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Triboelectrochemical response is concerned with different electrochemical-controlled
wear experiments designed to understand tribocorrosion behaviour of materials
and coatings. Tribocorrosion is defined as material degradation resulting from
simultaneous action of wear and corrosion and it is found in many engineering
applications, but the involved mechanisms are still only partially understood. In this
chapter, a brief overview of tribocorrosion testing techniques is followed by issues
which have helped us in gaining in-depth scientific knowledge of tribocorrosion.
The overview is further substantiated by detailed studies and observations on
tribocorrosion of thermal sprayed coatings in recent times.
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Solution Precursor Plasma Spray (SPPS) technique is an emergent technique which
offers significant performance advantages with various functional coatings like
YSZ, ZnFe204, LSM, metal-doped ZnO, etc. Apart from the above capabilities,
efforts towards development of an innovative hybrid approach through simultaneous
deposition of powder and solution resulted in coatings with unique microstructures.
Some illustrative examples of the large variety of coatings that can be realized
through the hybrid route combining the conventional plasma spray and SPPS
techniques are discussed. The attractive prospects offered by hybrid technique for
spraying nanocomposite coatings are specifically highlighted through a case study.
Successful development of hybrid coatings using a Mo-alloy powder and a suitable
oxide-forming solution precursor has been shown to exhibit improved sliding wear
performance. The relationship between the splats, the ensuing coating microstructure
at varied processing conditions, and its tribological behaviour of the coatings is
comprehensively discussed.
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WC-based thermal-spray and High Velocity Oxy-Fuel (HVOF) coatings are
extensively used in a wide range of applications ranging from downhole drilling
tools to gas turbine engines. WC-based thermal spray coatings offer improved wear
resistance as a result of hard phases dispersed in binder-rich regions. However, the
presence of hard and soft phases within the coating can also lead to the formation
of micro-galvanic couplings in aqueous environments leading to some reduction
in combined wear-corrosion resistance. Furthermore, the coating also responds
differently to change in mechanical loading conditions. This chapter examines
the wear-corrosion performance of thermal spray coatings in a range of wear,
electrochemical, and wear-corrosion tests under varying contact conditions to
develop models and establish relationships between wear mechanisms, wear rates,
and environmental factors such as pH and applied load.
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Functionally Gradient Coatings (FGCs) are emerging materials with an improved
service life and have a promising future for the production of (a) tailored components
for applications subjected to large thermal gradients, (b) smart coating with improved
corrosion and wear resistance, (c) improved fatigue wear, and (d) improved material
structures for energy applications like batteries, fuel cells, etc. FGCs may be developed
by physical/chemical vapor deposition, electro/electroless deposition, thermal spray
deposition technique, etc. Thermal spraying refers to the technique or a group of
techniques whereby molten or semi-molten droplets of materials are sprayed onto
a solid substrate to develop the coating. In this chapter, detailed overviews of the
development of functionally graded coating by thermal spray deposition techniques
are presented. In addition, a few research results on the development of functionally
graded coating for tribological and thermal barrier applications are presented.
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In this chapter, various layers that are formed during sliding wear of thermal sprayed
coatings at elevated temperature are discussed. Glazed layers are formed on the worn
surfaces during elevated temperature sliding wear of thermal sprayed coatings. These
layers have a characteristic physical appearance, mechanical properties, chemical
compositions, and failure mechanisms. Wearing conditions, wearing material, and
mating material influence formation and characteristics of glazed layers. Among
these parameters, wearing material and mating material are most important. These
glazed layers are divided into different types of layers, namely Transfer Layer (TL),
Mechanically Mixed Layer (MML), Reaction Layer (RL), and Composite Layer (CL).
The recent results on friction of thermal sprayed coatings at elevated temperature
are rationalised in the light of different types of glazed layer formation.
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Solid particle erosion is an important material degradation mechanism. Although
various methods of coating are tried and used for protection against erosion, thermal
sprayed coating for such purpose is the most widely used method. In this chapter,
evolution of thermal sprayed coating, erosion testing methods, and erosive wear
of thermal sprayed coatings are discussed extensively with emphasis on recent
developments. Itis generally found that erosion of thermal sprayed coatings depends
on erosion test conditions, microstructural features, and mechanical properties of
the coating materials. Most thermal sprayed coatings respond in brittle manner
having maximum erosion rate at oblique impact and velocity exponent in excess of
3.0. Erosion rate is also dependent on thermal spraying techniques and post coating
treatment. However, little work is done on dependence of erosion rate on coating
techniques and coating conditions. Future direction of work is also reported.
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With the exception of ZrO,, the individual oxides and binary compositions in the
system Al O,-Cr,0,-TiO, are the most important oxide materials for thermally
sprayed coating solutions. Traditionally, these coatings are prepared by Atmospheric
Plasma Spraying (APS), but processes such as Detonation Gun Spraying (DGS)
and High Velocity Oxy-Fuel (HVOF) spraying can produce coatings with lower
porosity and higher wear resistance. Traditionally, feedstock powders have been
used for coating preparation. Recent developments have seen the emergence of
suspensions as a new feedstock, but tribological properties of coatings prepared
using suspensions have not yet been studied in detail. This chapter summarizes
some important issues regarding wear protection applications of coatings in the
Al203-Cr203-TiO2 system, the advantage of alloying the individual oxides, and
the influence of different feedstocks and spray processes.
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Slurry erosion is a degrading phenomenon usually observed in machineries dealing
with particle-laden fluid such as hydro power plants, ship propellers, pump impellers,
valves, and connecting pipes. The low erosion resistance of commonly employed
structural materials prompts the use of different surface modification techniques.
Among several types of surface modification techniques, thermal spraying has
achieved a significant recognition worldwide due to its versatile nature. In this
chapter, slurry erosion behavior of thermal sprayed coatings has been discussed with
special emphasis on the contribution of different coating related parameter. It has
been observed that microstructure play an important role in determining the slurry
erosion performance of thermal spray coatings. Different microstructural features
such as splat boundaries, pores, un-melted particles, and cracks are detrimental for
the thermal spray coatings exposed to erosive environment. A parameter useful for
identification of primary erosion mechanism for thermal sprayed coatings is also
discussed.
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The Detonation Spray Coating (DSC) process is a unique variant among the wide
choice of thermal spray processes. The typical functionalities of DSC coatings
include wear and corrosion resistance, elevated temperature oxidation resistance,
thermal barrier, insulative/conductive, abradable, lubricious surface, etc. Among the
coatings for wear resistance, the cermet coatings based on WC—-Co and Cr3C2-NiCr
are the most popular materials of choice and contribute to bulk of the utilization
by the industry towards wear resistance. Notwithstanding the above materials,
alternative materials involving modifications in both hard and binder phases like
TiMo (CN)-NiCo, WC-CrC-Ni, WC-Co-Cr, WC-Ni, Cr3C2—Ni, Cr3C2—Inconel, etc.
exhibit great promise towards tribological applications under diverse wear modes.
This chapter on the tribological characteristics of the detonation sprayed coatings
provides acomprehensive overview on the characteristics of various cermet coatings
generated at varied process conditions and its influence on the tribological properties
under abrasive, sliding, and erosive wear modes.
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Thermal spray is a generic term used to define a group of coating processes used to
apply both metallic and non-metallic coatings. These coatings are usually defined by
their hardness, strength, porosity, roughness, and wear resistance. In this chapter, the
authors turn their attention to the mechanical and tribological properties of thermal
spray coatings. The individual phase plays a very important role in determining the
performance of the coating. However, evaluating the mechanical and tribological
properties atanano-level requires new test methods and their validation. In this chapter,
elaborate discussion of some techniques to evaluate and analyze the mechanical and
tribological properties of different thermal spray coatings is done. This chapter is
intended to help the reader to firstly understand the basic principle and methods
of characterization of thermal spray coatings using instrumented nanoindentation,
nanoscratch, abrasive wear testing techniques, and secondly to get an idea of the
recent techniques and review the research and development in the same field.
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Foreword

Surface engineering has a major part to play in a world where resources such as
materials and energy are becoming increasingly valuable, and thermal spray pro-
cesses form a very important contribution to the range of surface coating methods
available. Thermal spraying provides a uniquely versatile route for the deposition
of a very wide range of materials on to almost any substrate to produce a surface
with enhanced resistance to corrosion or wear while the key properties of the un-
derlying structure, be they for example stiffness, strength, lightness, creep resistance,
or some combination, are preserved.

Although the first thermal spray methods were used more than a century ago, and
many of the methods used today were introduced in the 1950s and 1960s, it is only
recently that the combination of well-controlled deposition methods and materials has
been refined to provide the high performance which can be achieved today. Thermal
spraying is now extensively used in industrial applications to provide resistance to
corrosion, both in aqueous conditions and at high temperatures, and to wear in a
widerange of environments. Sometimes, the coating is exposed to simultaneous wear
and corrosion (tribo-corrosion), possibly with synergistic interactions. To achieve
optimum performance and a cost-effective coating which will endure for the life
of the component requires a good understanding of the methods used to form the
coating, the coating materials and their microstructures after deposition, appropri-
ate methods for characterization and quality control of the process and resulting
coatings, and methods for testing and understanding the response of the coating
under the often complex conditions which give rise to wear or tribo-corrosion. All
these topics are covered in this book, which provides a state-of-the-art survey from
expert authors. I expect it to provide a valuable resource for users of thermal spray
coatings and researchers for many years to come.

lan Hutchings
University of Cambridge, UK
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Preface

Thermal spray is a generic term (Pawlowski, 1995) for a group of coating pro-
cesses where the coating is deposited on a substrate by applying a stream of particles,
metallic, or ceramic materials, which flatten more or less forming platelets, called
splats. Several layers of these splats form the coating. Upon impact, a bond forms
with the surface, with subsequent particles causing a build-up of the coating to its
final thickness. Since 1910, when Dr. Schoop for the first time conceived thermal
spraying, a large development has taken place. A device to spray metal wires was
made available in 1912. This technique is known as flame spraying. Later on, in
1930, new technique for thermal spraying known as flame spraying process was
introduced. Subsequently, in 1958, Union Carbide developed detonation spraying.
Atmospheric plasma spraying was introduced in 1960. This was followed by devel-
opment of Vacuum Plasma Spraying (VPS) and Low-Pressure Plasma Spraying
(LPPS) in late 1970 and 1980. In the year 1980, High Velocity Oxy Fuel (HVOF)
technique was invented. James A Browning developed liquid fuel based coating gun
“Jet-Kote” in 1982. The most important technology cold spraying was developed
in 1990. The first literature on warm spraying was available in 2006. The classifica-
tion of various thermal spray processes is summarized in Figure 1. Over last sev-
eral decades, large developments in thermal spraying have made these techniques
as an invaluable tool for engineering applications.

There has been an increased dependence of industrial sectors on thermal spray-
ing technologies, not only for key operational purposes but also for gaining strategic
advantage. Thermal spraying is a dynamic process and a rapidly changing field,
which is used in a wide range of industries to solve increasingly challenging prob-
lems. These techniques are used for performance enhancement and extension of life
of industrial components, which are subjected to wear, corrosion, etc., and also to
meet numerous other practical solutions. As the application for thermal spraying is
expanding to performance-critical applications, it has become mandatory to ascer-
tain how the coating affects mechanical properties of the substrate. It is critical to
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Figure 1. Classification of various thermal spray processes
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establish standard method and matrix for evaluation of effect of coatings on the
substrate. This has resulted in establishing a standard test method for evaluation and
comparison.

There are several emerging trends in thermal spraying. Nanostructured coatings
by Hypersonic Plasma Particle Deposition (HPPD) have been established (Heber-
lein, Rao, Neuman, Blum, Tymiak, McMurry, & Girshick, 1997). In this process,
vapour phase precursors are injected in to a plasma stream generated by a DC arc.
The plasma is quenched by supersonic expansion through a nozzle into a vacuum
deposition chamber. Ultrafine particles nucleated in the nozzle are accelerated in
the hypersonic free jet downstream of the nozzle and inertially deposited on the
substrate. The short transit times between the nozzle and the substrate prevent
in-flight agglomeration, while the high particle velocity results in formation of
consolidated coatings.

Suspension thermal spraying in which fine powders suspended in suitable liquid
phase are sprayed (Bouyer, Gitzhofer, & Boulos, 1997). Suspensions exceeding 50
wt % solid phase content is successfully injected into inductively coupled plasma.
Coating is deposited successfully by a novel radio frequency — Suspension Plasma
Spraying (RF-SPS). However, this approach still relies on the use of expensive
nano/ultra-fine powder feedstock. Difficulties in suspending the particles in a stable
manner and maintaining homogeneity also exist. Alternately, a single-step coating
process involving in situ synthesis of nanoparticles and their subsequent consolida-
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tion into an adherent deposit through solution precursor spraying appears promising.
Some preliminary reports on High-Velocity Oxy-Fuel (HVOF) spraying of solution
precursors is also available (Ma, Roth, Gandy, & Frederick, 2006).

A new electromagnetic powder deposition technique that employs electromag-
netic force can accelerate powder particles up to 2 km/sec as opposed to 1km/sec
obtained by conventional thermal spray process has been developed (Bacon, Davis,
Polizzi, Sledge, Uglum, & Zowarka, 1997). Particles travelling with this velocity
have sufficient kinetic energy to melt their own mass and equivalent mass of the
substrate on impact. In this technology, argon gas and high-energy electrical pulse
provided by a capacitor bank drives the gas to a very high velocity, which ultimately
allows the particles to travel at the velocity of 4 km/sec.

Cold Gas Dynamic Spray (CGDS) is a process where coating is deposited by
high-velocity jet of solid phase particles, which has been accelerated by a supersonic
gas jet at atemperature much lower than the melting and softening temperature of the
coating materials (Bhagat, Amateau, Papyrin, Conway, Stutzman, & Jones, 1997).
The warm spray process (Kuroda, Watanabe, Kim, & Katanoda, 2011) is based on
high velocity impact bonding of powder particles, which is similar to cold spraying,
but the temperature of the particles at impact is significantly higher and often very
close to the melting point of the material. Therefore, warm spray may be regarded
as a process to fill the gap between HVOF and CS.

Considerable effort will be diverted for further development of functionally
graded thermal sprayed coatings. A functionally graded coating can be defined as
a series of the coating having continuously changing composition from substrate
to the surface to achieve combinations of properties (Kawasaki & Watanabe, 1997,
Krumova, Klingshirn, Haupert, & Friedrich, 2001). These advanced coatings with
gradient in composition, structure/specific properties in the preferred direction/ori-
entation are superior to homogeneous materials composed of similar constituents.
Functionally graded coating offers several advantages over conventional monolithic
coating system, such as reduction of in-plane and through-the-thickness transverse
stresses, improved thermal properties, high toughness, etc. Functionally graded
coatings consisting of metallic and ceramic components are established to enhance
the properties of thermal-barrier systems by making smooth transition of the prop-
erties with depth-leading enhancement of adhesion characteristics of the coating.

Smart thermal sprayed coatings, which respond in a selective way to external
factors such as stress, temperature, etc., are another important recent development
(Fasching, Prinz, & Weiss, 1995). With the help of thermal spraying, it is possible
to deposit novel smart coatings with embedded sprayed sensors by combining coat-
ing and shaping methodologies. Various sensor materials can be selectively sprayed
and shaped using masking techniques (Weiss, Prinz, Adams, & Siewiorek, 1992).
Discreet shapes can be formed with appropriately shaped masks. Sprayed sensors,
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such as thermocouple, humidity sensor, etc., have been manufactured and perfor-
mance evaluated successfully. In addition, sensors, like strain gauges, antennas,
pressure sensors, etc., have been developed. There are several important properties
with sprayed sensors that cannot be easily achieved by other conventional methods.
It is possible to have sprayed sensor conforming to complex surface shapes with
optimal surface contact by flexible masking. For a given application, the shape of
the sensor and its interconnection can be separately designed. Production of sen-
sor array is straightforward, as coating and sensor are deposited simultaneously.
Sensors can be protected against the environment by depositing another coating. It
is also possible to incorporate new materials for sensor technology by using multi-
component powder.

Hybrid thermal spraying will draw a lot of attention in the years to come. Low-
pressure plasma spray hybrid system can produce coatings within three distinct
regimes. Plasma spray-PVD can produce thick, columnar-structured coatings us-
ing high gun enthalpy to vaporize specific types of feedstock materials. Plasma
spray-CVD uses modified conventional thermal spray components operated below
0.5 mbar to produce CVD-like coatings at higher deposition rates by using liquid
for gaseous precursors as feedstock materials. Plasma spray-thin film can produce
thin, dense layers from liquid splats using a classical thermal spray approach but at
high velocity and enthalpy.

Another important development for thermal spraying is forming of near-net
shape components. Refractory materials have high melting points, high temperature
strength, good thermal properties, and high ablation resistance. Parts of near-net
shape refractory materials, such as heating element, crucible, and rocket nozzle,
etc., have found wide applications in chemical processing, electrical and mechanical
engineering, airplane and aerospace industries (French, Hurst, & Marvig, 2001).
However, due to their ultra-high melting point and high ductile-to-brittle transition
temperature (around room temperature), it is difficult to fabricate large-scale or
thin-walled parts with complex shape of these materials by conventional industrial
methods such as Powder Metallurgy (PM) and Chemical Vapour Deposition (CVD)
(Cockeram, 2006). It has always been intended to develop new and effective fabri-
cation methods to produce refractory metallic parts of desired shapes and density.
Capable of making high quality near-net-shape parts, Plasma Spray Forming (PSF)
then came into play as one such potential fabrication method of choice for refractory
materials. During PSF process, refractory metallic powders are directly fed onto
a predesigned mandrel (Park, 1999). Almost any feedstock can be sprayed onto
the mandrel in a controllable manner to provide a compact of desired shape and
wall thickness with benefits of simplifying fabrication process and cost reduction.
Substantial research is expected to be directed in the development of removable
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mandrel and development of complex shape. A larger variety of coatings for near-
net shape tribology-related components and their increased usage is expected to
come in the near future.

Over the last decades, various sensors relevant to the thermal spraying process
and capable of operating under the harsh environment of spray booths have been
developed (Fauchais & Verdelle, 2010). Today, sensors are available to measure
trajectories, temperatures, velocities, sizes, and shapes of in-flight particles (Fauchais,
1992; Landes, 2006; Gougeon & Moreau, 1993). Infrared cameras and pyrometers
are employed to understand the temperature profile of substrate and coatings during
preheating, spray process and cooling down (Matejicek & Sampath, 2003; Clyne
& Gill, 1996; Kuroda & Clyne, 1991). Sensors are also developed to measure the
stresses within the coatings and evolution of thickness of the coating during spray-
ing (Nadeau, Pouliot, Nadeau, Blain, Berube, Moreau, & Lamontagne, 2006).
Further development towards improved precision on measurement is expected. New
techniques, such as shadowgraphs and laser, allow precise measurement of particle
diameter, which was not hitherto possible. Development of sensors will allow online
control of thermal spraying and thus enhance coating quality and reliability.

Over the last several decades, thermal spraying has come a very long way, es-
pecially in terms of revolution with regard to automation of process variables and
work handling equipment. Process automation has brought about a much higher
degree of repeatability and reliability to the thermal sprayed coating process and
the coating being produced. As a result, thermal spraying is being considered as a
modern and well-respected manufacturing process. The widespread use and growing
acceptability of thermal sprayed coating for commercial product is the testimony for
that. Although lot of investigation has been carried out and significant information
has been generated about the variables involved in the thermal spraying process,
much still needs to be learned. Automation has induced more correctness and more
adequacies in controlling these variables to a significant extent. Automation has also
helped us in mass production of a large number of feasible components.

THE CHALLENGES

It goes without saying that demands for high performance thermal sprayed coatings
and coatings with added functionality have been on the increase. And any attempt to
deal with the problem demands an adequate understanding of the challenges that exist
in the new millennium. Such challenges can be classified into following categories:

o  The challenge of establishing newer techniques giving rise to coatings with
improved mechanical properties and performances.
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e  The challenge of establishing new coatings with new composition and new
functionality.

e  The challenge of establishing correct processing condition for the existing
deposition techniques for existing coating materials.

e  The challenge of establishing appropriate spraying technology to meet the
challenging demand of modern technology for operation in demanding and
harsh environments.

e  The challenge of establishing automation for the processing conditions and
equipment handling to meet the challenging demand of modern technology.

e  The challenge of establishing appropriate spraying technology to meet de-
mand for mass production.

Although thermal sprayed coating has evolved as an important tool for large
variety of applications, a significant fraction of thermal sprayed coatings are used
for protection against tribology in ambient or in corrosive environments. Tribol-
ogy, which deals with the science of friction, is an important degradation process,
protection against which is essential. Commonly occurring tribology-related deg-
radations are erosive wear, abrasive wear, and sliding wear. Erosive wear can be
due to impact by solid particles liquid droplets, or it can also be due to liquid metal
or cavitations. Abrasive wear can be defined as material loss when a hard particle
is made to slide against a relatively soft material. Sliding wear is essentially deg-
radation when two surfaces are made to rub against each other. Sliding wear can
be unidirectional or reciprocating. The strain, strain rate, thermodynamic status of
deformation of erosive wear, abrasive wear, and sliding wear differ considerably.
The unique features of the deformation conditions pertinent to various degradation
conditions, such as erosive wear, abrasive wear, and sliding wear are given in Figure
2. The other variety of tribological degradation process is fretting when rubbing
takes place in reciprocating motion with very low amplitude. When tribology-related
degradation takes place in the presence of a corrosive medium, degradation is an
outcome of synergistic effect of tribology and corrosion such as erosion-corrosion,
fretting-corrosion, abrasion-corrosion, etc. When such degradation takes place at
elevated temperature, material loss is an outcome of interaction between tribology
and oxidation, such as erosion-oxidation, etc. Erosion oxidation interaction map for
Ni, for feed rate of 0.2 gm/min is illustrated in Figure 3.

Prevention of tribology-related degradation is an age-old phenomenon. Surface
hardening by diffusion of carbonaceous materials has been known since Roman
times. Vikings were also famous for embedding the leading edges of their ploughs
to resist soil erosion. However, scientific investigation to minimize tribology-relat-
ed problems started in the last 50 years. To be more precise, enhanced understand-
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Figure 2. The unique features of the deformation conditions pertinent to various
degradation conditions such as erosive wear, abrasive wear and sliding wear (Roy,
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ing for more complicated problems involving tribology and corrosion interaction
is merely a decade old. Most manufacturing industries are forced to overcome a loss
0f 0.5% of their turnover due to tribology and related problem and this figure should
be applicable worldwide. Hence, it is an expensive degradation process and there
are enough incentives to minimize it by applying a coating by thermal spraying.
Since tribology is mostly a surface-related phenomena, thermal sprayed coatings
have been, more often than not, successful in improving the performances. Thermal
sprayed coating is one of the most widely and commonly used methods for protec-
tion against such degradation.

Because of the requirements for protection against the above-mentioned deg-
radation, demand for thermal sprayed coatings is increasing. The book, Thermal
Sprayed Coatings and their Tribological Performances, has been planned keeping
this important aspect in mind for future research. Research on thermal sprayed coat-
ings has gathered huge momentum across the world as evidenced from the number
of research publications in this area in recent times. Today, many spheres of life,
which includes energy, oil and gas, mining, transportation, and healthcare sectors,
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Figure 3. Erosion oxidation interaction map for Ni, for feed rate of 0.2 gm/min
(Roy, 2006)
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etc., have problems related to tribology. Over the years, numerous studies, reviews,
and special issues and books have been published on thermal sprayed coatings.
However, no attempt has ever been made to compile a book addressing exclusively
the tribological problem. This is the first attempt to compile a book related to the
tribology of thermal sprayed coating.

Because of time constraints, we have missed several areas, like elevated temperature
erosion, abrasive wear, etc., of thermal sprayed coating. We have also missed tribol-
ogy of several emerging thermal sprayed coating processes, such as cold sprayed,
electromagnetic deposition process, etc., as the literature in these areas are limited.
We hope to have a book with all varieties in future. We think that the chapters are a
valuable reference and that many researchers will use them as a useful guide to the
state of the art in the field of tribology of thermal sprayed coatings.

ORGANIZATION OF THE BOOK

After this introductory preface, it is pertinent to describe the organization of the
book. In this book, we have successfully gotten several leading practitioners who
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are currently involved in research and development of thermal sprayed coatings for
tribological application to contribute. The book is organized into 11 chapters. A
brief description of each of the chapters follows:

Chapter 1 discusses the effects of feedstock powder and deposition technique on
the hardness and tribological performance of thermal-sprayed WC-Co coatings. It
was found that the high-temperature gun produces harder and more wear-resistant
coatings than the standard gun. WC-Co Coatings deposited with nanostructured
feedstocks are useful in bearings and other machinery with sliding parts because
they inflict much less wear on the material on which they slide than conventional
coatings. Coatings with micrometer WC grains are suitable for abrasion resistance
applications such as earth moving or slurry processing machinery

Chapter 2 identifies tribo-corrosion of thermal sprayed coatings. Tribo-corrosion
is material degradation resulting from synergistic action of wear and corrosion and
it is prevalent in many engineering applications although the involved mechanisms
are still little understood. In this chapter, a brief overview of tribo-corrosion test-
ing techniques followed by issues which have helped in gaining in-depth scientific
knowledge of tribo-corrosion has been discussed. The overview is further substan-
tiated by detailed studies and observations on tribo-corrosion of thermal sprayed
coatings in recent times.

Chapter 3 specifically focuses on the emergent Solution Precursor Plasma Spray
(SPPS) technique that has been the subject of considerable research interest in recent
times. A variant of the thermal spray family, the SPPS method offers significant
advantages by avoiding use of powder-feedstock that has to meet stringent particle
size specifications, permitting better control over coating chemistry and yielding
interesting features like vertical cracks, nano-sized pore structure, fine splats, etc.
Some illustrative examples of the large variety of coatings that can be realized by
adopting the above hybrid route that involves combining the conventional plasma
spray and SPPS techniques will be discussed. In an attempt to understand coating
formation by the proposed hybrid route, splat formation under varied processing
conditions has been comprehensively investigated. The relationship between these
splats, the resulting coating microstructure and tribological behaviour of the coat-
ings has also been comprehensively discussed.

Chapter 4 reviews research associated with the development of coatings that are
designed to withstand combined abrasive wear and corrosion conditions. Under-
standing how coatings perform under these tribo-corrosion conditions is essential
if the service life of equipment is to be predicted. Therefore, the tribo-corrosion
performance of coatings deposited by thermal spray techniques is discussed and
the main mechanisms associated with their degradation under combined wear and
corrosion highlighted. The importance of post-coating deposition treatments such
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as laser resurfacing and sealing are also discussed. Interactions between abrasion
and corrosion mechanisms are identified along with some models and mapping
techniques that aim to inform coating selection and predict performance.

Chapter 5 deals with detailed overviews of the development of functionally graded
coating by thermal spray deposition techniques. In addition, the present status of
research efforts in development of functionally graded coating for tribological and
thermal barrier applications is also elaborated.

Chapter 6 is concerned with elevated temperature sliding wear of various thermal
sprayed coating actually meant for high temperature application. After introducing
the subject in Chapter 1, a brief outline of various thermal spraying techniques is
made in subsequently sliding wear of various thermal sprayed coatings is addressed.
High temperature application of thermal spayed coatings and future direction of
research for high temperature thermal spray coating are eventually furnished.

Chapter 7 provides a comprehensive overview on the characteristics of various
cermets coatings intended for erosion resistant applications. In this chapter, evolution
of thermal sprayed coating, erosion testing methods and erosive wear of thermal
sprayed coatings are discussed extensively with emphasis on recent developments.
It is generally found that erosion of thermal sprayed coatings depends on erosion
test conditions, microstructural features and mechanical properties of the coating
materials. Most thermal sprayed coatings respond in brittle manner having maxi-
mum erosion rate at oblique impact and velocity exponent in excess of 3.0. Erosion
rate is also dependent on thermal spraying techniques and post coating treatment.
However, little work is done on dependence of erosion rate on coating techniques
and coating conditions. Future direction of work has also been reported.

Chapter 8 addresses tribology of thermally sprayed coatings in the Al,0,-Cr,O,-
TiO, system. This contribution summarizes some important issues, regarding wear
protection applications of coatings in the Al,O,-Cr,0,-TiO, system, the advantage
of alloying the individual oxides, the influence of different feedstocks and spray
processes.

Chapter 9 reviews slurry erosion of thermal sprayed coatings. This chapter presents
basics of slurry erosion phenomenon in its first part. Effect of different parameters
on slurry erosion process is also discussed. In the second part of chapter, slurry
erosion behavior of several thermal sprayed coatings is presented with the help of
some case studies. An attempt has been made to understand the role of different
coating compositions and deposition processes to control slurry erosion. Slurry
erosion mechanisms for these coatings have also been explained.

Chapter 10 deals with on the tribological characteristics of the detonation sprayed
coatings. It provides a comprehensive overview on the characteristics of various
cermet coatings generated at varied process conditions and its influence on the tri-
bological properties under abrasive, sliding and erosive wear modes. The aim of this
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chapter is to provide its readers an opportunity to judicially select the right material
composition for the perceived tribological application and also to understand the
role of processing conditions to achieve the desired coating properties.

Chapter 11 concludes with an elaborate discussion of some techniques to evaluate
and analyze the mechanical and tribological properties of different thermal spray.
This chapter is intended to help the reader to firstly understand the basic principle
and methods of characterization of thermal spray coatings using instrumented nanoin-
dentation, nanoscratch, abrasive wear testing techniques and secondly to get an idea
of the recent techniques and review the research and development in the same field.

This research book can be used as a support book for final undergraduate en-
gineering course (for example, materials, mechanical, manufacturing, etc.) or as a
subject on thermal spray at the postgraduate level. In addition, this book can serve
as a useful reference for academics, materials researchers, materials, physics, me-
chanical, and manufacturing engineers, as well as professionals in related industries
with thermal spray.

