitting corrosions. This means that the most important
corrosion part in the coated system is the substrate, which is caused by the CI" ion
etching in and finally it formed a pathway between the corrosion solution and the

substrate. Pinholes can be observed on the coating surface as shown in Fig. 3.13.
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Taking into account I of all the coated specimens, it is suggested that during the
initial stages of corrosion, the pinholes are very small and most of them may become
blocked by corrosion debris. Therefore, no breakdown or spalling of the coating was
observed as what has been reported for the PVD coating [105]. This is possibly
associated with the corrosion products filling in the hole, thus plugging the holes and
blocking the passage of the electrolyte for further corrosion to occur. These small
pitting corrosions are often originated from the growth defects or are due to the no

density columnar structures.

Fig. 3.13 coating surface morphologies after corrosion test.

3.4 Influence of RF bias on structures and properties of CrN

coatings

3.4.1 Plasma characteristics by OES on film synthesis

In this part, an Optical Emission Spectroscopy (OES) diagnose system was used
to identify plasma spectra as it yields information about the formation of ions and
radicals in plasma [106]. The information is very important to understand the internal
physical and chemical process of the plasma during the coating deposit. On the other
hand, the information on variations of OES signals and the correlations between OES
signals and the structure and properties of the deposited coating are very useful for

optimizing the deposition process and for controlling the quality of deposited coatings
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[95, 96, 107]. In the present work, as the substrate was polarized by RF discharge
during the DC reactive magnetron sputtering process, the electric yield near substrates
greatly influences the flux and energy of incident species, in turn, the coating growth
process. In this study, the recorded OES signals near both target and substrate were
investigated by varying RF self-bias from 0 to -200 V.

OES measurements of the plasma discharges were performed by means of a
computer-controlled system, which comprises a Proper Scientific SpectraPro-500i1
imaging monochromator with a triple grating, the focal length of 500 mm, and a
spectral resolution of 0.05 nm. The emitted light was studied at two different positions
named  “near-target-zone” and  ‘“near-substrate-zone”,  respectively.  The
“near-target-zone” is the position located at the edge of the sputtering target and
nearly 2 cm from the target surface. The collected spectra in this position can be
considered all from the magnetron target discharge plasma. The “near-substrate-zone”,
however, is at the edge of the round substrate holder and nearly 2 cm from its surface.
In this position, the collected spectra yield the information of physical and chemical
processes occurring on the substrate. The emission spectra were collected using a
fiber optical cable fitted with a 1500 mm long, rectangular collimator, pointing
perpendicularly toward the axis. All the spectra were collected with an integration
time of 0.5 s per wavelength and the step of length was 0.1 nm. Generally, the zone
between 300 to 550 nm was selected for analysis as this zone includes most of
information about N; and Ar discharging.

For the obtained OES spectrum, molecular and atomic emission lines were
identified by using the literatures [106, 108] and NIST Atomic Spectra Database. In
Fig. 3.14, a typical OES spectrum from “near-target-zone” is shown. On the top axis,
various lines are identified and the selected lines to represent specified particles such
as Cr, Ar, Ar', Ny, and N," are marked with stars. The lines were selected following
the criteria suggested by K.S. Mogensen et al. [106]: (1) the lowest possible activation
energy; (2) no overlap between lines originating from different species. The selected
represented lines are listed in Table 3.2. In Fig. 3.14, it can be found that N and Cr"
emission lines are too weak to be observed, which, in the present case, can be attribute
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to the low electron temperature in this conventional magnetron sputtering unit since N,

Cr' are mainly formed by dissociative excitation and ionization [97].
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Fig. 3.14 Typical OES spectrum at “near-target-zone”.

Table 3.2. Selected optical emission spectroscopy lines. The data was referenced to National
Institute of Standards and Technology (NIST) atomic spectra database and Ref [9,11].

Species Wavelength (nm)  Transition Excitation energy (eV)
N, 337.1 C'[. - B'[1«(0-0) 11.1

N, 391.4 By, - X°Y ", (0-0) 18.7

Ar 420.1 3873p°(*p3n)4s - 3873p°(3p3)5p 14.5

Ar' 465.8 3s%3p*Cp)ds - 3s73p"(Cp)dp 19.8

Cr 427.4 3d°(®s)4s-3d°(%s)4p 2.8

Ion bombardment characteristics during magnetron sputtering depositions are
fundamental plasma parameters and the ion flux and energy are important. In the
present study, the flux of ion bombardment arriving on the growing thin films can be
evaluated by the total time average discharge current density (J ) on the substrate
holder. However, for the ion energy, it is a little complex as the ion species and energy
distribution could not be determined simply. A simple analysis can be carried out to
understand the relationship between the mean ion energy, in terms of L/ A ; ratio, and
substrate bias |Up| [108], where L is the sheath thickness, and A; is the ion mean

free path for the collisions leading to losses of ion energy in the sheath. During the
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depositions, as the total pressure kept constant, the ion mean path (A ;) can be thought
unchanged. When rising |Uy|, the plasma sheath thickness would increase
correspondly, as a result, the ion mean energy to bombard the growing thin films
increased. Table 3.3 summarizes the effects of |Up| on the magnetron target discharge
characteristics. The constant target current corresponds to a target current density J4. =
17.7 mA/cm?, at a nearly constant pressure of 0.27 Pa. From this table, a gradual
increase flux of ions bombarding the growing thin films can be observed and two
different ion flux levels are distinguished. The lower |Uy| (< 100 V) corresponds to the
average ion flux of 0.22 mA/cm? while the higher |Uy| (> 100 V) has another level of
0.26 mA/cm®. On the other hand, one can find that the mutual coupling effect between
DC magnetron discharge and RF capacitive coupling discharge leads to the increase
of [Ugl|. As a consequence, the power exerted on the target increased (7% roughly

from 0 to -200 V bias) and the sputtered Cr flux increased with the higher |Uy|.

Table 3.3. Effects of RF substrate bias voltage on the discharge characteristics. The corresponding
target current [ = 1.5 A, J4c = 17.7 mA/cmz, and the total pressure p = 0.27 Pa.

Uy (V) P, (W) J s (mA/em?) U (V)
0 0 - 454
20 10 0.22 458
60 30 0.22 469
100 50 0.22 472
150 90 0.26 480
200 120 0.26 485

The effects of |Up| on various OES signals at “near-target-zone” are presented in
Fig. 3.15. All the signals were normalized to the values at 0 V bias. In Fig. 3.15, the
evolution of OES signals at “near-target-zone” with growing |Uy| does not present any
evident linear relationship. Three different parts in this figure can be roughly
distinguished. Part I corresponds to a lower |Uy| (< 20 V), where all the excited line
intensities keep unchanged in comparison with those without |Uy|, suggesting that low
RF bias applied on the substrate holder did not affect the target discharge

characteristics and the two different discharge zones do not show any interactions.
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This can also be identified by the very small variations of sputtering power (see Table
3.3). Part II is related to the moderate [Uy| (20 < [Uy| < 100 V). In such part, Cr, Ar’,
N, " and N, line intensities increase with growing |Uy| whereas Ar line intensity firstly
shows a little increase then slightly decreases. The increase of the selected line
intensities can be associated with the growing of species energy as more power was
introduced on the sputtered target. This also indicates that the coupling effects
between magnetron target zone discharge and deposition zone increase. Part III was
for [Uy| beyond 100 V, in which the RF bias effects on Ar’, Cr line intensities and N,
N," and Ar line intensities are totally different. Ar', Cr line intensities continue to
increase when the higher [Uy| (> 100 V) was applied. However, the line intensities of
N,, N," and Ar present a trend of decrease under the same conditions. This
phenomenon can be attributed to the well-known sputtering wind effect [109, 110],
which proceeds from the heating of the gas by the energetic sputtered metal atoms and
is the origin of a decrease in the gas density in front of the target. As a result, the
increased power on the target reduces the nitriding kinetics on the target surface. In
turn, the increase of sputtered Cr flux can be expected. The increased sputtered
particles would carry away more reactive species and further reduce nitrogen density
near the target. In the evolution of OES signals with growing |Uy|, this was shown as
the increased Cr line intensity and the decrease of both N, and N,  line intensity.
From Fig. 3.15, it would be very interesting to conclude that to keep the formation of
stoichiometric nitrides as the sputtering target work in a transition zone, more
nitrogen are needed as the substrate bias increases.

The effects of |Uy| on OES signals at “near-substrate-zone” are illustrated in Fig.
3.16. It can be found that all the considered emitted line intensities increase when
increasing |Up|, suggesting the growing of the species populations in the excited states.
The most significant increased lines with growing [Uy| are N,” and Ar' excited states.
As these two signals correspond to relatively high excitation energies (see Table 3.2),
the formation of such states can be related to the power activated desorption of
containing species from the surface of the growing films and electron impact
dissociation of gas molecules in RF sheath [108]. It should be noted that the
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intensities measured at “near-substrate-zone” are much lower than those at
“near-target-zone” due to the facts that the detect zone is largely inside the dark region

of the RF sheath and the supplied RF power is less than that of magnetron discharge.
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Fig. 3.15 Various OES signals as functions of the substrate bias at “near-target-zone”.
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Fig. 3.16 Various OES signals as functions of the substrate bias at “near-substrate-zone”.
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3.4.2 Correlations between OES signals and coating compositions

and structures

The results of |Uy| on the coating compositions and structures are shown in Fig.
3.17 and Fig. 3.19 respectively. The evolution of composition vs. [Uy| indicates that
the concentrations of Cr in the coatings increase with growing |U,| whereas the

simultaneous decrease of nitrogen content can be observed.
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Fig. 3.17 Evolution of coating compositions vs. substrate bias |Uy|.

The applications of a bias on the substrate during magnetron sputtering process
have often been expected to enhance ion bombardment effects. RF bias, however,
additionally provides the possibilities to affect the internal reactive kinetic process
during a reactive sputtering. When CrN coatings were synthesized using magnetron
sputtering, it is likely that the reaction process occurred on substrate surface or target
surface or both as the working atmosphere chosen initially can form stoichiometric
CrN at a transition zone. Taking into account the process on target surface firstly:
assuming that the nitrogen molecules gather on target surface and react with target
atomics to form a thin covering layer, then electron impact dissociated Ar" and N,
ions. These ions are accelerated to bombard target surface and eject Cr or CrN species.
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As there isn’t any CrN optical emission characteristics to be observed, the sputtering
CrN molecules should be instantaneously dissociated and reinjected into plasma as Cr
+ N according to Ref [111]. However, the fact is that there is also no N emission
lines found in OES spectrum. The reasonable explanations are that on the target
surface, the sputtering of Cr is predominant in spite of the possibility of forming CrN
layer. This is also based on the fact that nitrogen does not react readily with Cr as it
does with an element such as Ti [98]. The obtained CrN coating without bias having a
high deposition rate can also confirm this. Therefore, the main reaction process to
form compound coatings occurs on substrate surface.

Focusing on the chemical reaction kinetics on the substrate surface, when taking
into account the effect of plasma process on coating composition, two important
factors should be considered: one is the arrived sputtering atomic flux and the other is
related to the process of gas kinetics (absorption and desorption) on the substrate
surface. The increased Cr flux arriving on substrate can be expected as a consequence
of increased sputtering Cr flux from target with growing |Uy|, which can also be
confirmed by the increased OES signal of Cr at “near-substrate-zone”. On the other
hand, for the process of gas molecular absorption and desorption on the substrate
surface, the increased |Uy| improves the positive Ar™ ion bombarding effects, which
would provoke the nitrogen gas adatoms tending to be desorbed because ion
bombardment can play the same role as improving substrate temperature [74, 95]. The
process can be identified by the increased signal intensities of both N, and N,
emitted lines at “near-substrate-zone”. As a result, the insufficient nitrogen absorption
on the substrate surface and the increased Cr flux would form N deficient coatings. In
addition, the preferential sputtering of nitrogen at enhanced ion bombardment can also
contribute to this N deficiency phenomenon [108].

Many research works argued that atomic N plays an important role in the
deposition of nitride coatings [108, 111]. However, in our cases, it doesn’t seem to act
like that. The fact that no atomic N emission characteristics were found in both
“near-target-zone” and “near-substrate-zone” inferred that Cr and atomic N reaction is
not dominant in the formation of CrN coatings. In contrast, the predominant reaction
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probably occurs between the sputtered Cr and the absorbed nitrogen. As the emission
line intensity of N, can be roughly thought to be proportional to the reactive nitrogen,

therefore, the emission line ratio of I(N,)/I(Cr) is used to predict coating compositions.
Although there are big differences between their excitation energies, it can still be
expected to roughly show the evolution trends of composition vs. RF self-bias. The
results are shown in Fig. 3.18. For comparison, the real composition ratio C(N)/C(Cr)
is also given in the same figure. As it has been mentioned that the stoichiometric CrN
can form under a condition without bias, thus I(N,)/I(Cr) ratio was normalized to 1:1
at |Uy| = 0 V. It can be seen that I(N,)/I(Cr) curve was very consistent with the real
composition curve C(N)/C(Cr), which would be useful when using an OES system to

monitor the CrN coating deposition process.
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Fig. 3.18 A good agreement between OES signal intensity ratio I(N,)/I(Cr) and composition ratio
C(N)/C(Cr).

The evolution of CrN structure with growing |[Up| is shown in Fig. 3.19. The
coating without RF bias presents a face centered cubic (FCC) stoichiometric CrN
structure. The diffraction peaks such as CrN(200), (111), (220), (311) can be well
indexed. When increasing |Up| to less than 20 V, the action of the bias does not show
any important effects on the coating structure as predicted by the OES signals.
However, when the RF bias |Uy| increased to 60 V, all peak intensities decrease.
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Moreover, the peak of CrN(200) indicates a splitting, which can be related to the
decrement of nitrogen in the coatings. As |Up| is beyond 60 V, ion bombarding
exhibits their effects on decreasing grain size, which can be concluded by the increase

of FWHM (Full width at Half Maximum) at peak position of CrN(200).
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Fig. 3.19 Evolution of CrN coating structures vs. substrate bias |Up| in XRD patterns.

The other evident change observed in Fig. 3.19 is the decrease of diffraction
intensity when increasing |Up|. As |Uy| increased to 150 V, the peak of CrN(200) splits
into two peaks. However, the coating still presents CrN predominated phase. The
results of structure analysis show good agreements with those of composition

analysis.
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3.4.3 Coating morphologies

The cross-section micrographs for all the coatings on the silicon substrates vs.
different substrate biases are presented in Fig. 3.20. The columnar structures for the
coating deposited at |Up|< 20 V can be observed clearly. The coating thickness shows
little change under this lower bias. When the coatings were deposited with |Uy|
between 60 to 100 V, their thicknesses decreased and the columnar structures became
ambiguous, which indicates the coating microstructures become denser. The further
increase of |Up| leads the coating cross-section morphologies to return to an evident
columnar structure again. However, such coatings have the same thickness like that
without bias, which means they have high deposition rates. This is due to the fact that
the sputtered target surface covered less compound containments. From the evolution
of coating morphology, it is inferred that the range of bias potential between -60 to

-100 V could improve the microstructure and restrict the void-type columnar and

eliminate the network of crack-like voids as reported by others [112].

(a) OV (b) 20V (©) -60V

d) -100 V

-

Fig. 3.20 Evolution of CrN cross-section morphology vs. substrate bias [Uy)|.
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The top-view morphologies of CrN coatings by Atomic Force Microscope
(AFM: 1pm x 1um) are given in Fig. 3.21. It is can be observed that without bias, the
coating surface is composed of many different height hilltops, which array tightly and
are isolated by small boundaries. With increasing |Up|, the difference of height
between the hilltops reduces. As |Up| increases to 200 V, the top-view image of the
coating returns to that without bias and the small difference is that the hilltops become
tighter and more regular. This could also be related to their high deposition rate.
Correspondingly, the variations of the coating surface morphology are related to the
change of surface roughness. The roughness initially increases from 5 nm to 8§ nm
when |Up| increase from 0 to 60V. The further increase causes the roughness to
decrease to 6.5 nm at |[Up| = 150 V. Finally, the coating roughness returns to a relative

high value of 9.4 nm when a higher |Uy| of 200 V was applied.

Fig. 3.21 The top-view AFM images of CrN coatings deposited at different substrate bias |Uy|:
0V; (b)20V; (c) 60 V; (d) 100 V; (e) 150 V; (f) 200 V.
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The evolutions of cross-sectional and top-view morphologies indicate that ion
bombarding due to the application of RF bias has great influences on coating
morphology. It is well known that the adatom surface migration plays an important
role in the coating morphology. The abilities of adatom mobility are mainly
determined by substrate temperature and ion bombardment energy. In our study, as no
substrate heating system was used, the applied substrate bias plays a decisive role for
the adatom mobility. Taking into account the coating-atom condensation process for
pure metals, it is usually divided in three stages [113]. The first stage is the collision
of incident atoms with the substrate surface. They transfer kinetic energy to the lattice
and become loosely bonded “adatoms”. These adatoms may diffuse over the surface,
exchanging energy with the formed lattice and other adsorbed species in the stage two.
The diffusion of these adatoms ends when they are desorbed, by evaporation or
sputtering, or become trapped at low energy sites. The final stage is the readjustment
of the trapped atoms within the lattice. During the three stages different physical
processes are involved in the trajectory of an atom: 1) shadowing, the geometric
interaction between the roughness of the growing surface and the angular direction of
the arriving atoms; 2) surface diffusion, which is related to the activation energy for
surface diffusion; 3) bulk diffusion, which depends on the activation energy for bulk
diffusion; and 4) the desorption which is controlled by the sublimation energy.

At different temperature ranges different processes might dominate. Therefore,
the structure zone model for growth is divided into ranges determined by the ratio (t)
between the deposition temperature (Tgeposit) and the melting temperature (Trer), 1.€.
t= Tdeposi’ Tmelr. It 1s should be noted that for a reactive sputtered film the heat of
formation can also be of importance in the deposition process. Nevertheless, in many
cases, it is suggested that the existing models are roughly divided into three zones:

1. Taeposiy Tmet < 0.3 consists of tapered crystals with domed tops, which are
separated by porous boundaries: low activity or surface diffusion.

2. 0.3 < Teposit/ Tmeit < 0.5 consists of columnar grains separated by distinct dense,
inter-crystalline boundaries. The surface has a smooth appearance.

3. Taeposi/ Tmett > 0.5 consists of equiaxed grains controlled by bulk diffusion.
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CrN has a melting temperature of 1773 K [114]. As in our case, no heating
system was used; the maximum deposition temperature detected by an infrared
thermometer is only about 600 K even at a high RF substrate bias of 200 V. Thus, the
CrN coating should have a morphology that is comparable to that of the first zone.
Indeed, from either the cross-sectional images or the top-view, it can be seen that
without bias, the coating morphology presents a structure consisting of tapered
crystals with domed tops (see Fig. 3.20a and Fig. 3.21a) as the surface atomic
mobility is very low at room deposition temperature. When |Uy| increases more than
60 V, Ar' ion bombarding energy increases as indicated in the OES signal, which can
improve the coating microstructure, restrict the columnar structure and finally make
the coating dense and smooth. This is comparable with an increase in surface
diffusivity, a change to zone 2. This influence on coating morphology can be clearly
seen in Fig. 3.20b, ¢ and Fig. 21b, c, d. A little difference is that the coating seems to
be denser in comparison with those without bias. When |Uy| increases further (>
100V), it is surprising that the coating morphologies seem to be similar with that
without bias. It is sure that at this level of ion bombardment, the increased amount of
ion impinging on the growing film surface is expected with further increasing bias.
However, the coating morphologies do not seem to enter into zone 3. This can be
related to the changes of the flux ratio Jc/Jy as discussed in the OES analysis and

from the composition results.

3.4.4 Coating mechanical properties

The evolution of coating hardness (H) and elastic modulus (E) vs. substrate bias
|Up| 1s present in Fig. 3.22. It can be seen that the hardness of coating initially increase
with increasing |Uy| until it reaches a maximum value of 24 GPa at |Up| = 60 V, then it
decreases with further increasing |Uy|. This phenomenon could be associated with the
changes of nitrogen in the coatings as the sub-stoichiometric nitride yields lower
hardness in comparison with those of the stoichiometric nitrides. The evolution of

elastic modulus shows very small changes with different |U,|. However, one can still
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observe a small amount of increment of modulus when the bias was between 60 and
100 V. The maximum modulus of 308 GPa is achieved at RF bias of 20 V. However,
the modulus for the coating deposited with bias of 60 V has a comparable value of
301 GPa. It is suggested that the bias between 60 and 100 V is a good choice for

obtaining CrN coating with both high hardness and high modulus.
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Fig. 3.22 Nano hardness and elastic modulus as functions of the substrate bias |Uy|.

The scratch test results are shown in Fig. 3.23. The cohesive critical loads (L)
and adhesive critical loads (L.;) are defined as what has been done in the
investigations of nitrogen influence on CrN. It can be seen that the chromium nitrides
with substrate bias present low critical loads (L.;) between 5 N and 7 N. On the
contrary, the coating without bias shows a relative high L.; nearly 20 N. In addition, it
can also be found that the values of L.; do not show too much dependence on the
substrate bias. For L,, they present a similar evolution as L., the coating without bias
present L., of 22 N, much higher than the others. In fact, the value of the critical load
depends not only on the interfacial adhesion between coating and substrate, but also
on the thickness of the coating, substrate/coating properties such as hardness, internal
stresses in the coating and the friction coefficient between coating and stylus [115]. As
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presented in Fig. 3.20, the thicknesses of all the coating do not show too much
difference. The coating structure and the stylus didn’t change during the scratch tests,
hence, the unchanged friction coefficients. On the other hand, the hardness of CrN
without bias and the CrN with the highest bias have the almost same values whereas
their critical loads have big differences. Therefore, the only reasonable explanation for
this is the difference of internal stress due to the ion bombardment. Generally, these
coatings under substrate bias have a compressive residual stress, which acts as a
pre-load on the coating/substrate interface [116]. Although the presence of such stress
improves coating hardness as presented in Fig. 3.20, they also reduce the practical

adhesion and therefore the critical load.

Critical load (Lc1)

)
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Critical Load (Lc2)

Fig. 3.23 Optical images of scratch test results of chromium nitride coatings and their critical load
with different substrate bias.

3.4.5 Coating tribological properties

The tribological properties of chromium nitride coatings with different substrate
biases were examined with 100Cr6 counterparts. The applied load was 2 N. The other
test parameters were used as they were evaluated on the investigation of nitrogen
partial influence on CrN. The evolution of friction coefficients with different substrate

biases can be found in Fig. 3.24. It can be found that the friction coefficient are almost
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the same level of nearly 0.7 except for the coating deposited with a bias of — 60 V,
which has a relatively low friction coefficient of 0.55. This can be attributed to the

high hardness of this coating.
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Fig. 3.24 Friction coefficients and wear rates during the sliding wear for chromium nitride
coatings with different substrate biases.

Fig. 3.25 presents the wear track and the counter-ball surface morphologies
under the optical observations. These images correspond to a typical chromium nitride
coating with a bias of -100 V. In fact, the wear track and the ball morphologies for the
other coatings show the similar photographs. From this figure, it is evident that the
main failures occurs on the ball surface instead of the coating surface. This is due to
the high hardness of chromium nitride coatings. Thus, the abrasive wear on the ball
surface is thought to be the main wear mechanism. Hence, the wear rate can be
calculated following the methods described in Chapter 2 and the results are presented
in Fig. 3.23. It can be found that the wear rate has a good correlation with the
hardness. The coatings with higher hardness have the higher wear rate from the ball.
The maximum hardness corresponding to the coating deposited with a substrate bias

of -60 V has a maximum wear rate of 5.4 x 10" m%N.
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Fig. 3.25 wear tracks after the pin-on-disk tests for the coating deposited with a substrate bias of

-100 V. (a) wear track on the coating; (b) wear track on the counter ball.

3.4.6 Coating corrosion properties

As described in the investigations of nitrogen partial influence on coating
properties, the dynamic polarization technique was used to compare chromium nitride
corrosion properties for different substrate biases. The obtained polarization curves
are presented in Fig. 3.26. It can be seen that whatever the substrate bias, the
polarization curves always present typical passive behaviors, which are related to the
presence of Cr in the coatings. Their corrosion potential and corrosion current density
as a function of substrate bias are shown in Fig. 3.27. From this figure, E can be
seen to shift to negative potential as the substrate bias increased, which is attributed to
the decrease of nitrogen in the coatings. The coatings deposited below 60 V show the
same level E.,; of nearly 330 mV whereas E,; for the coatings deposited above 60 V
have moved to negative direction of about 70 mV. It is suggested the stoichiometric
CrN has higher chemical inertness than the non-stoichiometric coatings in the
presented test medium. For I., they show the similar trend like Ecor Where Ieon
increased when increasing substrate bias as the higher bias brought more defects into
the coatings. However, since all I, are at the same nA/cm?® order of magnitude, it is
very difficult to determine which kind of coating has the best resistance for further
corrosion when corrosion occurred.
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Fig. 3.26 Dynamic polarization curves for chromium nitride coatings with different substrate bias
(i.e. B20: [Uy[=20 V).
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Fig. 3.27 Corrosion potential (E.) and corrosion current density (Icorr) as a function of substrate
bias.
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The SEM surface images of chromium nitrides with different substrate biases
after corrosion tests are presented in Fig. 3.28. One can observe that the surfaces
exhibit little corrosion, which is the reason why I, 1s quite low. However, there are
still some pitting corrosions found on the corroded coating surfaces. As discussed
before, the corrosion mechanism in these coatings is mainly from the pitting which is
introduced either by the columnar structure or by the growth defects due to ion
bombardments. The coating without bias has a tapered structure, which made the
surface corroded as indicated in Fig. 3.28a. However, the corrosion medium can not
further attack the interface between coating and substrate because the corrosion
products block the pathway. In contrast, the coating deposited with bias had denser
structures, which show good corrosion resistance. With increased bias, ion
bombardment introduced more defects. In addition, the nitrogen content in the
coatings decreases. These two reasons made their corrosion resistance decrease with
the enhancing ion bombardment. The pitting numbers have a good correspondence
with I.or; from this figure, the more defects introduced by the RF bias bombardment,

the easier corrosion occurres.

s ;

P { Fi |
50.0 ym . 50.0 um

Fig. 3.28 SEM surface images of chromium nitride after dynamic polarization tests; (a) 0 V; (b)
=20 V; (c) -60 V; (d) -100 V; (e) -150 V; (f) -200 V.
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3.5 Summary

This chapter focuses on the synthesis and optimization of chromium nitride
coatings. It is found that the hysteresis curve and target voltage vs. nitrogen flow rate
curve can be well used to predict the chromium nitride phase evolution. The
stoichiometric Cr,N and CrN are synthesized with a nitrogen flow rate of 6 sccm and
12 scem respectively. Their composition and structure evolution behaviors are in good
agreement with what has been predicted from the hysteresis curves. The
stoichiometric Cr,N, CrN and the nanocrystalline Cr(N) solid solution with <200>
preferred orientations present the higher hardness and modulus, so as to their better
performance to wear resistance during pin-on-disk tests. However, in contrast to Cr;N,
CrN shows better abrasive wear resistance. The corrosion tests show that the
non-stoichiometric chromium nitride coatings have higher corrosion resistance than
the stoichiometric. The amorphous-like coatings have the best corrosion resistance
despite that they present the lowest hardness. The abilities of corrosion resistance of
chromium nitride coating in a 3.5 % NaCl solution are a-CrN > Cr > Cr,N > CrN >
AISI 304.

Another investigation is devoted to the influence of the RF substrate bias on
coating structure and properties. OES analysis reveals that the formation of CrN
mainly occurs on the substrate surface. The increased substrate bias leads to the
decrease of nitrogen content in the coatings. The morphology evolution as a function
of RF bias is in good agreement with OES analysis. Pin-on-disk tests show that
coatings with moderate bias can combine low friction coefficient and best abrasive
wear thanks to their higher hardness and modulus. In the corrosion tests, only the
coating deposited with a low bias below 100 V presents good chemical inertness.
However, all coatings demonstrate very low corrosion current density in nA/m? order.
The CrN coating deposited with a RF bias of -60 V demonstrate a good combination
of tribological and corrosion properties and is thought to be the optimized bias value

for CrN deposition.
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Chapter 4. Structure and properties of monolayer and

multilayer coatings of Cr-Zr-N

4.1 Introduction

Single layer chromium nitrides (CrN) have been extensively investigated in the
applications of the protective coatings due to their high hardness, good wear
resistance as well as excellent corrosion and high temperature oxidation resistances
[66, 85, 93, 117]. In some cases, they have been used as replacements of electroplated
chrome. However, in many applications, the requirements for coated material surface
can not be fulfilled by such a single coating alone. A further development to adapt
some of their properties to the desired values for specific applications is to produce
composite coatings, where different material properties are combined and some new
desired properties could be created [39, 47, 49].

To elaborate composite coatings, an efficient method is to alloy them by adding
a third element into an existing single phase coating. In most cases, their structures are
characterized by multi-phase structures though some of them can also form solid
solutions [118]. The additional element, however, can either be diluted in the matrix
to form a new single phase (i.e. solid solution) or exist as a second phase separating in
the form of nano-dimension grains (i.e. nanocomposite) [119]. The formation of
nanocomposite in such a way provides a great flexibility to adjust coating structures
and properties [120]. The composition variations allow a fine tuning to adjust
structural parameters like lattice constant, defects, crystal phase and texture.
Consequently, the wvarious structures offer opportunities to optimize physical
properties such as hardness, elasticity, oxidation behavior and corrosion stability in
specific applications [39, 121].

In recent years, many research efforts have been dedicated to CrN-based ternary
nitrides. The reported Cr-Ti-N [122], Cr-Al-N [123], Cr-W-N [124] coatings actually
present high hardness and high thermal stability in comparison with the binary CrN.
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However, although some basic correlations between the basic deposition parameters
and the properties have been explored widely, it is still difficult (or impossible) to
theoretically predict the influence of an alloyed element on the final performance in a
specified application, especially in the case where the final properties are controlled
by a nonlinear interaction of different parameters [39]. Moreover, it has been argued
that even a very small amount of the third element plays a decisive role in the
modification of chemical bonding, structure and morphology of the thin films [125].

In the first part of this chapter, the Zr modified CrN coatings were initially
deposited. The selection of Zr is based on the facts that ZrN is much stable, easy to
synthesize and has better corrosion resistance in comparison with other binary nitrides
used in industry [126]. Although some research efforts have been devoted into
Cr-Zr-N system [105, 119, 121, 123, 127], there are few works concerning their
corrosion properties. In this study, a small amount of Zr was doped into CrN by
sputtering alloy target. This alloying method has been expected to affect the lattice
distortion, modify the ionic-covalent bonding degree, and change surface
morphologies, therefore, the possible improvements in tribological and corrosion
resistance.

Following the idea of using Zr to modify the properties of chromium nitride,
another interesting viewpoint was introduced, which is to fabricate multilayer
coatings (especially nanoscale multilayer) in this ternary system (Cr-Zr-N). The
nanoscale multilayer structures were generally achieved by repeating layer of two
different materials in nanometer dimensions deposited onto a surface. The thickness
of each successive pair of layers has been known to play an important role on the
multilayer properties [128]. By adjusting bilayer thickness (or modulated period: A) to
realize a functional design, materials may be combined with different functions; and
by structural variations (e.g., grain size, constitution, as well as ratio and constitution
of interfaces), the obtained coating can be optimized in their properties to fulfill some
specified applications [42, 129]. In the past decades, several material systems,
including TiN/CrN, TiAIN/CrN, CrN/AIN and TiN/ZrN, have been developed and
exhibited stronger enhancement in properties [103, 116, 129-135]. However, only a
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few research activities concern the CrN/ZrN system [136]. In fact, there are many
reports showing that CrN coatings exhibited excellent corrosion and wear properties
and even better oxidation resistance, as well as better adhesion on tool steel when
compared to TiN coatings [31, 137]. On the other side, ZrN coatings have also
demonstrated comparable mechanical properties and even better corrosion resistance
than TiN [84, 119]. Taking into account these two points, the idea to substitute TiN by
CrN in the widely investigated TiN/ZrN system or to replace TiN by ZrN from the
much concerned TiN/CrN system seems to be interesting. Therefore, in the secondary
part of this chapter, CrN/ZrN multilayer coatings are designed and deposited with
bilayer periods (A) in nanometer dimension. The investigations on their
microstructural evolution with decreasing bilayer thickness and their related

mechanical, tribological and corrosion properties have been performed in detail.

4.2 Coating preparations

From the results of Chapter 3, the stoichiometric CrN can be synthesized at a
mixture of 10 sccm Ar and 12 scem N; atmospheres. In order to compare coating
structures and properties conveniently, the reactive gases were regulated at the same
conditions during the deposition of Zr modified CrN coatings. The substrate bias was
fixed at —150 V, which provided the possibility to decrease grain sizes. To add Zr into
the CrN coating, a simple method was employed: the rounded Zr coupons (diameter:
10 mm) were placed homogeneously on the erosion track of the Cr target (See Fig.
4.1). In this way, Zr content in the deposited coatings could be controlled by varying
the total numbers of coupons from O to 10. A thin adhesive layer of CrZr was
deposited for 5 min on both silicon wafers and AISI 304 stainless steel substrates
before introducing N,. The deposition steps and deposition parameters were regulated

the same way as those used for CrN coatings.
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Zr coupons

Cr Target

Fig. 4.1. Schema of a simple alloying method to add Zr into CrN.

During the preparation of multilayer coatings, CrN and ZrN coating were
deposited as references. The depositions were carried out using the same deposition
parameters and deposition steps as CrN coatings. The substrate bias was -60 V. There
is a very small difference between the depositions of CrN and ZrN: the interlayer in
ZrN is a pure Zr layer deposited in 2 min while in CrN the interlayer is a 5 min
deposition of Cr. For the multilayer coatings, the deposition parameters of each
individual layer were the same as their single layers whereas the substrate RF
self-bias was adjusted to -60 V. In order to evaluate the real properties of multilayer
coatings, no interlayer was applied in all the depositions of multilayer coatings. The
initial deposit layer was CrN, then ZrN and CrN individual layers were deposited
alternately and finally CrN was deposited as the outermost. The multilayer bilayer
thickness (A) was controlled by turning alternately the substrate holder platform
toward the target surface and exposing the samples to the Cr or Zr targets for certain
times. The total deposing time for multilayer coatings was maintained for 60 min
while the designed total layer number varied from 30 to 180. Therefore, the
deposition times for each layer were from 20 to 120 seconds. In order to control the
process conventionally, sample static exposing time to Cr and to Zr target was
regulated equally. The detail design parameters for multilayers can be found in the

second part of this chapter.
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4.3 Zr modified CrN coatings

4.3.1 Coating compositions and structure characteristics

The obtained Zr modified CrN coatings have thickness ranging from 4 to 5 pm.
Their compositions, as a function of the Zr coupon numbers are shown in Table 4.1.
The results clearly indicate that Zr atomic concentration in the coatings has a nearly
linear increase with increasing Zr coupons. The maximum Zr content (3.2 at. %) was
achieved at a maximum coupon numbers of 10. On the other hand, the nitrogen to
metal atomic ratio x = N/(Cr+Zr), increases from 0.82 to 0.96 as Zr coupons increase,
indicating that nitrogen is easier to react with Zr than as it does with Cr. The GDOES
typical depth profile analysis curve for the coating with 3.2 at. % Zr content is shown
in Fig. 4.2. It can be observed that carbon and oxygen elements are rarely found
throughout the depth of the coating. In contrast, a uniform composition distribution
along the depth direction can be seen. The increases of both Cr and Zr contents are
observed in the coating-substrate interface, which resulted from the CrZr adhesive

layer.