Manish Roy
Defence Metallurgical Research Laboratory, India

J. Paulo Davim
University of Aveiro, Portugal
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ABSTRACT

The wear resistance of thirty WC-Co coatings, deposited by standard High-Velocity
Oxyfuel (HVOF) techniques and a high-temperature variant of HVOF, with standard
commercial and experimental nanostructured feedstocks, is examined. It is found
that the high-temperature gun produces harder and more wear-resistant coatings
than the standard gun. The latter does not generate high enough temperatures to
melt the powder and provide good bonding between WC grains and Co binder. All
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coatings present higher wear resistance than the steel substrate. Coatings deposited
with standard feedstock possess generally higher wear resistance than nanostruc-
tured coatings. The difference is more pronounced in sliding than in abrasive wear.
WC-Co Coatings deposited with nanostructured feedstocks are recommended for
use in bearings and other machinery with sliding parts because they inflict much
less wear on the material on which they slide than conventional coatings. Coatings
with micrometer WC grains are recommended for abrasion resistance applications
such as earth moving or slurry processing machinery.

INTRODUCTION

At the turn of the century, the Office of Naval Research funded a concerted program
to investigate the potential of nanostructured coatings for applications in bearings
and in abrasive media. The purpose of the research was to find whether coatings
made of feedstock with nanometer-sized WC grains possess advantages over the
commercially available coatings. It is easy to imagine the potential savings in labor,
material and especially down time offered by the possibility of repairing, say, the
worn surface of the bearing on a ship’s large propeller shaft by depositing mate-
rial in situ, rather than disassembling, fabricating and installing a new shaft. The
research program involved a number or commercial providers of precursor material,
companies specializing in various deposition techniques, and universities doing
research in material synthesis and in the various deposition technologies; perform-
ing structural characterization of the coatings, and evaluating their performance.
Our laboratory was charged with measuring the coating’s resistance to sliding and
abrasive wear and relating this performance to the nature of the feedstock and the
deposition technique. The present contribution combines the observations described
in previous reports (Qiao, Liu & Fischer, 2002, 2003) and provides a new analysis.

The processing of nanoscale WC had started when Larry McCandlish was inves-
tigating the potential of WC as a catalyst at Exxon Research Laboratories. Catalysts
are prepared as nanometer grains that are dispersed on a support from the aqueous
solution of a salt. His colleague Richard Polizzotti enquired about the possibility of
co-dispersing cobalt with the same method. This led to the development of the Spray
Conversion Processing of nanometer scale WC/Co composites at Nanodyne, a com-
pany founded by Bernard Kear for that purpose (McCandlish, Kear & Kim, 1992). It
was known that WC/Co composites with nanometer size WC grains are harder and
possess a higher resistance to sliding and abrasive wear than conventional cermets
(Jia & Fischer, 1996, 1997, 1998). Since the structure and mechanical properties
of coatings sprayed onto a substrate are different from those of bulk materials, the
possible advantages of nanostructure in coatings needed to be verified.
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The evaluation of the WC/Co coatings proceeded in two phases. In the first phase
(Qiao et al., 2002), thirty coatings that several industrial and academic laboratories
had prepared by high-velocity oxygen fuel (HVOF) methods, using either com-
mercial or experimental powder feeds with micrometer-sized, nanometer-sized WC
grains or powders containing a mixture of micro- and nanometer-sized WC grains,
were analyzed for their microstructure and chemical composition and evaluated for
hardness and their resistance to abrasive and unlubricated sliding wear. Based on
the results obtained, nine nanostructured coatings were deposited under controlled
conditions with three designed nanostructured feedstocks in a second phase (Qiao
et al., 2003) which examined their microstructure and composition and measured
their hardness, fracture toughness, abrasion and sliding wear resistance. The results
of both investigations are combined here.

THE COATINGS
The Feedstocks

The powders in this technology consist of a mixture of WC grains and cobalt, which
are agglomerated into particles, (20 - 40 um), large enough to flow in the spray
equipment. The structure of the feedstocks is shown in Figure 1.

The nanostructured feedstocks were obtained from Union Miniere, New Bruns-
wick, NJ, USA; they are shown in Figure 1a. The nanostructured material is obtained
by Spray Conversion in which an aqueous solution of tungsten and cobalt salts is
atomized in a fine spray. The grains are then calcined to obtain WC and Co grains
of very small size. The Nanocarb powders present a typical spray-drying morphol-
ogy in which the carbide and cobalt are combined together in 30-50 nm grains due
to the chemical reaction; the small grains are porous and present a relatively large
surface-to-volume ratio. The Nanocarb® agglomerate particles are hollow spheres;
their size is in the range of 5 - 90 um with an average of 40 pu. Some nanostructured
powders were also provided by Osram Sylvania. Coatings prepared with these
feedstocks are labeled “Nano”;

Figure 1b represents nanostructured powders that have been reprocessed by In-
framat Corporation. North Haven, CO, USA ; the WC grains received a proprietary
coating aimed at reducing grain growth. These Infralloy® powders are composed
of densely packed 200-500 nm carbides that expose flat crystal planes. The size of
the agglomerates is 5-60um with an average of 24 um. The resulting coatings are
labeled “Infra” in the following figures.
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Figure 1. Low and high magnification views of the showing the agglomerate and the
grain structure of (a) Nano, (b) Infra, (c¢) Mixed and (d) Micro feedstock. (OElsevier,
2003, Used with permission)
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Feedstocks prepared with a mixture of nanometer sized and micrometer sized WC
grains were obtained from Nanopowder Enterprises. These Nanomyte® powders,
shown in Figure 1c, are composed of 70% coarse (1-3 um) and 30% nanocrystalline
(30-50 nm) carbides. The powders were agglomerated by sintering; the particle size
is 5-60 um with an average of 26 um. Coatings deposited with this powder will be
labeled “Mixed”. (Nanomyte is now a Registered Trademark for a different product).

Coatings were also deposited with commercial Diamalloy® WC-Co powders
procured from Sulzer Metco, Westbuty, NY, USA. This feedstock is composed of
2-3 um carbides with an average particle size of 25 um as shown in Figure 1d. These
coatings are labeled “Micro”.

Deposition of the Coatings

Coatings were deposited on a steel substrate with standard High-Velocity Oxyfuel
guns or with a modified HVOF gun (DJ2700) that generates higher temperatures
(2000 — 2150C) and higher velocities of the particles. During deposition, the
particles are partially melted and projected onto the substrate at high velocity. In
this process the cobalt is molten and dissolves a fraction of the tungsten carbide
(Verdon, Karimi & Martin, 1998 and Stewart, Shipway & McCartney, 2000). Since
the particles do not reach equilibrium in flight, they reach a higher temperature at
their surface than at their center. Near their surface, the particles loose carbon to
oxidation. Upon impact on the substrate, the particles are flattened to form a splat
and cool very rapidly. As a consequence, the W- and C- rich cobalt solidifies in
nanocrystalline and amorphous form and precipitates W, C particles around the
original WC grains. When decarburization is severe, W particles precipitate near
the border of the splats. The result is a classic WC-Co structure in the middle of
the splat, increasing decarburization towards the splat boundary and an amorphous
phase at the splat boundary.

Verdon and coworkers (1998) have also found a 5-10 nm thick oxygen and
carbon-rich layer separating some splats.

Figure 2 shows high-resolution SEM micrographs representing the cross section
of six representative coatings. These were obtained by cutting through the thickness
of the coatings, polishing the cut and etching in boiling water to reveal the micro-
structure. The coatings depicted in Figure 2 were deposited with the feedstocks
shown in Figure 1. The relative amounts of WC, W,C and W in the coatings were
measured by X-ray diffraction (not shown).

Figure 2a shows the structure of a “Micro” coating obtained from the commer-
cial powder (Diamalloy 2004) deposited with the high-temperature DJ2700 gun. It
has a decarburization rate of 28%. The splat structure is clearly visible. The “cracks”
at the splat boundaries may not be real; they may have been caused by dissolution
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Figure 2. Micrographs of the cross-sections of selected coatings.(a) Micro pow-
der, DJ2700 gun, (b) Mixed powder, HVOF gun. (c) Nanopowder DJ2700 gun,(d)
Nanopowder, HVOF gun, (e): Infra powder, DJ2700 gun, (f) Infra powder, HVOF
gun. (©Elsevier, 2003, Used with permission)
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of material (Verdon’s layer?) during the etching by hot water. The amorphous phase
near the splat boundaries is clearly visible and contains the dendrites described by
Verdon et al. (1998). Between these amorphous phases we discern the WC-Co
structure and note the excellent cohesion between WC grains and binder.

Figure 2b shows the structure of a coating from “mixed” powder (Figure 1c)
deposited with the standard HVOF gun. Its decarburization rate is a low 2.5%.
Splat boundaries are not clearly visible and we discern no amorphous phase. There
is a 1- 2 um thick band of well bonded WC-Co in the middle of the picture but we
discern a large number of nanopores separating WC grains. Evidently the tempera-
ture of the agglomerate in transit was not sufficient to melt all the cobalt and form
a well-bonded WC-Co.

Figures 2c and 2d represent the structures of coatings deposited with the Nano
powder (Figure 1a). The Nano sample of Figure 2c was deposited with DJ2700
and was 37% decarburized. A low-magnification micrograph (not shown) reveals
that the splat boundaries are more numerous than in other materials; this is to be
expected from the smaller mass of the very porous particles. Figure 2¢ shows that
these boundaries contain rounded precipitates that we attribute to W as described
by Verdon and coworkers (1998). We shall see later that the adhesion between splats
in these samples is poor but Figure 2c shows that the adhesion between WC and
Co inside the splats is excellent. Deposition of the same powder with the lower-
temperature HVOF, Figure 2d, produces a loose structure with weak WC-Co bonds
and a large amount of nanoporosity. There is some amorphous phase and evidence
of decarburization (10%) but the numerous voids seen in the boundary are evidence
for poor adhesion between the splats.

The Infra coating deposited with the DJ2700 gun (Figure 2e), with13% decar-
burization, shows again a thin amorphous phase at the splat boundaries. Close ex-
amination reveals that the WC grains retain their angular structure; we discern very
fine pores between them and the binder. Deposition with standard HVOF (Figure 2f)
produces no amorphous phase, no evident splat boundaries, poor WC-Co adhesion
and a large amount of microporosity. Evidently, the coating designed to limit grain
growth also decreases the adhesion with the Co binder.

We shall see later that the properties of the coatings revealed by their micro-
structure will, to a large extent, explain their behavior in abrasive and sliding wear.

HARDNESS MEASUREMENTS

The surfaces of all samples were polished with 1 um diamond lapping prior to all
measurements. The hardness of the samples was measured by Vickers indentation
at loads varying from 50 g to 45 kg resulting in indentation sizes 5 to 200 um. The
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hardness used for our comparisons or samples was measured at 1 Kg load, with
indents 30 to 60 um wide depending on the sample. Comparison with Figure 2
shows that these indentations were much larger than individual structural features
and thus represent a spatial average. Comparison with Figures 6 to 9 also shows
that the indents are much larger than individual wear events.

Six indentations were made on each sample; the values obtained varied by about
20% and the average was recorded on Figures 3 to 5. As usual with ceramics, the
measured hardness of WC/Co coatings depends on the applied load. It is highest at
low indentation load and decreases as the load increases. As an example, the hard-
ness of a sample was measured at 1500 Kg/mm? at 50 g indentation load, as 1300
Kg/mm? at 1 Kg and 1150 Kg/mm? at 50 Kg load.

With the hardest samples, radial cracks extended from the corners of the inden-
tations, but only when the indentation load exceeded 30 Kg. These cracks allowed
a calculation of the fracture toughness with the formula of Anstis et al (1981):

K. = 0.016(E/H)"?P/C*? (D

It turns out that the harder coatings, which were deposited with the DJ2700
gun, also possess a higher toughness. On a coating with H, = 1250 Kg/mm® the
toughness was 6 MPam'?; it was 9 MPam'” on a coating with hardness 1350 Kg/
mm?. This is contrary to the behavior of bulk metals and most materials that pos-
sess a measure of ductility. In those materials, the higher toughness is due to the
blunting of crack tips by plastic deformation. In the case of the WC/Co coatings,
a decrease in hardness is caused by porosity, reduced adhesion between WC and
binder and reduced adhesion of the splats; these same defects reduce resistance to
crack propagation. This argument is strengthened by the fact that in the softer coat-
ings, deposited with the standard HVOF gun, cracks developed parallel to the edges
of the indents, indicating crumbling of the material under the indenter, rather than
plastic deformation (Qiao et al., 2003).

WEAR MEASUREMENTS

Sliding wear tests were conducted in laboratory atmosphere with a ball-on-disk
tribometer in which a WC/Co-coated steel disk slid, without lubrication, against
a commercial Si,N, ball of %4 diameter with a load of 9.8 N. The sliding speed
was 58 mm/s and the diameter of the traveling circle of the pin on the disk was 8.5
mm. The tests ran to a distance of 10,000 m or 250,000 rotations of the disk. The



The Effects of Feedstock Powder and Deposition Technique

Figure 3. Wear resistance of thermal-spray deposited WC-co coatings identified by
deposition technique. Top: Sliding wear resistance. Bottom: Abrasion resistance.
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volume of material removed from the coatings was determined by measuring the
cross-section of the wear scar with a profilometer at six positions and averaging. The
wear of the silicon nitride was calculated from the size of the wear flat on the ball.

Abrasion tests were performed on a ML-100 pin-on-disk tribometer in ambient
temperature and humidity. WC/Co-coated steel pins with 8 x 8 mm area were slid
under aload of 2 to 17 N against disks of SiC abrasive bonded to paper. The abrasive
was LECO 120 GRIT (106 um) plain abrasive with a hardness of Hv, ,2600. The
samples moved in a spiral on the abrasive disk in order to encounter fresh abrasive
during the whole sliding distance of 38 m. A new abrasive disk was used for each
run. The loss of material was determined by weighing the samples before and after
the tests after ultrasonic cleaning.

Presentation of the Wear Data

It is usual to express wear in terms of the volume V (in mm?) of the material removed
since that is related to the dimensional modification of machine elements by wear.
In most cases the amount of material removed by wear is proportional to the load
P (N) and the distance s (m) slid against the counter face.

V=WPs. ()

We have verified experimentally that this applies to the WC-Co coatings as
well; this allows us to define a wear rate W in mm?*/Nm by dividing the volume of
material lost by the distance and the load.

W = V/Ps 3)

This wear rate is independent of the sliding distance and load applied, but it
depends on other aspects of the sliding conditions such as the nature of the mate-
rial against which the sample slides, the presence of lubricants, often the sliding
velocity and the ambient atmosphere and temperature. The data presented here do
not have universal value but serve to compare the various coatings which were all
examined under the same conditions.

The wear resistance of many materials is proportional to their hardness; this is
expressed by Archard’s law

V =k Ps/H 4

where V is the volume lost to wear, P the normal force on the slider (the load), s
the sliding distance, H the hardness and k is the dimensionless wear coefficient.

10
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Therefore we find it more convenient to present the wear resistance R which we
define as the inverse of the wear rate:

R =1/W =Ps/V =cH S

which provides a linear plot of R vs. H.

In order to compare sliding and abrasive wear, we must express the latter in
terms of volume removed. Having weighed the mass of material lost to abrasion,
we use a density of 14 g/cm?® to transform the mass into volume so we can compare
sliding and abrasive wear. This is the density of compact, sintered, materials. We
are aware that the density of the coatings is usually lower because of porosity. It is
difficult to measure the density of coatings.

The tribological performance of the coatings is shown in Figures 3 and 4 where
we plot the sliding and abrasive wear resistance according to equation (5) vs. the
hardness of the coatings. In Figure 3, the data are selected according to the deposi-
tion technique employed; Figure 4 identifies the feedstocks.

WEAR OF THE COATINGS

We start by noting that there is a wide spread in the hardness and tribological per-
formances in every group of coatings whether they have the feedstock type or the
deposition technique incommon. As an example, consider the sliding wear resistance
of the Infra samples in Figure 3. Four of the samples have a wear resistance around
4.10° Nm/mm’ and four show a wear resistance slightly below 2.10° Nm/mm?,
remarkably independent of their hardness. These samples were all fabricated with
feedstocks from the same source; the four samples with higher wear resistance were
deposited in the controlled series (Qiao et al., 2003) and the others were deposited
in other laboratories (Qiao et al., 2002). Without having sufficient knowledge to
state it with authority, we suspect that the cause of the spread lies more in the less
easily controlled deposition techniques than in variation of the feedstocks.

Itis apparent that the wear resistance of the coatings is limited by their hardness:
the highest wear resistance obtained increases linearly with hardness as expressed
by equation (5). For a given hardness, however, the wear resistance can be lower
than the maximum value by as much as a factor 4 because of defects in the coating,
such as brittle phases or porosity. We also note that the sliding wear resistance is at
least four orders of magnitude higher than the abrasion resistance. This is related
to the contact geometry. Abrasion proceeds by the penetration of sharp grains that
generates very large stresses on a small volume; in ductile materials, these stresses
cause plastic deformation, pushing the material to the side, and removal of debris

11
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Figure 4. Wear resistance of WC-co coatings identified by the feedstock employed.
Top: Sliding wear resistance, Bottom: abrasion resistance.
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Figure 5. Sliding and abrasive wear resistance of the Nano and Infra coatings with
different degrees of decarburization
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Figure 6. Short abrasion grooves. Samples deposited with DJ2700 gun. (a) Mixed,
(b) Infra, (c) Nano feedstock. (©Elsevier, 2003, Used with permission)
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by cutting. In brittle materials, they remove material by microfracture; it is therefore
not surprising that, at equal hardness, brittle materials suffer much more abrasive
wear than ductile ones and that the abrasion resistance of the steel substrate is not
lower than that of the coatings of similar hardness. In sliding wear, the contact area
is larger, the stresses are locally smaller but decrease more slowly with increasing
depth. Fatigue plays a larger role in sliding wear than in abrasion.

Effect of Deposition Technique

Figure 3 makes clear that the choice of deposition technique determines the hard-
ness of the coatings. The highest hardness, ranging from 900 to 1270 Kg/mm?, is
obtained with the DJ2700 and the Jetkote guns; the hardness obtained with standard
HVOF ranges from 300 to 900 Kg/mm?. Following equation (5), a higher hardness
also produces a higher wear resistance. We have seen in Figure 2 that coatings
deposited with standard HVOF have a larger amount of nanometer-sized pores and
a poorer adhesion between WC and Co binder than coatings sprayed with DJ2700
and Jetkote guns. This microporosity and poor WC-Co adhesion are responsible for
the lower hardness of the HVOF-deposited coatings. In these coatings, the defects
that decrease the hardness also degrade the fracture resistance (Qiao et al., 2003).
The lower hardness and ductility both contribute to the lower wear resistance of the
coatings deposited by HVOF.

Effect of Feedstocks

In Figure 4 we show the same data as in Figure 3 but we identify the feedstocks
from which the coatings were deposited. The spread in the measured results makes
it unwise to attribute too much importance to the differences between materials.
Nevertheless, we note that all WC-Co coatings have a higher wear resistance than
the substrate steel.

What strikes the attention firstis the excellent abrasion and sliding wear resistance
of the Mixed and the Micro samples, both types containing micrometer size WC
grains. The coatings deposited with Nano and Infra feedstocks have a somewhat
lower, but still acceptable, performance. In sliding wear, the spread of performance
is somewhat wider and the conventional Micro coatings exhibit the highest wear
resistance. With the large scatter of the data, it is difficult to discern a difference
between the coatings deposited with Nano feedstocks; we need to examine the pos-
sible influence of decarburization.
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Effect of Decarburization

Coatings deposited with conventional micro and mixed feedstocks suffered very little
decarburization, therefore we show in Figure 5 the effect of decarburization on the
tribological performance only for the Nano and the Infra coatings. The figure shows
that this effect is not clear for moderate amounts of WC loss, i.e. below 60%. Above
this level, we discern a clear deterioration of the sliding wear resistance, especially
for the hard coatings that were deposited with the DJ2700 gun.

Wear Mechanisms

The most convenient way to obtain information about the wear mechanisms is to
run very short sliding and abrasion wear tests. This allows us to observe individual
wear events and wear particles that have not been further deformed by subsequent
passages of the wear agent. Such observations make it possible to relate the wear
of the coatings to their microstructure and chemical composition.

Figure 6 shows abrasion grooves on three coatings deposited with the high-
temperature DJ2700 gun. These are the same coatings whose feedstock powders and
structure are shown in Figures 1 and 2. Abrasion in the Mixed coating (Figure 6a)
consists of ductile cutting, similar to what occurs in a metal. We note that the groove
is smooth, which indicates that the abrasive cut through the large WC particles as
well as through the binder. The shape of the wear particle in the figure, likewise,
is representative of ductile cutting. The dark spots in the figure represent pores. In
Figure 6b we see a different behavior in the Infra coating: individual grains break
away from the material pushed out of the grooves. The difference in the shapes of the
wear particles is striking: the wear particle of the Infra coating shows clear evidence
of separation of platelets which is absent in the mixed sample in accordance with
the microstructures of Figure 2. In the Nano sample, Figure 6¢c we observe a pit in
the ductile grove; its bottom does not show any evidence of cutting. The morphol-
ogy of this pit indicates that it was caused by the removal of material from a weak
interface. If we refer to the microstructure of this sample (Figure 2c) we conclude
that this interface is a splat boundary and that the pit was formed by the lifting of
a poorly bonded splat fragment.

The sliding wear tracks of the same coatings at short distances (Figure 7) show
features that are compatible with those in the abrasion grooves. (In these micrographs,
the dark “clouds” represent fine silicon nitride wear particles from the ball). The
mixed coating (Figure 7a) is characterized by wear of the binder, leaving the larger
WC grains to stand proud. The Infra coating (Figure 7b) exhibits small, shallow,
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pits that are caused by the breaking out of individual grains, especially at the pit
boundary, where local contact stresses are enhanced. The Nano sample (Figure 7b),
which suffered 33% decarburization, exhibits a large pit. Its morphology is similar
to that on the abrasion groove Figure 6¢. We conclude that this pit results from the
detachment of a splat as in abrasion. We note that the pit in the Nano sample is much
larger and deeper than in the abrasion groove. It reflects the difference in contact
geometry: being more spread out in the sliding wear sample, the contact stresses
penetrate deeper below the surface. Outside of the pits, this coating also shows
evidence of wear of the binder, similar to that of the Mixed coating (Figure 7a).

These features are visible also on surfaces submitted to the long wear tests. The
wear tracks after long sliding tests of 5000 m are shown in Figure 8. In the highly
decarburized Nano coating, Figure 8a, we discern a high density of pits, 10 to 30
um in diameter and 3 to 5 um deep (the latter measured with an optical microscope).
The bottoms of these pits are smooth as in Figure 7; they are obviously the amor-
phous boundaries of splats we have seen in Figure 2. We conclude that wear of these
samples consists of the removal of entire splats in addition to the attrition of WC
grains. We compare this track with that of the Infra coating, which has experienced
very low decarburization, Figure 8b. Low magnification shows a smaller density
of pits and high magnification reveals that the bottom of these pits is granular. These
pits do not represent lifting of splats but are original pores in the samples that have
been enlarged by loss of grains at their border due to high local contact stresses.
Such porosity exists in all samples deposited at low temperature and in Infra coat-
ings.

After long abrasion tests the appearance of the surfaces reveals the influence of
material properties in a similar way. Figure 9 shows two extreme examples. The
hard, ductile coating from mixed feedstock shows smooth and shallow abrasion
grooves that reflect the hardness and ductility of this sample. The Nano coating
deposited with standard HVOF exhibits deep grooves because of its low hardness
and a rough surface caused by the removal of splats.

These figures teach us that sliding wear of the WC-Co coatings consists of three
mechanisms: the wear of the binder, the falling out of grains in grooves or around
native pores, and the lifting of entire splats in decarburized samples where the
splat boundaries are weak. These three mechanisms operate in all samples to dif-
ferent degrees, depending on the material properties that result from the particular
powders and processing parameters. Wear of the WC grains undoubtedly exists; in
sintered WC/Co composites, we have seen that such wear produces polished WC
grains (Jia & Fischer, 1997). In the present coatings, it is impossible to distinguish
experimentally the parts played by the falling out and the wear of the WC grains so
that we are reduced to lumping them together as grain attrition.
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Figure 7. Short sliding tracks. Samples deposited with DJ2700. (a) Mixed, (b)
Infra,(c) Nano powder . (©Elsevier, 2003, Used with permission)
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Figure 8. Wear tracks after long sliding tests. (a) Nano coating deposited with
DJ2700 (b) Infra coating deposited with standard HVOF. (©Elsevier, 2003, Used

with permission)
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Figure 9. WC-Co coatings after long abrasion. (a) Mixed coating deposited with
DJ2700 (b) Infra coating deposited with standard HVOF. (©Elsevier, 2003, Used
with permission)
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WEAR OF THE SILICON BALL

In practical applications, sliding wear occurs where machine elements rub against
each others, for instance in sliding bearings. It is therefore important to examine not
only the wear resistance of the coating itself but the amount of wear it inflicts on
the surface against which it slides. We have examined the wear of the silicon balls
employed in the sliding tests and the results are shown in Figure 10. It appears that
the Mixed and Micro coatings, which contain micrometer size WC grains, inflict
severe wear on the silicon. Evidently, the worn coatings, with their WC grains stand-
ing proud of the worn-away binder, act as abrasives against the silicon. The Nano
coatings cause much less wear of the counter-face and the Infra coatings even less.
Clearly coatings with Nano and Infra feedstocks are the material of choice for slid-
ing applications despite their somewhat lower wear resistance which is nevertheless
respectable (Figure 4). Conventional (Micro) and Mixed feedstocks are the material
of choice when abrasion resistance is desired; in such applications, such as earth
moving or slurry processing equipment, there is usually not a machine element
rubbing against the coating. If there is, one prefers the Mixed coatings to the Micro.

CONCLUSION

This examination has allowed us to gain some insight into the relative importance
of the feedstock properties and deposition techniques of WC-Co coatings. In par-
ticular, we have learned that:

The hardness and tribological performance of the coatings cannot be narrowly
controlled but vary by more than a factor 2 within a feedstock group or a deposition
technique. Nevertheless, the performance of all coatings is quite satisfactory and
much better than that of steel.

The hardest and most wear resistant coatings are obtained with a hot, neutral
flame. Deposition by standard HVOF generates less decarburization but relatively
poor bonding between the WC grains and the Co binder. Evidently, good cohesion
of the coatings and adhesion between splats are more important for wear resistance
than avoiding decarburization.

Feedstocks containing micrometer-sized WC produce coatings with the best
tribological performance, especially in abrasion. These coatings wear mostly by
attrition of the binder phase (as do the bulk WC-Co materials (Jia & Fischer, 1997).
They act as abrasives themselves and inflict severe wear on a surface against which
they slide.
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Figure 10. Wear of WC/Co coatings and the silicon balls against which they slide.
(©Elsevier, 2003, Used with permission)

70

o))
o
|

mmmm Coatings
50 mmm Balls I

40
20

10 A

Wear Rate (10'7 mm3/Nm)

Nano Infra Mixed Micro

Nano feedstocks, with their large surface-to-volume ratio, are reactive, suffer
decarburization and produce coatings with low adhesion between splats. They wear
mostly by splat removal.

Infra feedstocks, which are made from Nanocarb powders reprocessed with a
coating designed to suppress grain growth, produce coatings with reduced WC-
binder adhesion and wear predominately by grain separation.

APPLICATIONS

Coatings deposited with Nano and especially Infra feedstock inflict the least wear
on the surface against which they slide and are the coatings of choice for bearings
and sliding machine elements.

Coatings deposited with Micro or Mixed feedstock inflict excessive wear on
surfaces on which they slide but present excellent abrasion resistance. They are not
recommended for bearing applications but they are the coatings of choice for surfaces
exposed to abrasion or erosion, such as earth moving or slurry processing machinery.
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KEY TERMS AND DEFINITIONS

Abrasion Resistance (Nm/mm?): The product of distance (m) a body slides on
an abrasive surface under a load (N) to cause the removal of 1 mm? of its material
by wear. It is the inverse of the abrasion rate (mm?*/Nm). It is about 10,000 times
smaller than the sliding wear resistance.

Deposition Technique: The choice of gun, flame temperature and gas velocity
in the HVOF deposition of coatings.

Hardness: The hardness of the coatings is measured here by the size of the imprint
of a Vickers diamond pyramid that is pressed into the surface with a force of 1Kg
(9.81N). This choice of force produces a value of the hardness of the composite,
allowing for the influence of weaker interfaces between its components.

High-Velocity Oxyfuel (HVOF) Deposition: Technique by which a powder is
heated and projected at high velocity against a substrate surface by the flame caused
by the burning of a fuel in order to produce a desired coating.

Microstructure: The sizes, shapes and mutual arrangements of the components
of a coating as revealed by the microscopic examination of a polished and etched
section of that coating.

Nanostructured Feedstock: Material used in the deposition of coatings that is
composed of grains smaller than one micrometer.

Sliding Wear Resistance (Nm/mm?): The product of distance (m) a body slides
on a flat surface under a load (N) to cause the removal of 1 mm? of its material by
wear. It is the inverse of the wear rate (mm?*/Nm).
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ABSTRACT

Triboelectrochemical response is concerned with different electrochemical-controlled
wear experiments designed to understand tribocorrosion behaviour of materials and
coatings. Tribocorrosionis defined as material degradation resulting from simultane-
ous action of wear and corrosion and it is found in many engineering applications,
but the involved mechanisms are still only partially understood. In this chapter, a
brief overview of tribocorrosion testing techniques is followed by issues which have
helped us in gaining in-depth scientific knowledge of tribocorrosion. The overview
is further substantiated by detailed studies and observations on tribocorrosion of
thermal sprayed coatings in recent times.