Table 4.1. Element content and nitrogen to metal ratios of x=N/(Cr+Zr) in the Cr-Zr-N coatings as
a function of the numbers of Zr coupons.

Zr coupons Cr (At. %) N (At. %) Zr (At. %) x=N/(Cr+Zr)
0 55.0 45.0 0 0.82
2 54.0 45.2 0.8 0.82
4 53.0 454 1.6 0.83
6 51.7 46.2 2.1 0.85
8 49.6 47.7 2.7 0.91
10 47.8 49.0 32 0.96
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Fig. 4.2. Typical GDOES elemental depth profile of CrN(Zr) coatings deposited with Zr content of
3.2 at. %.

The evolution of the structure of CrN(Zr) coatings with various Zr contents is
shown in Fig. 4.3. As expected, the coating without Zr presents a face centered cubic
(FCCQ) lattice structure although their composition shows N deficiency (Table 4.1).
The diffraction peaks of CrN(111), (200), and (220) can be clearly indexed. This
coating has a <200> preferred orientation in comparison with the powder diffraction
spectra (JCPDS76-2494). As indicated in the figure, some peaks from the substrates
can also be observed. In order to calculate the average grain size, the diffraction peaks
located near 44° were fitted to a pseudo-Voigt function. The average grain size of
CrN coating subsequently evaluated from Scherrer formula is about 13 nm. This
nanocrystalline grain structure can be attributed to the effects of ion bombardment.
When the Zr content in the coatings increases, no diffraction lines from ZrN are
identified for all the Zr modified CrN coatings. On the contrary, the shift of all CrN
peaks towards lower angles can be found. The structure evolution results reveal that
the small amounts of Zr in the coatings substituted the positions of Cr and formed
substitute solid solutions CrN(Zr), which can be easily understood by the same lattice
structure (fcc) between CrN and ZrN. The lattice parameters of the CrN(Zr) coatings,
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which were deduced from the CrN(220) reflection peak, increase from 0.4135 nm to
0.4208 nm with increasing Zr contents. The lattice distortions are the results of the
substitution of Cr with Zr since the atomic radius of Zr (0.161 nm) is larger than that
of Cr (0.136 nm) [127]. These results are in good agreement with the reported results
by other researchers [119, 127], where whatever the addition of Zr into CrN or Cr into
ZrN, the shift of the diffraction peaks towards low angle with increased doping
element contents were observed. From Fig. 4.3, it can also be seen that with the
increase of Zr content, the CrN(Zr) coating diffraction intensities show no evident
variations, which means that the small amount of Zr doped into CrN have little effects
on the refinement of grain structures. Thus, the CrN(Zr) coatings might have an
average grain size in nano dimension like that in CrN coating. The only evident
change during structure evolutions is the peak intensity of CrN(220), which keeps
almost constant as Zr content in the coatings is below 1.5 at. %, and above this point,
it increases with increasing Zr contents, indicating the preferential orientation change
from <200> to <220>. This is probably due to the effects of residual stress or the

increase of N content.
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Fig. 4.3 X-ray diffraction patterns of Zr modified CrN coatings with different Zr contents
(S: substrate).
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Fig. 4.4 a and b present the typical fracture cross-sectional SEM from Si wafer
substrates. Fine, dense columnar structures can be observed. However, in comparison
with the morphology of CrN, the Zr modified CrN coating shows more granular
morphology, suggesting that the addition of Zr improved the coating microstructure.
These fine grained morphologies could be expected to perform better in an aggressive
aqueous environment. These observations are in agreement with the results from the
multi-component coatings reported in the literatures [127, 138]. On the other hand,
the surface microscopy image (Fig. 4.4c) from AISI 304 substrates shows a flatter
surface. However, the surface also displays macroparticles and pronounced pinholes.
The macroparticles were due to the small liquid droplets that incorporated during
coating growth while the pinholes were the results that the macroparticles debonding
from the coatings. Similar results were obtained in a PVD TiN/TiAIN system and the
detail explanations of formation such as topographies have been performed by the
authors [139]. It should be noted that although these topographies are typical for ion
plating and sputtering deposition process, they are still considered as drawbacks for

the practical applications especially for erosion and corrosion resistance fields.

20.0 pm

Fig. 4.4 SEM showing fracture cross-section from Si substrate and surface morphologies from
AISI304 substrate (a) CrN coating; (b) CrN(Zr) coating with Zr content of 2.1 at. %; (c) Surface
defects of CrN(Zr) coatings; (d) magnification image of typical defects.
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4.3.2 Coating mechanical properties

Fig. 4.5 shows the nanohardness (H) and Young’s modulus (E) as a function of
Zr content. The values were measured by nanoindenter using a continuous stiffness
mode (CSM), which enables to obtain the continuous hardness and modulus from the
initial to the final indentation depth. The detailed principle and operation have been
introduced in Chapter 2. The hardness and modulus of each measurement were
determined at the indentation depth ranging from 100 to 300 nm. Nine indentations
were performed and the final values of H and E are the mean values of these nine
measurements. From Fig. 4.5, coating hardness values are between 19 and 24 GPa,
which are comparable to those reported in the literature ranging from 18 to 30 GPa,
depending on the growth conditions. In particular, the hardness agrees well with those
reported for films under the comparable experimental conditions [121]. The evolution
of H and E with increasing Zr content indicates that both H and E increase slightly
until the maximum values of approximately 24 GPa and 308 GPa, respectively, at Zr
content of 1.5 at.%. Further increases of Zr content result in a slight decrease in both
H and Er. By comparing the hardness values of CrN and CrN(Zr) coatings, the solid
solution strengthening effects can be derived. However, the lattice distortion effects
on inhibiting the mobility of the dislocations are small as the increase of H is not
significant. The result is different in comparison with those reported in the literature
[119, 127], where significant enhancements of H were observed. This difference can
be attributed to the low level Zr content in the present coatings. On the other hand, the
results are similar to those reported by Lamni et al. for the Cr-Zr-N system [121],
although their methods to enhance hardness are to add Cr into ZrN thin films.
According to the authors, the little hardness enhancement could be attributed to the
effects in terms of local bond strengthening and conduction band state occupancy.

The influence of Zr content on coating hardness is the result of complex
combination of the chemical and physical properties of the film material and of the
growth process. The growth process particularly has a great influence on coating

morphology and stress state. The hardening of a ternary transition metal nitride is
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often interpreted in terms of solid solution strengthening, decrease of the crystallite
(Hall-Petch relation) and film densification. Taking into account the results of
structure analysis, it can be concluded that the solid solution strengthening effects
existed in the present system. However, the grain size or Hall-Petch hardening effects
can be ruled out because, as deduced from XRD, the crystallite does not change
significantly although they remained in nano dimensions. On the other hand, the
influence of the grain shape (elongate or equiaxed) and the grain orientation on the
mechanical properties is not completely understood. It is clear that hardness is in
general an anisotropic property. As indicated in the cross-sectional images, the
columnar microstructures are the same for all the coating, thus they would have little
effects on the coating mechanical properties. Actually, the crystalline orientation
transition from <200> preferred to <220> are clear when Zr content reached 1.5 at. %.
This change is well consisted with the hardness evolution, which would result in the

fact that both H and E decreased as Zr content is greater than 1.5 at.%.

30

e H 340

28
—o0—E 320

< | .
[
& 26- /%\% R
= /% \§ o |0
»n 244 7
3 | E
.E \ - 260 S
& 22- % T S
5 — s
S 240 O
@© (@]
S / \. :
O
] 220 9

18- 200

t 4t 180

0.0 05 1.0 15 2.0 25 3.0 35

Zr concentration (at.%)

Fig. 4.5. Nanohardness (H) and Young’s modulus (E) of CrN(Zr) coatings as a function of the
atomic percentage of Zr in the coatings.
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The scratch tests were carried out to evaluate coating/substrate adherence
strength. The applied test parameters have been described in chapter 2. Two tests for
one specimen were performed to verify the reproducibility. Fig. 4.6 shows typical
curves of friction force, acoustic emission signal versus the applied normal load. A
corresponding scratch track was also presented in the figure simultaneously. As it can
be seen, in the cases of Zr modified CrN coatings, cohesive failure (L.;, which is
usually remarked by the start of cracking) is too difficult to be found. The adhesive
failure critical load L, is defined as the starting point of chipping failure extending
from the wear track. On the other hand, L.; is associated with the point where the
coating was completely removed. The results of such critical loads as a function of Zr
content in the coatings are shown in Fig. 4.7. From this figure, all L., have relative
low values between 6 to 12 N, which is due to the soft substrates. It can be noticed
that L., increases with the additions of Zr into CrN coatings. However, the maximum
L, is only 12 N at the maximum Zr content. In contrast to Ly, L.3 does not show too
much correlation with Zr content, which is probably due to the difference of coating
thickness as shown in the cross-sectional SEM. Although the measured values of
critical loads depend on many factors as discussed in chapter 3, the results indicate

that adding Zr into CrN coating has positive effects to enhance the adhesion.

Le2

AE (DB)

bbhlhhonsons S 5823888

1 A}M fh w,, b I "‘1‘“

I ) 1i !

i my

AR ,1.! [|.|| i |.I| ‘I. “ i ":lr ‘|| rJl[#k 1rl
I

[ H 10 15 20 25 30 35 40

Load (N)

1st derivative of friction

Fig. 4.6. Determining adhesive critical load (L.,) and coating spalling out critical load (L3) using

a combination of friction force, acoustic emission signal and optical image.
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Fig. 4.7. Adhesive critical load (L.;) and critical load (L.3) as a function of Zr content in Zr
modified CrN coatings.

4.3.3 Coating tribological properties

The tribological properties of Zr modified chromium nitride coatings with
different Zr contents were examined with 100Cr6 counterparts on a pin-on-disk
tribometer. The applied load was 2 N. The other test parameters were defined in
Chapter 2. Fig. 4.8 shows a typical curve of friction coefficient versus sliding distance
during 500 m. It can be seen that the friction coefficient of this Zr modified CrN
decreases smoothly from 0.65 down to 0.55 within the first 100 m, and then remains
constant around 0.5 for the rest of the test. The initial variations of friction coefficient
could be associated with the “running-in” process. This is a general process for
mechanical components with surface contacts before they reach steady-state operation.
For this process, when one of the contacting surfaces is comparatively hard and the
lubrication conditions prevent metallic transfer during running-in, wear will be

principally confined to the softer surface and this exhibits a transitional topography
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[140]. In the present case, the coating surface is much harder than the counter ball; as
a result, the counter ball surfaces were worn continuously until they reach the
steady-state. In all the cases of Zr modified CrN coatings, the steady-states were
defined after the sliding distance of 100 m. Therefore, the average friction coefficients

were calculated as the mean value of the rest sliding distance.

Friction Coefficient
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Fig. 4.8. Evolution of the friction coefficient during 500 m against a 100Cr6 ball of 6 mm in
diameter and a 2 N applied load for: 1.5 at. % CrN(Zr) coating.

Fig. 4.9 presents the evolution of friction coefficients with different Zr contents
in the CrN(Zr) coatings. From this figure, it can be found that the lowest friction
coefficient of 0.52 corresponds to the highest hardness of 24 GPa, which has a Zr
content of 1.5 at. %. For the other cases, it seems the higher the hardness is, the lower
the friction coefficients are. This principle could be explained by the combination of
abrasive and adhesion wear during the sliding process. As discussed above, during the
tests, wear occurred principally on the counter ball surface. However, in some cases,
very small amounts of coating surface were also damaged, which is due to the small
abrasive particles detached from the coating. If the coating surface was not damaged,
in the steady-state, the counter ball would slide on the transferred material surface. As
a result, the friction coefficients present a very low value as the transferred materials
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could play a role of lubricant. In contrast, if some coating particles were detached into
the transferred ball materials in some surface weak areas, abrasive could occur during
the sliding process. In such case, the friction coefficients would show relatively higher
values as the abrasive wear contributed the resistance to the movement of the counter
balls. However, in all cases, no evident abrasive wear tracks on the coating surface
were found according to the coating surface images after the test. The typical coating
surface morphologies are shown in Fig. 4.10. Fig. 4.10a is a typical wear track
without any abrasive wear. In contrast, Fig. 4.10b shows the coating surfaces were

slightly damaged.
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Fig. 4.9. Friction coefficients and wear rates during the sliding wear for CrN(Zr) coatings with
different Zr contents.

As the abrasive wear mainly occurred on the counter ball surfaces, the wear rate
can be estimated by the volume loss of the counter balls. The result is plotted in Fig. 4.
9. It can also be found the highest hard coating corresponds to the greatest ball
volume loss. In the other cases, depending on the level of the abrasive wear, wear rate
shows very small variations but still remains in the same order, which could be related
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to their flatter surfaces with similar roughness. In conclusion, the tribological results
show that these Zr modified CrN coatings have excellent abrasive wear resistance,

which could be attributed to their high hardness.

Fig. 4.10. Wear track of CrN(Zr) coatings: (a) 1.5 at.% Zr coating with complete adhesive wear,

coating surface was not damaged; (b) 3.2 at.% Zr coating has a combination of abrasive and
adhesive wear, a few damages of coating surface can be observed.

4.3.4 Coating corrosion properties

Fig. 4.11 shows the potentiodynamic polarization curves of Zr modified CrN
coatings with different Zr contents. For comparison, the polarization behavior of the
AISI304 substrate is also plotted in the same figure. The first remark is that the coated
specimens show relative positive corrosion potentials and lower corrosion current
densities in contrast to the substrate, indicating their stronger protective characteristics.
Due to the presence of Cr in the coatings, the typical passive behaviors can be
observed for all coated specimens, especially for CrN and CrN(Zr) coating with a Zr
content of 2.1 at. %, which have wide and relatively stable passive stages ranging
from -200 mV to +800 mV (vs. SCE). However, the passive current density of
CrN(Zr) specimen is under the order of pA/cm?, lower than that of CrN sample. For
the other coated specimens, the passive current densities show the characteristics of
instability. This scattering of current density in the anodic passive region can be
explained by the clogging of the corrosion product in the pinholes and the breaking
down of the coatings on the coated specimens [84].
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Fig. 4.11. Potentiodynamic polarization curve for CrN(Zr) coatings with different Zr contents and
the substrate.

Table 4.2 summaries the corrosion potentials (Ecor) and corrosion current
densities (I.orr) Obtained from the polarization curves. It can be seen that the Zr
modified CrN coatings (except for 2.1 at. % Zr) have higher corrosion potentials in
comparison with that of CrN, which indicates that the additions of Zr improve the
coating chemical inertness in an aggressive aqueous environment. The highest
corrosion potential of -312 mV, corresponding to 1.5. at % Zr in the coatings, has
moved approximately 90 mV to positive values when compared to CrN. Even for the
CrN(Zr) coating with 2.1 at. % Zr, as discussed above, the relative lower passive
current density corresponds to higher ability to suspend corrosion extension when
corrosions occurred. The improvements of corrosion potential are associated with the
increased nitrogen to metal atomic ratio, by which more metal atomics were bonded
by N instead of being corroded by the environment medium. The better corrosion

resistance of ZrN may also contribute to that [84].
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Table 4.2. The corrosion current (Icorr), and corrosion potentials (Ecorr) determined from the

polarization curves in a 3.5 % NacCl solution for the CrN(Zr) coatings with different Zr contents.

Zr content (at. %) Ecorr (mV) Teorr (nA/cmz)
substrate -480 6431

0 -401 19
0.8 -344 74

1.5 -312 36
2.1 -420 8
2.7 -352 11
3.2 -348 20

The corrosion current density is commonly used as an important parameter to
evaluate the kinetics of corrosion reactions and is normally proportional to the
corrosion rate. The coated specimens present exceptionally low corrosion current
densities in the nA/cm” scale, up to three orders of magnitude lower than the substrate.
As the transition metal nitrides are generally inert to chemical attacks [141], the
results reveal that the Zr modified CrN coating specimens possess excellent
capabilities for preventing localized galvanic attacks between the coating and the
substrate. This can be attributed to the dense compact structures as shown in Fig. 4.4.
As the corrosion current density is usually influenced by many factors during tests, i.e.
temperature, surface conditions, oxygen in the solution, etc, the comparison between
the Lo of CrN(Zr) coatings and that of pure CrN coating does not provide direct
evidence that the Zr modified CrN coatings have a lower corrosion rate. However, as
all of the I . are at least comparable to that of CrN, considering the results from E oy,
it is sure that the addition of Zr into CrN coating is effective in improving corrosion
resistance. It should also be noted that both corrosion potential and current density do
not show a stronger dependence on Zr content. This can be explained by the
composition results where the addition of Zr into CrN coatings also leads to the
changes of both Cr and N compositions. As a result, the doped Zr is not a unique
factor to affect corrosion resistance. Since Cr was very sensitive to environment

oxidation, the decreased Cr and increased N as well as increased Zr may play
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different important roles to affect the initial sample surface states; subsequently,

resulted in the no systematic variations of Eor and oo

Defects

Fig. 4.12. SEM micrographs of corroded spots on Zr modified CrN coatings (a) corrosion on the
points of small pores and defects, (b) magnification of corrosion on the defect point.

The electrochemical data gives the evidences that the corrosions in the coated
specimens are very slight. The SEM micrographs show that the surface did not exhibit
any apparent corrosion impressions after the polarization tests (Fig. 4.12a). The EDX
analysis on the corroded sample surface detects the evident signal of Cr, Zr, N and O
but very weak from iron, indicating that there is no evident degradation of substrate
materials. However, the corrosion was clearly observed during the electrochemical
tests. As the transition metal nitrides are generally immune to corrosion, the lower
corrosion current density means that the corrosion can not occur on the entire sample
surface but in some specific areas. The typical pitting corrosion should be responsible
for that as reported in the literature [84, 105, 142]. As shown in Fig. 4.12a, for all the
specimens, two structural flaws can be identified: the small pores resulted from the
columnar structure and the growth defects coming from the metal liquid droplets as
discussed in Fig. 4.4, both of which distributed randomly over the sample surface.
There was no breakdown or spalling of the coating around these structural flaws. This
can be associated with the inactive Cr based corrosion products (i.e. Cr,O3) in the
structured defects, thus plugging the pores or defects and blocking the passage of the

electrolytic for further corrosion [105]. This is the case especially for the small pores
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as present in Fig. 4a. However, for the growth defects, they usually have low nitrogen
content [139, 143, 144] and were weakly bonded to the coating as demonstrated by
the crack at the rim and by the similar morphology between the bottom of the pinhole
and the coating surface (see Fig. 4.4). According to H.W.Wang et al. [145] (see Fig.
4.13), the corrosion behaviors may start from the N deficient pinhole rim, anodic to
the neighboring coating nitrides, which can be confirmed by the flocculence corrosion
products collected around the rim of the pinhole as shown in Fig. 4.12b. This initial
corrosion process created solution paths, which benefited to the consequent
formations of various galvanic couplings. The effect of the initial defect edge
corrosions are considered as the trigger of more galvanic dissolutions or pitting
corrosion to the substrate as the solution contained CI ion [145]. On the other hand,
the accelerated corrosion processes can be blocked either by the block of corrosion
products or stop when the growth defects were not through-thickness types. If the
defects are large enough to cross the coating thickness, as illustrated in Fig. 4.13, the
created corrosion solution paths can also reach the substrate, thus the localized
galvanic corrosion of substrate occurs. The lower corrosion current densities in the
present study indicate that most of the growth defects are not completely
through-thickness types. Moreover, the CrZr adhesive layer may also play important

roles to suppress the further corrosion process.
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Fig. 4.13. Schematic diagram outlining the corrosion mechanisms of macroparticles and growth
defects (reaction 2 and 3) and the galvanic corrosion of the substrate associated with these
(reaction 4) and other defects such as droplet shrinkage pinholes (reaction 1) [145].
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4.4 CrN/ZrN multilayer coatings

4.4.1 Coating microstructure characteristics

The detailed coating deposition process has been described in the part of coating
preparations. The characteristics of the obtained CrN/ZrN multilayer are listed in
Table 4.3. From this table, the single layer CrN and ZrN coating thicknesses during 60
min depositions are 3.5 and 1.3 pum, respectively. In contrast, the total thicknesses of
multilayer CrN/ZrN coatings range from 1.9 to 2.1 um. Hence, the bilayer thickness
between 11.7 and 66.7 nm are obtained from the ratio of coating thickness vs. layers.
The corresponding layer thickness ratio of CrN/ZrN in the bilayer thickness is

determined from the single layer coating growth rate and nearly equals to: te : tzen =

3:1.
Table 4.3. Main parameters of deposited CrN/ZrN coatings.
Coating Exposing time  Thickness Bilayer Period Hardness Reduced elastic H/E?
(1 m) (nm) (GPa) modulus (GPa)

CIN - 3.5 - 22.2 303 0.12
ZN - 1.3 - 29.0 290 0.29
30x(CrN/ZrN)  CrN :60s/ZrN:60s 2.0 66.7 28.5 321 0.22
45x(CrN/ZiN)  CrN :40s/ZrN:40s 1.9 422 28.6 309 0.25
60x(CrN/ZrN)  CrN :30s/ZrN:30s 2.1 35.0 27.7 298 0.24
90x(CrN/ZrN)  CrN :20s/ZrN:20s 1.9 21.1 26.5 294 0.22
180x(CrN/ZrN)  CrN :10s/ZrN:10s 2.1 11.7 28.0 308 0.23

A low-angle (20<<15° ) XRD reflectivity pattern results from the reflection of
X-rays off the interfaces between layers and it is not affected by the crystalline quality
within each layer. Thus, the low-angle XRD reflectivity pattern can be used to
calculate the bilayer thickness. In the present study, to verify the above calculated
bilayer thickness, a low-angle XRD test was carried out using the sample with 180
layer deposition. The operation was performed in 20-0 geometry with a Bruker D8
discovery XRD system (CuKoa A=0.1541nm). The test result is shown in Fig. 4.14. It
can be seen that two low angle diffraction peaks emerge in the figure, indicating the

formation of obvious composition modulation structure in the multilayer. Therefore,
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the bilayer thickness was drawn out from the modified Bragg equation [146]:

. ni\ >
- [y =
sin~f (ﬂ) 20

where 20 is the peak position of the n™ order reflection, A is the X-ray wavelength
(0.1541 nm), o is the deviation of the average refractive index of the film, and A is the
bilayer period. By plotting sin®0 vs. n> and fitting to a straight line with a constant
slope (M2A)?, the A could be determined. Thus, the average A is 12.6 nm, which is in

agreement with the calculated bilayer thickness of 11.7 nm.
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Fig. 4.14. Low angle XRD diffraction spectra of CrN/ZrN with 180 layers. The calculated bilayer
thickness from the ratio of thickness vs. layer is about 11.7 nm.

Fig. 4.15 presents the X-ray spectra of CrN and ZrN single layer and CrN/ZrN
multilayer coatings. As described previously, the CrN monolayer thin film presents an
intense (200) peak, a medium (111) and a weak (220) peak, which are in agreement
with the powder diagram (JCPDS 76-2494). On the other hand, ZrN thin film shows
only one intense peak (111), indicating a stronger preferred orientation in this
monolayer coating. This texture appears due to a critical level of internal stress in the
coating since this orientation tends to minimize the stress [147].
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Fig. 4.15. X-ray diffraction patterns of CrN, ZrN and CrN/ZrN multilayer (S: substrate).

For CrN/ZrN multilayer coatings, only ZrN(111) and CrN(111) peaks can be
observed except apart from the peaks from substrates. It is should be note that the
preferred growth orientation of CrN has a great change from <200> to <111>. It could
be associated with the stress at individual layer interface. This can be confirmed by
the fact that the positions of CrN(111) peak in multilayer coatings show a great shift
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to low angles in comparison with that in the monolayer coating. In addition, with
decreasing the bilayer thickness, the peak of CrN(111) show a continuous shift to low
angle. However, the peak position of ZrN(111) shows unaffected until the bilayer
thickness A > 35.0 nm. As a smaller bilayer thickness was constituted, the position of
ZrN(111) has a shift toward high angles. When the bilayer thickness decreased to 11.7
nm, the coating presents an evident CrN(111) peak while ZrN(111) peak seems to
become the 1% order negative satellite peak of this peak. It probably suggests the
formation of superlattice structure in such coating [134]. Hence, the bilayer thickness
can also be calculated by the main Bragg and satellite peak position [148]. However,
the calculated bilayer thickness is only 5.7 nm, which is half of the result obtained
either by the ratio of coating thickness vs. layer number or the low angle XRD
reflectivity. This indicates that the multilayer structure for such coating is not a
superlattice. However, the structure evolution with decreasing bilayer thickness

suggests the possibility to form superlattice structure with a lower bilayer thickness.

5 1/nm

Fig. 4.16. Cross-sectional TEM bright field image and corresponding electron diffraction pattern
for the CrN/ZrN multilayer with A=11.7 nm.

To verify the multilayer coating structures and their phases, the cross-sectional
TEM for a minimum bilayer thickness coating of 11.7 nm was performed. The
cross-sectional TEM bright field image and corresponding electron diffraction pattern
(ED) of CrN/ZrN multilayer coating are presented in Fig. 4.16. The lamellar structure
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can be identified from Fig. 4.16a. The alternate layer structure can be found in the
magnified inset. The different deposited layers can be distinguished by their different
deposition rates and have been marked in the inset of Fig. 4.16a. The average bilayer
thickness measure from TEM observation was about 12 nm, agreeing with the
estimated values. However, it is difficult to determine the layer thickness ratio due to
the preparations of the TEM samples. The ED ring pattern is shown in Fig. 4.16b and
the measured “d” values for different diffraction rings can be found in Table 4.4. The
presence of many diffraction rings in the diffraction pattern is due to two or more
structures coexisting. The diffraction rings marked 2,3,5,6 clearly show that there is a
B1 NaCl type crystal structure in this multilayer coating. These rings are continuous
instead of sharp spots, indicating the very small size grains distribution. As indicated
in Table 4.4, such structure can be attributed to CrN although the experimental d
values present a lattice mismatch of approximately 2.5% as compared to CrN phase.
ZrN phase, on the other hand, can also be indexed from the different rings as
indicated in Table 4.4. In comparison with CrN phase diffraction patterns, ZrN
diffraction patterns present diffuse scattering, which could be associated with the
presence of an amorphous phase in such multilayer. The presence of amorphous phase
for ZrN coating at a high nitrogen flow rate has been observed previously [149]. Like
Si3N4, Zr-N system can also form Zr;Ny structure [149]. The similarity of structure
may offer an additional choice to form a new kind of amorphous layer contained

multilayer structure.

Table 4.4. Interplanar distances for CrN, ZrN and the CrN/ZrN multilayer with A=11.7 nm.

Ring Experimental CrN ZiN

No. dya (A = 0.02 A) a=4.14(A) a=4.63 (A)
1 2.72 2.67 (111)
2 2.45 2.39 (111) 2.31 (200)
3 2.16 2.07 (200)
4 1.68 1.64 (220)
5 1.49 1.46 (220) 1.40 (311)
6 1.26 1.25 (311) 1.34 (222)
7 1.21 1.2 (222)
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The cross-sectional views of monolayer CrN, ZrN and multilayer CrN/ZrN
coatings on silicon substrates are shown in Fig. 4.17. The images confirm the previous
measured thickness results. CrN coating exhibited higher deposition rate than ZrN.
The monolayer nanocrystalline CrN shows fine-grained dense columnar growth
morphologies, which can be described by the Zone-T structure of Thomton’s structure
zone model [113]. In contrast, ZrN coating shows a dense morphology without
columnar growth characteristics, which is related to their high internal stresses during
deposition at a high nitrogen partial pressure. All the multilayered CrN/ZrN coatings
show fine dense columnar structures. It is a little surprising that this typical growth
style throughout the thickness was not disrupted even when the coatings were
deposited with a large bilayer thickness of A = 66.7 nm. The columnar growth
phenomenon of multilayer coatings have been observed in the other systems [129,
150, 151], which could be related to the layer structure waviness along the direction
of coating growth. Such waviness originates from the substrate as a result of previous

substrate surface treatments (i.e. polishing, ion etching).

[ Leveold |
1.00 pm

Fig. 4.17. SEM cross-sectional images on Si substrates (a) CrN; (b) ZrN; (c) CrN/ZrN A=66.7 nm;
(d) CrN/ZrN A=35.0 nm; (e) CrN/ZrN A=11.7 nm (180 layers).
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4.4.2 Coating mechanical properties

Fig. 4.18 exhibits the nanohardness (H) and elastic modulus (E) as a function of
multilayer bilayer thickness. For comparison, the test results for the CrN and ZrN
monolayer coatings are also involved. The nano-indentation hardness of the CrN and
ZrN films are 22 and 29 GPa and E of these coatings are 303 and 290 GPa,
respectively. The multilayered coatings do not show any superhardness effects even in
the smallest bilayer thickness. In addition, they don’t show much dependence with the
bilayer thickness. The values of H for the multilayered coatings remain almost
constant in spite of varying the bilayer thickness. The multilayer coatings exhibit a
higher nanohardness of 29 GPa and comparable reduced elastic modulus of 250 GPa
in comparison with the monolayer CrN coatings. However, these values are
comparable to ZrN. Apparently, the hardness and modulus dependence on the bilayer
thickness are different from either the “rule of mixture” or the Hall-Petch relation
[152]. In multilayer system, the hardness enhancement mechanism is usually
explained by the difference in the elastic modulus or existence of coherent interface.
The former is related to Koehler theory [153], which attributed the hardness
anomalies to the modulus difference. The later, however, is deduced by Gahn’s
coherent strain model [154], which suggests that the coherent strain in the multilayers
plays a main role in the hardness anomalies. In the present study, there is little
difference in elastic modulus between the constituent materials of CrN and ZrN.
However, the presence of coherent stress is possible. One side, from Table 4.4, the
interface lattice mismatch along (111) plane is evident. On the other side, the
difference of room temperature thermal expansion coefficient of CrN (2.3 x 10° K
[137]) and ZrN(7.2 x 10° K™' [155]) is enough to cause thermal stress in the interfaces.
However, in the multilayer coatings, as CrN layer posses more volume fraction (tee :
tzznv =~ 3 : 1), it can play a role to release the various stress from the interface. As a
result, CrN individual layer was forced to change their growth orientation to (111) in
order to decrease the stress. The other consequence is that the alternate stress fields

crossing the total multilayer thickness did not form. Therefore, no stronger
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enhancement of hardness due to Cahn’s coherent stress model occurs.

The evolution of E shows a similar trend to hardness. A little difference is that E
has a small amount of improvements at the smallest bilayer thickness. For coating
practical applications, usually the high hardness of coating is not the only factor for
improve coating wear resistance; elastic modulus can also be an equally important
factor [156]. A combination of hardness and elastic modulus can be used to evaluate
coating plastic deformation resistance [103, 132]. The ratio of H*/E* was widely used
to indicate the coating resistance to plastic deformation in the types of rigid-ball on
elastic/plastic plate. The results of H*/E? for all the coatings can be found in Fig. 4.18.
However, these results still show a similar evolution trend as H and E, which means
the resistance to plastic deformation of the multilayer coatings could not present an

evident improvement.
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Fig. 4.18. Nanohardness (H) and Elastic Modulus (E) of CrN/ZrN multilayer coatings as a
function of bilayer thickness.
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Fig. 4.19 gives the cohesive critical load (L.;) and adhesive critical load (L.,) for
monolayer and multilayer coatings. The test parameters were regulated as what has
been introduced in Chapter 2 and the definitions of L.; and L, are the same as those
described in Chapter 3. As presented previously, CrN coating has a high L., due to its
excellent toughness. However, the obtained ZrN coatings show great brittleness and
their adhesive critical load L, is very low, which can be associated with the residual
stress as the deposition was operated at a fully reactive mode. For multilayer coatings,
almost all of them present the same L; and L, like ZrN. It seems that the multilayer
structure did not benefit to enhance the adhesion. However, note that the multilayer
coatings were deposited without any interlayer, their poor adhesion with substrate can
be attributed to the great stress at the coating substrate interface. To improve
coating/substrate adhesion, even for a multilayer structured coating, a tough metal

interlayer is proposed.
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Fig. 4.19. Cohesive critical load (L.;) and adhesive critical load (L.;) of CrN/ZrN as a function of
bilayer thickness.
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4.4.3 Coating tribological properties

The tribological properties of CrN/ZrN multilayer coatings with different bilayer
thicknesses were examined with WC-Co counterparts on a pin-on-disk tribometer.
The applied load was 2 N. The other test conditions were defined in chapter 2. Fig.
4.20 shows the friction coefficients of CrN and ZrN monolayer coatings and typical
CrN/ZrN multilayer coatings (A = 66.7 and 11.7 nm) as a function of operating time.
It can be found that their friction behaviors can be distinguished into two stages. The
first stage of the “running in” process shows a sharp increase of friction coefficients
with increasing operating time, which can be attributed to the effects of surface oxide
layers and the variations of contact stress. The secondary stage is linked to the rest
working stage after the “running in” process. The average friction coefficients under
this stage can be evaluated as the real friction coefficient values of these coatings with
WC-Co counterparts. From this figure, the friction curves of CrN and the multilayer
coatings with high A = 66.7 nm under the working stage are stable with few
fluctuations. The average friction coefficients are 0.41 and 0.32, respectively. In
contrast, the friction coefficient curve of ZrN indicates slow improvements with
increasing operating time. On the other hand, as shown in Fig. 4.20d, the friction
coefficient curves of the other multilayer coatings present an unstable characteristic
during the sliding process. This typical unstable friction curve corresponds to a small
A of 11.7 nm. It can be observed that the friction coefficient was degraded abruptly at
the end of the “running-in” process. After a short period of operation time, a relative
stable working situation was reached. The unstable friction coefficients with operating
time have been reported in a CrN/WN multilayer system [157]. The authors attributed
that to the environmental sensitive factors (i.e. humidity, temperature et al.) during the
measurements. However, the periodic layer structure of the multilayers may affect the
friction coefficients.