1.0 INTRODUCTION

Tribocorrosion is a form of material degradation or transformation which results
from synergistic effect of sliding wear and corrosion. The interaction of wear and
corrosion is complex. The extensive knowledge of wear of materials in the absence
of corrosive fluid and that of the corrosionof materials in absence of wear does not
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suffice to predict the nature of degradation under condition of tribocorrosion. It is
true that wear influences the sensitivity of material to corrosion.At the same time
corrosion does govern the conditions of friction. There is synergy between wear and
corrosion. The interaction between corrosion and wear often results in substantial
enhancement of material loss.More often than not this material loss is much higher
than the sum of the individual contribution of wear and corrosion. A large number of
engineering components are subjected to tribocorrosion such as mining equipment,
food processing devices, biomedical implants, chemo-mechanical polishing etc.

Thermal spraying has been increasingly used for wear resistance application for
the last few decades(Stein ef al., 1999; Barbezat & Nicoll, 1993; Spear, 1989; Chen
et al., 2005). With this process, the coating material, in powder form or wire, is fed
into the combustion chamber of a gun where, a fuel, such as hydrogen, ethylene
or kerosene etc, is burned with oxygen, and the heated and softened materials are
expelled as a spray with the high speed fluid. Thermal spraying is one of the most
versatile techniques for depositing wear resistant materials.It allows rapid and ef-
ficient ways of depositing variety of materials on different substrates. It is a fast,
easy to apply and efficient way of depositing coating materials. It has the ability to
deposit coatings with thicknesses ranging from several micrometers to tens of mil-
limetres.Additionally, it is suitable for a great variety of shapes and sizes and had
the advantage of maintaining the substrate temperature relatively low.There are a lot
of techniques to melt and propel the coating material. However, to achieve optimal
performances, various coatings need to be evaluated separately for individual cases.

Over the years, significant work is done on tribocorrosion as evident from several
reviews (Landolt et al., 2001; Wood, 2006). The triboelectrochemical techniques
were applied on a variety of sliding contact conditions, varying from unidirectional
motion (pin on disk), reciprocating motion contacts, fretting or spinning contacts.
The most investigated materials were model alloys for fundamental mechanisms
identification(Mischler et al., 1998; More et al., 2011; Stack & Chi, 2003), followed
by biomedical alloys(Vieria et al., 2006; Barradja et al., 2006; Diomidis et al.,
2011), seals materials (Serre et al., 2002), materials for nuclear reactors (Benea er
al., 2004) and chemo-mechanical polishing (Bielmann ez al., 2000). Interestingly, all
these materials were passive alloys even though passive materials may significantly
degrade under the combined action of corrosion and wear when the passive layer
is destroyed mechanically. The work on tribocorrosion on coatings is very much
limited (Shenhar et al., 2000; Galliano et al., 2001; Vieria et al., 2006) and among
these a few work is done for thermal sprayed coatings.

This presentation therefore begins with a brief overview of tribocorrosion testing
techniques published in recent literature following introduction. After describing the
tribocorrosion test techniques, background and issues which have helped us in gaining
in-depth scientific knowledge of tribocorrosion has been discussed. The overview
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is further substantiated by detailed studies and observations on tribocorrosion of
thermal sprayed coatings in recent times. Future study and summary concludes this
write up. Although, tribocorrosion involves interaction between corrosion especially
in aqueous medium and various forms of wear such as sliding wear, erosive wear,
abrasive wear etc. However, only interaction between sliding wear and oxidation
will be presented in this communication.

2.0 TRIBOCORROSION TESTING

Wear studies performed in presence of anionicliquid under controlled electrochemical
conditions can be termed as tribocorrosion experiment. The standardisation of the
tribocorrosion experiment was reported for thefirst time to ASTM G119 standard
guide in 1995. The fact that the electrochemical measurements can be combined
with tribological experiments without any compromise of reproducibility and reli-
ability was for the first time in 2001 by publishingthe results of an interlaboratory
study (Mischler Ponthiaux, 2001).

An extensive discussion on tribocorrosion testing is carried out by Mischler
(Mischler, 2008). Thetechniques used for tribocorrosion experiment can be divided
undersevenmain types: (1) corrosion potential technique, (2) galvanic cells, (3)
potentiostatic technique, (4) potentiodynamictechnique, 5) electrochemical noise
technique (Wu P-Q, Celis 2004; Barradjaet al. 2006), 6) electrochemical impedance
spectroscopy technique (Ponthiaux et al., 2004) and 7) galvanic coupling technique.
The most used techniques were the potentiostaticand the corrosion potential ones.
Some of these techniques areschematically illustrated in Figure 1.

2.1. Galvanic Cells

In this technique, the sample is subject to rubbing. Another plate of the same mate-
rial is placed at a certain distance (few cm) from the test material. The plate and the
sample are connected to a zero-resistance ammeter to measure the galvanic current.
Initially, both the sample and the plate have the same corrosion potential and am-
meter indicates zero current. As soon as rubbing starts the corrosion potential of
the sample changes and a galvanic cell between sample and plate is formed and an
electric current flows between the plate and the rubbed sample. When rubbing stops,
the sample surface repassivates and the galvanic current becomes nil. The schematic
representation of a galvanic cells is made in Figure 1a. The galvanic current should
ideally represent the anodic current between the worn area and the unworn area,
i.e. the excess corrosion induced by rubbing. However, the current estimated in this
method does not account for the current flowing between the worn and unworn
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Figure 1. Schematic representation of various tribocorrosion test arrangements
(Mischler, 2008)
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areas of the rubbed sample and therefore it indicates only a fraction of the excess
corrosion rate. The current flowing in the galvanic cell depends, in principle on the
electrical resistance of the electrolyte and on the potentials established on sample
and plate. The electrical resistance of electrolyte, in turns, depends on conductivity
of the electrolyte, the distance between sample and plate and their respective size.
This method has the advantage of simplicity and to work at the corrosion potential,
i.e. under similar conditions as in engineering systems. In addition, due to its semi-
quantitative character, it allows comparison of material couples.
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2.2. Measurement of Corrosion Potential

This technique is shown schematically in Figure 1b.The corrosion potential, i.e. the
potential difference spontaneously established between the working electrode (the
metal being investigated) and a reference electrode placed in the solution close to
the working electrode is recorded in this technique. The corrosion potential of the
passive alloys drops to lower values (cathodic shift) as soon as the rubbing starts.
During rubbing, the measured corrosion potential reflects the galvanic coupling of
two distinct surface states of the metal: (1) the passive metal (unworn area) and (2)
the bare metal (worn area) exposed to the solution by abrasion of the passive film.
It is to be stated that Ponthiaux ef al. (Ponthiaux et al., 2004) found that worn and
unworn areas of active metals exhibit similar surface states resulting in insignificant
effect of rubbing on corrosion potential. When rubbing is stopped, the corrosion
potential comes back to the initial value due to the formation of the passive film on
the worn area. Four parameters namely (1) the intrinsic corrosion potentials of the
worn and unworn surfaces, (2) the ratio between worn and unworn surface areas,
(3) the relative position of worn and unworn areas and (4) the mechanisms and
kinetics of the involved reactions which influence the corrosion potential during
rubbing: have been identified by Ponthiaux et al. (Ponthiaux et al., 2004). Many
of these parameters are not defined properly. The situation of the worn area cor-
responds in principle to an active dissolution characterised by potentials below the
passivation potential; however, no precise values can be given. The ratio between
worn and unworn areas can be calculated by considering, in general, only a frac-
tion of the rubbed area which becomes effectively depassivated by the asperities
of the counter piece. No reliable methods exist to determine this fraction presently.
More precise knowledge of the local state of the surface is required to interpret the
corrosion potential measured under friction. In a preliminary attempt to determine
experimentally the local distribution of the potential around and inside rubbed
areas micro-electrodes (Wu & Celis, 2004) or SRET (scanning reference electrode
technique) (Serre et al., 2006) were used. Nevertheless, the interpretation of local
potential measurements requires complex kinetics models describing the reactions
occurring in the different surface areas. However, such models are not yet avail-
able. Similar to galvanic cell, the measurement of the corrosion potential during
tribocorrosion is a very simple technique to gather information on the surface state
of the sliding metal although this technique does not give direct information on the
kinetics of the corrosion reactions. Only recently, Vieira et al. (Vieira et al., 2012)
and Papageorgiu et al. (Papageorgiu et al., 2012) proposed kinetic models based on
the buil up of a galvanic cell between the depassiavted areas in the wear track and
the surrounding passive areas. This models allow determining the wear accelerated
corrosionrates by known cathodic kinetics and ratio between worn and unworn areas.
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2.3. Potentiostatic Tests

A selectedpotential Eis imposed to the metal samples by using a three electrodeset-up
in potentiostatic tribocorrosion tests. The set up is shown in Figure 1c. These three
electrodes are the working electrode (the metalbeing investigated), the reference
electrode and the counter electrode. The counter electrode is generally made from
inert materials such as platinum or graphite. These three electrodes are connected
to an electronic device known as potentiostat, that maintains the selected potential
between working and reference electrodes by passing an appropriate current between
working and counter electrodes. The current is measured at fixed potential as a func-
tion of the time in order to record and monitor the evolution of the electrochemical
kinetics of the involved reactions. At the onset of rubbing a sudden increase in cur-
rent due to the oxidation of the bare specimen exposed to the solution after abrasion
of the passive film is noted. After rubbing, the current decreases again to the initial
value as all the metal passivates again. It is to be noted that the current measured
during rubbing flows mainly through the wear track area, an area in general, much
smaller than the overall metal area exposed to the solution. Representative current
densities are expected to be of the order of 0.008 and 5 mA/cm? before and during
rubbing, respectively. This is a demonstration of the fact that under tribo-corrosion
conditions the corrosion rate of passive metals can increase by several orders of
magnitude compared to static situations. The current measured, I . during
potentiostatictests is equal to the sum of the cathodic, I_, ., currents and anodic,
I dueto all the electrochemical reactions taking place on the working electrode,

anodic,i

as described by Equation (1):
]measured = Z Ianodic,i + [cathodic,i (1)

Generally cathodic currents are considered to be negative while anodic currents
are considered to be positive. The prevailing electrochemical reactions are determined
by the potential. At the corrosion potential, the measured current is zero while the
anodic and cathodic reactions occur at the same rate. At cathodic potentials, which
is well below the corrosion potential, the dissolution rate of the metal is negligible
and the kinetics of cathodic reactions determines the measured current. In contrast
when the potentials are well above the corrosion potential, the rate of the cathodic
reactions becomes negligible and the kinetics of metal oxidation determines the cur-
rent, for potential below a threshold potential (the passivation potential) or above it.

The relation between loss of mass of metal and the current in the anodic area
can be determined by using Faraday’s law as given below:
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where m is metal mass oxidized during time t, I is anodic current, F is Faraday’s
constant (approximately 96,500 C/mol),n is oxidation valence and M is the atomic
mass of the metal. According to Equations (1) and (2), the conversion of current
into mass of oxidized metal is possible only by known oxidation valence and if
the oxidation of the metal is the prevailing contribution to the measured current.
A continuous regime of depassivation (establishment of active dissolution in the
worn areas) and repassivation of the activated areas determines the overall current
during tribo-corrosion,. The transient coexistence of a active and passive state
makes it difficult to estimate the valence of dissolution for metals such as Cr, Fe
or Ti which present different valences for active dissolution (2 for Cr, Fe and Ti)
and for the passive state (3 for Cr and Fe, 4 for Ti). This yields uncertainties on the
relative contribution of the corrosion reaction to the overall material loss (Spear,
1989). The electrochemical conditions and reactions may be modified by the special
conditions prevailing within contacts.

The electric resistance R of the solution separating working and reference elec-
trode causes the actual electrode potential E to differ from the applied one E
accordingto Equation (3):

applied

E=E_. —RI 3)

app

The ohmic resistance R is proportional to the resistivity of the solution, the
distance between reference and working electrode and depends in case of tribocor-
rosion experiments on the masking effect exerted by the inert counterbody. The
latter factor is controlled by the size and geometry of the counter body and by the
dimension of the wear track.

2.4. Potentiodynamic Tests

This experiment is similar to potentiostatic tests and instead of maintaining a well-
defined potential, the potential is swept at constant rate using a function generator
to drive the potentiostat. It is possible to observe the effect of friction on the dif-
ferent electrochemical reactions taking place depending on potential employing
this method. This method is very useful. This technique also suffers of some major
limitations. The first limitation is related to the non-stationary conditions involved
in the experiment. Secondly, the effect of rubbing on polarization curves depends
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on the ratio between worn and unworn area of the electrodes. The wear transitions
(running in, transformation of the counter body) are dependent on time. This may
interfere with the potential scan, so that features in the current response cannot al-
ways be attributed to a pure electrochemical effect. Indeed, Landolt et al.(Landolt
et al., 2001) observed (stainless steel under constant applied potential and rubbing
against alumina in sulphuric acid) a run-in period.

2.5 Electrochemical Noise Technique

Electrochemical noise (EN) was introduced as a complement to open-circuit poten-
tial and galavnic cell measurements to investigate corrosion—wear phenomena in
aqueous solutions (Waterhouse, 1972). The main advantage of the electrochemical
noise technique is that, it provides simultaneously in situ data on potential and cur-
rent fluctuations, whereas with the open-circuit potential technique only potential
data are obtained. There are three major modes for measuring potential and current
noise in a corrosion system, namely the two identical working electrode (WE) mode
(Eden, 1986), one WE coupled to a microelectrode (e.g. Pt) (Chen & Bogaerts,
1996), and two identical WEs with a bias potential (Benish et al., 1998). The two
samples were connected through a zero-resistance ammeter (ZRA) to monitor gal-
vanic current during corrosion—-wear. A reference electrode was used to measure the
open-circuit potential of the worn sample. Apparently, the two originally identical
samples may become significantly different once a wear process is started on one
of them. A galvanic corrosion between the two samples may result from the wear
on one sample, and this may significantly accelerate the corrosion—wear process
on the worn sample. Similar problems may be encountered in applying the EN
technique consisting of two identical WEs with a bias potential, to corrosion—wear.
In addition, the application of a bias potential imposes the use of a more complex
electrochemical setup. This problem may be overcome by using an appropriate mi-
croelectrode instead of a second identical electrode coupled to the working electrode
through a ZRA. This method is known as electrochemical emission spectroscopy
(EES) (Chen & Bogaerts, 1996). The integration of this EES technique into sliding
corrosion—wear tests is not straightforward. Indeed, the microelectrode needs to
be optimized, and counter-measures must be taken to combat external influences,
especially those from the fretting wear test equipment, overwhelming the real elec-
trochemical signal. Moreover, there are numerous differences between the EN in a
corrosion system and in a corrosion—wear system. One of the major differences is
that the mechanical interaction in a corrosion—wear test may induce EN that is not
appearing in a corrosion test.

The experimental setup used for electrochemical noise measurements is sche-
matically shown in Figure 1d. A potentiostat which allows voltage and current
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measurements at a resolution of 1pV and 1 pA, respectively is used. The microelec-
trode coupled to the working electrode is used to sense the current flowing between
them. Coaxial cables are used for electrical connections wherever possible in order
to reduce the noise coming from the surrounding environment. Data acquisition on
potential and current was done for 3000 s at a sampling rate of 1 Hz, initiated 10
min after immersion of the samples into the test solution. The counter body is lifted
away immediately from the WE at the end of fretting tests. The electrochemical
noise data are reported according to ASTM conventions (ASTM Standard). For the
potential of the working electrode, the positive direction is denoted as the noble
direction and the negative direction as the active direction. Anodic currents at the
working electrode are considered positive and cathodic currents are negative.

2.6 Impedance Spectroscopic Technique

EIS is a most performing method for a detailed analysis of electrochemical reac-
tions mechanisms and kinetics. Impedance diagrams give data on the elementary
steps occurring in an electrochemical reaction and on their kinetics. They allow a
thorough study of the role of intermediate species adsorbed on the surface and of
reaction mechanisms, as well as a study of the properties of passive films. Conse-
quently, EIS is an interesting method to analyze the wiping by friction of adsorbed
films or passive films from materials. Electrochemical impedance diagrams are
represented in a Nyquist plane. A classical interpretation of impedance diagrams
consists in relating the corrosion current, I, on a given area A, to the polarization
resistance, R which is a parameter of the electrochemical impedance that can be
deduced from the experimental diagrams:

I, =—— 4)

B is a constant factor related to the corrosion or passivation mechanism. The
polarization resistance, R, is defined as the limit of the impedance Z of metal—-
electrolyte system when the frequency tends to zero:

Rpol =lim Z, 5)
0—0

The polarization resistance corresponds to the value of the impedance at very
low frequencies:
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The impedance measurements carried out during tribo-corrosion tests are useful
to study the mechanism of electrochemical reactions involved in tribo-corrosion pro-
cesses, and the interaction between corrosion and friction. More detailed information
on tribo-corrosion processes are expected from a systematic study of impedance
diagrams recorded at varying tribological test conditions (variation of the normal
force, sliding speed, rotation frequency, etc.). The interpretation of impedance mea-
surements recorded during sliding tests is difficult due to the heterogeneous state
of the surface, as in the case of polarization measurements. In fact, a non-uniform
distribution of the electrochemical impedance over the disksurface must be consid-
ered. The action of friction can be thoroughly analyzed, only if this distribution is
known. In tribo-corrosion experiments, a local analysis of the electrochemical state
is thus necessary to interpret impedance measurements. Research work on electro-
chemical systemswith a non-uniform distribution of the electrochemical impedance
is available now (Wenger & Galland, 1990). Such measurements and models can be
adapted to tribo-corrosion conditions. In that field, microelectrodes could help to
map the electrochemical impedance on disk surfaces. Electrical equivalent circuit
models or finite element models could be used to get distributions of impedance,
and to calculate the overall impedance.

3.0 THERMAL SPRAYING PROCESS

Numerous investigations have been carried out over the last decades for wear re-
sistance of thermally sprayed coatings in sliding conditions (Savarimuthu et al.,
2001; Jacobs et al., 1999). Different coating materials, spraying systems, and a
number of tribological tests have been used in previous investigations. Among
the most commonly applied are flame spraying and plasma spraying. The flame
sprayed coatings exhibit a high porosity and a bad bonding strength in comparison
to other thermal spraying process. Plasma spray is suitable for hard and thick coat-
ings especially ceramic coatings and it is used in applications requiring wear and
corrosion resistant surfaces.

The vacuum plasma spraying (VPS) eliminates many problems by reducing the
interaction between the plasma jet and the environment by spraying in a reduced-
pressure or in an inert gas. Typically, VPS involves plasma spraying at 2-25 kPa
(20-250 mbar), which results in plasma flames as long as 20-30 cm, compared to
APS lengths of 7-14 cm. The longer plume results in a lower energy density of the
flame, which requires higher power and longer spray distances for the varied materials
to ensure complete melting of particles. VPS plasma jet and particle velocities are
typically two to three times those in APS. The advantages of the VPS process are
rapid deposition rates, high substrate temperatures that result in interfacial diffusion
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between the coating and the substrate during spraying, thus favoring the formation
of metallurgical bonds (Sampath, 1988) low residual stress levels in the coatings,
and reduced amounts of impurities in the coatings (Gruner, 1986). The limitations
of the VPS technology include only powders with a stable liquid phase can be used
as feedstock materials; it is a line-of-sight coating process and maximum substrate
dimensions are dictated by the chamber size. The VPS process has been used for
corrosion, wear, and oxidation resistance applications in the automotive, transporta-
tion, aerospace, and aircraft industries because of the dense, well-bonded coatings
that can be produced.

Controlled atmosphere plasma spraying (CAPS) is an powerful process for
highly demanding applications enabling a large range of plasma spraying variants
by varying the selected spray conditions (pressure and composition of the spraying
chamber atmosphere, temperature, surrounding gas, power, etc.). The major advan-
tage of CAPS is the ability to prevent oxidation and contamination of coatings. This
reduces porosity and improve density, uniformity and engineering properties of the
coating (Abdel-Samad, 2000). Reactive plasma spraying is an alternative process
that promises to eliminate many intermediate processes of powder manufacturing
and thus producing wear resistance coatings by incorporating fine and uniformly
dispersed carbide phases.

The latest HVOF deposition systems shows that the resulting coatings are more
durable in wear applications due to their high hardness, density, low tensile or com-
pressive residual stress when compared to the older HVOF or atmospheric plasma
systems (APS). Latest solutions in HVOF thermal spraying technology, e.g. liquid
fuel HVOF spraying, have been shown to produce dense coatings with minimum
decarburisation and this exhibist superior wear resistance. However, in thermally
spray coatings, even those sprayed by the latest liquid fuel JP-5000 systems, partial
melting of the particles causes poor bonding at the interfaces between the unmelted
and semi-melted particles, and phase composition changes due to in-flight chemical
reactions. Very recently, the attention has also been devoted to modifying the high-
velocity oxygen-fuel (HVOF) flame spraying technique in order to spray suspension
feedstock, with very promising results (Killinger ez al., 2006, Ma et al. 2006, Gadow
et al. 2008). In the new high velocity suspension flame spraying (HVSFS) process
(Killinger et al., 2006; Gadow et al. 2008), where a gas-fuelled HVOF torch has been
adapted for liquid feedstock, the problem of feeding the suspension to the jet core
is largely solved by the axial injection system of the torch. It has been shown that
other problems may arise, like deposition of the suspension inside the combustion
chamber resulting in process instabilities and defects in the coatings (Bolelli ef al.
2008), but these troubles can be overcome, resulting in layers with excellent quality.
Moreover, compared to the plasma-spraying technique, low coating defective is also
ensured by the very high particle velocity in the gas jet.
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Cold spraying is a thermal spray process that fabricates thick, dense, adherent
coatings by accelerating small metallicor metal alloy particles (1- 50 pm) to high
velocities (300—1200m/s) at low temperatures (Papyrin, 2001). As the temperature
of the working gas is low, particle temperatures is much lower than their melting
point. The high velocities are attained by using a special nozzle. The high velocities
of the sprayed particles give rise to severe plastic deformation of the particles and
this results in bonding through adiabatic shear instabilities at the particle-substrate
or particle—particle interface during deposition,along with interlocking between the
substrate and particles (Grujicic ef al., 2004; Assadi et al., 2003; Schmidt et al.,
2006; Zou et al., 2010; Hussain et al. 2009).

Thermal spray metallic coatings have a lamellar microstructure consisting of
splats, which are generated by flattening of molten metal droplets as they hit the
surface. There exist oxide layers and inclusions between the splats. The sliding
wear of thermal sprayed steel coatings has been attributed to splat delamination
(Hartfield-Wunsch & Tung, 1994) due to the ‘weak links’ caused by the oxide veins
(Rabiei et al., 1999). Formation and propagation of subsurface cracks within the
oxide veins, resulting in removal of whole splats during the sliding process is gen-
erally responsible for the high wear rates. Cermets are intensively used in thermal
spraying industry for wear resistance applications. Tungsten carbide based cermets
coatings are, the most attractive among these coatings. This is because of a certain
degree of ductility of tungsten carbide, in addition to the high hardness, compared
to the other carbides. Further, the toughness provided by Co, CoCr, Ni or NiCrBSi
matrix, forms not only very hard but also tough cermet system, making it suitable
for numerous industrial applications. This resulted in numerous efforts to prepare
the cermet coatings containing WC by various techniques such as high-velocity
oxyfuel (HVOF), plasma spraying (PS), and detonation gun spraying (DGS) (Aw &
Tan, 2006; Yang Qet al., 2006; Du et al., 2007; Ji et al., 2006; Sahraoui et al., 2003).
Several researchers have investigated the relationship among process conditions,
feedstock powder characteristics, microstructural parameters and wear resistance
of thermally sprayed WC—Co coatings (Berget et al., 1998; Wayne et al., 1992;
Naerheim et al., 1995; Voyer and Marple, 1999; Usmani et al. 1997; Stewart et al.
1999; Karimi and Verdon, 1993; Vinayo et al. 1985). It has been reported that the
starting powder chemistry, powder size, processing condition, initial phase content
and carbide grain size determine the phase distribution in the coatings. However,
studies relating carbide grain size to the wear performance of the coatings are more
limited (Usmani et al. 1997; Stewart et al. 1999). Thermal-spraying processes are
also effective methods to produce nanoscale coatings (Wang et al., 2000; Zeng et al.
2002; Zhu et al., 1999). Nanostructured coatings exhibit better tribological proper-
ties, than conventional coatings of the same composition. Improved wear resistance,
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bond strength, and microhardness for nanostructured YPSZ coatings, was reported
by Zeng et al.(Zeng et al. 2002), Chen and coworkers (Chen et al., 2000, 2003a,
2003b, 2002)and Lima and co-workers (Lima et al. 2001a, 2001b, 2002).

There are extensive literature on the wear behaviour of plasma sprayed oxide
coatings and the corresponding wear mechanisms. Both Cr,O, and Al ,O,-TiO,
coatings are reported to form a tribofilm under dry sliding conditions. This film
is formed by plastically deformed and compacted wear debris, responsible of the
low measured friction coefficients (Bolelli ez al., 2006) with the Cr,O, coating.
XPS analysis reveals that the film formed at room temperature is constituted by
CrO, and Cr,0,(Ahn & Kwon, 1999). On the contrary, on Al,0,-TiO, coatings
the tribofilm has a rather loose structure which does not adequately protect the
underlying material from wear (Bolelli et al., 2006). Roy et al. (Roy et al., 2008)
classified such films under five different categories. On these ceramic coatings dif-
ferent wear mechanisms are detected, involving abrasive wear (Vargas et al., 2010;
Liu et al., 2009), delamination of weakly adherent successive lamellae (Psyllaki et
al., 2001), crack nucleation and delamination (Normand et al., 2000) and adhesive
wear (Psyllaki et al., 2001).

The wear resistance of potential cermet coatings in corrosive media strongly
depends on the corrosion resistance of the metallic binder. WC—Co cermets un-
dergo a significant corrosion attack dominated by Co phase dissolution, except in
alkaline electrolytes where dissolution of WC is also important (Hochstrasser-Kurz
et al., 2007). Several efforts have been made to reduce the corrosion susceptibil-
ity of cermets by modifying the cermet composition. It was found that using Ni
instead of Co as a binder material or alloying Ni into the Co binder phase results
in improvement of corrosion resistance (Koon et al., 2008; Bozzini et al., 2002).
But this alloying degrades the mechanical properties (Kny et al., 1986). Further,
addition of Ni/Cr,C, to the Co binder improves the corrosion resistance (Bozzini et
al., 2002). Cr alloying to Co as in WC-CoCr or WC/CrC—CoCr coating does not
alter passivity and extensive carbide/matrix interface attack is detected in neutral
chloride solution (Souza & Neville, 2003; Perry et al., 2001). On the contrary, both
WC-CrNi (Souza and Neville, 2003) and Cr,C,~CrNi (Suarez et al. 2007; Fedrizzi
et al. 2007) coatings exhibit passive conditions and low corrosion rates.

The corrosion behaviour of thermally sprayed oxide coatings on steel has been
reporteded to a limited extent (Zhang & Kobayashi, 2009; Liu et al., 2009; Zhijian et
al., 2009). The clear dependence of the corrosion resistance of the coated materials
on the coating porosity has been demonstrated (Celik et al., 1999, 1997).Coating
porosity, however can be reduced by a proper choice of the spraying parameters
(Sarikaya, 2005; Nusair & Lu, 2009). In some cases, interconnected porosity decreases
at increasing coating thickness (Zhang & Kobayashi, 2009). However, the coating
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porosity is often found to increase with the deposition time and coating thickness
(Sarikaya, 2005). In general, corrosion resistance is higher with thin coatings (Celik
etal.,1999,1997). The composition of the sprayed powders also influences porosity
of the coatings. For example, ZrO, addition to the Al,O, powder tends to increase
the coating porosity (Zhang & Kobayashi, 2009), while reverse trend is obtained
by TiO, addition (Bolelli ef al., 2006, Yilmaz et al., 2007). However, literature on
tribocorrosion of thermal sprayed coatings is very much limited.

4.0 ISSUES CONTROVERSIES AND PROBLEM

The interaction between mechanical and chemical factors governing tribocorro-
sion is still little understood and it is still in developmental stage. There is a need
to enhance the understanding of the mechanisms and to have greater insight in to
critical mechanical, material and chemical factors. It is therefore imperative to
control both the mechanical and the chemical test conditions during tribo-corrosion
studies. It is possible to control in situ and in real time the surface reactivity of
electronic conductive materials employing electrochemical techniques in aqueous
ionic electrolytes. Electrochemical techniques are extensively used in corrosion
studies. These techniques are increasingly used in tribocorrosion experiments to
understand how wear can affect the kinetics of corrosion reactions (Landolt et al.,
2001). It is also possible to assess the influence of these reactions on the mechani-
cal behaviour of the contact (Landolt, 2006). However, the interpretation of results
obtained in tribo-corrosion tests is much more delicate and complicated than that in
the case of pure corrosion. Over the years sufficient experience has been generated
on electrochemically controlled tribo-corrosion experiments and it is now possible
to compare the different techniques and interpret the data generated.

It is a challenging task to interpret the data from tribo-corrosion experiments.
In order to improve the material performance it is important to identify the con-
tribution of corrosion and wear to material removal by tribo-corrosion. The tribo-
electrochemical tests have permitted to establish quantitative approaches to describe
wear—corrosion interactions. Various approached adopted to interpret tribo-corrosion
data can broadly be classified under three heads namely a) Synergistic approach, b)
Mechanistic approach and c) Third-body approach. They are briefly discussed below

4.1 Mechanistic Approach
Uhlig (Uhlig, 1954) proposed a simple mechanistic model for fretting corrosion

and later others authors applied it to sliding conditions (Mischler et al., 1998, 1999,
2001; Barril et al., 2001,). (1) mechanical wear and (2) wear-accelerated corrosion
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are two distinct mechanisms which contribute to material deterioration in this ap-
proach. The mechanical wear takes place when the metal particles are detached by
a hard indenter digging below the metal surface. The surface of clean metal gener-
ated by the indenter is more prone to corrosion than the passive metal. This leads to
accelerated corrosion on the clean metal until the passive film forms again. Thus,
the total volume V, removed by tribocorrosion according to these mechanisms is
given by Equation (7):

V.=V

tot mech

+ Vchem (7)

wherethetermV _ represents the metal volume removed by mechanical wear while
v ... corresponds to the equivalent metal volume removed by wear-accelerated cor-
rosion. V  further consists of two contributions: the corrosion in passive areas and
wear accelerated corrosion in depassivated areas. Since the wear accelerated corro-
sion is usually much more significant, the corrosion in passive areas is neglected.
Although V| and V, —are mechanical and chemical mechanisms, respectively,
they are governed by the interplay of mechanical, chemical and material factors.
For example, the extent of wear-accelerated corrosion is closely influenced to de-
passivated surface area that in turn depends on the loading conditions, mechanical
and chemical properties of the metal and the abrasivity of the counter piece. On the
other hand, corrosion products deposited onto the surface can alter the friction and
thus the stress field responsible for mechanical wear.

This model does not take into account the fact that not only the entire rubbed area
becomes chemically active (Mischler et al., 1998b; Ponthiaux et al., 2004) but corro-
sion enhancement due to rubbing can also occur outside the rubbed area depending
on the mechanical and electrochemical conditions. Further, surface chemistry and
thus reactivity can change due to contact transformations during rubbing (Ponthiaux
et al.; 2004, Barril et al., 2005). Consequently, many phenomena that are observed
such as the build-up of third bodies cannot be anticipated using this simple model.

4.2 The Synergistic Approach

Total materials loss T due to tribocorrosion is described as the sum of three com-
ponents in this approach according to Equation (6), where C is material loss due
to corrosion in absence of wear, W is material loss due to pure wear in absence of
corrosion and S is the incremental factor of degradation due to the combined effect
of corrosion and wear (synergy).

T=C+W+S (6)
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The term S can be further devided into two more terms: the effect of wear on
corrosion and the effect of corrosion on wear. This approach was used for ranking
of materials (Watson et al., 1995; Assi & Bo, 1999) establishment of tribo-corrosion
maps (Stack & Chi, 2003; Jiang & Stack, 2006) and for the evaluation of the syn-
ergistic term S (Assi & Bo, 1999; Yan et al., 2006).

Despite its merits, this approach does not allow a direct mechanistic interpretation
of the critical phenomena. Further, current experimental techniques do not allow
measuring separately the three contributions and thus arbitrarily chosen external
references for mechanical wear and corrosion are needed. As a consequence, the
determination of the synergistic term depends critically on the reference taken.
Finally, the prevailing electrochemical conditions affect the mechanical behaviour
of the metal and thus wear. This renders conceptually difficult to isolate pure me-
chanical or pure electrochemical phenomena in tribocorrosion such as W or C and
to find external references for it.

4.3 Third-Body Approach

During tribocorrosion experiments, third bodies are formed by the accumulation
between the contacting bodies of debris particles detached by wear from one or
both contacting surfaces. These third bodies play animportant role in the wear
process and phenomenological models describing their build-up and elimination
were described previously(Godet ef al., 1991). The formation of third bodies is very
important in tribocorrosion. A small change in surface chemistry can influence
the surface mechanical behaviour of passive metals considerably. Different wear
mechanisms yield the different amount of mechanical wear. Mischler et al.(Mischler
et al. 2001) postulated that the system behaviour was controlled by the formation
of a third body composed by detached metal particles trapped within the contact
to address this problem. While maintained in the contact the particles experience
breakdown, corrosion, and transfer and, eventually, they are ejected from the con-
tact once they have reached a critical size. There are two different paths through
which materials are removed. Sometimes the particles are directly ejected and ions
are detached from the metal as postulated in mechanistic approach model. The
second one involves the transfer of detached metal particles to the third body and,
after transformations occurring during their permanence within the contact, their
ejection from the contact as particles (or ion). These mechanisms are controlled by
different parameters. The ejection of particles depends on the openness (geometry,
stiffness) and kinematics (vibrations) of the contact. It depends thus on the specific
tribometer and it is not necessarily linked to the mechanical behaviour of the metal
or of the chemical properties of the solution. Landolt et al.(Landolt er al., 2004)
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attempted to include electrochemical aspects in the third-body phenomenological
model proposed by Godet et al. (Godet ef al., 1991) and this in order to describe
tribo-corrosion phenomena in term of material flows. By analysing published tribo-
corrosionresults, they concluded that the third-body approach constitutes a promising
way to systematically appraise the effect of different mechanical, material, chemi-
cal, electrochemical, physical and system-dependant factors on tribo-corrosion. In
the light of the complexity of tribological and tribo-corrosion phenomena, such a
benefit is very welcomed. However, the approach still does not offer the possibility
of quantitative interpretation or predictions.

5.0 PRESENT UNDERSTANDING OF TRIBOCORROSION
OF THERMAL SPRAY COATING

In this section an attempt will be made to examine the state of art of tribo-corrosion
of thermal sprayed coating. Under tribo-corrosion conditions, WC-based coatings
have mainly shown abrasive—adhesive wear mechanisms. Moreover, due to their
relatively low fracture toughness, cracks can develop during both initial surface
grinding and subsequent tribo-corrosion tests and this can induce substrate cor-
rosion (Fedrizzi et al., 2007). Fedrizzi et al.(Fedrizzi et al., 2004) studied the
tribo-corrosion mechanisms of the cermet coatings in a sodium chloride solution
under sliding wear. They combined electrochemical measurement with weight loss
measurement to estimate specific wear rate K as given below.

AV
“ SxL

®)

Where AV is the volume loss in m?, S is the total sliding distance in m and L is
the applied load in N. The values of K as determined by them under current control
anodic polarisation and to potential control anodic polarisation are presented in Fig-
ure 2. When chromium is alloyed into the cobalt matrix, tribo-corrosion behaviour
of WC-based systems is improved and lower tribo-corrosion rates are obtained.
Cr,C,-based coatings containing up to 40% Ni—Cr matrix exhibit higher fracture
toughness than WC—Co systems. Coating cracking during surface grinding and tribo-
corrosion tests is reduced. Thus, these coatings offer enhanced barrier protection
towards substrate corrosion. However, the wear corrosion response of Cr,C,-based
coatings is inferior to that of WC—-Co coatings, owing to their lower hardness. It is
to be stated that nickel-chromium matrix allows easier and faster repassivation than
cobalt matrix, even when coating is subjected to wear.
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Basak et al. (Basak et al., 2006) investigated the corrosion—wear behaviour of a
thermal sprayed nanostructured FeCu/WC-Co coating and compared the tribo-
corrosion behaviour with stainless steel AISI 304 and nanostructured WC-Co
coatings. Electrochemical noise and potentiodynamic polarization measurements
were conducted. Corundum balls with a diameter of 10 mm, a hardness of 2000
HVN, and a surface roughness R < 0.02 pm, were used as counter body. Under
corrosion—wear conditions, the nanostructured FeCu/WC-Co coating exhibits a
depassivation/repassivation behaviour comparable to the behaviour of stainless steel
AISI 304 and nanostructured WC—Co coatings. A potential drop and a current rise
take place at the start of fretting followed by a steady state condition and finally a
potential rise and current drop at the end of fretting tests. The extent current evolu-
tions before and during fretting is illustrated in Figure 3.

Monticelli et al.(Monticelli et al., 2011) investigated the tribo-corrosion behav-
iour of thermally sprayed ceramic coatings deposited on steel specimens. The coat-
ing was exposed to a 3.5% NaCl solution. The coatings have been obtained by
plasma spraying Cr,O, and Al,O,+13% TiO, powders on a Ni/20% Cr bond coating.
Combined wear corrosion conditions have been monitored by sliding an alumina
counter body on the lateral surface of coated steel cylinders, in 3.5% NaCl solution.
Sliding increases corrosion rates of the coating marginally as a consequence of an
increase in the defect population of the ceramic coatings. On Cr,O, coated specimens,
tribo-corrosion is more severe than on Al,O,+13% TiO, coated specimens Profilom-
eter analysis and wear track observations by optical and scanning electron micro-
scopes supports that abrasion of the surface asperities produce surface polishing
effect on both coatings. At high loads, the formation of a tribofilm is noted. This
film is more continuous on Al,O,+13% TiO, film than Cr,O, film. On this coating
the tribofilm reduces the amount of surface defects and the corrosion attack to a
certain extent. This observation is just opposite to what is noted for these coatings
during sliding wear in the absence of corroding fluid (Bolelli et al., 2006).

The polarization curves of the coatings were recorded by Monticelli et al.
(Monticelli et al., 2011) at the end of the immersion period in the neutral chloride
solution. Figure 4a and Figure 4b report the corresponding E_ . and i, values of
the coatings, as estimated by the Tafel method by extrapolation from the cathodic
polarization curve. Al,0,+13% TiO, coating exhibits higher anodic current densi-
ties than Cr,O, coating, while the cathodic polarization curves and the i . values
are quite close to each other. The differences in the anodic curve suggest that the
slightly higher porosity of Al,0,+13% TiO, coatings facilitates the migration of iron
corrosion products through the coatings driven by the anodic polarization. The pres-
ence of quite similar cathodic characteristics and i, values suggests that on these
specimens the corrosion process is mainly under cathodic control. Wear application
on both coatings slightly stimulates both the anodic and the cathodic reactions of
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Figure 2. Specific wear rate under current control anodic polarisation and to po-

tential control anodic polarisation (Fedrizzi et al., 2007)
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Figure 3. The extent current evolutions before and during fretting(Basak et al., 2006)
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steel corrosion. In the case of Cr,O, coating, i 18 twice the value measured under
pure corrosion conditions. On the contrary, in the case of Al,O,+13% TiO, coating,
tribo-corrosion under 2 N and 20 rpm is more severe than that experienced at 10
N load and 100 rpm.

Polarization curve analysis suggests that the corrosion of Cr,0, and ALLO,+13%
TiO,coated specimens is mainly under cathodic control. This means that the substrate
corrosion rate depends on the rate of oxygen diffusion towards the metallic sur-
faces through the coating pores, which in turn is affected by the coating thickness,
the defect population and the interconnection degree of the defects themselves. On
the contrary, it is noted that corrosion rate is independent of rotational speed. This
can be attributed to the fact that the oxygen diffusion rate inside the pores cannot
be altered by higher electrode rotation speeds. Sliding stimulates both the anodic
and the cathodic process on both Cr,0, and Al,0,+13% TiO, coatings and respon-
sible for limited increase of the corrosion rates. The dependence of corrosion and
wear rate of the coating on the wear condition can be explained by taking the
modification of the coating surfaces in the track in to account as a result of wear. It
has been noticed that on both coatings abrasion of surface asperities occurs, with a
consequent surface polishing. This smoothing effect is more evident at high load
and rotation speed and particularly on Al,O,+13% TiO, coating, because it is char-
acterized by the lowest microhardness value. This justifies the lower i, value
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Figure 4. ECOR and iCOR values of the Cr203 and AlI203+13% TiO2coatings,
as estimated by the Tafel method by extrapolation from the cathodic polarization

curve in 3.5% NaCl solutions under pure corrosion and wear corrosion condition
(Monticelli et al., 2011)
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measured on Al,O,+13% TiO, coatings under these experimental conditions, with
respect to those evaluated at 2 N and 20 rpm. Microscale plastic deformation of
Cr,0, and Al,0,/13% TiO, coatings under dry sliding wear has been often reported
in the literature (Bolelli et al., 2006; Ahn & Kwon, 1999; Fervel et al. 1999) and it
has been attributed to plastic slipping at splat boundaries. The progressive polishing
effect observed under sliding wear may justify the decrease of the wear rates, going
from low to high rotation speeds, as the variation of this parameter implies an in-
crease in the sliding distances which in turn involves smoother and smoother wear
paths. A decrease in the friction coefficient going from 20 to 100 rpm could also
occur and play a role in reducing the measured wear rates (Woydt & Wische, 2010;
Monticelli et al., 2004). The observed formation of a tribofilm is the cause of the
significant decrease of the wear rates at loads higher than 2 N. In fact when the load
applied is sufficiently high, the smearing of the wear debris on thecoating surfaces
limits the material removal.

Monticelli et al.(Monticelli et al., 2010) studied the tribo-corrosion behaviour
of thermally sprayed coatings with nominal composition WC-12Co and Cr,C,~
37WC- 18Me in 3.5% NaCl solutions. It is to be stated that Me stands for is a
metallic Cr-Ni-W—Co alloy containing 3.6% Co, 11.5% Ni, balance W and Cr.
Both kinds of coatings exhibit high tribo-corrosion rates which increase with time
owing to the partial removal of the cobalt oxide layer in the case of the former
coating and the abrasion of the passive film in the case of the latter coating. Both
carbide decomposition and carbide dissolution in the matrix are known to hinder the
material ductility of Cr,C-37WC-18Me coating. This favours the development of
pre-existing cracks, nucleated during the surface grinding process, and corrosion. It
is to be stated that the choice of a slightly coarser powder and selection of suitable
spraying parameters, such as spraying distance and O,/H, ratio etc. could reduce
the diffusion processes and carbide decomposition and this would have monitored
the development of cracks. After 1 day, tribo-corrosion rates reach a common limit
value due to the accumulation of cobalt corrosion products within grooves in the
wear track of WC-12Co coating. In the case of Cr,C,-37WC-18Me coating, the
limit corrosion rate is measured when a constant crack population is reached. Under
these conditions none of the studied thermal spray coatings can avoid the substrate
corrosion.

The observation of Monticelli et al. (Monticelliet al., 2010) is illustrated in Figure
5 in the form of bar diagram showing the corresponding E_ . and i, values of the
coatings. WC-12Co coated specimens show a i . value slightly lower than that
of bare steel. This current value suggests that the coating oxidation forms a porous
corrosion product layer. As WC reinforcement is an electro-conducting material
which undergoes oxidation only at potentials more positive than +0.190 V [109]
and at the E . value of the WC-12Co coated steel electrodes is about —0.320 V,
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the reinforcement is immune from corrosion. Thus the anodic reaction process of
the coated specimens is essentially sustained by the oxidation of the cobalt matrix
(Monticelli et al., 2004). Cr,C,-37WC-18Me coating exhibits a passive corrosion
behaviour with much lower i, values and nobler corrosion potentials. Like WC,
Cr,C, is also immune from corrosion (Fedrizzi et al., 2004; 2007; Guilemany et al.,
2002) and the coating polarization curves reflect the passive behaviour of the Ni—
Cr matrix. Wear stimulates both the anodic and the cathodic process of all studied
materials. On WC-12Co coatings, i, increases only slightly and in the case of
the passive Cr,C,-37WC-18Me coating the i, increases by a factor of 3—4; From
Figure 35, it can be inferred that corrosion of WC—12Co coating occurs by cobalt
oxidation and formation of a scarcely protective corrosion product layer. On the
other hand, abrasion of the passive film on Cr,C,-37WC-18Me cermet coating,
effectively hinders the material corrosion, and markedly stimulates i .

6.0 CONCLUDING REMARK

Electrochemical techniques can be used to govern the corrosion processes of thermal
sprayed coatings and to interpret the main degradation mechanisms. Electrochemi-
cal techniques are well suited for the investigation of tribo-corrosion response of
thermal sprayed coatings, because they permit one to monitor and control the cor-
rosion conditions during wear and to quantify in situ and in real time the corrosion
kinetics. The strong interaction of wear and chemical effects in tribo-corrosion makes
difficult to isolate pure mechanical effects. This technique is useful for studying
tribo-corrosion of thermal sprayed coatings irrespective of whether the coating is
conductive or not. Depending on the conductivity of the coating, the counter body
will be conductive or non conductive.

The use of electrochemical methods for characterisation of tribo-corrosion
behaviour of thermal sprayed coatings has few limitations, related to the particular
conditions of tribo-corrosion tests. These limitations are mainly due to the heteroge-
neous state of the surface subjected to sliding, and the time evolution of the rubbed
surfaces resulting from the wear process.

Greater characterisation of the electrochemical conditions prevailing in contacts
of thermal sprayed coating and the counter body is needed to improve the reliability
and the general applicability of tribo-electrochemical techniques. In particular, the
relevance of ohmic drop effects, secondary electrochemical reactions and oxidation
kinetics during active/passive transitions needs to be addressed. Theoretical models
need therefore to consider only measurable phenomena and to avoid the need for
reference experiments carried out under different chemical conditions. Theoreti-
cal models were developed to describe wear-accelerated corrosion as a function

47



Tribocorrosion of Thermal Sprayed Coatings

Figure 5. The bar diagram showing the corresponding ECOR and iCOR values of
WC-12 and Cr3C2-37WC-19Me coatings in 3.5% NaCl solutions under pure cor-
rosion and wear corrosion condition (Monticelli et al., 2010)
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of materials, mechanical and electrochemical parameters. However, hitherto no
effort is made to develop such models for thermal sprayed coatings. Such models
need to be improved especially for thermal sprayed coatings to describe interaction
between corrosion and wear characterised by the formation of third bodies that
can greatly influence the corrosion and wear response of tribo-corrosion contacts.
Existing phenomenological third body models for thermal sprayed coatings should
be completed by a quantitative description of the different material flows occurring
within the contact. This will require a better integration in tribo-corrosion modelling
of system-dependant mechanical factors such as contact stiffness and vibrational
behaviour. Last but not least, more comprehensive data base on tribo-corrosion
behaviour of thermal sprayed coating with respect to various coating materials,
spraying techniques and spraying condition of each techniques are to be generated.
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KEY TERMS AND DEFINITIONS

Corrosion: Degradation due to reaction with the chemical environment.

Electrochemical Techniques: Techniques for measurement of kinetics and
degradation rates employing principles of electrochemistry.

Sliding Wear: Degradation due relative motion between two contacting surfaces.

Thermal Spraying Coatings: Coating obtained by a group of processes that
apply a consumable powders or wires in the form of finely divided molten and semi
molten droplets.

Tribo-Corrosion: Interaction between tribology and corrosion.

Tribology: Science of friction.

Wear Corrosion: Synergy between wear and corrosion.
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ABSTRACT

Solution Precursor Plasma Spray (SPPS) technique is an emergent technique which
offers significant performance advantages with various functional coatings like
YSZ, Znke,0, LSM, metal-doped ZnO, etc. Apart from the above capabilities, ef-
forts towards development of an innovative hybrid approach through simultaneous
deposition of powder and solution resulted in coatings with unique microstructures.
Some illustrative examples of the large variety of coatings that can be realized
through the hybrid route combining the conventional plasma spray and SPPS
techniques are discussed. The attractive prospects offered by hybrid technique for
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spraying nanocomposite coatings are specifically highlighted through a case study.
Successful development of hybrid coatings using a Mo-alloy powder and a suitable
oxide-forming solution precursor has been shown to exhibit improved sliding wear
performance. The relationship between the splats, the ensuing coating microstruc-
ture at varied processing conditions, and its tribological behaviour of the coatings
is comprehensively discussed.

INTRODUCTION

Among various coating methods, the thermal spray based techniques have gained
the most widespread industrial acceptance till date. Ever since the first application
of thermal spraying was demonstrated in 1909 by Dr. M.U. Schoop (Schoop, 1909),
the technique has been widely used for applying coatings on various components to
protect them particularly from corrosive attack or wear. The availability of numerous
variants of the thermal spray technique, the diversity of spray materials and continu-
ing advances in spray-control systems have together created new opportunities for
the thermal spray industry. Above all, the versatility of the thermal spray process is
unmatched by any other surface modification technology (Holmberg and Matthews,
1994, Pawlowski, 1995, Schneider et al., 2006, Fauchais et al. 2001).

Thermal spraying is a generic term which relates to processes in which the desired
coating material is deposited in semi-molten or molten or solid state on a substrate
to form a layer. The feedstock material used conventionally has been in the form of
powder, rod or wire with use of powder based feedstock being most popular. Numer-
ous spray variants, such as flame spray, arc spray, plasma spray, HVOF, detonation
spray, etc. (Holmberg and Matthews, 1994, Pawlowski, 1995, Schneider et al., 2006)
are available today, with each process employing a unique method of generating a
high enthalpy stream to heat and accelerate the particles. It may be noted that the
spray variants are distinct, particularly as far as the gas temperature and gas velocity
profiles in the high enthalpy zone are concerned. These most crucially determine the
physical state of particles at the time of deposition (molten, semi-molten or solid)
and the velocity to which the injected particles are accelerated prior to impact with
the substrate to be coated. Typical deposition efficiencies of most thermal spray vari-
ants range between 30-60%. This is a major concern from a commercial standpoint,
due to the use of typically expensive powder feedstock, which alone accounts for
nearly 60% of the overall coating costs, and the low deposition efficiencies make
thermal spray a relatively expensive deposition technique.

In recent times, there is also a growing interest in spraying nanostructured or
nano-sized powders, mainly due to the characteristic advantages that are expected
to accrue compared to micron-sized powders. Thermal spraying is a rapid consoli-
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dation process with a potential to realize nanostructured features in a single step
(Fauchais et al. 2008). Accordingly, it has been presumed that use of nano-sized
feedstock can improve the characteristics and tribological performance of various
coatings (Stewart et al., 1999, Lima and Marple, 2007, Qiao et al. 2003). However,
the use of nanosized particles for spraying presents numerous challenges, with
some prominent ones being,(i) high production costs associated with manufacture
of nanosized feedstock, (ii) difficulty in injecting nanosized particles into the core
of the spray plume/flame, and (iii) lack of inertia of fine-sized particles after melt-
ing to impact the substrate.

One method that has been attempted to overcome the problem of feeding is to
agglomerate the nano/sub-micron sized particles prior to feeding (Lima and Marple,
2007). However, this usually results in an inhomogeneous melting behavior, yielding
a combination of nano-sized and micron-sized (Qiao et al. 2003). An alternative ap-
proach that has been adopted by various researchers involves use of a liquid instead
of gas as a carrier medium and therefore, introduce the nanoparticles in the form of
a suspension to eliminate feeding related problems (Fauchais et al. 2008, Bouyer et
al., 1996, Fauchais et al., 2011, Bolelli et al., 2010).

LIQUID BASED SPRAYING

The liquid based spraying process can be classified as suspension based spraying
and solution precursor based spraying. The former technique uses suspensions of
fine starting powders directly without the need for an additional agglomeration step
(Fauchais et al. 2008, Fauchais et al., 2011, Fauchais et al., 2010). It is pertinent to
note that there are several issues to be addressed even while using suspensions as
feedstock. Foremost, this approach still relies on use of expensive nano/ultra-fine
powder feedstock. Difficulties in suspending the particles in a stable manner and
maintaining homogeneity also exist. In view of the above, a single-step coating pro-
cess involving in situ synthesis of nanoparticles and their subsequent consolidation
into an adherent deposit through solution precursor spraying appears promising.
Although some preliminary reports on high-velocity oxy-fuel (HVOF) spraying
of solution precursors have been reported (Ma et al., 2006) usually availability of
significant thermal energy is conducive for coating formation using such precur-
sors. Consequently, a majority of prior efforts exploring this approach have relied
on plasma spraying (Fauchais et al. 2008, Fauchais et al., 2011, Karthikeyan et al.
1997, Karthikeyan et al. 1997, Padture et al., 2001, Jordan et al., 2004, Gell et al.,
2004, Dom et al., 2012, Garcia et al., 2007, Ma et al., 2004, Coyle and Wang, 2007,
Tummala et al., 2012, Gell et al., 2008).
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SOLUTION PRECURSOR PLASMA SPRAY (SPPS) PROCESS

SPPS is an exciting method to produce a wide variety of functional oxide ceramic
coatings, starting with appropriate solution precursors in contrast to powder feed-
stock. The technique utilizes aqueous/organic chemical precursor solutions fed into
the high temperature plasma plume employing a dedicated delivery device as shown
in Figure 1. As may be noted from the schematic, the deposition setup is essentially
identical to the conventional atmospheric plasma spraying (APS) process, except
that the powder feeder assembly is replaced by a solution precursor delivery device
comprising a pressurized precursor tank and an atomizer. The SPPS process also
opens up new avenues for developing compositionally complex functional oxide
coatings. Some of the main potential benefits are, (i) ability to create nanosized
microstructures without any feeding problems normally associated with powder-
based systems, (ii) flexible, rapid exploration of novel precursor compositions and
their combinations, (iii) circumvention of expensive powder feedstock, (iv) better
control over chemistry of the deposit.

Features of SPPS Process

Prior research efforts by few research groups on SPPS coatings have demonstrated
that the process is versatile and allows convenient deposition of many diverse
oxides such as ZrO,-Y,0,, TiO,, CeO,, BaTiO,, ZnFeO,, NiO-YSZ, LaSrMnO,,
hydroxyapatite (Karthikeyan et al. 1997, Karthikeyan et al. 1997, Padture et al.,
2001, Jordan et al., 2004, Gell et al., 2004, Dom et al., 2012, Garcia et al., 2007,
Ma et al., 2004, Coyle and Wang, 2007, Tummala et al., 2012, Gell et al., 2008),
etc. The various reported studies on SPPS coatings have included presentation of a
plausible deposition mechanism by Bhatia er al (Bhatia et al., 2002), successively
involving break-up of atomized precursor droplets, precipitation, gelation, pyrolysis
and sintering, followed by melting of the particles and subsequent splat formation
upon impact with the substrate to form the coating.

Thermal barrier coatings (TBCs) developed employing solution precursor plasma
spray (SPPS) technique have gained considerable research interest in recent times
due to the inherent advantages that this route offers over conventional powder
based atmospheric plasma sprayed coatings (Fauchais er al. 2008, Padture et al.,
2001, Jordan et al., 2004, Gell et al., 2004, Gell et al., 2008). In terms of coating
characteristics, YSZ coatings shown to possess interesting intrinsic features like
fine grains, vertical cracks, distributed porosity, reduced inter-splat boundary sizes
between the lamellae, etc make it suitable for TBC applications. The better durability
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Figure 1. Schematic of solution precursor plasma spraying
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of SPPS TBCs over that of other coatings is attributed to the microstructure which
provides better strain tolerance and toughness for the SPPS YSZ coating (Padture
et al., 2001, Jordan et al., 2004, Gell et al., 2004). The SPPS technique, apart from
affording many other previously listed benefits (Padture ef al., 2001, Jordan et al.,
2004, Gell et al., 2004, Gell et al., 2008), provides a convenient pathway to deposit
nanostructured coatings.

SPPS process is also limited by the low deposition rates, which significantly
affects the industrial acceptance. Therefore, SPPS process was required to be com-
bined with an industrially proven process like powder based APS to complement
the coating characteristics as well as productivity. The above concept of hybrid
processing can harness the mutual benefits of the two processes. The above novel
approach involves sequential/simultaneous feeding of powder feedstock and a solu-
tion precursor with independent control of their feed rates, appears more feasible and
cost-effective (Sivakumar and Joshi, 2013). An exploratory study in understanding
the coating formation and subsequent performance studies implied that such hybrid
based concept can also be implemented for possible wear resistant applications
involving erosive and sliding wear modes.
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HYBRID PROCESSING USING POWDER
AND SOLUTION PRECURSOR

The hybrid processing involves a method of producing either a layered or composite
coating architecture using sequential or simultaneous feeding of powder and liquid
feedstock, respectively through a modified attachment as shown in Figure 2. Inde-
pendently controlled micron sized powder feedstock and liquid precursor solution
are fed through separate injection systems, into the plasma spray plume to form
the desired coatings. As shown in Figure 2, the plasma spray gun is fitted with an
atomizer to spray solution precursor feedstock and powder injector to spray powder
feedstock into the plasma plume. Although radial injection of powder and solution
precursor feedstock perpendicular to the central line of the plasma spray plume axis
is depicted, injection of both feedstock at varying and independently controllable
angles, is possible to yield the best coating characteristics for a specific powder or
solution precursor feedstock. Accordingly, the feedstock delivery attachment for the
plasma spray gun was fabricated to accommodate the atomizer as well as a powder
feeding attachment (Sivakumar and Joshi, 2013).

Various architecture of coating configuration is achievable as schematically
shown in Figure 3 including layered, composite and graded structures, with varied
composition of APS and SPPS. In case of the layered YSZ architecture, a double
layer of desired thickness can be deposited sequentially, whereas, the composite
coating involves simultaneousspray of powder and solution precursor based feed-
stock. The composition can be tailored specific to the end applications. Similarly,
the graded structure involves simultaneous feeding of solution precursor and pow-
der feedstock, while continuously varying the feed rates of one or both feedstocks.

IN SITU PARTICLE FORMATION AND SPLAT
CHARACTERISTICS

In Situ Particle Characteristics

During SPPS coating deposition, the in flight formation of particles and their sub-
sequent heat-up and acceleration to ensure good splat formation upon impact with
the substrate are key factors determining the microstructure of the coating as well
as its characteristics (Kulkarni et al. 2003). Subsequent to the injection of precur-
sor droplets just downstream of the plasma gun nozzle, energy transfer between the
plasma and droplets takes place and several events involving solvent vaporization,
fragmentation, pyrolysis, particle formation and melting could occur (depending
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Figure 2. Schematic of hybrid SPPS process
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Figure 3. Configuration of coating architecture achievable through hybrid APS-
SPPS processing

Conventional Layered Composite Graded
architecture architecture architecture architecture

T t- SPPS
op coa Top coat-

Top coat- op coa

SPPS+APS

SPPS/APS

Top coat- APS

Substrate Substrate Substrate Substrate

67



Composite Coatings Employing a Novel Hybrid Powder

upon the process conditions) before the droplets/particles impact the substrate to
form a coating. In conventional plasma spraying, in-flight particle diagnostic tools
can provide intrinsic details of the particle status at the time of impact, in terms of
its velocity, diameter and surface temperature (Gaona et al., 2008). However, the
inability of such tools to detect particles less than S5pm in size, the extremely large
particle counts and unreliable pyrometric measurements within first 50 mm of the
plasma plume preclude the use of these particle diagnostic systems in case of SPPS
(Fauchais et al. 2005). Hence, investigation of particles collected in-flight before
impact and the splats formed after these particles impact the substrate is extremely
educative to develop an understanding of the coating formation mechanism.