The measured friction coefficients are shown in Fig. 4. 21. For multilayer
coating, the friction coefficients present an increase tendency with decreasing bilayer

thickness. The lowest friction coefficient of CrN/ZrN coating with A = 66.7 is 0.32,

-114-



Chapter 4: Structure and properties of monolayer and multilayer coatings of Cr-Zr-N

comparable to CrN while the highest friction coefficient of CrN/ZrN coating with A =
11.7 is 0.54, approached that of ZrN.
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Fig. 4.20. The friction coefficients of CrN, ZrN and CrN/ZrN multilayer coatings with bilayer
thickness of 66.7 nm and 11.7 nm as a function of sliding times.
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Fig. 4.21. Friction coefficients and wear rates of the as-deposited CrN/ZrN multilayer coatings.
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The surfaces of both coatings and counterparts were examined after the
pin-on-disk tests. It was found that the significant wear scar appeared on the counter
ball surface. The typical coating surface plan views observed by SEM and 3D profile
are shown in Fig, 4. 22. In Fig. 4.22a, the multilayer coating with A = 66.7 nm seems
to be worn out on the wear tracks. However, the corresponding 3D morphology (Fig.
4. 22c) clearly shows that there is little failure occurred on the coating surface. On the
contrary, a lot of accumulated materials over the wear track can be observed. These
materials were identified to be from WC-Co counterpart in EDX analysis as they
contain considerable amount of W element. For the other series coatings including
monolayer and multilayer, the occurrence of materials transferred from the
counterpart to coating surfaces were also observed. This is a well-known phenomenon
in sliding system [158]. Usually, the transferred materials were compacted and
adhered to coating surface. In some cases, due to the local high flash temperature as a
consequence of the drying sliding, these materials can react with oxygen and formed
oxides, which would affect the friction coefficients during test process. The unstable
friction coefficient curve in Fig. 4.21d is the case. Fig. 4.22b and d show the
morphologies for this coating. It is can be seen that the covered transferred materials
are homogeneously distributed on the broader wear track in contrast to the multilayer
coating of A = 66.7 nm, which is the reason why it has a higher friction coefficient.

The little worn surface of the coatings suggests that the dominant wear
mechanism is the abrasion, where the harder coating surface plays a role to cut the
softer counterpart. Hence, the simple evaluations of wear rate from the counterpart
worn volume can be performed and the results are presented in Fig. 4.20. It can be
found that the wear rates of multilayer coatings are higher than the constitute
composition, indicating their better wear resistance in the present test conditions For
the multilayer coatings, the wear rate increases when decreasing bilayer thickness.
The higher wear rate indicates that the coating is more effective to resist failure
caused by plastic deformation or micro-cracks in cutting applications. The CrN/ZrN
multilayer coating with the lowest A of 11.7 nm has the highest wear rate of 5.5 x 10~
mm’/m, indicating the best wear resistance in the present test conditions.
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Fig. 4.22. Surface and 3D morphologies after pin-on-disk tests for CrN/ZrN multilayer coatings:
(a),(c) A=66.7 nm ; (b),(d) A=11.7 nm.

4.4.4 Coating corrosion properties

The potentiodynamic polarization curves obtained for single layer CrN, single
layer ZrN and multilayer CrN/ZrN coatings with various bilayer thicknesses in 3.5%
NaCl solution are shown in Fig. 4.23. The test parameters were the same as what has
been described in Chapter 2. Similar to the corrosion behaviors of Zr modified CrN
coatings, the typical passive behaviors can be seen for all coated specimens. One
should be noted that the passive current densities of multilayer specimen show
improvements when compared to ZrN. This can be associated with the additions of
CrN individual layer. As presented in the same figure, CrN demonstrates a smooth
passive curve, suggesting a very slight pitting corrosion. It indicates that CrN has a
stronger resistance to pitting corrosion. The passive current densities of the multilayer
coated specimens show the characteristics of instability as well as the single layer ZrN.

This scattering of the passive current density in the anodic passive region is a typical
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pitting corrosion behavior. It comes from the interactions of the clogging of the
corrosion product in the pinholes and the breaking down of the coatings on the coated
specimens. However, the average passive current densities from the multilayer
coatings still remain under the order of pA/cm’, suggesting that the pitting corrosion

is not heavy when compared to the passive behaviors of the substrate (See Fig. 4.11).
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Fig. 4.23. Potentiodynamic polarization curve for CrN, ZrN and CrN/ZrN multilayer coatings with
different bilayer thicknesses.

Fig. 4.24 shows the corrosion potentials (Ecor) and corrosion current densities
(Icorr) obtained from the polarization curves. It can be found that the multilayer
CrN/ZrN coatings have more positive corrosion potentials in comparison with both of
their constituent single layers: CrN and ZrN, which indicates that the multilayer
structure is an effective method to improve the coating chemical inertness in an

aggressive aqueous environment. The lowest corrosion potential of -270 mV has
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moved approximately 66 mV to positive values as referred to CrN and 95 mV when
compared to ZrN.

For Icom it can be found that similar to the Zr modified CrN coatings, the
multilayer coated specimens present exceptionally low corrosion current densities in
the nA/cm? order, up to three orders of magnitude lower than the substrate (Table 4.2).
As discussed previously, the transition metal nitrides are generally inert to chemical
attack; the results reveal that the multilayer structure provides excellent capabilities
for preventing localized galvanic attacks between the coating and the substrate. This
can be attributed to the dense columnar structures. However, it should also be seen
that compared to the dense compact structure of ZrN without any columnar
characteristics, the columnar structure shows its insufficiency to resist pitting attacks.
This viewpoint can be concluded from the comparison of the corrosion current
densities between ZrN and the other multilayer coatings. The lowest corrosion current
density is 42 nA/cm’ for the multilayer coating with A =42.2 nm, which is almost one
order higher in comparison with ZrN corrosion current densities of 6.4 nA/cm’.
However, note that the multilayers were deposited without any additions of interlayer,
the multilayer coatings with interlayer should be expected to present better
performance than they did in the present study. Actually, there are many reports
indicating that the interlayer can strongerly improve coating performance in various
applications [117, 159, 160]. For instance, as mentioned in Chapter 1, a Nb barrier
layer in CrN/NbN system significantly improved the multilayer corrosion
performance during the salt spray tests [54]. From the previous evaluations of
adhesion and tribological properties of these multilayers, an interlayer is proposed

strongly for these multilayers in practical applications.
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Fig. 4.24. Variations of ., and E.; of single CrN, ZrN and CrN/ZrN multilayers with different
bilayer thicknesses in 3.5% NaCl solution.

The electrochemical data give the evidences that the corrosions in the coated
specimens are very slight. However, SEM micrographs show that the surface
exhibited apparent corrosion impressions after the polarization tests. The micrographs
of the corroded multilayer coatings with the bilayer thickness of 66.7 nm and 11.7 nm
are shown in Fig. 4.25. The micrographs actually represent the fully open corrosion
pits. This opening could be attributed to the flaking of the coating as a result of
chemical attack. The corrosion at the interface of coating and substrate leads to the
formation of rust and consequently increases the interface volume, which results in
the flaking of the coating. When comparing the corrosion morphologies between CrN
and CrN/ZrN multilayer coatings (See Chapter 3), it is clear that the corrosion
behaviors of CrN/ZrN coatings are different from CrN. The open corrosion spot
morphologies can be attributed to the absence of adhesion since no interlayer was
applied.
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Fig. 4.25. SEM micrographs of corroded spots on CrN/ZrN multilayer coatings
(a) A=66.7 nm ,(b) A=11.7 nm.

The results presented above suggested that the corrosion resistance of coatings
improved with multilayer structure, though this improvement was not significant.
However, the typical crevice corrosion can also be clearly seen. As discussed earlier,
the good corrosion behavior of single layer coatings was due to a dense
microstructure with low through-coating porosity. In order to further substantiate the
positive effects of layering, the layer number should be increased so that the coatings
will denser as more interfaces disrupted the pathway between the corrosion medium
and the substrate. However, as indicated in the cross-sectional SEM, the columnar
structure can’t be eliminated through decreasing bilayer thickness (or increasing layer
number). Instead, the structures became more evident when the bilayer thickness
decreased. The columnar structure can be considered the main original defects, which
prevents the improvements of coating corrosion resistance. An effective method to
decrease this effect is to add another element to disrupt such growth characteristics, it
will be studied in the next chapter. The other way to improve coating corrosion
properties is to add an interlayer, with which a barrier layer between coating and
substrate can sustain the corrosion of substrate. However, the results presented in the
study of CrN/ZrN multilayer coatings demonstrate the positive effect of layering for

improving the corrosion resistance of transition metal nitride coatings.
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4.5 Summary

In this chapter, Zr modified CrN coatings with various Zr contents and
nanoscale multilayer CrN/ZrN coatings with a bilayer thickness ranging from 11.7 to
66.7 nm are deposited. The detailed investigations in terms of composition, phase
structure, morphology, mechanical, tribological and corrosion properties have been
carried out.

For the Zr modified CrN coatings, XRD analysis reveals that the synthesized
coatings form a nanocrystalline solid solution structure (CrN(Zr)), where Zr
substitutes Cr in the CrN lattice. Their lattice parameters increases with increasing Zr
content but the grain sizes show little effect. Cross-sectional SEM observations show
that all the coatings have dense compact columnar structures. The maximum hardness
value of approximately 24 GPa is obtained for the CrN(Zr) coating with Zr content of
1.5 at. %. The Zr modified CrN coatings demonstrate excellent abrasive wear
resistance during the pin-on-disk tests. In the potentiodynamic polarization tests, the
coated samples exhibit excellent protective characteristics to the stainless steel
substrates. The additions of Zr into CrN improve coating chemical inertness. The
corrosion mechanism is due to the pitting corrosions, which are mainly localized in
the droplet growth defects.

For the investigations of CrN/ZrN multilayers, it is found that single layer CrN
and ZrN present <200>, <I111> preferred orientations, respectively. However, in the
multilayer coatings, CrN individual layers change their growth orientations from
<200> to <I11> in order to release the stress at interfaces. With decreasing the bilayer
thickness, CrN(111) peak shifts continuously to low angles. Low angle XRD confirms
the multilayer modulate structures. However, from TEM observations, the multilayer
coating does not form a superlattice structure instead of consisting of nanocrystalline
CrN and ZrN. Columnar growths for all the multilayer coatings are observed by
cross-sectional SEM. The multilayer coatings present a constant hardness of 29 GPa
in spite of the variations of the bilayer thickness, which are comparable to monolayer

ZrN but higher than monolayer CrN. Pin-on-disk test results show that the multilayer
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coating friction coefficients and wear rates increase with decreasing the bilayer
thickness. The CrN/ZrN multilayer coatings show excellent performance in
tribological tests. In the electrochemical tests, the multilayers demonstrate good
chemical inertness as well as very low corrosion current densities. However, the
pitting corrosion phenomenon is still found on the coating surface, which is due to the

columnar growth characteristics and the absence of interlayer.

-123-



Chapter 4: Structure and properties of monolayer and multilayer coatings of Cr-Zr-N

-124-



Chapter 5: Influence of Si additions on microstructures and properties of CrN/ZrN coatings

Chapter 5. Influence of Si additions on microstructures and

properties of CrN/ZrN coatings

5.1 Introduction

In order to further improve coating performance, the concept of composite has
been introduced for designing coatings. A composite coating usually consists of two
or more phases combined either with different layers (multilayer) or with a
homogeneous isotropic mixture of different phases (multiphase) [39]. In this way, the
coatings exhibit superior properties to their single constitutions. In the case of
multiphase, a well-documented example is Ti-Si-N nanocomposite structured coating
developed by S. Veprek et al [64]. This system presents actually the superhardness
effect and the high hardness maintains unchanged even at a high temperature of 1000
°C. The principle behind the preparation of such kind of superhard Me-Si-N (Me:
transition metal) nanocomposite is based on a strong spinodal phase segregation
during depositions, which results in nanocrystalline transition metal nitride (nc-MeN)
embedded into amorphous SizNs matrix (a-Si3N4) [64]. As a consequence,
strengthening effects originating from grain size effect act three-dimensionally; the
classical deformation and fracture like dislocation activity, grain boundary sliding and
microcrack propagation in amorphous phase are suppressed [161]. In pursuit of such
design ideas, many attempts have been undertaken, which include either substituting
TiN by the other transition nitrides (i. e. Cr-Si-N [69, 70], Nb-Si-N [162], Zr-Si-N
[163-165]) or synthesizing nanoscale multilayer in the similar systems, such as TiN/
Si3N4 [166], CrN/ Si3N4 [137, 167] and ZrN/ Si3Ny4 [168]. These new coating systems
have shown the abilities to combine desired properties from different components as
well as the creation of new properties generated by the combination of suitable
materials, which opens new applications for thin film fields.

In this chapter, based on the previous works in CrN/ZrN multilayer system
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(Chapter 4), the attempts to add Si element either into CrN individual layer or into
ZrN individual layer have been done. The obtained coatings are expected to have a
nanocomposite/nanocrystalline multilayer structure, which can combine the
advantages of both nanocomposite and multilayer structure so that the coating
properties could be enhanced. However, as shown in this chapter, the additions of Si
into these individual layers result in great changes in the structure and properties of
multilayer coatings. The nanocomposite structures for the single layer coatings are
actually obtained by adding Si into the binary transition nitrides. However, once the
thickness of the nanocomposite coatings decreases into nano-scale and the single
layer becomes a individual layer of multilayer coatings, the structures of these
individual layers change significantly from nanocomposite structure to
amorphous-like phase. Moreover, such changes even affect the structures of their
pairs. Consequently, two kinds of multilayer coatings: nc-CrSiN/a-ZrN and
nc-CrN/a-ZrSiN (nc-: nanocrystalline; a-: amorphous) are finally produced. In this
chapter, the evolutions of their structures and properties with different bilayer

thicknesses (modulate period: A) are still the main study objects.

5.2 Coating preparations

From the previous work in Chapter 3, the stoichiometric CrN can be synthesized
at a mixture of 10 sccm Ar and 12 sccm N,. The corresponding Cr target current is 1.5
A. In order to compare the evolution of coating structure and property conveniently,
in this chapter, for the depositions of both CrSiN/ZrN and CrN/ZrSiN multilayer
coatings, the target current and the reactive gases are still regulated at the same
conditions as the deposition of CrN/ZrN multilayer coatings. The substrate bias was
the optimized value of —60 V. It is assumed that this level bias has little effect on
coating composition and provides an optimized ion bombardment on coating
microstructures. To add Si into the individual layer, the simple method as described in
Chapter 4 for the deposition of CrZrN coatings was employed: the square Si coupons

(10 mm x 10 mm) were placed homogeneously on the erosion track (approximately
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177 cm?) of Cr (or Zr) target.

In this chapter, CrN, ZrN, CrSiN and ZrSiN monolayer coatings were deposited
as references. Boron-doped Si (100) wafers, AISI 304 (HV,,; = 180) stainless steels
and M2 high speed steel (without heating treatment HV,; = 230) were used as
substrates. The steel substrates were firstly lapped and polished; then they were
cleaned in acetone, placed in an ultrasonic bath for degreasing. Afterward they were
rinsed in ethanol before depositions. The depositions of these single layer coatings
followed the standard deposition steps as described in Chapter 3. The deposition
parameters are simply described as follows: the substrate to target distance was 80
mm. The system was evacuated to a based pressure below 5.0 x 10™ Pa prior to
deposition. Afterward, the substrates were cleaned by argon ion etching for 15 min,
with a RF substrate bias of -300 V. The target was powered on a current regulation of
1.5 A. After a thin adhesive layer of Cr (or CrSi, ZrSi) was deposited at 10 sccm Ar,
12 sccm N, was introduced to synthesize the compound coatings. The working
pressure was about 0.3 Pa. The deposition times were 60 min for CrN, ZrN CrSiN and
ZrSiN single layer coatings.

For the depositions of multilayer coatings, as described in the preparation of
CrN/ZrN multilayer coatings, the layer structures were controlled by turning the
substrate holder platform and exposing the samples alternately to the sputtering
targets. The thickness of each bilayer was determined by the exposure time and the
deposition rate of each individual layer. In order to control the multilayer structure
conveniently, the deposition parameters of the individual layer remained the same as
their single layer depositions so that their deposition rates can be roughly estimated
from their single layer depositions. The exposure time was regulated equally for the
individual layer. The total deposition time for all the multilayer coatings was 60 min.
The further information of multilayer structure characteristics can be found in the next

sections.
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5.3 CrSiN/ZrN multilayer coatings

5.3.1 Coating structure characteristics

Monolithic CrSiN and ZrN were firstly deposited to provide the basic results for
the further deposition of multilayer coatings. GDOES depth profiles showed that
CrSiN coating contained 2.8 at. % Si. XRD patterns of single layer CrSiN, ZrN are
shown in Fig. 5.1. It can be seen that for the ZrN thin film, only one intensive peak
(111) can be observed, indicating that this coating has a stronger <I111> texture. In
contrast, for CrSiN coating, the broaden CrN(111), (220) peaks can be indexed,
suggesting the presented CrN crystals have very small grain sizes. CrN(200) peak
located at nearly 44° can also be identified from the magnified inset. However, no
peaks from Si3N4 phase are observed. According to the previous works in Cr-Si-N
system [69], for a coating with Si content in such a level, the structure is
nanocomposite where CrN nanocrystalline was embedded into SizN4 amorphous
matrix. Accordingly, the single layer ZrN coating has a nanocrystalline structure with
<111> texture while the single layer CrSiN coating presents a nanocomposite
structure.