Deposition of composite coatings by simultaneous feeding of powder and solu-
tion precursor in to the plasma plume opens up exciting prospects for generating
layers with unusual properties. However, it also presents a significant challenge in
terms of choosing appropriate spraying conditions. The process parameters need
to be chosen such that conversion of the solution precursor as well as melting of
simultaneously fed powder are both accomplished during the short residence time
available. To serve as a proof of concept as well as in view of its relevance for pos-
sible wear resistant applications, coatings with a “composite” structure arising using
a powder feedstock as well as a precursor solution was attempted with YSZ+YSZ
based system. The spray distance was maintained at 50 mm as in case of solution
processing instead of 62 mm normally set for powders. Based on a detailed study
carried out with the YSZ precursor solution (Sivakumar et al., 2011), a plasma
power of 46 kW (preferred for complete pyrolysis of the precursor) as against 39
kW employed for conventional YSZ powder spraying. The precursor droplets and
powder particles were injected at the same axial location. It was deemed meaningful
to assess the characteristics of in situ formed particles and the splat morphologies
for academic interest since such co-deposition from powder and solution feedstock
has not been previously attempted.

Typical morphologies of the conventional powder feedstock, carefully col-
lected in sifu formed YSZ particles during SPPS and hybrid processing are shown
in Figure 4. It can be noted that the powder feedstock used for conventional APS
comprises particles in the range of 10-100 pm as against the size range of 10 nm-2
pm in case of in situ formed SPPS particles as shown in Figure 4. The as-collected
mid-stream particle specimens in case of SPPS were observed to contain a mix of
features corresponding to unpyrolyzed precursor and well-formed spherical particles
as illustrated in Figure 4b. It may be noted that the relative content of these features
depends strongly on the process variables employed during spraying, particularly
the precursor flow rate and plasma power.
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Figure 4. Morphologies of a) original YSZ powder feedstock, b) in situ formed
YSZ particles when only solution precursor is sprayed, c)-e) typical spectrum of
particles collected during hybrid spraying of above YSZ powder feedstock particle
along with solution precursor

In case of the “composite” YSZ particles collected mid-stream during simulta-
neous spraying of powder and solution precursor, coarse spherical YSZ particles
originating from the powder feedstock as well as numerous fine-sized particles
formed in situ from the solution precursor are clearly noticed in Figure 4c. High
magnification observation of each powder particle clearly reveals the above as il-
lustrated in Figure 4c-d. As in case of particles collected from SPPS alone, the
as-collected ‘composite’ particle specimens were also observed to contain a mix of
features corresponding to unpyrolyzed precursor and well-formed spherical particles
(Figure 4d). Phase analysis of these “composite” particles revealed that all the
major peaks identified corresponded to tetragonal ZrO,, with only minor presence
of monoclinic ZrO, peaks being evident. However, the in situ formed SPPS YSZ
particles exhibited single phase of non-transformable tetragonal ZrO,.
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Splat Formation Studies

Case Study I: Composite YSZ

As a logical extension of the above investigation on particle samples collected in-
flight, splat formation upon impact of these particles on the substrate was studied.
The splats were collected for three distinct cases, namely (a) APS with powder
feedstock alone, (b) SPPS with solution precursor alone and (c) APS-SPPS hybrid
deposition with simultaneous feeding of powder and solution precursors. All splats
were collected under identical spray conditions on pre-heated SS substrates to
500°C. Typical splats using powder feedstock collected on a SS substrate are found
to be almost 100 pm in diameter as shown in Figure 5a. Despite pre-heating the
substrates, the YSZ powder splats show extensive cracking and fragmentation than
the solution precursor based splats shown in Figure 5b. The SPPS YSZ splats were
substantially smaller in size and never larger than 2 pm in diameter as observed in
Figure 5b. The SPPS YSZ splats were also clearly seen to have undergone melt-
ing, with some spherical particles from secondary pyrolysis on the substrate or a
pre-existing splat, as well as few unpyrolyzed precipitates typical of SPPS process
(Sivakumar et al., 2011), also being observed.

A typical APS-SPPS composite splat shown in Figure 5c-eis seen to consist of
a relatively large single particle splat resulting from powder feedstock along with
virtually superimposed numerous fine-sized splats that can be attributed to the
molten in situ formed particles from the solution precursor impacting the above
large splat. The high magnification micrographs (Figure 5d-e) clearly serve to il-
lustrate the marked difference in the relative splat sizes resulting from the powder
and solution precursor feedstock. This is eventually responsible for the bimodal
architecture noted subsequently in the coating microstructure. It is pertinent to
observe that the shapes of molten splats from the powder and the solution precursor
were near disk-shaped, which are preferred for better adhesion-cohesion within the
microstructure (Bianchi et al., 1997). Similar to the SPPS YSZ splats, the compos-
ite YSZ splats also revealed some unpyrolyzed features and extremely fine particles
that have undergone secondary pyrolysis. It is clear that the splats originating from
the solution precursor were found to deform and spread well over the larger con-
ventional powder-derived splats, indicating low thermal contact resistance.

Case Study |l: Composite Mo alloy+YSZ
Encouraged by the above results, a new kind of coating was attempted specifically

to address the wear resistance characteristics of hybrid coatings. Therefore, coat-
ings formed using a conventional molybdenum based alloy powder (Mo +NiAlMo
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Figure 5. Morphology of YSZ splats collected under identical process conditions
fora) APS, b) SPPS, c) APS-SPPS hybrid (low magnification) and d)-e) APS-SPPS
hybrid (high magnification)

+NiCrBSiFe) along with the solution precursor to form nanosized YSZ in situ was
investigated for possible tribological applications. Pure molybdenum coatings,
although possessing good scuffing resistance and widely employed for piston ring
applications, are usually blended with Ni based alloys like NiCrBSiFe, NiAlMo,
etc. to reduce high temperature embrittlement as well as to further enhance wear
resistance (Hwang et al., 2004, Mrdak et al., 2009). Incorporation of nano-sized
features of oxides such as Al O,, Cr,0,, and ZrO, is expected to further enhance
tribological behaviour by virtue of strengthening through hard ceramic particles
within the metal matrix (Dejang et al., 2011).

From the preliminary studies, it was observed that the lower power level that are
typically employed for powder based spraying was inadequate to form a nanocom-
posite microstructure, because (i) it did not permit defragmentation of the injected
solution precursor droplet, (ii) enable pyrolysis to form YSZ particles in situ and
their subsequent melting to ensure good splat formation. Secondly, the possibili-
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ties of developing suitable splats at optimum spray distance. At the longer standoff
distance, well-molten splats of NiCrBSiFe/NIAIMo/Mo could be observed (Figure
6a), however, the solution precursor feedstock manifested in the form of fine spheri-
cal YSZ particles in the size range 100 - 1500 nm, were found on the larger powder
particle splats. Negligible splats of the above fine YSZ particles were observed. At
long spray distances, the spherical particles tend to re-solidify before impacting the
substrate. Hence, mostly fine-sized spherical particles with no splatting are observed,
as seen from Figure 6b. However, at short spray distance and high plasma power,
fine sized YSZ splats could be clearly seen over the fully molten NiCrBSiFe splats
and the partially molten NiAlMo and/or molybdenum splats as shown in Figure 6d.
Here as well, the large difference between the size of YSZ based splats and powder
based splats can be observed in Figure 6, with the former being nearly two orders
of magnitude smaller in size. These microstructural features are responsible for the
nanocomposite microstructure in the hybrid APS-SPPS coatings. The above splat
formation studies are thus indicative that simultaneous injection of YSZ forming
solution precursor and the desired powder feedstock into a plasma plume employing
appropriate processing conditions can ensure good splat formation and bear promise
to deposit nanocomposite coatings with novel microstructure.

COATING CHARACTERISTICS AND PERFORMANCE
Composite YSZ Coatings for Erosive Wear Resistance

The feasibility of hybrid processing in depositing composite coatings was carried
out through simultaneous feeding of precursor solution as well as powder at different
ratios. The disc rotational speed of the powder feeder was varied to inject different
amounts of powder into the plasma plume, while keeping the solution precursor
feed rate constant so as to generate composite coatings with varying constitution
of coarse and fine features. Accordingly, typical cross-sectional microstructures of
composite YSZ coatings with varied proportions of powder are shown in Figure 7.
Since the variation in powder feed rate results in significant changes in deposition
rate, the number of passes was chosen accordingly to achieve a constant coating
thickness of about 250 pm. The composite YSZ coatings were observed to possess
unique microstructures, comprising distributed nano-pores along with micron-sized
features typical of APS. The porosity of the composite YSZ coatings was found to
vary between 12-15%.

One of the motivation for developing composite YSZ coating by the hybrid APS
+ SPPS process was to tailor the YSZ microstructure for increased resistance to
sintering while retaining pores, cracks, etc., to allow for strain tolerance. Accord-
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Figure 6. FESEM images of splat formation during hybrid processing with powder
and solution precursor feedstockcollected at, (a): 46 kW, 130 mm, (b) 46 kW, 130
mm showing spherical YSZ particles, (c): 46 kW, 50 mm, (d) 46 kW, 50 mm showing
YSZ splats over NiCrBSiFe splat

ingly, the concept of hybrid processing through simultaneous feeding of powder
and solution precursor was found to yield bimodal microstructures, as illustrated in
Figure 7. The nano-or sub-micron sized features of solution based YSZ in combina-
tion with large micron sized splats from YSZ powder enable creation of such a
novel microstructure. It is pertinent to note that the distributed presence of the nano-
zones has been reported to reduce the effective stress within the ceramic top coat
and also hinder densification upon high temperature exposure (Lima and Marple,
2008, Lima et al., 2002, Yu et al., 2011, Shukla ef al., 2003). Additionally, the
sintering resistance is also reported to be higher in case of nanostructured YSZ
coatings (Lima and Marple, 2008, Lima et al., 2002) due to the differential sinter-
ing characteristics of nano-zones and the micron-sized molten YSZ particles ((Lima
and Marple, 2008, Lima et al., 2002).

The microstructures of composite YSZ consisted of splats from powder based
YSZ as well as fine YSZ grains/unmelted particles distributed throughout the
coating as observed in Figure 7. Interestingly, the microhardness measurements
on the composite coatings exhibited improvement in hardness over APS YSZ for
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Figure 7. Cross-sectional micrographs of composite YSZ coatings with varied powder
content a) 67 wt%, b) 75 wt%, and c) 80 wt%

powder YSZ content of 75% or more as shown in Figure 8. This is attributable to
two possible factors namely, (a) discrete distribution of nanostructured YSZ grains
along with the larger YSZ powder splats and (b) a marginal reduction in porosity.
Similar observations have been made in case of hybrid YSZ coatings deposited by
laser assisted plasma spraying, which comprise a composite structure involving fine
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grained YSZ within a molten YSZ matrix (Ouyang and Sasaki, 2002). Phase analysis
on composite YSZ coatings revealed presence of m-ZrO, in minor quantities along
with the preferred 7’-ZrO, phase.

TBCs in real-time applications are required to resist various modes degradation
like oxidation, sintering, spallation under cyclic loading, erosion, foreign object
damage (FOD), CMAS infiltration, etc. The most critical being the spallation re-
sistance under thermal cycling and the damage caused by the impact of ingested
particles, ash etc. Therefore, evaluating performance of TBC under erosive wear
conditions can be most educative.Erosion resistance was measured through room
temperature dry sand erosion test rig designed as per ASTM G76 standards. The
tests were conducted at 90° impact angle using alumina particles of size 80-120 pm.
The test conditions employed are shown in Table 1. The impact velocity was cali-
brated for 60 m/s through the double-disk method with the erodent flow maintained
at 1 g/min. The weight loss experienced by the specimen after every minute is re-
corded through a 0.01 mg accuracy weighing balance. The erosion rate is reported
in terms of weight loss occurred for a kg of erodent impacting the specimen.

Figure 8. Microhardness values of composite YSZ coatings generated with three
different feedstock combinations in comparison with APS and SPPS YSZ coatings
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Table 1. Room temperature erosive wear test conditions

Nomenclature Value
Erodent type and size (pm) Alumina, 80-120
Particle velocity (ms™) 60
Erodent feed rate (g min™) 1.3
Duration of each run (min) 1
Erodent impact angle 90°
Nozzle to sample distance (mm) 10

It is pertinent to note that alumina is significantly harder than silica, which is a
major constituent in typical ash or desert/beach sand that serve as ingested particles
impacting TBC coated components in land-based gas turbines as well as aero-engines
operating in desert/marine environments. The erosive wear rates of various YSZ
coatings are shown in Figure 9.The relative hardness of the erodent compared to
the target material plays a significant role in governing the erosion rate (Wada and
Ritter, 1992). In the present case, the erodent alumina has an approximate hardness
of 21 GPa (Riedel, 2000) which is significantly higher than YSZ coating hardness
values of around 6-8 GPa, for which erosion rate is reportedly governed by fracture
(Wada and Ritter, 1992). SPPS YSZ coatings exhibited the highest erosion rate
amongst the various YSZ coatings studied. The erosion rate of TBCs is influenced
by many factors namely porosity, the lamellar interface bonding ratio (Li et al.,
2006), splat boundaries, relative hardness, etc. The SPPS YSZ coating is inher-
ently defective with abundant splat boundaries, vertical cracks and presence of
unmelted particles which results in higher erosion rates. In case of composite YSZ
coatings, the sub-micron/nano sized splats from SPPS based YSZ serve to toughen
the APS YSZ coatings under suitable deposition conditions. Hence, the erosion rate
was relatively lower for composite coatings containing lesser fine-sized YSZ grains.
Thus, the composite YSZ coatings can indeed be practically relevant when the ap-
plication demands that the TBC should not only yield good thermal cycling life,
but also be erosion resistant.

Mo Alloy Composite Coatings for Sliding Wear Resistance
Subsequent to the splat studies, the hybrid Mo alloy composite coatings were depos-
ited using simultaneous feeding of powder and solution precursor feedstock under

processing conditions of 46 kW plasma power and at two different spray distances
of 130 mm and 50 mm. The hybrid composite coating microstructures shown in
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Figure 9. Erosive wear performance of SPPS + APS composite YSZ coatings in
comparison with APS and SPPS YSZ coating

300

250

200 -

150 -
Composite YSZ

100

Erosion rate, g/kg of erodent

50 -

0 | | |

0
pps Y5~ oouder@ g

0, 0
Powder@15 § powdet@so i gpPPS NSt

YSZ coatings

Figure 10 appear dense, although some porosity is evident compared to the pure Mo
alloy coating. As observed earlier from the splat studies, at the shorter spray distance
of 50 mm, some of the powder feedstock particles do not completely melt; on the
other hand, at the higher spray distance of 130 mm, the finer particles formed in situ
from the solution precursor plausibly re-solidify. At higher spray distances, better
density was observed than at lower spray distances. Therefore, there is a trade-off
between these extreme processing conditions and there is scope to further tune the
spray parameters to achieve a range of microstructures. EDS analysis carried out
on the APS-SPPS hybrid coatings clearly indicates the incorporation of YSZ in the
hybrid coated specimens.

Fractographic analysis was carried out to investigate the distribution of YSZ-
based features in the hybrid composite coatings and also to examine the nature of
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Figure 10. SEM images of microstructure of powder feedstock (Mo-alloy powder)
and solution precursor (YSZ) coating deposited at, (a): 30 kW, 130 mm, (b): 46
kW, 130 mm, (c): 46 kW, 50 mm at low magnification, (d): 46 kW, 50 mm at high
magnification

inter-splat bonding between successive layers, including that between the large sized
powder-based splats and the fine solution precursor based splats. As shown in Fig-
ure 11a-b, the hybrid coating microstructure consists of predominantly two phases
of molten, lamellar features corresponding to the Ni-based blend of NiCrBSiFe/
NiAlMo phases and the columnar Mo based phases. The powder based lamellae
are significantly larger in length and in thickness. The inter-lamellar gap between
the adjacent splats appears nearly similar in both cases. Typical inter-splat voids are
seen in Figure 11c and are also characterized by the presence of a large number of
very fine (100-1,500 nm size) spherical particles of YSZ, rather than flattened splats,
arising from the solution precursor as clearly evident in the high magnification
micrograph depicted in Figure 11d & g. In case of high plasma power and low
standoff distance conditions, there were fewer YSZ particles but there was clear
evidence of fine YSZ splats from the solution precursor as shown in Figure 11f.
These observations correlates well with the molten splats derived from the solution
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Figure 11. Fracture surface analysis of hybrid nanocomposite coatings deposited at
a-b) 30 kW, 130 mm, c-d) 46 kW, 130 mm (inset figure (g) showing fine sized YSZ
particles) and e-f) 46 kW, 50 mm conditions

precursor noted at a plasma power of 46 kW and varied stand-off distances. The
presence of YSZ based features was also confirmed through the EDS analysis at
the respective locations.

TEM investigation was carried out to observe the presence of fine-grained YSZ
aggregates within the solidified feature corresponding to the metallic matrix. The
fine-grained YSZ aggregates consisted of numerous polycrystalline YSZ grains in
the range of 30 — 50 nm along with few unmelted spherical particles. Phase analy-

79



Composite Coatings Employing a Novel Hybrid Powder

sis also corroborated the incorporation of YSZ grains which revealed at higher
plasma power of 46 kW and spray distance of 130 mm, the #*-ZrO,was of very low
intensity but, increased remarkably at the lower spray distance of 50 mm. The above
results demonstrates that the desired hybrid nanocomposite microstructure can be
realized through the proposed novel APS-SPPS hybrid processing route under suit-
able processing conditions.

Motivated by the above characteristics, sliding wear test for the molybdenum
alloy based APS coatings and the hybrid APS-SPPS nanocomposite coatings under
various test environmentswas carried. The sliding wear behaviour of the coatings
was assessed using a pin-on-disc apparatus conforming to ASTM G-99 standard at
a load of 5 kgf. For these tests, the coatings were deposited on stainless steel pins
of 6 mm diameter and 30 mm length, and tested against a grey cast iron disc at a
sliding speed of 2.5 m/s. All pin specimens were first identically polished using fine
SiC paper to ensure similar coating roughness and the pin-on-disc wear tests then
performed under lubricated, starved and dry conditions. During the lubricated tests,
the flow rate of the SAE 20W40 oil was maintained at 5 ml/min and the wear tests
were performed for about 20 km of sliding distance. The more aggressive starved and
dry tests were performed for a 4 km sliding distance. During the starved lubrication
conditions, the lubricating oil was dispensed before the test and as soon as the wear
test started, the flow was cut off. During the course of wear tests, the oil completely
gets removed at the contacting points leading to metal-to-metal contact within few
seconds itself. The wear rate is reported in terms of cumulative weight loss (mg)
as a function of the total sliding distance, with the weight loss being measured at
sliding distance intervals of 5 km for lubricated tests and at every 1 km for starved
and dry conditions.

The hardness levels in both the conventional powder based APS coatings and
the hybrid APS-SPPS nanocomposite coatings were similar, however the role of
the additional ceramic phase on the wear rate of the hybrid coatings was the focus
of this investigation. Figure 12 demonstrates that the wear rate of hybrid coatings
was significantly lower compared to that of the molybdenum alloy blend powder
based coatings under dry as well as lubricated sliding conditions. However, under
starved lubricating conditions, the hybrid was comparatively inferior. This is essen-
tial to assess under diverse conditions akin to the operational conditions that exist
in a cylinder bore-piston ring assembly. An improvement in wear rate to the extent
of about 40% under lubricated conditions and about 20% under dry test conditions
was noted for the hybrid nanocomposite coatings. The improvements in the wear
performance can be attributed to the role of fine-sized, hard and tough -ZrO, splats
within the metallic matrix.
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Figure 12. Wear test results for powder-based and hybrid powder + solution precur-
sor based coatings tested under lubricated, starved and dry conditions
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The friction coefficient values in the case of both the APS powder coatings and
the hybrid coatings were, however, found to be similar. The typical friction coef-
ficient values were less than 0.1 under lubricated conditions and in the range of
0.2-0.4 under starved and dry sliding conditions. The increased frictional force was
plausibly responsible for the higher wear rate of the coated pins under starved and
dry sliding conditions as shown in Figure 12.

CONCLUSION

A novel method employing a hybrid approach combining the conventional APS
and SPPS processes was used to deposit wear resistant nanocomposite coatings.
Case studies involving YSZ based and Molybdenum alloy blend powder-YSZ was
presented to demonstrate the prospects for the formation of a nanocomposite coat-
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ing by the above route. The coating formation mechanism was understood through
detailed splat studies under varied processing conditions. There was a good agree-
ment between understanding developed from the splat studies and microstructural
characteristics exhibited by the nanocomposite coatings. The limited tribological
studies indicated the hybrid approach can be adopted to realize nanocomposite
coatings for varied wear resistant applications.
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KEY TERMS AND DEFINITIONS

Hybrid APS+SPPS Spray: The process utilizes dual injection system to feed
conventional powder as well as solution precursor feedstock either sequentially or
simultaneously to form unique coating architecture including multilayered, com-
posite and gradient.

In Situ Formed Particles: The precursor droplet upon interaction with the plasma
plume undergoes various stages of transformation to form a particle. Primarily, the
droplet gets fragmented, wherein the solvent gets evaporated, followed by pyrolysis
and sintering to form a fine sized particle.

Solution Precursor Plasma Spray (SPPS): A thermal spray variant specifically
uses metal organic/inorganic precursor salts as the feedstock to produce various
oxide based coatings. Coatings are formed through rapid conversion of precursor
droplets into fine sized splats which coalesce to form thick coatings on the sub-
strate. Examples include yttria stabilized zirconia, alumina, zinc ferrite on metallic
or alloy substrates.

Splat: The basic building block of a coating which essentially occurs through
the impact of in situ formed particle on the substrate.
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Spray Grade Powder: The quality requirement of the powder feedstock used
for thermal spraying in terms of its morphology, size, and flow behavior.

Thermal Barrier Coating: A thermal insulating coating, preferably of ceramic
material with low thermal conductivity applied over the alloy substrates to reduce
the surface temperature during its operation.

Thermal Spray: A generic term used for surface engineering variants which
essentially employs thermal energy as a source for heating and accelerating the
feedstock to get deposited over a substrate. Thermal spray variants include flame,
wire-arc, detonation, plasma, high velocity oxy-fuel (HVOF), cold spray, etc.
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ABSTRACT

WC-based thermal-spray and High Velocity Oxy-Fuel (HVOF) coatings are exten-
sively used in a wide range of applications ranging from downhole drilling tools
to gas turbine engines. WC-based thermal spray coatings offer improved wear re-
sistance as a result of hard phases dispersed in binder-rich regions. However, the
presence of hard and soft phases within the coating can also lead to the formation
of micro-galvanic couplings in aqueous environments leading to some reduction
in combined wear-corrosion resistance. Furthermore, the coating also responds
differently to change in mechanical loading conditions. This chapter examines the
wear-corrosion performance of thermal spray coatings in a range of wear, elec-
trochemical, and wear-corrosion tests under varying contact conditions to develop
models and establish relationships between wear mechanisms, wear rates, and
environmental factors such as pH and applied load.

INTRODUCTION

Using ceramic—metallic (cermet) or hard oxide coatings to protect metallic components
is an effective method to reduce wear and corrosion. Modern surface engineering
research is looking into depositing a wide range of hard phases such as carbides
along with corrosion resistant metal binder elements with the aim of achieving good
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adhesion between carbides and binders and therefore successfully combining cor-
rosion and wear resistant elements together. Generally cermet coatings consist of
WC or Cr,C, particles embedded in a metal binder, which can be a pure metal or a
mixture consisting of Ni, Cr or Co. Hard oxide coatings are typically based on Cr,O,.

The High Velocity Oxy-fuel (HVOF) spray technique is commonly used for
depositing wear resistant WC-based coatings and has the advantage of generat-
ing higher particle velocities and the relatively low temperatures involved which
minimise degradation of both the coating and substrate (Sudaprasert, Shipway, &
McCartney, 2003).

The Detonation gun (D-gun) process shown schematically in Figure 1 is a
modification of the conventional HVOF process in which the coating is deposited
by means of a detonation caused in the detonation-gun barrel. The advantage of
the D-gun process is that it produces a dense coating with minimum porosity (less
than 1%) and high adhesion with the substrate (Wood, Mellor, & Binfield, 1997).
A mixture of oxygen and acetylene, along with a pulse of pulverised WC, Co and
Cr (in correct proportion) are introduced into a barrel and detonated using a spark.
The resulting high temperature, high-pressure detonation wave heats the powder
particles to around 3000 °C and accelerates them at a velocity of about 750 m s™!
towards the substrate while maintaining relatively low substrate temperatures between
95-150 °C (Tucker, 1999). Although the mechanism of bonding of the particles to
the substrate is not fully understood, it is thought to be largely due to mechanical
interlocking of the solidifying and shrinking “splats” (lamellar structure) with the
asperities on the surface being coated (Tucker, 1999). These splats are approximately
50 pm wide and 10 pm thick and can vary depending on factors like velocity of
deposition and the rate of cooling.

Coating Microstructure

The HVOF WC coating microstructure is extremely complex and consists of WC
grains in an amorphous matrix consisting of Co with W and C in solution, see Figure
2. Compared to the uniform distribution of carbides and binder observed in sintered
hardmetals, the coating shows a random distribution of carbides and binder rich
areas referred to as cobalt-lakes.

During the spraying process, the WC particles partially melt and react with the
binder to form metallic W and complex WC-M (where, M is the binder) compounds
(Verdon, Karimi, & Martin, 1998; Wood et al., 1997).

The formation of W or WC-M compounds is more likely to occur at the periphery
of the carbide particles where the temperature is expected to be highest. Alongside
the main WC hard phase, W,C and more complex carbides are often observed in
the carbide phase. The formation of amorphous matrix, W,C and complex carbides
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Figure 1. Schematic of the detonation gun process (Praxair Surface Technologies Ltd.)
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Figure 2. SEM-BSE image of a D-gun sprayed WC-10Co-4Cr coating (a) polished
surface showing the distribution of carbide particles and soft binder-phase and (b)
cross-section showing splat boundary and voids in the coating
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result from dissolution of WC into the molten binder phase during spraying and
subsequent oxidation and precipitation reactions(Stewart, Shipway, & McCartney,
2000). The decomposition of WC is thought to proceed in three stages (Guilemany,
Paco, Nutting, & Miguel, 1999; Vinayo, Kassabji, Guyonnet, & Fauchais, 1985).

2WC - W,C+C (1)
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W.C+%02-W,(C,O0) 2)

W, (C, 0) —» 2W + CO 3)

The decarburised W,C phase is precipitated along the WC grain boundary
along with a ring of metallic W between the WC grain and W ,C phase(Verdon et
al., 1998). Higher degree of oxidation is observed along the coating splat boundary
which results in the formation of nano-scale W precipitates resulting in a nano-
crystalline structure (Stewart et al., 2000)as shown schematically in Figure 3. This
is due the higher temperatures and higher cooling rates observed along the splat
boundaries during the spray process. Hence unlike the sintered WC hardmetals, the
composition of the sprayed WC-based coating does not correspond to the nominal
powder composition used for the spraying process and the response to wear and
corrosion can be very different from that observed in sintered WC-based materials.
Although the parameters governing the wear performance of WC-based sprayed
coatings should ideally be similar to sintered hardmetals, this is not the case since
the ductile binder in the sintered material has been replaced by a relatively brittle,
inhomogeneous binder phase in the HVOF-sprayed coating (Stewart et al., 2000).

Stewart et al.(Stewart et al., 2000)compared the X-ray diffraction (XRD) patterns
of nanostructured and conventional powders with the coatings and observed that
the nanostructured coatings showed a higher degree of decomposition of WC grains
during spraying. A higher degree of decomposition of WC grains leads to lowering
of carbon content in the WC grain (decarburisation) and formation of higher amounts
of amorphous W-C-M compounds in the binder. This occurred due to the larger
surface area exposed to react in the nanostructured WC particles.

Residual stresses are formed in the coating and the substrate in contact with
the coating due to the high temperatures reached during the spraying process and
subsequent cooling of the coating(Ibrahim & Berndt, 2007; Pina, Diasb, & Lebrun,
2003). The process of stress formation in the coating is complex and may result
in the formation of either tensile or compressive residual stresses in the coating
and substrate (Miguel, Guilemany, Mellor, & Xu, 2003). Tensile stresses can be
formed in the coating due to temperature effects caused by quenching of the splats
(Stokes & Looney, 2004). The presence of tensile residual stresses in the coating
can be detrimental as they aid in propagation of cracks in the coating and also limit
the thickness of the coating(Miguel et al., 2003). Compressive stresses in WC-Co
coatings/ substrate are produced by a ‘peening’ action of WC particles during the
spraying process which can potentially lead to an increase in the fatigue strength
of the component (Ibrahim & Berndt, 2007; Miguel et al., 2003). Another property
which strongly influenced by the microstructure of the WC-based coatings is its
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Figure 3. Schematic of a molten droplet and a solidified splat structure of the WC-
Co coating [Adapted from (Stewart et al., 2000)]
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fracture toughness. Lopez-Cantera and Mellor (Cantera & Mellor, 1998) investigated
the indentation fracture toughness of WC-10Co-4Cr coatings and found that crack
propagation parallel to the substrate is more than the crack propagation transverse
to the substrate. They observed that crack propagation preferentially occurred in
the nano-crystalline zone between the splat boundary and the carbide rich centre
of the coating splat. This was due to the fact that W,C and other W-C-M phases
created during the spraying process are more brittle than WC (Tu, Chang, Chao,
& Lin, 1985).

Wear Mechanisms

The wear of thermal spray coatings is a complex process with hard and soft phases
within the structure responding differently depending on factors such as the nature
of the wear process and the size of the abrasive particles involved. A model pub-
lished for explaining wear in sintered carbide structure can be used as a basis of
understanding some of the likely interactions in the wear of thermal spray coatings.
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The abrasive wear of sintered WC occurs by a combination of plastic grooving,
binder phase extrusion and fracture of WC grains (Gant & Gee, 2006). Axén and
Jacobson (Axen & Jacobson, 1994) introduced a model for the upper and lower
limits of the wear resistance of composites. They introduced the concept of equal
wear (EW) of the phases and equal pressure (EP) on the phases. EW mode of wear
implies that the hard and soft phases in the composite are worn in the same rate and
hence in this mode, the hard phase offer maximum protection to the softer phase
and result in minimum wear. In EP mode of wear, equal pressure is exerted on the
hard as well as the soft phases and as a result, preferential removal of the softer
phase occurs since it has a lower wear rate. In the EP mode, the reinforcement phase
particles provide minimum protection and are only able to take load in proportion
to the area they cover. In this mode of equal pressure of the phases, the wear rate
is substantially higher than in the EW mode of wear. The two modes of wear are
shown schematically in Figure 4. In reality however, wear mechanisms observed
often tend to be a combination of these two simple mechanisms.

Although the parameters governing the wear performance of WC-based sprayed
coatings should ideally be similar to sintered hardmetals, this is not the case since
the ductile binder in the sintered material has been replaced by a relatively brittle,
inhomogeneous binder phase in the HVOF-sprayed coating (Stewart et al., 2000).
As observed for sintered hardmetals, the abrasive wear of WC-based coatings using
abrasives similar in size to the carbide grains occurs by the preferential removal of
the binder phase by rolling and grooving mode of abrasion (Chen et al., 2005;
Shipway & Howell, 2005a; Ramnathan & Jayaraman, 1989). Removal of the
binder-phase around the carbides leads to the pull-out of carbides as they are un-
dermined. The preferential removal of the binder-phase is easier in WC-based
coatings due to the presence of distinct binder-rich regions and the uneven distribu-
tion of the carbide-phase. No evidence of sub-surface damage is reported in the

Figure 4. Schematic showing the Axén and Jacobson (Axen & Jacobson, 1994)
model of wear in mult-phase materials involving hard and soft phases — originally
developed for WC-based hardmetals
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literature during the micro-scale abrasion of WC-Co based coating (abrasives
similar in size as the carbides) (Shipway & Howell, 2005b). Abrasive wear using
abrasives larger than the carbide grains result in the damage of the coating by the
combination of plastic grooving and sub-surface cracking of the coating. As shown
in the Figure 5, abrasive wear by an abrasive particle larger than the carbide grains
results in ploughing of the binder-phase and fragmentation of carbides present
within the grooves (Liao, Normand, & Coddet, 2000). The indentation-induced
sub-surface cracking develops in the coating by the formation of lateral cracks and
median cracks underneath the plastic zone (Shetty, Wright, Mincer, & Clauer, 1985;
Niihara, 1983; Lima, Godoy, Avelar-Batista, & Modenesi, 2003; Yoomin Ahn, Cho,
Lee, & Lee, 2003). The subsurface cracks in the coating propagate through the
tungsten-rich binder phase present along the splat boundary and lead to the de-
lamination of discrete sections of the coating as shown in Figure 5.

Similar wear mechanism has been observed during the erosion of WC-based
sprayed coatings (Barber, Mellor, & Wood, 2005). Wood et al.(Wood et al., 1997)
investigated the erosion performance of WC-10Co-4Cr coating and proposed two
mechanisms depending on the angle of impact and energy of the erodent. At low
impact angle and particle energy, micro-cutting and ploughing of the binder-phase

Figure 5. Schematic view of brittle fracture of the HVOF coating during abrasive
wear (adapted from (Yoomin Ahn et al., 2003))
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resulted in the embedded carbide particles being exposed. Subsequent erosion led
to the gouging of the carbides as they were undermined. At high impact angle and
higher kinetic energies, development and propagation of sub-surface cracks lead to
the removal of large sections of the coating. Clearly, wear of WC-based coatings
due sub-surface cracking and delamination is strongly dependent on its fracture
toughness (Barber et al., 2005; Wheeler & Wood, 2005). As discussed in the previ-
ous section, lowering of fracture toughness occurs by the dissolution of metallic W
in the binder-phase. Hence, unlike the sintered hardmetals, use of nanostructured
carbide particles does not result in the improvement in wear resistance for WC-based
coatings(Shipway, McCartney, & Sudaprasert, 2005; Stewart, Shipway, & McCart-
ney, 1999).

Corrosion Mechanisms in WC-Based Thermal Spray Coatings

Presence of inhomogeneity within the thermal spray coating structure does make it
susceptible to corrosion, particularly for the binder-phase. Corrosion of the binder-
phase or the binder-carbide interface results in the weakening of the skeletal carbide
structure and results in accelerated wear of the hardmetal. Kalish (Kalish, 1987)
investigated the corrosion performance of WC-bases sintered hardmetals and ob-
served that the corrosion rates for WC-based hardmetals are much higher in acidic
conditions than in alkaline conditions. This was due to the fact that the binders Co
and Ni have a lower corrosion resistance at lower pH values i.e. in acidic environ-
ments as compared to the hard WC particles, see Pourbaix diagrams for Co and
Ni (Pourbaix, 1974). The removal of the binder phase is likely to be enhanced if
the environment is corrosive which could also lead to accelerated loss of material.
Tomlinson et al.(Tomlinson & Linzell, 1988)studied sintered tungsten carbides
with Co and Ni binders in acidic conditions and reported that the electrochemical
performance of WC based hardmetals reflected the performance of the binder and
was representative of the high dissolution rate of pure Co as opposed to a lower dis-
solution rate of Ni. In the presence of corrosive environment, micro-galvanic cells
are likely to be formed between the hard carbide phase and the soft binder. Carbides
are likely to be cathodic to the binder in such micro-galvanic cells resulting in an
increase in the binder loss during corrosion as proposed by Hochstrasser(-Kurz)
(Hochstrasser (-Kurz), 2006). The galvanic coupling between Co and WC results
in the anodic dissolution of Co, given by the following reaction.

The corrosion performance of the sprayed WC-based coatings is very different
from their sintered counterparts due to the complex microstructure of the coating.
Unlike the skeletal carbide structure observed in sintered hardmetals, WC grains
in the coatings are randomly distributed in the metallic binder. Hence corrosion of
the binder-phase has a stronger influence on the wear performance of the coating.
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However, the use of a corrosion resistant binder improves the corrosion as well as
wear performance of the coating (Karimi, Verdon, Martin, & Schmid, 1995; Toma,
Brandl, & Marginean, 2001; Barbezat, Nicoll, & Sickinger, 1993; Rogne, Bjordal,
Solem, & Bardal, 1996). The influence of binder composition on the corrosion per-
formance of WC-based coatings and have been studied previously (Cho, Hwang, &
Kim, 2006; Souza & Neville,2003b). Choetal.(Choetal.,2006) studied the corrosion
behaviour of WC-based coatings with different binder-compositions in strong H,SO,
solutions. Prolonged exposure to acidic conditions revealed micro-galvanic coupling
between WC particles and the binder-phase leading to the preferential dissolution
of the binder-phase. It was also found that the presence of Cr in the binder-phase
led to a slight decrease in the corrosion rate of the binder-phase. They also noted
that the presence of micro-cracks and defects on the surface led to accelerated cor-
rosion attack penetrating the surface. Bolelli et al. (Bolelli, Giovanardi, Lusvarghi,
& Manfredini, 2006) also observed that the HVOF WC-based coating with CoCr
binder possesses superior corrosion resistance than ordinary thick chromium plating.
However, it was also observed that presence of microstructural defects such as oxide
inclusions and splat boundaries on the coating surface results in crevice corrosion.

Perry et al.(Perry, Neville, Wilson, & Hodgkiess, 2001) studied the effects of
prolonged exposure of WC-Co-Cr coating in artificial seawater (3.5% NaCl solu-
tions). SEM micrographs of exposed coating revealed that corrosion occurred at
the binder-carbide interface. They concluded that the interface between binder and
carbide provided a site for micro-galvanic and or crevice corrosion. It was also
concluded that as the matrix corrodes at the binder-carbide interface, the carbide
particles then fall out and leave behind small pits. This was also observed during
the anodic polarisation of the WC-Co-Cr samples in artificial seawater. These cor-
rosion features observed at the binder-carbide interface were confirmed by Souza
and Neville (Souza & Neville, 2003b) by comparing the corrosion performance of
WC-Co-Cr coating and WC-CrNi coating. Souza and Neville (Souza & Neville,
2003a, 2005)further studied the corrosion characteristics of HVOF WC-10Co-4Cr
in order to understand the effects of corrosion on the erosion-corrosion behaviour
of sprayed WC-based coatings. They compared the electrochemical behaviour of
UNS S31603 stainless steel with a HVOF WC-10Co-4Cr coating and found that
unlike the continuous passive film of Cr,O, present on stainless steels, only the CoCr
matrix in the HVOF coating passivates and develops a Cr,O,film in a 3.5% NaCl
solution. They observed corrosion of small WC grains (< 1 pm) on coating samples
subjected to an accelerated corrosion test and worn coating on a sleeve operating
in a solid-free environment. It was concluded that the corrosion feature observed
at the binder-carbide interface results from the corrosion of the binder-phase as
well as WC grains. Similarly, Takeda et al.(Takeda, Morihiro, Ebara, & Harada,
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2002) observed a Cr,O, passive film on a WC-10Co-4Cr coating after immersion in
Na, SO, solution and concluded that this film does not cover the entire surface and
was present in the form of islands. This passive film is likely to be weakest at the
binder-carbide interface and hence in presence of a corrosive electrolyte, corrosion
in HVOF WC-10Co-4Cr is likely to be initiated at this interface (Souza & Neville,
2003a). Further study by Thakare et al.(Thakare, Wharton, Wood, & Menger, 2007)
revealed that the static corrosion of thermal spray WC-Co coatings in alkaline and
neutral conditions is a two-step process. Using SEM, TEM analysis to examine cor-
roded surfaces of WC-Co coating, they confirmed that corrosion progressed towards
the carbide phase which is likely to occur in presence of metallic W formed along
the carbide grain boundary due to decarburising during the spray process. Figure 6
shows the SEM micrographs of HVOF WC-10Co-4Cr coating exposed to alkaline
conditions and the subsequent formation of a trench-like corrosion feature around
the carbide grain. Focussed ion beam sectioning of this sample across the carbide
grain revealed the carbide grain to be loosely held in the corrosion trench formed.
XPS analysis also revealed that the binder-rich areas were protected by stable pas-
sive films, thus leaving the carbide exposed to corrosion. Presence of re-precipitated
metallic W and decarburised W,C phases along the periphery of WC grains has
been identified by Verdon et al.(Verdon, Karimi, & Martin, 1997).

Tribo-Corrosion of Thermal-Spray Coatings
The need to select or design new surfaces for future equipment as well as minimize

the operating costs and extend the life of existing machinery has led to demands

Table 1. XPS results identifying the phases present on the surface of a HVOF WC-
10Co-4Cr coating after exposure to alkaline and neutral solutions

Sample Condition Element Detected Species Binding Energies
(eV)*
Fresh Co(2p) Co 778.3
Cr(2p) Cr 574.2
Cr,0, 577.1
C(1s) wC 283.0
Exposed (pH 7) Co(2p) Co(OH),. 781.0
Cr(2p) Cr,0, 577.1
Exposed (pH 11) Co(2p) Co(OH),. 781.0
Cr(2p) Cr,0, 577.1

*Binding energies compared to NIST Online Database (Wagner et al., 2006).
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for a much better understanding of surface degradation processes particularly when
tribological components are operating in corrosive environments. This has givenrise
to the active research area of tribo-corrosion which seeks to address the concerns
above and understand the surface degradation mechanisms when mechanical wear
and chemical/electrochemical processes interact with each other.

The subject started to be researched in the late 1980s and has now emerged as
an active research area as advanced experimental techniques have been developed
to yield substantial insight into the complex processes present in tribo-corrosion
contacts. The development of in situ electrochemical techniques and post-test analy-
sis techniques for surface film examination for example are powerful tools that can
be deployed in tribo-corrosion experimental programmes. The subject, therefore,
includes the interaction of corrosion and erosion (solids, droplets or cavitation
bubbles), abrasion, adhesion, fretting and fatigue wear. Wear-corrosion interaction
can lead to either increase or a decrease in the overall mass loss. The change in
the mass loss due to the synergistic effects of coupling wear and corrosion is often
referred to as synergy (S). Positive synergy results in accelerated material loss
due to the combined action of wear and corrosion and is an undesirable material
property. On the other hand, negative synergy results in a decrease in the overall
loss of material due to improvement in either wear or corrosion resistance and is a
desirable material property. According to the ASTM standard guide for determin-
ing synergism between wear and corrosion(ASTM G119-93, 1998), the total wear
during the process of abrasive wear-corrosion is defined by the following equations

Total Wear (AC) = Pure Abrasion (PA) + Pure Corrosion (PC) + Synergy (S)
“4)

where,

o S=APC,+APA.(5)
e APC, = Change in corrosion due to abrasion.
APA . = Change in abrasion due to corrosion

Understanding the tribo-corrosion of coatings is far harder compared with many
monolithic surfaces as the coating processes used can unintentionally degrade the
coating microstructure by adding significant porosity and pockets of oxides into
the coating and the coating process can also affect the substrate properties. Also
remnants from the pre-coating substrate treatments (such as shot or grit blasting)
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Figure 6. Back scattered electron micrographs of WC-10Co-4Cr HVOF coating
showing (a) polished section identifying the different phases formed during spraying,
(b) corrosion of metallic W after exposure to alkaline environments, (c) focussed ion
beam trench made across one of the WC particles exposed to corrosion and (d) high
magnification micrograph of the carbide grain loosely held in the corrosion ‘trench’
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Figure 7. A model proposed by Thakare et al for the corrosion mechanism in WC-
based thermal spray coatings in neutral and alkaline conditions (Wood, 2007)
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can be embedded into the surface and then subsequently coated, thereby degrading
the adhesive properties of the coating/substrate interface or the coating cohesion
by weakening the bonding between any inclusions and the matrix. Tribo-corrosion
includes the interaction of corrosion with:

Solid particle erosion,

Abrasion,

Cavitation erosion,

Fretting,

Biological solutions,

Sliding wear and tribo-oxidation.

These interactions are represented schematically in Figure 8.

Batchelor ef al. (Batchelor & Stachowiak, 1988) studied the effects of passive
film on the abrasive wear of mild steel zinc and magnesium and found that the
regular removal of passive film by abrasion and its regrowth results in a greater
material loss than undisturbed corrosion. However, they also noted that the syner-
gistic effect largely depended on the physical nature of the passive film formed
which could offer additional protection against mechanical wear, see Figure 9.
Table 2 tabulates the mechanisms resulting from a conjoint action of wear and cor-
rosion which could result in either positive or negative wear-corrosion interactions.

The degradation of tungsten carbide (WC) based hardmetals and coatings due
to the combined effects of wear and corrosion is complex and it is often difficult to
differentiate between the effects of wear and corrosion.

The wear-corrosion synergy performance of WC-based coatings have been stud-
ied previously (Toma et al., 2001; Perry et al., 2001; Valentinelli, Valente, Casadei,
& Fedrizzi, 2004; Shipway & Howell, 2005a; Shipway & Wirojanupatump, 2002;
Rogne et al., 1996; Souza & Neville, 2003a, 2005)mainly focussing on the perfor-
mance of WC-based coatings in acidic environments. As discussed in the previous

Figure 8. Possible interactions between corrosion and the various wear mechanisms

(Wood, 2007)
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Figure 9. lllustration of the different mechanisms interacting during abrasion-
corrosion on a metallic surface in corrosive environments(Wood, 2007)
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Table 2. Tribo-corrosion mechanisms with possible negative and positive synergistic

mechanisms

Mechanism

Positive Interaction

Negative Interaction

Passive film state

Depassivation (removal) of
the passive film exposes fresh
surface for further corrosion
attack and accelerates material

Oxide layer could reduce the friction
between abrasives and bulk material.
Presence of denser oxide film can

reduce corrosion as well as abrasion

removal

Could lead to loss of bond
integrity between the hard

and binder phase. Preferential
corrosion of binder undermines
the hard phase and facilitates its
easy removal by abrasive wear.

Corrosion of the interface can
increase the compliance of the surface
to abrasive particles.

Dissolution of active species in
multiphase surfaces

Plastic deformation/strain Strain hardness would result in
increased hardness and lead to a
lower wear. Change in microstructure,
grain orientation could lead to lower

corrosion rate.

Plastically deformed and stressed
surfaces enhance corrosion.
Corrosion can lead to premature
detachment of plastically
deformed or strain hardened
splats.

Could lead to easier removal of
oxide film by asperity peaks.

Surface roughness Surface roughness influences the
contact mechanics of angular particles
and the surface. Increase in R, could
reduce contact stresses and stress

distribution

section, the uneven distribution of the binder-phase and the hard-phase within the
coating making the coatings vulnerable to corrosion attack. However, increasing
the content of the more corrosion resistant binder improves the wear and corrosion
performance of the coating (Karimi et al., 1995; Toma et al., 2001; Barbezat et al.,
1993; Rogne et al., 1996). As found by Souza and Neville(Souza & Neville, 2003a,
2005), corrosion of the WC-Co-Cr coating initiates at the binder-carbide interface
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and results in the accelerated removal of the carbide particles by subsequent ero-
sive wear. A similar observation was made by Stack and El Badia (Stack & Badia,
2006) during the erosion-corrosion study of WC/Co-Cr coating. They found that
preferential corrosion at the binder-carbide interface led to an increase in the mass
loss during erosion-corrosion test. However, they also observed that under condi-
tions when the Co-Cr binder was likely to passivate, there was a mild decrease in
the mass loss during erosion-corrosion.

It was proposed that this was probably due to the additional protection offered by
the passivation of the binder-phase. Valentinelli ez al. (Valentinelli et al., 2004) noted
that the wear-corrosion performance was strongly influenced by the passivation of
the binder-phase and suggested the selection of the binder-composition in consulta-
tion with the Pourbaix diagrams (potential vs. pH) to ensure better performance. As
discussed in the previous section, Kalish (Kalish, 1987) observed that the corrosion
rates for WC-based hardmetals are much higher in acidic conditions than in alkaline
conditions due to the lower corrosion resistance of Co and Ni binders as compared
to the hard WC particles in acidic environments. This has led to recent studies of
wear-corrosion performance of WC-based hardmetals and coatings focussing on
evaluating the performance of WC-based hardmetals in acidic conditions. Toma et
al (Tomaetal.,2001) examined the erosion and corrosion resistance of coatings pro-
duced by HVOF spraying at ambient temperatures in 0.1M NaOH and 0.1M H2SO4
solutions containing sand. Wear—corrosion tests showed that the corrosion properties
of the sprayed coatings strongly affect the material loss rate under wear—corrosion
conditions. This work emphasises the importance of the corrosion resistance and
passivity of the binder as coatings with less corrosion resistant matrix enhanced
erosion. Also the erosion mechanism of the carbide coatings seems to be controlled
by the skeletal network of the carbides. For comparison, flame and plasma sprayed
hard Cr203 coatings were examined. Due to the high impedance of the coating, the
corrosion rate was very low. Table 3 shows corrosion and erosion—corrosion rates
for the coatings tested by Toma (Toma et al., 2001) which were exposed to solutions
of NaOH or H2S04 as well as seawater and show that the environment has a major
influence on corrosion rates and that the addition of sand impingement increases
material loss rates except for the Cr,C,-NiCr coating in NaOH.

The role of binder corrosion in the erosion—corrosion degradation of HVOF
thermally sprayed WC—Co—Cr coatings has been studied by Souza and Neville
(Souza & Neville, 2005) using electrochemical polarization techniques in a 3.5%
NaCl solution at varying temperatures. They report that initially corrosion proceeds
primarily by dissolution of the Co phase, depending on the integrity and thickness
of the passive film (thought to be mainly Cr,0,) on the binder phase. Similar ob-
servations are reported for other compositions of thermally sprayed cermet coatings
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Table 3. Some observed results — influence of pH on wear-corrosion rates: results

from the electrochemical measurements and erosion—corrosion tests at 2.35ms™’,

100 g I silica sand (size between 100-500um), 20 oC (Toma et al., 2001)

Coating Electrochemical Measurement Erosion - Corrosion
Corrosion Rate (mm yr -!) Rate (mm yr 1)
NaOH H,SO, Seawater NaOH Seawater

WC-Cr,C,-Ni 0.38 0.15 0.4
Cr,C,-NiCr 0.17 0.077 0.17
WC-Co 0.76 1.6
WC-Co-Cr 0.32 0.55
Cr,C,-ALO,TiO, 32x10° 3.6x10° 0.27
Cr,C, 7.6x 1073 1.5x 1073 0.35

(WC—-CrNi and WC/CrC—CoCr) (Souza & Neville, 2003b). The dissolution of the
binder matrix phase at the hard phase/matrix interface is a known mechanism for
synergy contributing to AEc. The action of erosion is also likely to weaken the hard
phase/matrix interface and after cyclic loading from repeated solid particle impacts
could lead to crack initiation at the interface. Binder dissolution issues are also seen
to control the erosion—corrosion rates for SO(WC +12Co) balance NiCrSiFeC and
WC-17Co coatings studied by Bjordal et al (Bjordal, Bardal, Rogne, & G, 1995).

Permeation of electrolyte into these cracks could induce localized environments
which are dramatically different (i.e. low pH) from the bulk conditions and induce
crevice corrosion, which in turn contributes to increased ACe levels. The influence
of the spraying parameters (spraying distance, barrel length and kerosene flow rate)
on the tribo-corrosion performance of HVOF sprayed WC—17Co coatings has been
studied by Valentinelliet al(Valentinelli et al., 2004). They also found that binder dis-
solution controlled wear—corrosion levels and therefore coating compositions should
be designed with reference to the relevant Pourbaix diagrams (potential versus pH
regime maps based on thermodynamic considerations only) to select compositions
that are passive in the service environment and in addition have strong repassivation
tendencies. Cr,C, coatings typically have lower wear resistance but greater fracture
toughness than WC—Co based coatings as seen by Fedrizzi et al (Fedrizzi, et al.,
2007). They used a sliding contact (block-on-ring) with a silicon carbide counter face
in 3.5% NaCl solutions at 0.3ms™! sliding speeds. The increased fracture toughness
was seen to limit crack initiation during surface grinding compared with WC—-Co
systems. They also found the composition of binders important, with the NiCr alloy
exhibiting faster repassivation characteristics compared with the Co-based binders.
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HVOF coatings with compositions of 86WC-10Co-4Cr or corrosion resistant
alloys such as nickel aluminium bronze have been considered for wear—corrosion
applications, Souza and Neville(Souza & Neville, 2005), Wood and Speyer (K & J,
2004) and Barik et al (Barik, Wharton, Wood, & Strokes). Of particular concern is
the level of porosity (>2%) within the coatings which can accelerate crack propa-
gation and coating removal under erosion and can also be interconnected such that
electrolyte can permeate into the coating/substrate interface accelerating through
thickness corrosion of the coating and corrosion-driven coating—substrate disbond-
ing, see Figure 10.

The erosion—corrosion performance of these coatings has been studied using
free or submerged solid-liquid slurry jets along with a mixture of gravimetric and
electrochemical techniques. An example of monitoring the electrochemical poten-
tial of a coated steel specimen during erosion—corrosion jet impingement is shown
in Figure 11. The potential signal detects electrolyte ingress and corrosion activity
at the coating/substrate interface, see Figure 12, as well as coating penetration by
erosion. An additional concern with multiphase coatings (carbide/metal matrix) is
the potential for debonding between the hard phase and the softer matrix which can
accelerate surface degradation.

Coatings deposited with powders containing narrow grain size distributions are
preferred as this provokes more controllable and homogeneous particle melting and
avoids the particle size influence at a given flame temperature causing over or
under heating of powder particles, Berget ef al (BergetJ, E, & T, 1998; Berget J, T,
& E, 2007). The influence of the corrosion characteristics of the substrate is also
important and can play a vital role in the coated system performance. Al-Fadhli et
al. (Al-Fadhli HY, Stokes J, J, & S, 2006) studied the erosion—corrosion character-
istics of HVOF thermally sprayed Inconel 625 coatings on different metallic sur-

Figure 10. Disbonded HVOF aluminium bronze coating under erosion—corrosion
conditions due to electrolyte ingress to the coating/substrate interface followed by
corrosion of the carbon steel substrate and the generation of voluminous corrosion
product accelerating crack propagation at the coating/substrate interface(Wood,
2007)
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Figure 11. Potential-time curve of a HVOF aluminium bronze coating on AISI
1020 steel substrate under slurry erosion conditions in 3.5% NaCl (Wood, Wharton,
Speyer, & Tan, 2002)
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faces that simulated coating over weld repaired or refurbished surfaces found in the
offshore industry, namely, bulk stainless steel and a spot welded stainless steel and
a composite surface of welded stainless steel and carbon steel. Their results indicate
that the coating over both spot-welded and plain stainless steel surfaces exhibited
a similar degree of weight loss. However, the coating on the composite surface
experienced a greater degree of weight loss and spallation due to electrolyte ingress
through the porous coating and subsequent corrosion of the carbon steel substrate.
Microscopic observations of the fracture surfaces showed that the metal removal
from the surface was concentrated around the unmelted and the semi-melted par-
ticles of the weld deposit. Post-coating treatments are a potential way to remove
some of the detrimental microstructural features and offer a way to improve the
tribo-corrosion performance of coatings. Liu et al (Liu Z, Cabrero J, S, & T, 2007)
show the potential benefits of laser treated HVOF Inconel 625- and WC-based
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Figure 12. (a) Schematic of crack systems in coating generated during erosion—cor-
rosion and the subsequent substrate corrosion and ejection of corrosion products
from through-coating corrosion onto the coating surface (Wood, 2007)
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coatings. Improved corrosion and wear resistance was related to the removal of the
discrete splat-structures, porosity and micro-crevices as well as the reduction of
micro-galvanic activity by compositional gradients between the WC and the matrix
due to the formation of interfacial phases. In addition the improved wear resistance
was also associated with the formation of rapid solidification microstructure with
faceted dendritic WC-phases. A significant reduction in wear was observed when
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the laser treatment completely dissolved the WC. Inconel 625-42WC coatings ap-
peared the best for wear but Inconel 625-22WC was better against static corrosion
in 3.5% NaCl solution.

As many coatings have complex compositions the possibility of micro-galvanic
corrosion activity between the different microstructure and the composition is
likely to undermine surface integrity. This has been seen in the corrosion and cor-
rosion—wear behaviour of HVOF sprayed WC cermet coatings with metallic binders
of Co, Co—Cr, CrC-Ni and Ni, in a strong acidic environment by Cho et al (Cho
et al., 2006). Considerable micro-galvanic corrosion occurred between the WC
particles and the binder, and uniform corrosion occurred in the binder materials of
WC-Co, WC-N:i. In spite of the presence of Cr, the overall corrosion resistance
of the WC-CrC-Ni coating was inferior to that of the WC—Co—Cr coating due to
electrolyte permeation to the coating/substrate interface through interconnecting
micro-cracks. The friction coefficient of the coatings without Cr was lower than
that of the coatings containing Cr under the corrosion—wear conditions, probably
due to lubricious corrosion products within the contact.

The tribo-corrosion performance of nanostructured coatings has also been re-
cently studied for biomedical applications. Basak et al. (Basak, 2006) have studied
the corrosion and wear—corrosion behaviour of a thermal sprayed nanostructured
FeCu/WC-Co coating in a simulated human body fluid (Hank’s solution) and
compared this with stainless steel AISI 304 and nanostructured WC—Co coatings.
The multiphase structure of the FeCu/WC-Co coating induced complex corrosion
processes but exhibited depassivation/repassivation behaviour comparable to that of
stainless steel AISI 304 and the nanostructured WC—Co coatings. The ability of the
coating surface to repassify quickly after the passive film is mechanically damaged is
clearly key to being able to minimize the dissolution losses during wear—corrosion.
To understand the repassivation kinetics in such complex mechanical and electro-
chemical environments is not straightforward but some electrochemical techniques
may be applicable. Forexample, electrochemical noise measurements have been used
to investigate the interactions between erosion and corrosion of HVOF aluminium,
aluminium bronze and aluminium-silicon coatings, Tan (Tan, Wharton, & Wood,
2005) and Wood (Thakare, Wharton, Wood, & Menger, 2012).

Although perturbations (noise) on the corrosion current measurements repre-
sented multiple sand particle impacts, valuable insights into the mass transport and
repassivation kinetics occurring under erosion—corrosion were obtained. Examples
of electrochemical current noise are given in Figures 13, 14 and 15 for flow cor-
rosion, erosion—corrosion and abrasion-corrosion respectively. Ratios of standard
deviation of noise have been used to infer repassivation properties of coatings under
erosion—corrosion conditions, see Figure 16.
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Figure 13. Flow corrosion currents for HVOF NAB coating held at OCP under
900 jet impingement conditions with jet velocities of 3.1 and 6.7 ms~!(Wood, 2007)
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The effect of pH on the overall wear rates was examined by Thakare et al. (Tha-
kare et al., 2009). The wear rates observed for HVOF WC-10Co-4Cr coating using
amicro-abrasion tester clearly show a strong link between wear-corrosion mechanism
and pH, see Figure 17. Tests were carried out using an in situ electrochemical cell
capable of holding the sample surface at its open circuit potential. These results
along with the static corrosion mechanism of WC-Co coating discussed in the pre-
vious section (Figures 6 and 7), can be used to explain the influence of local pH on
the overall wear-corrosion mechanism. Selective passivation of the binder-phase,
the formation of corrosion trenches around the carbide grains, alkaline dissolution
of species and formation of micro-galvanic coupling between active and passive
phases within the coating microstructure can easily alter the local conditions result-
ing in a significant change in the overall wear rates with change in pH. The overall
mechanism has been summarised schematically in Figure 18.
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Figure 14. Erosion—corrosion currents for HVOF NAB coating held at OCP under
900 slurry jet impingement conditions with jet velocities of 3.1 and 6.7ms™" and 2%
w/w sand in seawater slurry (Wood, 2007)
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Tribo-Corrosion Models

The use of in situ electrochemical measurement techniques has offered considerable
insights into the local interactions during tribo-corrosion as discussed earlier. These
techniques have also made it possible to examine the various components of the
synergy equation (Equations 4 and 5) and map the electrochemical and mechanical
components of tribo-corrosion under different operating conditions, resulting in the
creation of tribo-corrosion “maps”.