Afterward, five types of CrSiN/ZrN with layer numbers from 30 to 180 were
prepared and the designed structure characters are summarized in Table 5.1. Typically,
the initial deposit layer was CrSiN, then ZrN and CrSiN were deposited alternately

and finally CrSiN was the outermost. No interlayer was applied.

Table 5.1. Main parameters of deposited CrSiN/ZrN coatings.

Coating Exposure time Thickness Bilayer Period Hardness Elastic
(1 m) (nm) (GPa) modulus (GPa)

CrSiN - 3.1 - 27.1 325
ZrN - 1.3 - 29.0 290
30x(CrN/ZrN)  CrSiN :60s/ZrN:60s 2.6 86.9 18.2 248
45x(CrN/ZrN)  CrSiN :40s/ZrN:40s 2.5 54.7 17.4 236
60x(CrN/ZrN)  CrSiN :30s/ZrN:30s 2.7 44.4 17.3 232
90x(CrN/ZrN)  CrSiN :20s/ZrN:20s 24 272 16.9 227
180x(CrN/ZrN)  CrSiN :10s/ZrN:10s 24 13.4 17.3 215
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As indicated in Table 5.1, the multilayer CrSiN/ZrN coatings have a total

thickness from 2.4 to 2.7 um. The bilayer thickness A between 13.4 and 86.9 nm was

calculated from the ratio of thickness vs. layers. The corresponding individual layer

thickness ratios of CrSiN/ZrN in the bilayer thickness were estimated from the single

layer coating deposition rate and approximately equals to: tesin: tzewn =~ 3.2: 1.
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Fig. 5.1. X-ray diffraction patterns of CrSiN, ZrN and CrSiN/ZrN multilayers.
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The evolution of multilayer coating structure with different bilayer thicknesses
is also shown in Fig. 5.1. It is of interest that in the multilayer coatings, the phase
structures of CrSiN and ZrN are different from their single layers. In the XRD
patterns of the multilayer coatings, apart from the very stronger steel substrate
diffraction peaks, only CrN(111) and CrN(200) (see the magnified inset) can be dimly
identified. CrN(111) peak even presents an amorphous-like halo shape. This means
that CrSiN individual layer consisted of nanocrystalline grains. In contrast CrSiN, no
peaks from ZrN can be indexed. On the contrary, near the position of ZrN(111), an
amorphous halo can be found, which means that the ZrN individual layer has an
amorphous structure. The structure difference between multilayers and their single
layers can be understood by the Barna-Adamik structure zone model (SZM) [169].
This model predicts a transition from columnar to globular microstructure when the
content of additives increases. In the present work, the additions of Si into CrN
decreased their grain sizes, which resulted in the random orientation of the nucleation
during the initial CrSiN growth. As a consequence, the microstructure varied at an
increased thickness, which leads to the difference of microstructures between the
single layer CrSiN coating with a thickness of 3.1 um and CrSiN individual layers in
nano-dimension. The formation of the amorphous phase for ZrN coating in
nano-dimension is similar to CrSiN. In addition, the nucleation of zirconium nitride

occurred at the supported amorphous CrSiN layer may also contribute to that.

TEM was used to complement the structural characterizations of the multilayer
coatings. The cross-sectional TEM image and corresponding electron diffraction
pattern (ED) for a 180 x CrSiN/ZrN multilayer with the smallest bilayer thickness of
13.4 nm are shown in Fig. 5.2. The bright field TEM micrograph (Fig. 5.2a) indicates
a layered structure. In this figure, one can roughly estimate the average bilayer
thickness value of about 13 nm, which is in agreement with the calculated bilayer
thickness from the ratio of coating thickness vs. layer numbers. However, due to the
preparation of TEM samples, CrSiN and ZrN individual layer can not be
distinguished from this figure. The ED ring patterns confirm the nanocrystalline and
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amorphous phase in this thin film. As shown in Fig. 5.2b, there is a B1 NaCl
nanocrystalline lattice structure in this multilayer. According to a comparison of their
d values, this B1 nanocrystalline can be attributed to CrN. No other crystal phase can
be identified from the ED pattern. On the contrary, the inside diffraction fringes
exhibit a continuous diffusion pattern, indicating the presence of amorphous phases.
Such amorphous phases could be assigned to the combinations of ZrN and SizNy4

amorphous phases as taking into account the XRD analysis results.

(200}
(111}

Fig. 5.2. Cross-sectional TEM images for CrSiN/ZrN coating with bilayer thickness of 13.4 nm. (a)
bright field image; (b) electron diffraction image.

Fig. 5.3 shows the cross-sectional SEM photographs of various single and
multilayer CrSiN/ZrN coatings on silicon substrates for (a) CrSiN; (b) A = 86.9 nm;
(c) A=44.4 nm; (d) A = 13.4 nm. The dense columnar growth microstructure can be
clearly seen for CrSiN single coating, which corresponds to zone I in the basic
structure zone model (SZM) [113]. On the other hand, for the multilayer coatings, the
coatings with the biggest bilayer thickness A of 86.9 nm can be seen to have a layered
structure with periodicity and continuity. However, for the other presented multilayers,

the layer structure is unclear and only the featureless morphologies can be observed.
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L
1.00 pm

Fig. 5.3. SEM cross-sectional images on Si substrates (a) CrSiN; (b) CrSiN/ZrN A=86.9 nm; (c)
CrSiN/ZrN A=44.4 nm; (e) CrSiN/ZrN A=13.4 nm.

5.3.2 CrSiN/ZrN mechanical properties

The nanohardness (H) and elastic modulus (E) of single coatings and multilayers
with different bilayer thicknesses are presented in Fig. 5.4. The dot lines indicate the
values from the monolithic coatings. The hardness of CrSiN and ZrN single layers are
29 GPa and 27.1 GPa, respectively. The hardness of nanocomposite CrSiN coating is
higher than CrN (H = 24.5 GPa) coating deposited in the same conditions [170].
However, in comparison with the hardness of the single layers, the hardness of the
multilayers reduces. The maximum hardness is only 18.2 GPa for the CrSiN/ZrN
coating with A = 86.9 nm, lowering 9 GPa in contrast to CrSiN and 11 GPa when
compared to ZrN. With reducing bilayer thickness, the multilayer coating hardness
shows a slighter decrease. When A decreases down to 13.4 nm, the hardness is 17.3
GPa. The soft phenomenon for the nanocrystalline/amorphous multilayer coatings can
be simply attributed to the formation of amorphous structure. As the amorphous phase
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is generally softer than its crystal phase, it is not surprising that they present a lower
hardness in the multilayers. The similar phenomenon of hardness decrease has been
reported in SiC/B4C amorphous multilayer system [171]. The authors attributed the
decreased hardness to the absence of alternate stress field as the difference in elastic
properties for the two constitutions is significant in their cases. In this work, it seems
that this explanation is suitable when comparing the reduced elastic modulus of the
two single layers. However, noting the decrease of the grain size from the
nanocrystalline to the amorphous phase, the Hall-Petch relation may be an important
factor responsible for the decrease of hardness in the multilayers. The evolution of E
as a function of the bilayer thickness shows a similar tendency to that of hardness.
The maximum elastic modulus is 248 GPa, corresponding to CrSiN/ZrN multilayer

with the largest bilayer thickness of 86.9 nm.

500 i T X T : T X T : g T : T g T : T g T
450 - —4—CrN
g —e— ZrSiN
LS —n—CrN/ZrSiN
8 300 e
b B0 L -
=~ 250 -
= 1 u |
W 590 ] —8
150
100
40
©
[+3 30':::3::::i::::i::::i:i::::i::::i:i::::i::::i:i::::i::::i::::i:i::::i::::i:i::::i::::i:i::::i::::i::::i:i::
o T
T 204 . 5 - 0 -
1 —2—CrN
109 —o—ZrSiN
{1 —o—CrN/ZrSiN
0 T T | | | | | T TR
0 10 20 30 40 50 60 70 80 90 100

Bilayer thickness, A(nm)

Fig. 5.4. Nanohardness (H) and Elastic Modulus (E) of CrSiN/ZrN multilayer coatings as a
function of bilayer thickness.

-133-



Chapter 5: Influence of Si additions on microstructures and properties of CrN/ZrN coatings

Scratch tests for the coatings on M2 high speed steel (HV(;=230) substrates
were carried out to evaluate the coating cohesion and adhesion. The test technique and
parameters have been described in Chapter 2. The definitions of critical loads L
(cohesive failure), L., (adhesive failure) are the same as what was described in
Chapter 3. The test results for the single layer CrSiN, ZrN and various multilayer
CrSiN/ZrN coatings are presented in Fig. 5.5. It can be seen that the variations of L
and L., for all the coatings are not significant. Even with a continuous decrease of the
bilayer thickness, both L.; and L., do not show too much dependence on A. L is
about 6 N and L, is about 12 N for all the coatings. These values are comparable with
those in the previous deposited CrN and CrZrN coatings. From the test results, it
seems that the soft substrates play the most important effect on the final results of

scratch tests.
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Fig. 5.5. Cohesive critical load (L.;) and adhesive critical load (L,) as a function of CrSiN/ZrN
multilayer coating bilayer thickness.
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5.3.3 CrSiN/ZrN tribological properties

Pin-on-disk tests were used to simulate the tribological contact, where WC-Co
balls exemplified the hard materials encountered in machining operations. Fig. 5.6
gives the friction coefficients of single and multilayer coatings as a function of
operating time. It is shown that for all coatings, the friction curve presents a sharp
increase during the initial “running-in” process, which can be attributed to the
variations of contact stress. For CrSiN coating, a steady state is reached after the
“running-in” process (Fig. 5.6a). The average friction coefficient of CrSiN from this
steady state is 0.44 £ 0.04. In contrast to CrSiN, the friction curve of ZrN shows a
slow improvement with increasing operating times even after the “running-in” process
(Fig. 5.6b). The average friction coefficient of ZrN is 0.59 + 0.05. In contrast to the
friction curves of the single layers, the friction curves of the multilayers show some
characteristics of discontinuance as indicated in Fig. 5c, d. The friction coefficient
was degraded abruptly at some special points. After a short period of operation time, a
relative stable working situation was reached again. Additionally, the distance
intervals of the discontinuous friction curve are various. As the discontinuous
characteristics only occurred in the multilayer friction curves, the breakdown point of
the friction curve may be related to the layer failure at some locale zones. The average
friction coefficients of the multilayers are evaluated from the friction curve after the
“running-in” process.

Fig. 5.7 shows the average friction coefficients as a function of the bilayer
thickness. For the multilayer coatings, the average friction coefficients present a
slighter increased tendency with decreasing multilayer bilayer thicknesses. The lowest
friction coefficient of CrSiN/ZrN coating with A = 86.9 is 0.68 £+ 0.03, which is in a
similar range when compared to the ZrN reference coatings. The highest friction
coefficient of CrSiN/ZrN coating with A = 13.4 is 0.82, higher than both of the
referenced ZrN and CrSiN coatings.

The wear tracks on both the coating surfaces and the counterpart surfaces were

examined after the pin-on-disk tests. It was found that the significant wear scar

-135-



Chapter 5: Influence of Si additions on microstructures and properties of CrN/ZrN coatings

appeared on the counter ball surface whereas the coating surfaces showed little wear.
Fig. 5.8 shows the typical 3D morphologies of wear scars on the coating surfaces and
the corresponding counter ball surface optical morphologies of CrSiN/ZrN coating
with A = 86.9, 13.4 nm after a sliding distance of 500 m. As it can be seen, over the
wear tracks of the coating surfaces, there are a lot of accumulated materials, which
were identified to be from the WC-Co counterparts in EDX analysis since they
contained considerable amount of W element. On the other hand, comparing the
widths of the wear tracks, it can be found that the coating with a larger bilayer
thickness of 86.9 nm exhibits a narrower wear track than that of the coating with a
smaller bilayer thickness of 13.4 nm. Correspondingly, a larger wear circular scar can
be found on the counter ball surface, which is against the CrSiN/ZrN multilayers with

A =13.4 nm during the test.
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Fig. 5.6. The friction coefficients of CrSiN, ZrN and CrSiN/ZrN multilayer coatings with bilayer
thickness of 86.9 nm and 13.4 nm as a function of sliding distance.

The counterpart wear rates, which were evaluated from the loss volume of the
counter balls, are typically 12 up to 20 x 107 mm’N"'m™ as shown in Fig. 5.7. These

values are at least one order of magnitude higher than those for the single coatings.
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Fig. 5.7. Friction coefficients and wear rates of as-deposited coatings.

(a) CrSiN/ZrN A=86.9 nm

> A

(b) CrSiN/ZrN A=13.4 nm

\—°

Fig. 5.8. Coating surface 3D morphologies and counter ball optical images after pin-on-disk tests
for CrSiN/ZrN multilayer coatings: (a) A=86.9 nm; (b) A=13.4 nm

The counter ball has a hardness of HVy; = 1500, which is lower than those of
single layer and multilayer coatings in this study. Similar to the soft counterpart
sliding on the hard coatings such as TiN/CrN [133, 158], the counter balls undergo
predominantly adhesive wear, where the metal transfer layer is formed on the coatings

surface as indicated in Fig. 5.8. The further wear and friction is solely determined by
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the metal-metal contact. This is the case for the single layer CrSiN and ZrN coatings.
However, for the multilayers, it is argued that the locale failure of the surface
individual layer occurred under the cyclic stress. The detached small and hard
particles from the coating surface may play a role of “third body” in the sliding
process, which leads to a sudden change of friction coefficient. After a short sliding,
these particles were ejected out from the wear track or submerged in the transferred
materials from the counter balls. This can be helpful to explain the friction curve

discontinuous characteristics.

5.3.4 CrSiN/Z1N coating corrosion properties

The potentiodynamic polarization curves obtained for the single layer CrSiN,
and the multilayer CrSiN/ZrN coatings in 3.5% NaCl solution are shown in Fig. 5.9.
In order to compare the corrosion resistance of multilayer coatings with those of their
single layers, the polarization curve of ZrN is also involved. It can be seen that similar
to the corrosion behaviors of Cr-Zr-N system, the passive behaviors can be seen for
all coated specimens. Depending on the samples, the passive current densities
between 10~ A/em?® to 10 A/em? can be found. The difference can be associated with
the surface conditions before corrosion tests. However, the characteristics of
instability for the passive current densities can also be observed. As what has been
explained in Cr-Zr-N system, this instability suggests the typical pitting corrosion for
PVD coatings.

Fig. 5.10 exhibits the corrosion potentials (Ecor) and corrosion current densities
(Icorr) calculated from the polarization curves. It can be seen that the multilayer
CrSiN/ZrN coatings have more positive corrosion potentials in comparison with both
of their constituent single layers: CrSiN and ZrN, which indicates the positive effects
of multilayer structure for improving the coating internal chemical inertness in an
aggressive aqueous environment. The lowest corrosion potential of -221 mV for
CrSiN/ZrN with A = 44.4 nm has moved approximately 162 mV to positive values as
referred to CrSiN and 250 mV when compared to ZrN.
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Fig. 5.9. Potentiodynamic polarization curve for CrSiN, ZrN and CrSiN/ZrN multilayer coatings
with different bilayer thicknesses.

Lo presents exceptionally low values like the other CrN based coatings. The
multilayer coated specimens have corrosion current densities at the nA/cm’® order,
much lower than that from the substrate (Table 4.2). The lowest corrosion current
densities is 5 nA/cm? for the multilayer coating with A =27.2 nm, which means the
excellent protective characteristics to the stainless steel substrates. As discussed
previously, the transition metal nitrides are generally inert to chemical attacks so that
the capabilities of such coatings to resist corrosion are related to their defects (i.e.
porosity, macroparticles) and the density of microstructure. The low corrosion current
densities reveal that the multilayer structure can provide excellent capabilities to
prevent localized galvanic attacks between the coating and the substrate. However, in
comparison with the dense compact structure of ZrN without any columnar
characteristics (See SEM micrograph), apart from the multilayer coating with A =52.7
nm, the featureless morphology for multilayer coatings still shows its insufficiency to
resist pitting attack. It should be noted that the multilayers were deposited without any

interlayer. As indicated in the CrN/NbN system [52], a thin interlayer may
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dramatically improve coating corrosion resistance. The multilayer coatings with

interlayer would be expected to have even better performance than they did in the

present study.
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Fig. 5.10. Variations of I, and E.,,; of single CrSiN, ZrN and CrSiN/ZrN multilayers with
different bilayer thickness in 3.5% NaCl solution.

The electrochemical data indicate that the corrosions in the coated specimens are
very slight according to their exceptional low I.,,. However, the optical observations
after the polarization tests showed that the surface exhibited corrosion impressions in
some special locations and in some cases these corrosion spots are evident. The SEM
surface micrographs of CrSiN and multilayer coatings with A =13.4 nm after the
electrochemical tests are shown in Fig. 5.11. From this figure, the fully open corrosion
pits are observed. This phenomenon could be attributed to the flaking of the coating

as a result of chemical attack as described in CrN/ZrN multilayer coatings.
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Fig. 5.11. SEM micrographs of corroded spots after corrosion test (a) CrSiN single layer; (b)
CrSiN/ZtN  with A =13.4 nm.