Figure 19 shows an example for a HVOF nickel aluminium bronze coating on
carbon steel, uncoated carbon steel and cast nickel aluminium bronze. These maps
are useful for considering compositions for improved resistance by highlighting
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Figure 15. Abrasion—corrosion currents for HVOF WC-10Co-4Cr coating held at
OCP during micro-abrasion testing under different pH conditions (Thakare, Wharton,
Wood, & Menger, 2009).Figure 16. Standard deviation ratios of electrochemical
current noise from erosion—corrosion divided by flow corrosion levels plotted against
erosion mass loss by gravimetric analysis for carbon steel AISI 1020, HVOF NAB
coating and cast NAB under jet impingement conditions with and without 2% w/w
sand in seawater (Barik et al.)
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whether mechanical or electrochemical aspects need to be inhibited. Figure 20 il-
lustrates a similar map for abrasion—corrosion of various surfaces including sintered
cermets, stainless and duplex stainless steels as well as thermally sprayed tungsten
carbide coatings. The trend at present in tribo-corrosion is away from quantifying
synergy as it usually involves strong debates over how it was quantified. Sometimes
gravimetric and electrochemically derived mass losses are needed and scantregard is
given to the cumulative errors that arise when calculating any interactive term such
as APC, and APA . The current author prefers the approach of isolating mechanical
and electrochemical or chemical contributions as the balance between these can
inform surface selection or suggest improved coating microstructure/compositions.
The focus should be on the resultant total wear rate (AC) as this needs to be mini-
mized to yield optimum component life.
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Figure 16. Standard deviation ratios of electrochemical current noise from ero-
sion—corrosion divided by flow corrosion levels plotted against erosion mass loss
by gravimetric analysis for carbon steel AISI 1020, HVOF NAB coating and cast
NAB under jet impingement conditions with and without 2% w/w sand in seawater
(Barik et al.)
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SUMMARY

Overall there are relatively few papers reporting research into the tribo-corrosion
of coatings but, of those reviewed, thermally sprayed HVOF coatings are the most
common being the subject of erosion—corrosion and sliding wear—corrosion inves-
tigations while PVD coatings have also received some attention for sliding wear—
corrosion applications. It is, therefore, extremely difficult to gain generic insight
into the fundamental behaviour from the published work. Most experiments test
existing coatings that have been developed for either wear resistance or corrosion
resistance. Coupling this to the fact that most corrosion resistant elements are not
wear resistant and vice versa, these coatings, therefore, perform very badly when
tested under combined wear—corrosion conditions. There is still considerable scope
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Figure 17. Wear rates observed for WC-10Co-4Cr coating using ma micro-abrasion
tester under different pH conditions(Thakare et al., 2009)
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to design coatings specifically for wear—corrosion resistance with coating composi-
tion, microstructure, defect level, adhesion, cohesion and substrate properties being
seen as some of the critical elements in coating performance in tribo-corrosion con-
tacts. The influence of the corrosive environment is also shown to be important in
controlling wear and friction as well as the evolution of near surface tribo-induced
layers which are critical in both erosion—corrosion and wear—corrosion situations.
This chapter has identified some of the key interactions between wear and corrosion
mechanisms that occur in thermal spray coating systems along with some models
and mapping techniques that aim to inform microstructure selection and predict
performance. However, these need major development before robust predictions
can be made as our understanding of the mechano-electrochemical interactions that
are present in tribo-corrosion is incomplete.
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Figure 18. Schematic of wear-corrosion process for thermal-spray coating showing
the individual mechanisms such as depassivation of the binder-rich areas, micro-
galvanic coupling between phases, and re-embedment of wear debris, all of which
would influence the overall material loss in the coatings (Thakare et al., 2009)
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Figure 19. Erosion—corrosion regime map with electrochemical material loss versus
mechanical material loss for erosion—corrosion of carbon steel AISI 1020, HVOF
nickel-aluminium bronze coating and cast nickel-aluminium bronze under jet im-
pingement conditions with 2% w/w sand in seawater
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Figure 20. Tribo-corrosion mechanism regime map (Wood, 2007)

100

® WC-6Ni =
HWC-6Co
A DCoCr
QO GCoCr
00831603
1< S30403
A 832760 1
® Sprayed WC-12Co =
@ ASTM G65WC-6Co(pH13) ,@l:l
9 ASTM G65' N(|3- 5(|30([fH2. > i &

-
o

-y

PN
v
A
0.1 E/
®

0.01

Electrochemical wear ( PC) X 10" / m®N"'m""

O

b bbere
0.001 ﬁ- rT.rw _

0.001 0.01 0.1 1 10 100
Mechanical Wear (AC-PC) X 10" / m®N"'m™’

There is also very limited research on the performance of some of the newer ther-
mal spray technologies such as the nano-structured coatings and cold spray systems.
These newer systems aim to improve the homogeneity of the microstructure, reduce
porosity and minimise formation of secondary phases — all of which should lead
to an improved wear performance. However, the effects of these on the synergistic
wear-corrosion interactions remain less understood to an extent and should be the
focus of further investigation.
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KEY TERMS AND DEFINITIONS

Corrosion: Material attrition due to electrochemical processes.

Wear: Material attrition by mechanical processes involving a combination of
load and energy in presence of external media, such as fluid flow and / or abrasive
particles.

Wear-Corrosion Synergy: Combined effects of mechanical wear and elec-
trochemical corrosion which could result in a mass loss or gain depending on the
nature of the interaction.
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ABSTRACT

Functionally Gradient Coatings (FGCs) are emerging materials with an improved
service life and have a promising future for the production of (a) tailored com-
ponents for applications subjected to large thermal gradients, (b) smart coating
with improved corrosion and wear resistance, (c) improved fatigue wear, and (d)
improved material structures for energy applications like batteries, fuel cells, etc.
FGCs may be developed by physical/chemical vapor deposition, electro/electroless
deposition, thermal spray deposition technique, etc. Thermal spraying refers to
the technique or a group of techniques whereby molten or semi-molten droplets of
materials are sprayed onto a solid substrate to develop the coating. In this chapter,
detailed overviews of the development of functionally graded coating by thermal
spray deposition techniques are presented. In addition, a few research results on
the development of functionally graded coating for tribological and thermal barrier
applications are presented.
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Development of Functionally Graded Coating by Thermal Spray Deposition
INTRODUCTION

Surface composition and microstructures need to be optimized for an improved
performance of engineering components (Budinski, 1988). Surface coating aims
at tailoring the surface dependent engineering properties by applying another layer
on the surface of substrate using physical, chemical/electrochemical, thermal and
high energy surface modification routes. A functionally graded coating refers to
the coating consisting of continuously changing composition from substrate to
the surface to achieve combinations of toughness and bond strength (Kawasaki
& Watanabe, 1997). The gradients may be continuous change in microstructure,
microstructure and composition both or porosity distribution. These graded coat-
ings are purposefully developed with an objective to improve the performance
and are superior to homogeneous materials composed of similar constituents. The
advantages of functionally graded coating over conventional monolithic coating
system include a significant reduction in residual stress level, improved toughness,
improved wear resistance and thermal properties. Functionally graded coatings are
also well-known to enhance the thermal barrier properties due to smooth transition
of the properties with depth leading to minimum probability of delaminating of
coating from the surface.

Functionally graded coatings are used in many diverse areas and some examples
include hydroxyapatite/titanium oxide graded coatings for bio-implant application
(Kumar Roop, & Wang, 2002) graded polymer composites reinforced with ceramic
particles (Krumova et al., 2001) Ti-Al, O, artificial tooth roots (Iwasaki ez al., 1997),
reusable high-performance engines (Moro et al., 2002), coatings for tribological ap-
plication, thermal barrier coating, coatings for cutting tool application and coating for
thermal shock resistance application (Schulz et al., 2003; Koizumi & Niino, 1995).

Advantages associated with functionally graded coatings include (i) Reduction of
the stress gradient between the coating and the coated component. (b)improvement
of adhesion between the substrate and a protective coating, and thus reducing the
probability of delamination during thermal or mechanical loading of the coating-
substrate system, (iii)improved multi-functionality of composites and FGMs - stable
abrasion response combined with a high temperature protection, iv) Improved dam-
age tolerance for brittle ceramic coatings, during abrasive or impact loading and
(v) tailored wear-frictional response over the coating lifetime, while the coating is
partially removed by wear process (in joints of heavy machinery).

In the present review chapter, detailed overviews of the development of function-
ally graded coating by thermal spray deposition techniques are presented. In addition,
the case studies on development of functionally graded coating for tribological and
thermal barrier applications are presented. Finally, the future scope of research in
the direction of functionally graded coatings is elaborately stated.
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HISTORY OF FUNCTIONALLY GRADED COATINGS

The concept of compositional and microstructural gradient in material microstruc-
ture was presented by Bever (Bever & Duwez, 1972) who studied various gradient
composites, and reviewed their potential applications. The induction of gradation
of polymeric materials by the variation of the chemical nature of the monomers,
the molecular constitution of the polymers and the supra-molecular structure or
morphology of the polymers was introduced by Shen (Shen & Bever, 1972). The
effective chemical, mechanical, biomedical and transport properties were studied
and possible applications, including gasoline tank and damping materials, were
considered. However, the design, fabrication and evaluation of this gradient struc-
ture were not studied.

Fundamental studies on the relaxation of thermal stress by tailoring graded struc-
tures, was pioneered in the area of thermal barrier coating for a space plane in Japan
(Kieback et al., 2003). The capabilities of withstanding a surface temperature of
1700 °C and a temperature gradient of 1000 °C across a thickness of 10 mm section
were achieved by development of functionally graded thermal barrier coating (Shen
& Bever, 1972; Kieback et al., 2003). Due to their unique properties, the application
of functionally graded coatings are enormous and hence, summarized in Figure 1.
In addition to its application in thermal barrier coatings and joints in aerospace,
functionally graded coatings had also been developed for other novel applications
in the field of biomedical implants, such as artificial bones and dental implants.
Hydroxyapatite (HAP) ceramics with a graded porosity was produced by Tampieri
et al. (Tampieri et al., 2001) which not only provided good and fast bone in-growth
but also improved the capability of withstanding early physiological stress, as an
implant to replace natural bone. For dental implants, titanium/hydroxyapatite (Ti/
HAP) FGMs exhibited good biocompatibility and mechanical toughness (Watari et
al., 1995). No inflammation was observed in both traditional pure Ti and improved
Ti/HAP FGM dental implants after eight weeks. But, Ti/HAP FGM implants showed
better biocompatibility for newly formed bone (Watari et al., 1997).

FABRICATION OF FUNCTIONALLY GRADED

The processing techniques employed for the development of functionally graded
component include powder metallurgy, plasma spraying, physical and chemical
vapor deposition, self propagating high temperature synthesis (SHS) and galvano-
forming. Since 1991, various new methods have been invented and developed. The
processing of FGMs has been categorized in different ways (Mortensen & Suresh,
1995; Miyamoto et al., 1999). Miyamoto et al. (Miyamoto et al., 1999) classified
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Figure 1. Field of application of functionally graded coating
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the fabrication of functionally graded coatings into four categories including bulk,
layer, pre-form and melt processing and summarized in Figure 2. Though powder
metallurgy (PM) is the conventionally applied route and a preferred one as compared
to plasma spraying, slip casting, electrophoretic deposition, however, few PM based
techniques such as sequential slip casting causes the generation of residual thermal
stresses and thermal expansion mismatch between different layers due to presence
of sharp interfaces between the successive layers (Moya et al., 1992). In order to
eliminate the interfaces successfully and to produce the continuous gradation of
material, sedimentation and vibration methods are used in this work.

WEAR

Wear is the progressive loss of material from the operating surface of a solid oc-
curring as a result of relative motion between two surfaces (Budinski, 1988). Wear
may broadly be classified into 4 categories, e.g. adhesive, abrasive surface fatigue
and erosion. Figure 3 summarizes the different types of wear and the different
modes of wear under each category. Abrasive wear occurs when a rough and hard
surface, or a soft surface containing hard particles, slides on a softer surface and
ploughs a series of grooves in it. The material from the grooves is displaced in the
form of wear particles, generally loose ones. It can also arise when hard abrasive
particles are introduced between the sliding surfaces and abrade material off each.
The mechanism of this form of wear seems to be that an abrasive grain adheres
temporarily to one of the sliding surfaces, or else is embedded in it, and plows out
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Figure 2. Processing techniques and classification of Fabrication of functionally
graded coating

Fabricate of FGC

Layer
Processing

Preform Melt
Processing Processing

Bulk
Processing

y 3

Stacking [ Molecular \ Diffusion

deposition
® Powder ® \aper ¢ Solid Scodification
® Fiber ® Electro ® Liquid
* Sheed Mechankal | | ® Vaper

deposition

® amination

\ ® Spraying |

a groove in the other. The two forms of wear, one involving a hard, rough surface
and the other hard, abrasive grains, are generally referred to as the two bodies and
the three body abrasive wear process, respectively (Kawasaki & Watanabe, 1997).
Adhesive wear involves the sliding of two metallic components against each other
under an applied load where, no abrasives are present. A strong metallic bond forms
between the surface asperities of the contacting materials and hence, the name ‘ad-
hesive’ is applied (Kawasaki & Watanabe, 1997). In case of stainless steel, there is
a thin oxide layer on the surface, which prevents the formation of metallic bonding
in between the asperities on the sliding surfaces. Hence, wear rates are low at low
load. This type of adhesive wear is known as mild wear or oxidative wear. When
the load applied on the surface is high, metallic bonds will form between the surface
asperities and the resulting wear rates are high. This kind of wear is more prevalent
where a lubricant cannot be used e.g. chain-link conveyer belts, fasteners and slid-
ing components in a valve. (Kawasaki & Watanabe, 1997). Erosive wear may be
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defined as progressive loss of materials from a solid surface due to the mechanical
interaction between that surface and a fluid or impinging fluid stream. The fluids
may be multi-component and may contain solids (Kawasaki & Watanabe, 1997).
Presence of corrosive environment aggravates the erosion attack due to disruption
and removal of the oxide film, leading to exposure of active metal surface to the
environment, dissolution or re-passivation of the exposed metal surface, elastic field
interaction at asperities in contact with the environment and the interaction between
the plastically deformed areas and its environment. Fatigue wear involves the wear
caused by the repetitive compressive loads during sliding wear.

SURFACE COATING FOR IMPROVING WEAR RESISTANCE

Surface coating involves development of another layer on the surface of a substrate
with acompletely different microstructures and/or composition. Coatings are applied
to protect the manufactured components from thermal or corrosive degradation,
impart wear resistance and hardness to the surface while retaining the toughness and
ductility of the bulk component, and enhance the aesthetic and decorative appeal.
There are a large numbers of techniques available for the development of coating on
the surface of substrate. Figure 4 summarizes the classification of coating techniques
employed for improving the properties of finished components. The all coating
techniques may broadly be classified under physical, chemical, electro-chemical,
thermal and high energy surface engineering techniques.

There is no universal coating material and technique may be applied for all
conditions. Selection of coating materials and coating technique depends on the end
use of the components. The main factors which influence the selection of coatings
for a given application include operating conditions, material compatibility issues,
nature and surface preparation of substrate, time or speed of application, cost,
safety, environmental effects, coating properties, and structural design. The pro-
cesses involving the development of coating with a layer of material, not necessar-
ily metallic, to meet the requirements of specific service environments may be
categorized into physical, chemical, electro-chemical, thermal and high energy as-
sisted coating.

Physical vapor deposition (PVD) is a family of processes that is used to deposit
layers of atoms or molecules from the vapor phase onto a solid substrate in a vacuum
chamber. Two very common types of processes used are sputtering and electron
beam evaporation. In sputtering, the atoms are ejected from a solid target by bom-
barding with energetic particles, when its kinetic energy exceeds 1 eV (Mattox,
1964). This process may however, cause a significant erosion of materials during
prolonged ion or plasma bombardment. The process is commonly utilized for thin-
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Figure 3. General classification of wear
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film deposition. Ion plating is a process which causes a periodic bombardment of
the substrate and depositing film by transporting atoms or energetic ions and was
first described in the technical literature by Donald M. Mattox of Sandia National
Laboratories in 1964 (Mattox, 1964). Bombardment prior to deposition is used to
clean the substrate and also controls the properties of the depositing film. Sputter-
ing and ion plating may be used to deposit hard coatings of compound materials on
tools, adherent metal coatings, optical coatings with high densities, and conformal
coatings on complex surfaces.

Chemical vapor deposition (CVD) is a process, where, the substrate is exposed
to one or more volatile precursors, which react and/or decompose on the substrate
surface to produce the desired deposit and is used to produce high-purity, high-
performance solid material and to produce thin film in the semiconductor industry.

The electro-chemical routes applied for development of coatings include electro-
deposition, anodizing and micro-arc oxidation techniques. Electro-deposition refers to
the technique of deposition of thin film from aqueous solutions, by passing electrical
current and may be applied for corrosion resistance, decorative (e.g. gold, rhodium
and platinum or electronic/electrical usage or tribological applications. Anodizing
is an electrolytic passivation process used to form an oxide layer on the surface of
metal parts for corrosion resistance and wear resistance application and provides
better adhesion for paint primers and glues. Micro-arc oxidation (MAO), is similar
to anodizing, but it employs very high AC voltage so as to cause discharges and the
resulting plasma modifies the structure of the oxide layer (Dunleavy, 2009). This
process may be used to develop thick oxide coatings on metals such as aluminium,
magnesium and titanium which possess high hardness and a act as a continuous
barrier, and hence, these coatings can offer protection against wear, corrosion or
heat as well as electrical insulation.

Weld overlaying usually involves developing a relatively thick layers (1 mm to
several cm) and is applied for improving abrasive wear resistance, such as coating
digger teeth, tank tracks and mineral handling equipment. Roll cladding is usually
associated with corrosive or mild erosive wear problems, typically those encountered
in the chemical, wood pulp, paper and food process industries.

Laser, and electron beams are also used as source of heat for modifying surface
microstructure and composition and also for the development of coating. For the
modification of microstructure and composition, laser surface melting, laser surface
alloying and laser surface cladding are applied. Laser surface alloying is a technique
for tailoring the surface microstructure and composition, by melting the alloying
elements in the form of powder or wear along with a part of the substrate to develop
the alloyed zone confined to a very shallow depth from the substrate. Laser surface
cladding is a technique of deposition of a thick metallic/metal matrix composite
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coating on metallic substrate by melting the clad layer in the form of powders/wires
and subsequently, applying the molten materials on the surface of substrate with a
minimum dilution at the interface (Dutta Majumdar & Manna, 2012).

THERMAL SPRAY DEPOSITION TECHNIQUE

Thermal spraying refers to a group of coating techniques whereby, droplets of molten
or partially molten materials are sprayed onto a solid substrate to develop the coating.
Based on the applied heat source and the process characteristics, a large numbers
of thermal spray techniques are commercially available, enabling a wide range of
materials to be coated. In thermal spraying, the basic mechanism of bond formation
at the interface is mechanical interlocking and the bonding between splats can be
improved by increasing temperature or particle velocities during particle impact.

Figure 5 summarizes the general classification of thermal spray deposition
technique (Tucker, 1994). Thermal spray deposition technique may be classified
into four main coating processes: flame spraying, plasma arc spraying, electric arc
spraying, and kinetic spraying with many of their subclasses. Each of this process
encompasses many more subsets. Each process is having it’s own characteristics
and hence, develops coating of its own characteristics. The coating characteristics
are defined by its bond strength, thickness, microstructure, hardness, compositional
homogeneity, porosity and inclusions content. Appropriate coating technique needs
to be selected for the desired coating characteristics for the specific application. In
the present section, a detailed overview of individual technique would be presented
in details.

Flame Spraying

Flame spraying is a thermal spray deposition process which involves combustible
gas as a source of heat to melt the coating material (Crawmer, 2004; Chattopadhyay,
2004; Longo, 2005). The advantages of flame spray process include a low equip-
ment and processing costs, high efficiency, low maintenance and easy to operate.
However, relatively poor bond strength, higher porosities and a narrower working
temperature range as compared to other thermal spray deposition techniques are the
disadvantages associated with flame spray deposition process. The coating thickness
achieved by flame spray deposition can vary from 100 pm to 2500 pm for single
pass and multi pass coating, respectively. The porosity content varies from 10% to
20%. The bond strength determined using tensile adhesion test usually varies from
15 MPa to 30 MPa for metals and alloys.
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Figure 5. General classification of thermal spray deposition technique
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Flame spray deposition is a popular technique for repairing of worn out-parts.
Commonly used materials for this application include nickel based alloy, monel,
brass, etc. Zinc coating is commonly applied for corrosion resistance application
by flame spraying in large structures.

The Electric-Arc (Wire-Arc) Spraying

The electric-arc (wire-arc) spray process uses precursor coating in the form of wire
and heating/melting occurs by generating arc between them. Spraying is done by
atomization of molten metal and propelling it onto the substrate by a stream of com-
pressed air. Figure 6 shows the schematic of wire arc spraying process. The materials
used for coating by wire arc spraying are relatively ductile, electrically conductive
wire of pure metal or alloys of about 1.5 mm (0.060 in.) in diameter. However, the
recent development of cored wires permits deposition of some composite coatings
containing carbides or oxides. Electric-arc coatings are widely used in high-volume,
low-cost applications such as deposition of zinc and aluminium for corrosion resis-
tance application or composite coatings for wear resistance application.

Plasma Spraying
In plasma spray deposition, the heat generated by a plasma initiated by high pres-
sure gas (usually argon, but may be any other gas including nitrogen, hydrogen,

or helium) flowing through a constrained arc initiated between a tungsten cathode
and a water-cooled copper anode using a high-frequency discharge is used to melt
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Figure 6. Schematic of wire arc spraying process
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powders introduced into the gas stream either just outside the torch or in the di-
verging exit region of the nozzle (anode), heated to molten/semi-molten state and
accelerated towards the substrate to develop coating. Argon is usually chosen for
plasma generation because of its chemical inertness and ionization characteristics.
The enthalpy of the gas can be increased by adding the diatomic gases, like hydrogen
or nitrogen. Power levels in plasma spray torches are usually in the range of 30 to
80 kW, but they can be as high as 120 kW. The deposition parameters include the
gas used for generation of plasma, power level of arc used to generate plasma, the
size and morphology of the powder flow, rate of powder flow, carrier gas flow rate,
distance from the torch to or from the substrate (stand-off distance) and the angle of
deposition. The powder velocity in plasma spray deposition usually varies from 300
to 550 m/s. The density of the deposition is usually in the range of 80 to 95%. The
thickness of plasma spray deposited coating usually ranges from about 0.05 to 0.50
mm and the bond strength may vary from 34 MPa (5000 psi) to 69 MPa (10,000 psi).

High Velocity Oxyfuel Flame (HVOF) Spraying

High-velocity, oxy-fuel, (HVOF) coating uses the heat generated by confined
combustion of fuel (oxy-acetylene, kerosene of liquid petroleum gas) to heat and
accelerate the powdered coating material at a supersonic gas velocities (i.e. greater
than MACH 5). The extreme high velocities provide kinetic energy which help in
producing dense and very well adhered coatings. Powder is heated to molten/semi-
molten stage and accelerated usually axially to a velocity of up to about 550 m/s. As
the powder is exposed to the combustible products, they may be melted in either an
oxidizing or reducing environment, causing the probability of partial reaction with
the environments. The bond strength, density and thickness of coating achieved by

131



Development of Functionally Graded Coating by Thermal Spray Deposition

HVOF spray coating usually exceed 69 MPa (10,000 psi), 99% and 0.5 mm (0.002
to 0.020 in.), respectively. HVOF spraying process can be used to develop metal-
lic, ceramic or metal matrix composite coating for the development of wear and
corrosion resistance surface.

Detonation Gun Spraying

In detonation gun spraying, ignition of oxy-acetylene fuel is achieved by detonation
using a spark into a barrel and a pulse of powder, is introduced into the ignition
zone. The powder is heated to molten/semi-molten state by the high-temperature,
high-pressure detonation wave and accelerated to a velocity of about 750 m/s. After
each detonation, the barrel is purged with nitrogen and the process is repeated at
up to about 10 times per second. However, the coating rate is very slow as with
each detonation a coating thickness of a few micrometer is achieved and hence, for
a thicker deposition, the process needs to be repeated for several times. A uniform
coating thickness is achieved by overlapping the circles of coating in many layers.

Detonation gun coating develops coating with a highest bond strengths (usually
exceeding the epoxy strength of the test, thatis, 69 MPa) and lowest porosities (usually
less than 2%). Due to the extremely high velocities and consequent kinetic energy
of the particles, the deposited layer usually possesses a residual compressive stress,
rather than tensile stress as is typical of most of the other thermal spray coatings,
which makes them useful for improved fatigue life. All kind of materials includ-
ing metallic, ceramic, and cermets for wear and corrosion resistance as well as for
many other types of applications may be deposited using detonation gun deposition.

Cold Spraying

Cold Spray (CS) is a process, where, coating is developed by accelerating powder
particles the supersonic gas jet at a temperature that is always lower than the melting
point of the material, resulting in coating formation from particles in the solid state
(Singh, 2012; Schoop, 1917; Turner & Budgen, 1926). Cold spraying is also tradi-
tionally known by different names like cold gas dynamic spraying, kinetic spraying,
high velocity particle consolidation (HVPC), high velocity powder deposition and
supersonic particle/powder deposition (SPD) (Singh, 2012). The carrier gas used in
spraying may be compressed air, helium or nitrogen), dry air (79% N, -21% O,) ora
mixture of He and N, and. Usually the carrier gasses have good aerodynamic proper-
ties. During the process, the gas accelerates particles at a pressure of 1-3 MPa. The
particle size of precursor powder ranges between 2 to 150 pm. The distance between
the substrate and the nozzle is approximately 25 mm. The particles are heated by
HVOF torch and enter the spray nozzle to increase the velocity and ductility which
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allow easy build up of coating. As the particles impact on the surface, they bond
plastically and deposits on substrate. The coated particles are plastically deformed
on impact due to the high kinetic energy of the particles and form splats. As coating
is carried out at low temperature, and the kinetic energy of the particles are respon-
sible for the bonding of coating with substrate. The advantages of cold spraying over
conventional thermal spray deposition include minimization of high-temperature
oxidation, retention of chemistry and microstructure of coating, minimum loss of
coating materials due to melting and evaporation, reduced residual stress in coating,
minimum distortion of substrate, development of high density, high hardness cold
worked structure and an increased operation safety because of the absence of high-
temperature gas jet, radiation, and explosive gases. The process may be applied for
the coating of materials with metastable microstructure including amorphous and
nano-structured coatings.

Due to small size of the nozzle (10-15 mm?) and spray distance (5-25 mm), the
footprint of the cold spray beam is very narrow yielding a high-density particle beam,
and results in a precise control on the area of deposition over the substrate surface.
Due to the high velocity of the particles, the developed coating possesses a large
compressive stresses and high bond strength. Due to low temperature, the micro-
structure of the coatings is usually oxides and other inclusions -free (Schoop, 1917).

Due to the rapid solidification of the molten/semi-molten particles and its flat-
tening due to striking a cold surface at high velocity, the thermal spray coatings
posses lenticular or lamellar grain structure. Figure 7 shows the in-flight molten
metal transfer sequence and hence, development of microstructure during thermal
spraying techniques. The mechanism of bonding during thermal spray processing
include (a) mechanical keying or interlocking; (b) diffusion bonding or metallurgi-
cal bonding and (c) chemical and physical bonding mechanisms -oxide films, Van
der Waals forces, etc. The factors influencing the bond strength and subsequently,
build up of the coating are (a) cleanliness, (b) surface area, (c) surface topography
or profile, (d) temperature (thermal energy), (e) time (reaction rates & cooling rates
etc.), (f) velocity (kinetic energy), (g) physical & chemical reactions.

For improving the adherence of coating, usually, the substrate is subjected to
grit blasting for incorporating grooves and also cleaning the substrate. The improve-
ment in bond strength due to grit blasting is due to increase in surface area and also
promoting mechanical interlocking due to generation of rough surface. The indi-
vidual particle cooling rates on impact during thermal spraying can be as high as 1
million °C per second (10° Ks™). Due to the high cooling rate, the thermal interaction
due to spraying is very limited. However, increase in thermal and kinetic energy
increases chances of metallurgical bonding. However, materials like molybdenum,
tungsten, and aluminium/metal composites produce the so called “self bonding”
coatings, due to their comparatively high bond strengths (increased metallurgical
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Figure 7. In-flight molten metal transfer sequence and hence, subsequent develop-
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or diffusion bonding). Furthermore, preheating of the substrate increase diffusion
bonding activities though increases the probability of oxidation of the substrate.
High kinetic energy associated with thermal spraying technique like high velocity
oxyfuel coating (HVOF) and cold spraying produce high bond strengths. All con-
ventionally thermally sprayed coatings contain some porosity (0.025% to 50%),
which are caused by low impact energy, shadowing effects (un-melted particles /
spray angle), and shrinkage and stress relieve effects (Tucker, 1994). The different
interactions and thermal effects can change the microstructure and composition of
the coatings as compared to that of precursor powder.
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RESIDUAL STRESSES IN THERMAL SPRAY DEPOSITION

Residual stresses refer to the internal stresses which originate due to the growth
of the coating and depend on the mechanism of growth of coating. Residual stress
can arise due to the mismatch in properties between coating and substrate as well
as coating microstructure. In many cases, the difference in the thermal expansion
coefficients influences the nature and magnitude of the residual stress. The level of
stresses varies and is very system specific but, for example, for ceramic coatings on
metal substrates the residual stresses are typically in the range of 1-3 GPa. These
residual stresses can be either tensile or compressive depending on the nature of
the coating and substrate.