5.4 CrN/ZrSiN multilayer coatings

5.4.1 Structures of ZrSiN and CrN/ZrSiN multilayer coatings

Fig.5.12 presents the X-ray diffraction patterns of CrN and ZrSiN single layer
coatings. The single layer CrN thin film can be well indexed as a face centered cubic
(FCC) phase as described in Chapter 3. The single layer ZrSiN (4.0 at. % Si) thin film,
however, exhibits a stronger <I11> preferred orientation as only an relatively
intensive ZrN(111) peak and a weak ZrN(222) peak was found. The absence of peaks
from the Si3N4 phase in the XRD spectra suggests that the added Si either substituted
Zr in ZrN lattice or formed a SixN, amorphous phase. However, note that the peaks of
ZrN have a general shift nearly 1° towards low angle in comparison with the powder
diffraction spectra, which indicates the presence of lattice expansion. Because the
atomic radius of Si (0.1177 nm) is smaller than Zr (0.162 nm) [172], the substitution
of Zr atomic by Si atomic in the ZrN lattice would lead to a reduction of the lattice
constant. Therefore, the absence of peaks from the Si3Ns phase cannot be the
sequence of the replacement of Zr by Si in ZrN lattice. The formation of Si N,
amorphous phase in this ZrSiN thin film seems more reasonable. Moreover, the shift
of all ZrN diffraction peaks to low angle indicates the compressive stress in the

coating. The formation of nanocomposite in ZrSiN coating are in good agreement
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with earlier reports for ZrSiN system [165, 172, 173], where the addition of silicon

into ZrN was highly effective for grain refinements.
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Fig. 5.12. X-ray diffraction patterns of single layer CrN and ZrSiN coatings.

The further characteristics of ZrSiN nanocomposite thin film by FTIR spectral
measurements can be found in Fig. 5.13. It has been argued that the formation of
amorphous phase is due to the interaction between Zr and Si [173]. However, the
presence of Si-N bonds was clearly confirmed from this figure. The absorption
spectra of ZrSiN film exhibits a broad absorption band between 800 and 1050 cm’™.
The deconvolution of this band gives three Gaussian peaks centered at 800, 840 and
930 cm™', as shown by dotted lines at the bottom of Fig. 5.13. The mode at 840 cm™ is

attributed to asymmetric stretching vibrations of NSi; groups; the mode at 800 cm™ is
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attributed to the Si-N bond vibration in the SiN,, configuration and the high frequency
mode at 930 cm™ may be correlated with the NSi3 groups as planar configurations
[174]. By comparing their integrated intensities, it is clear that nitrogen atoms are

predominantly incorporated into the NSiz groups in the Si,Ny amorphous phase.
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Fig. 5.13. FTIR absorption spectra for different bilayer thickness CrN/ZrSiN coatings.
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For multilayer CrN/ZrSiN coatings, the total thickness ranged from 2.0 to 2.5
um. The bilayer thickness A between 11 and 153 nm can be estimated from the ratio
of thickness vs. layers (Table 5.2). The corresponding individual layer thickness ratios
of CrN/ZrSiN in the bilayer thickness were determined from the single layer coating

deposition rate and approximately equals to: teN: tzsiv=3.3 : 1.

Table 5.2. Main parameters of deposited coatings

Coating S Thickness A H (GPa) E (GPa) W,
Exposing time
(v m) (nm) (mN*nm)

CrN - 3.2 - 22.8 309 8130
ZrSIN - 1.6 - 254 307 6073
15x(CrN/ZrSiN)  CrN :120s/ZrSiN:120s 2.3 153 30.7 351 10478
30x(CrN/ZrSiN) CrN :60s/ZrSiN:60s 2.5 83 30.4 342 9508
60x(CrN/ZrSiN) CrN :30s/ZrSiN:30s 2.5 42 29.3 330 9729
90x(CrN/ZrSiN) CrN :20s/ZrSiN:20s 23 25 30.5 338 9146
180x(CrN/ZrSiN)  CrN :10s/ZrSiN:10s 2.0 11 28.0 325 8684

The evolution of multilayer coating structures with different bilayer thicknesses
is shown in Fig. 5.14. The peaks from CrN can be identified from XRD patterns.
These broaden and low intensity peaks suggest that their grain sizes are very small.
Considering the nano-dimensional bilayer thickness, CrN individual layer should
consist of nanocrystalline. However, in contrast to the nanocomposite ZrSiN single
layer, no diffraction peaks from ZrN can be identified for all the multilayer coatings,
which suggests that the grain sizes of ZrSiN individual layer have been refined
through the multilayer structure; probably the presence of ZrSiN in the multilayer
coatings is an amorphous structure. With decreasing bilayer thickness down to 11 nm,
CrN diffraction peak intensities and positions don’t show any evident variations.
However, when the bilayer thickness decreased to 11 nm, the peaks of CrN are almost
submerged into the background, which indicates the smaller grain size in this coating

in comparison with the other multilayers.
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Fig. 5.14. X-ray diffraction patterns of multilayer CrN/ZrSiN coatings with bilayer thickness from
11- 153 nm.

The FTIR absorption spectra of multilayer coatings are shown in Fig. 5.13. In
contrast to the spectra of the ZrSiN thin films, the shapes of the existed SicNy
absorption band in multilayer coatings clearly vary. This band is unclear when the
bilayer thickness is above 42 nm, which can be related to the addition of CrN
constituent. However, this band becomes evident under a further decrease bilayer
thickness. It is possible to deduce that the band shifts toward higher wave number
with decreasing bilayer thicknesses when contrasting the band shapes of CrN/ZrSiN
with the highest A = 153 nm and the lowest A =11 nm, where a fairly remarkable

change can be observed. The shift to a higher wave number corresponds to an increase
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of NSi; planar configurations, which indicates the increased formation of B-Si3Ng4
configurations in the multilayer coatings with decreasing bilayer thickness [174].

The cross-sectional TEM images and corresponding electron diffraction pattern
(ED) for CrN/ZrSiN coating with a bilayer thickness of 11 nm are shown in Fig. 5.15.
The bright field TEM image (Fig. 5.15a) shows a well defined multilayer structure.
CrN and ZrSiN layers alternating along growth direction are shown as the bright and
dark interval fringes. The ED ring pattern (Fig. 5.15b) shows that there is a B1 NaCl
lattice structure in this multilayer. The outside diffraction fringes have “d” values of
24 A,21A,15A, and 1.2 A, which do well coincide with the face center cubic
(FCC) CrN structure in JCPDS card (76-2494). The homogenous continuous fringes
suggest the very small grain size, which is consistent with XRD analysis. In addition,
the inside diffraction fringes show a continuous diffusion pattern, indicating the
existence of the amorphous-like phase. This phase can be assigned to ZrSiN
amorphous phase as identified in XRD patterns and FTIR spectra. Fig. 5-15¢ shows
the dark field image as selecting the highlight diffraction rings d = 2.4 A and 2.1 A.
From this figure, it can be derived that the bright layer is ZrSiN while the dark layer is
attributed to CrN. The distinguished individual layers can also be confirmed by the
different single layer coating deposition rates. In Fig. 5.15¢, the measured average
bilayer thickness is about 11.3 nm and the thickness ratio ten @ tzsiv &~ 3.5 @ 1,
which are in agreement with the results from coating thickness and layer numbers.
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Fig. 5.15. Cross-sectional TEM images for CrIN/ZrSiN coating with bilayer thickness of 11 nm. (a)
bright field image; (b) electron diffraction; (c)dark field image.
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The cross-sectional view of single CrN, ZrSiN and multilayered CrN/ZrSiN
coatings are shown in Fig. 5.16. The cross-sectional images confirm the previous
measured thickness results. The single layer nanocrystalline CrN exhibits fine-grained
dense columnar growth morphology, which can be described by the Zone-T structure
of Thomton’s structure zone model [113]. In contrast, the nanocomposite ZrSiN
shows nearly featureless morphology. On the other hand, for the multilayered
CrN/ZrSiN coatings with a larger bilayer thickness above 42 nm, the ZrSiN
amorphous layer disrupted the columnar growth of CrN and the layer structure can be
dimly seen. The further decrease of bilayer thickness resulted in the layer structure

ambiguous and the featureless morphology can be seen.
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Fig. 5.16. SEM cross-sectional images of as-deposited coatings: (a) CrN; (b) ZrSiN; (c)
CrN/ZrSiN, A=153 nm; (d) CrN/ZrSiN, A=83 nm; (e) CrN/ZrSiN, A=42 nm; (f) CrN/ZrSiN,
A=11 nm.
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5.4.2 Mechanical properties of CrN/ZrSiN coatings

Coating hardness (H) and elastic modulus (E) were measured by
nanoindentation tests in continuous stiffness measurement (CSM) mode. In such CSM
mode, the intrinsic hardness of thin film, not including the substrate eftect, could be
generally obtained from a plateau region of hardness vs. displacement curve. Fig. 5.17
shows the evaluated process. As can be seen, depending on the film thickness, the
start points and ranges of the plateau regions are different. However, the selected
nanoindentation depth was still limited to 1/10 of the coating thickness. The average
value from the plateau region was the result of one measurement. Nine indentations
were made in each sample and the final results are the mean of these nine

measurements. The elastic modulus was determined using the same method.
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Fig. 5.17. Hardness as a function of displacement of indentation.

Fig. 5.18 shows the obtained nano-hardness (H) and elastic modulus (E) as a
function of multilayer bilayer thickness. For comparison, the test results for CrN and
ZrSiN single layer films are also involved. H of CrN and ZrSiN films are 22.8 and
25.3 GPa and E of these coatings are 309 and 307 GPa, respectively. In contrast, the
multilayered coatings exhibit higher hardness and modulus, which significantly
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exceed that of expected from the “rule of mixture”. However, no superhardness effect
was found in this work. The maximum hardness of 30.7 GPa was achieved at the
largest A of 153 nm. In addition, the multilayered coatings do not show too much
dependence on their bilayer thicknesses. Apart from the multilayer with A =11 nm, the
other multilayer coatings exhibit almost a constant hardness of nearly 30 GPa. The
hardness of the multilayer with the lowest A of 11 nm is 28 GPa, a slight decrease in
comparison with the other multilayers but still higher than both single layer coatings.
The evolution of elastic modulus shows a similar tendency as well as hardness. The

maximum E of multilayer is 351 GPa for the largest A of 153 nm.
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Fig. 5.18. Nano-indentation Hardness (H) and Elastic Modulus (E) of CrN/ZrSiN multilayer
coatings as a function of bilayer thickness.

During the nanoindentation tests, the load-displacement curves were recorded
simultaneously. Fig. 5.19 shows the typical nanoindentation load-displacement curves
for CrN, ZrSiN and CrN/ZrSiN with A = 153 nm. As shown by the shadow zone, the
plastic deformation work W, to a definite depth (500 nm) is defined as the integrated
area by the loading and unloading curves. It can be used to assess coating resistance to
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plastic deformation or to wear [175]. In this study, each W, was calculated from the
indentation curve that presented the most approximate hardness value to the average
hardness. The results are listed in Table 5.2. As all the samples were indented to the
same depth of 500 nm, the larger plastic deformation work W, means that it is more
difficult to reach the same plastic deformation effects. As a result, the larger W,
corresponds to the better resistance to plastic deformation. From Table 1, single layer
CrN exhibits higher resistance to plastic deformation than ZrSiN, thanks to its larger
W,. This result could be associated with the high toughness of CrN. On the other hand,
W, of the multilayer coatings exhibit larger values than both of the single layers. Such
a result reveals that the multilayer coatings have better resistance to plastic

deformation than the single layers, which probably suggests their higher toughness.
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Fig. 5.19. Typical load-displacement curve of CrN, ZrSiN and CrN/ZrSiN multilayer coatings.

However, it is very difficult to determine the coating toughness by means of a
quality method. The routine method to estimate coating toughness as suggested by
Zhang et. al. [45, 176] has a great measurement error because it is very difficult to

determine the crack length. Moreover, the other methods to determine coating
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toughness are generally correlated with a series of assumptions and are in association
with some special techniques [46]. A discussion of how to determine a coating
toughness is beyond the topic of this thesis. In this study, we performed a direct
comparison in toughness by use of a Vickers indenter at a 10 N (1kg) load for all the
coatings on 304 stainless steel substrates. This method is based on the experimental
fact that the low toughness materials are prone to either fragmentation or debonding
[177]. Fig. 5.20 shows the typical SEM indentation micrographs of CrN, ZrSiN and
CrN/ZrSiN multilayer coating with A = 153 nm. It can be seen that under such a high
load, CrN and CrN/ZrSiN multilayer coating present only the typical “picture-frame”
crack patterns, which are characterized by the diffuse circle-like cracks from the
indentation center. ZrSiN coating; however, in addition to the “picture-frame” crack
morphology, numerous radial cracks crossing the “picture-frame” cracks can also be
seen. These radial distribution cracks are very similar to the crack morphology of the
brittle materials (i.e. glass), which suggests that the coating is easier to be fractured.
The multilayer coatings show similar crack morphology to CrN, which suggest that
they have the same response to the high load. As CrN coating are usually considered
as a high toughness coating, it is likely that the CrN/ZrSiN multilayers also present

good toughness.

Fig. 5.20. SEM micrographs at a high load of 10 N Vickers indentation for (a) CrN; (b) ZrSiN; (c)
CrN/ZrSiN A = 153 nm.

Nano-structured composite coatings or multilayer structured coatings can
exhibit mechanical properties differing significantly from those of their single layer

components. The enhancement mechanism of their mechanical properties is generally
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associated with the dislocation entrapment with high interface density. In this study,
the synthesis of nanocrystalline/amorphous multilayer coating has been expected to
improve coating mechanical properties as the amorphous-like layer can play an
important role to hamper the dislocation movement at the interface. The results from
mechanical property evaluations show that the multilayer coatings actually have
enhanced hardness and modulus in comparison with the single layer coatings.
However, the expected stronger enhancements or superhardness effects were not
found. On the contrary, the decrease of hardness was observed when varying the
bilayer thickness down to 11 nm. To understand this, one should firstly consider the
measured method for the complicated multilayer hardness characteristics. In this work,
as described above, the method to evaluate coating nanohardness is based on CSM
mode, which enables to measure the continuous hardness of coatings from initial to
final indentation depth [103]. The hardness values were evaluated from different
measure zones and the coating thickness depth range was defined to minimize the soft
substrate effects. Comparing the maximum bilayer thickness and the mean depth
range for hardness evaluations, the top layer shallow effects can be neglected [178].
The measured hardness can be thought to represent the coating intrinsic hardness.
Therefore, the variations of multilayer hardness should be related to the variations of
their structures and morphologies.

In crystalline materials, the hardening effects may be attributed to several
mechanisms that can contribute in a complicated way, such as grain boundary
hardening, the ability to withstand the growth of micro-crack and the movement of
dislocations [167]. In the cases of multilayers, to explain the superhardness effects,
these mechanisms were embodied into three main theories including the dislocation
blocking by layer interfaces, the strain effects at the layer interfaces and the classical
Hall-Petch strengthening. The absence of superhardness effects in this work may be
related to the dissatisfactions of the common requirements of these theories on coating
microstructure and interface nature.

The dislocation blocking mechanism at the layer interfaces by the different
elastic modulus was proposed by Koehler [153]. In the present work, apparently, the
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modulus difference for CrN and ZrSiN is too small to cause any superhardness effects.
However, the enhancements of hardness have been clearly observed. Therefore,
several other reasons related to the multilayer structures could be proposed to explain
that. The first one is Gahn’s coherent strain model [154], in which the coherent strain
in the multilayers plays a major role in the hardness anomalies. As ZrSiN coating
presents an amorphous phase in multilayer, the stress caused by the lattice mismatch
in the interface could not form. Moreover, the thermal stress caused by the mismatch
of thermal expansion coefficients is not expected as referring to the similar system
CrN/Si3Ny4 [137]. Thus, the typical origins to form alternate stress fields can be
excluded. In fact, the phenomenon that the absence of superhardness effects is due to
the short of alternative stress fields have been reported in the nc-CrN/a-SisN4 and
Cr/Cr;C, multilayer system [137, 179]. However, in this work, the presence of
compressive stress in ZrSiN individual layer is possible as indicated by the single
layer coating. This stress can strengthen the adjacent CrN individual layer. As a result,
the enhanced harnesses can be expected. On the other hand, as the tough CrN layer
possesses more volume fraction (teen : tzsivk = 3.5 : 1) than ZrSiN in the multilayers,
They can play a role to release the stresses from the interface. Thus, the effects of
such strengthening are limited; consequently, coating hardness has been improved by
a multilayer method but not reached to superhardness level.

Considering the exceptional slight decrease of hardness for multilayer with
bilayer thickness A = 11 nm, such result can be related to the changes of its structure
and morphology. The amorphous-like CrN from XRD, the improved NSi; planar
configurations from FTIR and the featureless morphology made it different from the
other multilayers. However, in any case, the enhancement of hardness has still been
achieved in comparison with the single layer coatings. Moreover, the increase of the
toughness has been confirmed, which is due to the stress relaxation and the reduction
of crack propagation by crack dissipation at the nanocrystalline/amorphous interface

[171].
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Fig. 5.21 gives the cohesive critical load (L.;) and adhesive critical load (L,) for
monolayer CrSiN, ZrN and CrSiN/ZrN multilayer coatings on AISI M2 high speed
steel substrates. The test parameters were regulated as what has been introduced in
Chapter 2. As presented previously, CrN coating has a higher L,, which is attributed
to their excellent toughness. ZrSiN coating presents a lower L. and L. For
multilayer coatings, almost all of them present the similar L,; and Lc, which are
comparable to those of ZrSiN. Like in the CrN/ZrN system, it seems that the
multilayer structure does not provide enhanced adhesion. Again, it confirms that the
main factors to affect the coating adhesion are coating thickness and the hardness of
substrates. Therefore, a tough metal interlayer is proposed to enhance the adhesion of

coatings.
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Fig. 5.21. Cohesive critical load (L.;) and adhesive critical load (L) as a function of CrN/ZrSiN
bilayer thickness.

5.4.3 CrN/ZrSiN tribological properties

The tribological properties of CrN/ZrSiN multilayer coatings with different
bilayer thicknesses were examined with WC-Co counterparts on a pin-on-disk

tribometer. The applied load was 2 N. The other test conditions have been defined in
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Chapter 2. The friction coefficient curves of CrN/ZrSiN multilayer coatings show
similar unstable behaviors to CrSiN/ZrN coatings (See Fig. 5.6b). Therefore, the
friction coefficients for CrN/ZrSiN were defined as the average friction coefticient for
all the sliding distance. The evolution of friction coefficient vs. bilayer thickness was
plotted in Fig 5.22. From this figure, the friction coefficients of multilayer exhibit a
slight increase from 0.54 to 0.78 when decreasing the bilayer thickness from 153 nm
to 83 nm. The low friction coefficient is nearly the same as CrN single layer coatings.
As this coating has a bigger bilayer thickness, it seems that the outermost CrN layers
play the role as what they do in the single layer coating during all the sliding process.
When further decreasing the bilayer thickness from 83 nm to 11 nm, the friction
coefficients remain a high value of 0.76 and then slightly decreased to 0.59. The wear
mechanism, however, is still the same as indicated previously: the local failure of
multilayer coating individual layers resulted in the increase of the friction coefficients.
The lower friction coefficient for CrN/ZrSiN with A =11 nm may be attributed to the
mixture wear of CrN and ZrSiN individual layers with the counter ball when
comparing the friction coefficients of CrN, ZrSiN and the other multilayer coatings.
The phenomenon that local failures of the multilayer coating occurred during a sliding
process can be confirmed by the observations of the surfaces of both coatings and
counterparts after the tribological tests. It shows that the wear occurred mainly on the
counter balls but in some cases, a slight failure impression on the coating surface can
also be observed. Thus the lost volumes from the counter ball can be used to calculate
the wear rates. The results are presented in Fig. 5.22. It can be found that the wear
rates do not show too much dependence on the bilayer thickness. All the wear rates
have the same order of 10 " mm®/m in spite of varying the bilayer thickness. It can be
related to the non-difference on hardness for these coatings. Anyhow, these multilayer

coatings indicate their excellent abrasive wear resistance in the present test conditions.
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Fig. 5.22. Friction coefficients and wear rates of as-deposited CrN/ZrSiN multilayer coatings.

5.4.4 CrN/ZrSiN corrosion properties

The potentiodynamic polarization curves obtained for single layer CrN, single
layer ZrSiN and multilayer CrN/ZrSiN coatings with various bilayer thicknesses in
3.5% NaCl solution are shown in Fig. 5.23. As it can be seen, similar to all the Cr
contained coatings, the typical passive behaviors can be seen for all coated specimens.

Fig. 5.24 presents the corrosion potentials (Ecor) and corrosion current densities
(Icorr) calculated from the polarization curves. It can be found that multilayer
CrN/ZrSiN coatings with big bilayer thicknesses have almost the same E.q as CrN.
However, when the bilayer thickness decreases, Ecor shifts to positive direction
rapidly. The highest Eq,r of -145 mV corresponds to CrN/ZrSiN with A =43 nm,
which has moved approximately 191 mV to positive values as referred to CrN and 78
mV when compared to ZrSiN. The results indicate a more noble behavior of the

multilayer coatings.
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Fig. 5.23. Potentiodynamic polarization curve for CrN, ZrSiN and CrN/ZrSiN multilayer coatings
with different bilayer thicknesses.

For I.or, the multilayer coated specimens present low corrosion current densities
in the nA/cm? order. As the transition metal nitrides are generally inert to chemical
attacks, the results reveal that the multilayer structure provides excellent capabilities
to prevent localized galvanic attacks between the coating and the substrate. Through
comparing I, it can be found that ZrSiN single layer thin film presents
exceptionally low Lo of 5.2 nA/cm2, which is lower than the single CrN and most of
the multilayer coatings. Only the CrN/ZrSiN multilayer coating with A =83 nm
presents a comparable I, of 9.1 nA/cm>. These results indicate that the coating
abilities to suspend corrosion strongly depend on the coating surface properties.
However, taking into account the results from Ecy, it is still can be derived that the
layer structure provides a positive effect for improving the corrosion resistance of

transition metal nitride coating.
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Fig. 5.24. Variations of Icorr and Ecorr of single CrN, ZrSiN and CrN/ZrSiN multilayers with
different bilayer thickness in 3.5% NaCl solution.

The electrochemical data provides an evident fact that the corrosions in the
coated specimens are very slight as reflected by their low IL..,. However, the optical
observations after the polarization tests show that the surface actually exhibited
corrosion impressions in some special positions especially for the single layer
coatings. The typical SEM surface micrographs of ZrSiN and multilayer coatings with
A =11 nm after the electrochemical tests are shown in Fig. 5.25. From this figure, the
fully open corrosion pit for ZrSiN surface can be seen clearly. It could be attributed to
the flaking of the coating as a result of chemical attack. For CrN/ZrSiN multilayer
coatings, it is interesting that even it presented a relatively high corrosion current
density as shown in Fig. 5. 24, the SEM micrograph clearly showed that there is no
evident pitting corrosion throughout the coating thickness. This can be attributed to
the blocking effects of corrosion products for the Cr contained coatings. In
comparison with the behaviors of CrN/ZrN multilayer coatings, the positive effects of
Si addition into ZrN to prevent pitting corrosion is obvious. And when comparing the
behaviors of CrSiN/ZrN and CrN/ZrSiN, it is surprising that this positive effect for
inhabiting pitting corrosion only occurred when Si was added into ZrN individual
layer. It seems that the nc-CrN/a-ZrSiN multilayer present better corrosion resistance
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than the nc-CrSiN/a-ZrN multilayer coatings. However, taking into account their
microstructure and the excellent anti-pitting corrosion behaviors for CrN (Chapter 3),
it can be concluded that in order to improve coating resistance on pitting corrosion,
the Cr contained individual layer is preferred. In addition, from the corrosion
behaviors of CrN/ZrN multilayer, the columnar structure should be reduced in the
multilayer so that the pitting corrosion pathway can be blocked at the interface by the

formation of Cr corrosion products.

Fig. 5.25. SEM micrographs of corroded spots on CrN/ZrSiN multilayer coatings (a) ZrSiN; (b)
CrN/ZrSiN A =11 nm.

5.5 Summary

In this chapter, the effect of Si on CrSiN/ZrN and CrN/ZrSiN multilayer
coatings has been studied. The key point for these systems is the evolution of
multilayer structure and properties as a function of the bilayer thickness.

For CrSiN/ZrN multilayer coatings with a bilayer thickness (A) from 13.4 nm to
86.9 nm, XRD analysis reveals that the synthesized coatings form a
nanocrystalline/amorphous structure, where CrSiN individual layer is nanocrystalline
and ZrN is amorphous. TEM observations confirm the designed layered structure and
their phase compositions. Cross-sectional SEM show that the multilayer coatings with
a higher A exhibit layered structure. With decreasing A, the layered structure becomes

unclear and the featureless morphologies can be observed. Nanoindentation tests
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show that the multilayer coatings present the reduced hardness and elastic modulus in
comparison with their single layers. The maximum value of approximately 18 GPa is
found for the CrSiN/ZrN coating with A = 86.9 nm. The tribological tests reveal that
the CrSiN/ZrN coating friction coefficients exhibit a slight increase when decreasing
the bilayer thickness. In the potentiodynamic polarization test, the coated multilayer
samples exhibit improved corrosion potentials when compared to their single layers.
However, the pitting corrosion can not be inhibited by the addition of Si into CrN
individual layers.

In the investigation of CrN/ZrSiN multilayers, it is found that the single layer
ZrSiN is a nanocomposite structure. The multilayer coatings with bilayer thickness
from 11 nm to 153 nm form a nanocrystalline/amorphous structure (nc-CrN/a-ZrSiN).
TEM analysis confirms the period layered structure and their phase compositions.
Cross-sectional SEM shows that columnar growths are disrupted by ZrSiN amorphous
layer for CrN/ZrSiN coatings with a larger bilayer thickness up to 42 nm. A further
decrease of the bilayer thickness results in the featureless morphology. The multilayer
coatings present almost a constant hardness of 30 GPa in spite of the variation of their
bilayer thickness, which is higher than the monolayer ZrSiN and CrN. Moreover, the
multilayer structure show a good combination of high hardness from ZrSiN and
excellent toughness from CrN. Pin-on-disk tests show that the friction coefficients of
multilayer coatings have a slight increase when compared to their single layers. In the
electrochemical tests, the multilayers demonstrate good chemical inertness and very
low corrosion current densities. The highest Eg of -145 mV corresponds to
CrN/ZrSiN with A =43 nm. The additions of Si into ZrN individual layer improve the
multilayer chemical inertness. Furthermore, the method that Si is added into ZrN

individual layer has been found to be an efficient way to inhibit pitting corrosion.
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Conclusion and perspectives

Conclusion

This research focuses on the synthesis and characterization of CrN based
multilayer coatings for the replacement of electroplated chrome. Because of the
diversity of the electroplated Cr applications, in this thesis, the aim is to find the
reliable coating systems based on the magnetron technology so that the coating
performance can be optimized to satisfy the replacement of Cr on industry scale. The
depositions are accomplished by a conventional magnetron sputtering system. Coating
structures is determined by various techniques such as GDOES, XRD, SEM, TEM.
Mechanical, tribological and corrosion properties are characterized using

nanoindentation, scratch test, pin-on-disk and dynamic polarization.

The investigations of CrN depositions concern the influence of the nitrogen flow
rate and the RF substrate bias on coating structure and properties. It has been
demonstrated that the hysteresis curve and target voltage vs. nitrogen flow rate curve
can be well used to predict the phase evolution of chromium nitride deposition. The
stoichiometric Cr,N and CrN have been fabricated with the nitrogen flow rate of 6
sccm and 12 scem respectively. The stoichiometric Cr,N, CrN and the nanocrystalline
Cr(N) solid solution with a <200> preferred orientation present a higher hardness and
elastic modulus than the others so as to their better performance to wear resistance
during pin-on-disk tests. However, in contrast to Cr;N, CrN shows better abrasive
wear resistance. The abilities of corrosion resistance of the chromium nitride coating
in a 3.5 % NaCl solution are a-CrN > Cr > Cr,N > CrN > AISI 304.

The optical emission spectroscopy (OES) analysis for various RF biases reveals
that the increased substrate bias leads the nitrogen content to reduce in the coatings,
thus the evolution of structure from stoichiometric to N deficiency CrN. The CrN

coating deposited with RF bias of -60 V demonstrates a good combination of
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tribological and corrosion properties. Therefore, RF bias of -60 V is considered to be

an optimized value for CrN deposition.

In Cr-Zr-N ternary system, Zr modified CrN coatings with various Zr contents
and nanoscale multilayer CrN/ZrN coatings with bilayer thickness ranging from 11.7
to 66.7 nm are deposited. The Zr modified CrN coatings form a nanocrystalline solid
solution structure, where Zr substitutes Cr in CrN lattice. The maximum hardness
value of approximately 24 GPa is found corresponding to a CrN(Zr) coating with Zr
content of 1.5 at. %. In the tribological tests, the Zr modified CrN coatings show
excellent abrasive wear resistance. They exhibit excellent protective characteristics to
the stainless steel substrates. The addition of Zr into CrN improves coating chemical
inertness.

In the investigation of CrN/ZrN multilayers, it is found that CrN individual
layers are forced to change their growth preferred orientations from <200> to <111>
in order to release stress at interfaces. Low angle XRD and TEM are used to identify
the multilayer modulated structures. The multilayer coating consist of nanocrystalline
CrN and ZrN. They present a constant hardness of 29 GPa in spite of the variations of
the bilayer thickness. Pin-on-disk test results show that the multilayer coating friction
coefficients and wear rates from the loose counter ball volume increase with
decreasing the bilayer thickness. The multilayers demonstrate good chemical inertness
as well as very low corrosion current densities. However, due to the columnar growth

characteristics, the pitting corrosion can still be found on the coating surface.

A further effort to add Si into CrN/ZrN multilayer has been made. The deposited
CrSiN/ZrN multilayer coatings with a bilayer thickness (A) from 13.4 nm to 86.9 nm
form a nanocrystalline/amorphous structure, where CrSiN individual layer is
nanocrystalline and ZrN is amorphous. SEM and TEM observations confirm the
designed layered structure and their phase compositions. Nanoindentation tests show
that the multilayer coatings present a lower hardness and modulus in comparison with
those from their single layers. The maximum value of approximately 18 GPa is found
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for the CrSiN/ZrN coating with A = 86.9 nm. The tribological tests reveal that the
CrSiN/ZrN coatings exhibit a slight increase when decreasing the bilayer thickness.
Moreover, the coated CrSiN/ZrN multilayer samples exhibit improved corrosion
potentials when compared to their single layers. However, the pitting corrosion can
still be found in these multilayers.

The CrN/ZrSiN multilayers with a bilayer thickness from 11 nm to 153 nm form
a nanocrystalline/amorphous structure although the single layer ZrSiN is
nanocomposite. SEM and TEM analyses are used to identify the period layer structure
and their phase compositions. The multilayer coatings presented almost constant
hardness of 30 GPa, which are comparable to monolayer ZrSiN but higher than
monolayer CrN. The multilayer structure shows a good combination of high hardness
from ZrSiN and excellent toughness from CrN. Pin-on-disk test results show that the
friction coefficients of multilayer coatings have a slight increase when compared to
their single layers. In the electrochemical tests, the multilayers demonstrate good
chemical inertness and very low corrosion current densities. The highest corrosion
potential of -145 mV is obtained for CrN/ZrSiN with A =43 nm. The addition of Si
into ZrN individual layer has been identified to be an efficient way to inhibit pitting

corrosion in such a system.

Perspective

This work shows that the Cr based multilayer coatings possess the abilities to
satisfy the replacement of electroplated Cr in various conditions. The controllable
structure of these multilayers makes them suitable to versatile applications. However,
for the industrial replacement of electroplated chrome by this technology, there is still
a long way. Furthermore, in this thesis, there still remain a few questions and the
author considers these as suggestions for future works.

1. The Cr(N) solid solutions with a very low nitrogen flow rate present an

impressive hardness and elastic modulus. Additionally, in the present test conditions,
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they also show excellent corrosion resistance. These make them very interesting to be
the replacement of electroplated Cr because the original intention to replace
electroplated Cr is to deposit pure Cr directly by sputtering techniques. The drawback
of the sputtered Cr is the low hardness. However, in this thesis, it seems that using a
small amount of nitrogen incorporated into Cr can significantly improve the hardness
of pure Cr. Moreover, the deposited Cr(N) solid solution has a higher deposition rate
in comparison with CrN, which makes it very attractive for the applications on
industrial scale. Analyzing the hardness enhancement mechanisms and testing their
performances in the practical applications are of interest for the replacements of
electroplated chrome.

2. The amorphous Cr(N) at a low nitrogen flow rate is an unexpected result as
the other amorphous transition nitrides are usually obtained at a very high nitrogen
partial. Especially, these coatings presented an impressive corrosion resistance in spite
of their low hardness. A further synthesis of multilayers based on this kind of coating
may provide the possibility to combine an excellent corrosion resistance and the
attractive properties from the other multilayer pairs.

3. Cr-Zr-N ternary multiple phase coatings have presented an enhanced
hardness and corrosion resistance. Unfortunately, due to the limitation of the method
to add Zr into CrN, the concentration of Zr in the coatings is very low. The attempt to
synthesize Cr-Zr-N coatings with a high Zr content can be considered the further
works for this system. In addition, as indicated in the CrN/ZrSiN multilayer system,
the addition of Si can strongly inhibit the pitting corrosion, thus a quaternary system
Cr-Zr-Si-N probably presents a further enhancement of the coating property.

4. The Zr-Si-N coating has formed a nanocomposite structure. However, the
expected superhardness effect is not found. In this thesis, the detailed investigations
for this system have not been carried out. For this system, the superhardness effects
have been reported in literatures. To take advantages from nanocomposite and
multilayer structures, the studies in Zr-Si-N system are also of interest.

5. In the evolution of CrN/ZrN structure as a function of bilayer thickness, it is
clear that there is a trend to form a superlattice. Although it is not the case finally
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identified by TEM, the further decrease of bilayer thickness is still expected to clearly
reveal the evolution from the nanoscale multilayers to superlattice structure. However,
to fabricate these coatings with a lower bilayer thickness, the multilayer deposition
method should be changed. A rotating substrate holder system is proposed. However,
for a rotating substrate, the deposition rates, the compositions, even phase structures,
may change. Consequently, the detailed investigations in the corresponded single
layer deposition are needed. In addition, the investigation on the multilayer interface
by HRTEM may provide the direct evidence for the principle of the superlattice
formation. And the enhanced properties due to the superlattice are also expected.

6. In this thesis, the scratch test results for all the deposited coatings are not
superior to those reported for PVD coatings in literatures, which usually have very
high critical loads (L.;) overe than 50 N. Although the comparison for different
coating systems and different test setups is not a good idea, the results indicated that
in spite of our efforts, the coating adhesion does not show too much improvement.
The reason is probably attributed to the test parameters during scratch tests, the tip
shape as well as the substrate types. Therefore, a detailed investigation on these
factors is necessary. Moreover, to evaluate coating adhesion, the attempts of using a
new test method (i.e. nano-scratch test) may provide the possibility to compare the

results universally. Anyhow, efforts to enhance coating adhesion are needed.
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