Whether the residual stresses are tensile or compressive can also influence the
mode of deformation of the coating. Coatings with a residual tensile stress have
an increased tendency to surface cracking, while those containing large residual
compressive stresses are susceptible to delamination and spalling. Delamination
processes can also be assisted by the presence of small flaws in the coating. Exces-
sive levels of residual stress will lead to complete removal of the coating from the
substrate. Such coatings will, therefore, offer poor protection to substrates exposed
to solid particle erosion, abrasion or adhesion mechanisms. For example, studies
of thin hard coatings such as TiN less than 30 mm thick found that compressive
residual stresses reduce the tensile stresses induced in the coating during sliding.
However, the tendency for spalling and delamination of coatings increased with
increased compressive stress or increasing coating thickness. There are typically two
sources of residual stress in coated systems: thermal stresses and intrinsic stresses.
The total residual stress st is the sum of the two:

6. =06,+0, (D)

Where, o, is the thermal stress and o, the intrinsic stress. The thermal stress oth is
a consequence of the mismatch between the thermal expansion coefficients of the
coating and the substrate. It is usually compressive in nature owing to the greater
contraction of most substrates on cooling to room temperature following deposition.
It is possible to estimate the thermal stresses oth using the following equations:

c, = E(a —a)AT ()

Where, E_is the biaxial elastic modulus of the coating, o and & _are the thermal expan-
sion coefficients of the coating and substrate respectively and AT is the temperature
difference, which is typically the difference between the deposition temperature and
room temperature. The intrinsic stress ¢, in the coating is usually tensile because
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of a number of microstructural influences during the deposition process. The first
source of these stresses lies in the differences between the lattice parameters of
the coating and the substrate. The second source is due to the microstructure of
the coating and the presence of impurities and structural defects in the coating.
These include grain boundaries and structural defects such as dislocations, twins,
stacking faults and vacancies. Systems with higher grain boundary densities result
in a higher intrinsic stress. Intrinsic stresses are typically in the range 0.1-3.0 GPa.
Wheeler106 reported that, for erosion-resistant CVD diamond coatings between 10
and 120 pm thick grown on tungsten substrates, compressive residual stresses be-
tween 0.84 and 1.3 GPa are present. Calculations based on equation [1.47] estimate
that thermal stresses should be about 3.7 GPa; thus tensile intrinsic stresses of the
order of 2.4-2.9 GPa are inferred.

During thermal spray deposition, the particles strike they rapidly cool and so-
lidify, generating a tensile stress within the particle and a compressive stress within
the surface of the substrate. As the coatings build up, there are the tensile stresses
in the coating, which increases with the increase in thickness. The failure of the
coating usually occurs when the tensile stresses in coating exceeds that of the bond
strength or cohesive strength. The effect of stress on coated surface is shown on
Figure 8. The materials with a high coefficient of thermal expansion like some aus-
tenitic stainless steels are prone to high levels of stress build up and thus have low
thickness limitations. In general, it may be concluded that thin coatings are usually
more durable than thick coatings. Spraying method and coating microstructure also
influence the level of stress build up in coatings. Dense coatings are generally more
stressed than porous coatings. Combustion powder sprayed coatings generally have
greater thickness limitations than plasma coatings.

DEVELOPMENT OF FUNCTIONALLY GRADED METAL-MATRIX
COMPOSITE COATING

The development of functionally graded coating for wear resistance applications
may be achieved by development of metal matrix composite coating with a gradual
change in composition from metal rich at the near substrate region to ceramic rich
at the near surface region, or by the development of multilayered composition, such
as a combination of a hard and a soft phase, for achieving a maximum hardness and
toughness properties in the coating (Lee, 2006; Mellor, 2006). The gradual change
in the composition of the coatings may be obtained by a precise control of the pro-
cess parameters of coating. Graded change in composition also reduces the possible
mismatch in chemical or mechanical properties between two different components
and hence, improves the durability of coating.
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Figure 8. Schematic showing the stress distribution in the coated surface of plasma
spray deposited thermal barrier coating
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Glass-Alumina Functionally Graded Coatings

Functionally graded glass—alumina coatings were developed on to alumina substrate
as multi-layered coatings, with each layer having a mean composition slightly dif-
ferent from the neighboring ones by plasma spraying (Lu et al., 2007). The compo-
sitional gradients considered were from 100 vol.% alumina to 100 vol.% glass and
from 80-20 vol.% glass to 100 vol.% glass with several heat treatments to improve
the substrate-coating interface bonding.

Functionally Graded WC-Co and Mo-Mo,C Coatings

Functionally graded coatings composed of WC-Co/stainless steel and Mo-Mo,C/
stainless steel coatings were developed by high velocity oxyfuel coating (Prchlik e?
al.,2001). A detailed wear studies showed that the wear resistance of the functionally
graded WC-Co coating was inferior to those of Mo-Mo,C coatings with the same
steel content (Prchlik et al., 2001). However, with increasing depth/steel content,
compositionally graded coating with Mo-Mo,C/stainless steel exhibited superior
behavior. The poor wear behavior of Mo-Mo,C coating on the surface is attributed
to high porosity of pure Mo-19% Mo,C and limited inter-splat binding. Addition
of stainless steel was effective in reducing the coating porosity, increasing fracture
toughness and improving friction/wear response. The superior wear behavior of
the Mo-Mo,C/steel composite coating with depth is attributed to toughening of the
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coatings by a minor addition of stainless steel. Hence, an optimum gradation is es-
sential to achieve the optimum tribological response. However, WC-Co coating is
sufficiently dense and addition of stainless steel does not improve its wear response,
however, addition of steel increases the resistance against crack propagation.

In an another attempt, a functionally graded WC—Co coating was developed by
a novel carburization treatment (Wang et al., 2013). The significantly increased
hardness of the surfaces of the FG WC—Co resulted in superior wear resistance
of coating. The FG materials showed significantly better fracture toughness when
compared to the materials with a comparable wear (which would be of a lower
nominal Co content), and the graded materials showed more than a 40% superior
wear performance when compared with the conventional materials of comparable
fracture toughness. The FG WC—-10Co sample showed the highest surface hardness
and wear resistance of samples tested, while the FG WC-16Co sample showed a
wear resistance nearly that of the “as-received” WC—-10Co samples while maintain-
ing fracture toughness. FG WC—Co also exhibited improved impact and fatigue
resistance when tested using the dome-shaped geometry of a rock cutting element.
The functionally graded materials presented in this study possessed microstructures
which exhibited a combination of wear performance and mechanical properties that
hold promise for a range of practical wear applications.

In another contribution, the effective damage tolerance of a functionally graded
coating (FGC) consisting of 6 layers with a gradual change in composition from 100
vol.% ductile AISI316 stainless steel (bottom layer) to 100 vol.% hard WC-12Co
(top layer) deposited by high velocity oxygen fuel (HVOF) spraying was investigated
(Valarezo et al., 2010). There was a gradual change in the composition and hardness
through the coating thickness which was concluded by scanning electron microscopy
and depth-sensing micro-indentation, respectively. The in-situ curvature measurement
technique revealed that during the deposition of the coating, compressive stresses was
arrested in the metallic layers owing to peening effect of successive impact, which
gradually changes to high tensile, in the top layers due to quenching effect. How-
ever, the thermal stresses are low because of the gradation. The functionally graded
coating structure showed the ability to reduce cracking with increased compliance
in the top layer during static and dynamic normal contact loading, while retaining
excellent sliding wear resistance (ball-on-disk tests). Results were compared to the
coatings with a similar compositions and thicknesses, as well as a thick monolithic
WC-12Co sprayed coating and discussed. Further improvements in the processing
were proposed to enhance the adhesion strength and avoid coating delamination
under high load contact-fatigue conditions.

The average microhardness value of the single layer and each graded layer are
compared in Figure 9. From Figure 9 it was concluded that the microhardness of
the various layers of the functionally graded coating were not significantly differ-

138



Development of Functionally Graded Coating by Thermal Spray Deposition

ent from those of the corresponding single-layer coatings which indicated that the
embedment in a thick graded coating did not affect the mechanical characteristics
of the various layers, despite the different residual stress state and peening effect
were exerted by the subsequent layers. The peening effect of a layer of the new
composition would only modify the top-most portion of the deposited composition
and might not have a significant effect on the overall hardness, whereas the residual
stress is not significant at the stress levels that the indentation produces from 100
vol.% AISI316 L stainless steel to 100% WC—Co, was deposited by HVOF-spraying
onto a stainless steel substrate. Actual composition of the WC—Co/stainless steel
composite layers did not perfectly match with the nominal one due to processing
effects. From Figure 9 it may also be noted that there is a smooth gradation in hard-
ness due to the development of functionally graded coating. In addition, the FGC
architecture significantly reduced the stress buildup and stress discontinuity arising
at the coating/substrate interface during deposition. The tensile quenching stress,
which is very large in pure WC—Co, is indeed mitigated by compressive peening
stresses in the stainless steel-rich layers close to that interface and hence, minimizing
the probability of delamination during deposition of thick coatings.

Due to a smooth gradient in stress distribution from a tensile stress in the cermet
top layer to compressive stresses in the stainless steel-rich layers, the FGC therefore
acted quite effectively as a damage tolerant structure under severe contact stress
conditions. The effectiveness of the FGC structure is particularly manifested when
loads are large enough to probe the entire through-thickness behavior of the coating.
Both static (high-load indentation) and dynamic (cyclic ball-drop impact) tests
showed that the FGC structure has superior ability to control and mitigate the
propagation of cracks and defects, in comparison to pure cermet layers of compa-
rable thickness. Cracks may initiate in the top cermet layer due to the presence of
a large tensile stress, however, the underlying layers can arrest or deflect them by
(a) deflection of cracks along tortuous paths through the interfaces between steel
and WC—Co lamellae, (b) arresting of cracks entering the ductile steel lamellae, and
(c) reduction of crack-tip stress concentration by the compressive residual stress in
the underlying layers. However, when the contact stress is localized in the vicinity
of the top surface, as the case for ball on disk wear test, no perceivable difference
existed between pure WC—Co and that of the functionally graded coating. A detailed
stress distribution analysis showed that there was presence of large residual tensile
stress in both monolithic and compositionally graded WC—Co coating due to the
large quenching stresses developed by cermet lamellae during the deposition process.
However, it was observed that HVOF-sprayed stainless steel suffers from extensive
oxidation and phase alteration during spraying, which compromise its mechanical
strength and probably impair its adhesion to the substrate, leading to the damage of
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Figure 9. Summary of the average microhardness value of the single layer and each
graded layer
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FGC under the ball drop impact test. The use of a fuel-rich flame (oxygen reducing)
was proposed as a possible solution.

Functionally Graded AlO, Coating on
Nickel Aluminum Bronze (NAB)

Nickel aluminum bronze (NAB) is known to possess excellent physical, mechanical
and tribological properties, and hence, a popular material for mechanical parts used
for wear and abrasion-resistance applications both at room and elevated temperature
(Li et al., 2006; Yuanyuan et al., 1996). Despite these properties, however, these
alloys still have limitations in terms of the design, use, and life of derived compo-
nents. For example, the turbine impellers and propellers made from nickel aluminum
bronze alloys are essentially limited by damage due to wear, cavitation, and erosion.
Hence improvements of material performance without degradation of other aspects,
particularly general corrosion resistance, will add more promising results under a
wider range of service conditions (Lee et al., 2004). Surface modifications can be
an effective way of improving material performance without altering the original
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properties in the remaining parts (Tang etal., 2006). A compositionally graded AL, O,
dispersed NAB matrix composite coating were developed on the NAB substrate
with a gradual change in distribution of Al O, phase from the surface towards the
interface by high velocity oxyfuel spraying technique (Hypojet —2700). For the de-
velopment of coating, naval aluminium bronze (Ni: 5, Al: 10, Fe: 4, and Cu: balance)
of dimension: 20 mm x 20 mm x 5 mm were sand blasted (using AL O, particles of
40-50 um particle size) and subjected to high velocity oxyfuel (HVOF) spraying
techniques (Hypojet —2700) using a mixture of Al O, and nickel aluminium bronze
(NAB, with the following composition: Ni: 5, Al: 10, Fe: 4, and Cu: balance) as
the precursor powders. Figures 10 (a,b) show the scanning electron micrographs
of (a) NAB powder and (b) Al,O, powder used as precursor in the present study.
From Figure 10 it may be noted that the particle size of Nickle Aluminum (Naval)
bronze varies from 10-40 pm (cf. Figure 10a) and the same for Al O, varies from
30-80 pm (cf. Figure 10b), respectively. Particle size distribution is very important
in order to obtain the coatings with the desired properties and deposition efficiency.
A detailed energy distribution spectroscopic analysis shows that copper particles
are dendritic in shape (labeled as 3 in Figure 10a), nickel particles are rod like in
shape (labeled as 4 in Figure 10a), aluminium (labeled as 1) and iron are (labeled
as 2) spherical in appearance. A high velocity oxyfuel spraying (Hypojet — 2700)
was conducted by melting the precursor powder, subsequently, fragmentation and
deposition of the molten droplets at a very high pressure using compressed air. NAB
to Al,O, weight ratio was varied from 100% at the substrate surface to 0% at the
surface, with a graded distribution at values of 10% ALO, + 90% NAB, 20% Al O,
+ 80% NAB, 30% Al,O, + 70% NAB and 100% Al,O,. The process parameters
used in the present study is shown in Table 1.

Figures 11(a,b) show the scanning electron micrographs of the cross section of
(a) NAB and (b) Al,O, dispersed graded coating deposited by Hypojet universal
thermal spraying unit. A double pass deposition was conducted in NAB coating
(Figure 11a) and 10 pass deposition was conducted in Al O, dispersed NAB (Figure
11b). From Figure 11 it may be noted that the microstructures developed by thermal
spray deposition is uniform and homogeneous in nature with the presence of re-
peated splats. A detailed observation of the coating-substrate interface shows that
the coating penetrates deep inside the substrate which is attributed to a large energy
of impact of the coating materials on the substrate due to a high (500 m/s) velocity
of coating. Furthermore, the rate of penetration of the coating was not uniform
inside the substrate. The non-uniform penetration of the coating materials within
the substrate is attributed to the non-uniform flow velocity of the particles. The
individual splat was elongated and irregular in shape, and was clearly visible
within the coating where their morphology was quite different from one area to
another. A very low area fraction of porosities (2-3 area %) was observed in the
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Figures 10. Scanning electron micrographs of (a) NAB powder and (b) AL,O, powder
used as precursor in the present study

Table 1. Summary of process parameter employed for the development of coating

S1. No. Process Process Parameters

1 HVOF Spray Flow Rate Fuel Gas 70
(SLPM*)

2 Oxygen 270
(SLPM*)

3 Pressure Oxygen 10
(Bar)

4 Fuel Gas (Bar) 8

5 Powder feed rate (gm/min) 30

5 Fuel Gas LPG
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coating. The microstructure of the graded coating on the other hand, consists of
four different layers with 100% NAB, 90% NAB+10 wt.% Al O,, 80 wt.% NAB +

20 wt. % A1203, 70 wt.% NAB + 30 wt. % A1203 and 100% Ale3 from the interface
to surface region. The formation of a flat interface in graded coating as compared
to the NAB coating is possibly due to repeated impact of the coating on the previ-
ously formed layer causing uniform penetration all throughout. In both the cases, it
may be noted that the interface is present deep inside the substrate in contrast to
that formed in coating developed by conventional deposition route. The coating
splats are interlocked with each other due to its spreading horizontally along the
lateral plane of the cross-section. Transverse (perpendicular) cracks usually observed
in thermal sprayed coatings are not visible in the microstructure due to the residu-
al compressive stresses imparted onto the coating during the HVOF spraying process.

Figure 12 shows the X-ray diffraction profiles of as received (plot 1) and the
graded coating with thermal spray deposition with NAB (plot 2), and the graded
coating from the substrate side with 10% Al,O, dispersed in NAB, (plot 3) 20%
Al O, dispersed in NAB, (plot 4) 30% Al O, dispersed in NAB (plot 5). From Fig-
ure 12 itis confirmed that the as received NAB consists of presence of a-Cu, Cu Al,
and NiAl as observed in microstructure. On the other hand, NAB coating by HVOF
spraying increased the Cu Al, peak intensity marginally and also caused a significant
broadening of the peaks. The presence of alumina peaks (Al,O,) confirms the pres-
ence of AlL,O, in the alloyed zone. Increased mass fraction of Al,O, in the coating
mixture increased the peak intensity of Al,O, peaks along with its extent of broad-
ening in the XRD profiles. From the extent of broadening of XRD peaks the lattice
strain developed in the matrix was calculated using Scherrer’s formula and are sum-
marized in Table 2. From Table 2 it may be noted that a lattice strain developed in
the coating layer was found to vary from .35% to .46% and the intermediate layer
(containing 20% AlO,) dispersion experiences a maximum lattice strain. The in-
creasing lattice strain is attributed to the presence of (NiAl in the solid solution) in
supersaturated Cu matrix due to rapid quenching associated with thermal spraying.
A detailed analysis of residual stress developed on the coating is evaluated by using
stress Goniometer attached to XRD Unit (Model No.- D8 Advances, Bruker AXS,
Germany) and summarized in the Table 2 .A detailed study of Residual stress de-
veloped on the surface and its distribution with depth shows that residual stress of
coating is mainly compressive in nature and magnitude is maximum at the top
surface which decreases with the depth .The presence of residual stress on the sur-
face is possibly attributed the repetitive impact of the coating on the pre-deposited
layer during successive impact.

An Al O, dispersed Nickel Aluminium Bronze with an improved hardness to as
high as 677 VHN was achieved. However, there was a significant scatter in the
microhardness value due to the dispersion of hard phase into soft matrix. The hard-
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Figure 11. Scanning electron micrographs of the cross section of (a) NAB and (b)
ALO,dispersed graded coating deposited by Hypojet universal thermal spraying unit

Table 2. Summary of lattice strain and residual stress developed in the graded coating

SI. No. Composition Lattice Strain Residual Stress
(in %) (in MPa)

1. Cast NAB 0.36175 -220.1+63.8

2. NAB Coated 0.38725 -261.5+£67.9

3. 10% Al1,0, (layer-1) 0.3505 -294.2+46.3

4. 10%+20% ALO, 0.4615 -323.2+54.6
(layer-2)

5. 10%+20% +30% ALO, 0.393 -393.0+153.5
(layer-3)

6. 10%+20% +30% 0.173 -424.0+103.9
+100% ALO, (layer-4)

144



Development of Functionally Graded Coating by Thermal Spray Deposition

Figure 12. X-ray diffraction profiles of (a) as received and the graded coating with
thermal spray deposition with (b) NAB, and the graded coating from the substrate
side with (c) 10% ALO, dispersed in NAB, (d) 20% Al,O, dispersed in NAB, (e) 30%
ALO, dispersed in NAB
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ness was found to increase with increase in Al O, content in the coating. The mi-
crohardness of the composite surfaced region was however, found to decrease with
increase in the depth and reached the substrate microhardness at the composite
layer-substrate interface (cf. Figure 13). The gradual decrease in the microhardness
with increase in depth is attributed to a decrease in area fraction and content of
ceramic particles in the matrix. The composite obtained smaller grain size and
higher hardness with increasing the content of Al O, due to the greater strengthen-
ing effect of evenly dispersed Al,O, particulates.

Figure 14 shows the fretting wear behavior in terms of cumulative depth of wear
as a function of time in as-received nickel aluminium bronze (NAB) (plot 1), and
the same coated with NAB (plot 2), and NAB +30% Al O, (plot 3) against WC ball
at an applied load of 10 N at an oscillating frequency of 10 Hz. From Figure 14 it
may be noted that the wear kinetics initially increases following which it reaches
the steady state. A close comparison of different plots in Figure 14 shows that the
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Figure 13. Variation of microhardness with depth beneath the coated surface of
ALO, dispersed Nickel Aluminium Bronze coating

1400
1200
z
T 1000 +
2
@
© 800 [
2
(]
e
© 600
9
=
400
200
1 1 | 1 1
0 300 600 900 1200 1500
Depth (um)

wear kinetics reduces for alumina dispersed composite coating as compared to as
received and as deposited nickel aluminium bronze (NAB).. The reduced wear ki-
netics with addition of AL O, in the coating is attributed to increased hardness due
todispersion strengthening of the matrix. Figure 15 shows the variation of coefficient
of friction of the composite coating with time for as-received nickel aluminium
bronze (NAB) (plot 1), and the same coated with NAB (plot 2), and NAB +30%
ALO, (plot 3) against WC ball at an applied load of 10 N at an oscillating fre-
quency of 10 Hz. From Figure 15 it may be noted that the coefficient of friction of
composites is higher than as-received and as-coated NAB. It was noted that the hard
reinforcing particles resulted in the roughening of worn surfaces during wear, lead-
ing to the increase in friction force. Consequently, the addition of ALO, particles
enhanced the friction co-efficient of composites. Additionally, the hard reinforcing
Al O, particles prevented specimens from plastic deformation. There by, the coupling
adhesive forces between the ball and the specimen decreased, making it more dif-
ficult to press the ball against the specimen and resulting in lowering the wear rate.
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Figure 14. Cumulative depth of wear as a function of time in as-received nickel alu-
minium bronze (NAB) (plot a), and the same coated with NAB (plot b), NAB +10%
ALO, (plot c), NAB +20% AL, O, (plot d), and NAB +30% Al,O, (plot e) against WC
ball at an applied load of 10 N at an oscillating frequency of 10 Hz
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In addition, Al O, particulates resisted the micro cutting action of abrasives effec-
tively. Accordingly, for the composites, the protrusion of hard Al O, particles and
good bonding between matrix and reinforcing particles also appeared to be respon-
sible for the reduced wear rate.

Table 3 summarizes the results of the fretting wear tests. From Table 3 it may
be noted that the matrix material coating shows the highest mass loss. It can be seen
that all coatings of the powders show a better wear behavior than the matrix mate-
rial coating due to their high hardness and fine Al O, particles in the metal matrix.
However, the increase in the wear resistance strongly depended on the Al,O, vol.%
in the powder. The coatings of two powders containing 30 vol. % Al,O, were much
better than the coatings of two powders containing 10 vol.% AL O,. In addition, it
can be seen that there was also a big difference between the coating of powder no.2
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Figure 15. The variation of coefficient of friction of the composite coating with
time for as-received nickel aluminium bronze (NAB) (plot a), and the same coated
with NAB (plot b), NAB +10% Al,O, (plot c¢), NAB +20% Al,O, (plot d), and NAB
+30% ALO, (plot e) against WC ball at an applied load of 10 N at an oscillating
frequency of 10 Hz
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Table 3. Summary of wear behavior of as-received and graded coating

Sl. No. | Ball Used Load used Types Sample Used Time Wear Volume
(Min) (mm?)
1. Tungsten 10N Nickel Aluminium Bronze 30 0.102
carbide
2. Tungsten 10N 100% Nickel Aluminium 30 0.0887
carbide Bronze
coated
3. Tungsten 10N 10% Al 0, coated 30 0.071
carbide
4. Tungsten 10N 10% + 20% Al,0, coated 30 0.065
carbide
5. Tungsten 10N 10% + 20%+30% Al,0, 30 0.052
carbide coated
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and the coating of powder no. 3. The reason is that the higher hardness and more
homogenous dispersion structure of powder no. 3 could be represented in the cor-
responding coating due to change Al,O, volume content.

DEVELOPMENT OF FUNCTIONALLY GRADED THERMAL
BARRIER COATING

Thermal barrier coatings are essentially ceramic based coatings applied for pro-
viding the thermal insulating barrier and high temperature oxidation resistance
properties of the component to be used for high temperature application (Padture,
2002). Typical thermal barrier coatings consists of two layers, the first one is bond
coat of MCrAlY type, where ‘M’ may be replaced with Ni, Co or Fe depending on
the material composition of base structure or Pt-aluminide coating and the second
one is usually Yttria stabilized Zirconia (YSZ) which provides good thermal resis-
tance. Though thermal barrier coating is extremely important for improving the life
time of the component, the major concern in thermal barrier coating is induction
of large thermal stress during thermal cycles in an oxidizing environment due to
the thermal expansion mismatch between the ceramic top coat and metallic bond
coat (Busso et al., 2007). For improving the life time of the thermal barrier coated
component at high temperature, ceramic-metal functionally graded material (FGM)
is attracting a great attention as thermal barrier coatings for aerospace, turbines,
and aircraft engines. The concept of functionally graded thermal barrier coating to
reduce the interfacial failure of the coating has been discussed in details by Lee et
al. (Lee et al., 1996). Thermal barrier coating may be developed by some process-
ing techniques such as by plasma spraying, powder metallurgy, in-situ synthesis,
etc. (Kim et al., 2003]. Plasma spray coatings, involves successive accumulation
of molten or semi-molten droplets spreading on the substrate surface and forming
thin coating upon solidification remains popular technique for the development of
TBC on large structures (Pawlowski, 2008). Though there are several reports on
thermal properties of plasma sprayed duplex coating, however, studies on oxida-
tion resistance of functionally graded thermal barrier coatings are limited. Khor
& Gu (Khor & Gu, 2000) showed that the thermal cycling resistance of YSZ and
NiCoCrAlY functional graded coatings was five times better than that of the duplex
coating with a similar thickness. The failure modes of the coatings under thermal
cycling conditions were surface cracking and delamination, which were caused by
large residual radial/tangential stresses and axial/shear stresses, respectively. Vas-
sen et al. (Vassen et al., 2010) showed that plasma spray deposited thermal barrier
coatings made of La,Zr,0, and Gd,Zr,O, pyrochlores and SrZrO, perovskites with
a double layer have a longer cycling lifetime compared to the single layer systems.
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In this regard, it is relevant to mention that plasma spray coating technique can be
employed to achieve specific properties (low thermal conductivity, longer thermal
cycling life etc.) of the top coat and bond coat. However, application of HVOF
spraying technique for the deposition of bond coating has been recently reported to
form a dense coating with an increased surface roughness which is comparable to the
same developed by vacuum plasma spraying technique (Rajasekaran et al., 2012).

In an earlier study, a functionally graded YSZ/ CoNiCrAlY thermal barrier coat-
ing consisting of several layers with pre-mixed CoNiCrAlY and YSZ in the weight
ratios of 70:30 (of thickness 80 pm in the near bond coat zone as 1* intermediate
layer) followed by 50:50 (of thickness 80 um as 2™ intermediate layer), 30:70 (of
thickness 80 pm as 3™ intermediate layer) and 0:100 (of thickness 100 pm as top
layer) were developed on Inconel 718 substrate by plasma spray deposition technique.
Finally, the non-isothermal oxidation behavior of the graded coating was compared
to that of duplex coating to establish the kinetics and mechanism of non-isothermal
oxidation for both the conditions (Nath et al., 2013).

A detailed study of the microstructure of the top surface and cross section of the
duplex and graded coatings were undertaken. Figure 16 shows the microstructures
(scanning electron micrographs) of the cross-section of the (a) duplex coating and (b)
graded coating developed in the present study revealing the presence of defect free
interface. From Figure 16 (a), it may also be noted that there is a deeper penetration
of bond coat inside the substrate due to coating with a very high velocity in HVOF
spraying. Figure 16 (b) shows the presence of the graded thermal barrier coating by
a continuous change in the composition. From Figure 16b it is also revealed that the
gradual change in composition did not create any sharp interface as was in duplex
thermal barrier coating and the coating is also continuous and defect free. However,
the presence of micro porosities was observed in both the top coatings (duplex and
graded) and bond coating with the average area fraction of porosities ranging from
3 to 8% at the top coating and 2-3% at the bond coating, respectively.

Figures 17(a-g) show the distribution of (b) Zr, (¢) Y, (d) Co, (e) Ni, (f) Cr, and
(g) Al in the selected region of the microstructure of duplex coating (Figure 17a).
From Figure 17, the uniform distribution of Zr and Y with a reduced intensity of
the later is evident at the top layer and uniform elemental distribution of Co is evi-
dent at the bond coat. From Figure 17 it is also evident that the interface is con-
tinuous with no signature of diffusion of elements across the interface. Figures 18
(a-g) show the distribution of (b) Zr, (¢) Y, (d) Co, (e) Ni, (f) Cr, and (g) Al in the
microstructure of the graded coating (Figure 18 a). From Figure 18, it is seen that
there is a graded distribution of Zr and Y from the surface to the interface with
maximum content at the near surface region. On the other hand Co concentrations
are maximum at near interface region and decreases near to the surface. Hence, it
may be concluded that the process parameters and coating composition used in the
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Figure 16. Scanning electron micrographs of the cross-section of the (a) duplex
coating and (b) graded coating developed by plasma spray deposition technique
on top of HVOF spray deposited CoNiCrAlY bond coat
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present study was perfect in the development of a thermal barrier coating with a
graded distribution of alloying elements.

One of the major aim in development of functionally graded coating is the
minimization of residual stress developed in duplex coating. A detailed study of the
residual stress in the coated layer shows that on the surface of both the duplex and
graded coating there is presence of residual tensile stress of very low magnitude,
i.e. 28.3 MPa in duplex coating and 15.5 MPa in graded coating attributed to the
thermal quenching effect from the molten state during plasma spraying operations.
A variation of residual stress with depth was observed in graded coating. Initially
it increases to 34.5 MPa in the 2nd layer (70% YSZ + 30% CoNiCrAlY), 49.8 MPa
in the 3rd layer (50% YSZ + 50% CoNiCrAlY), and then decreases with change of
its magnitude to a compressive stress at a value of -31.7 MPa (30% YSZ + 70%
CoNiCrAlY) at the near interface region. The change in stress from tensile to com-
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Figure 17. Elemental mapping showing the distribution of (b) Zr, (c) Y, (d) Co, (e)
Ni, (f) Cr, and (g) Al in the selected region of the microstructure of duplex coating
(Figure 14a)
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pressive is possibly attributed to the application of large velocity particles during
spraying and the presence of transformational stress while transforming from te-
tragonal to monoclinic zirconia.

A detailed study of kinetics and mechanism of non-isothermal oxidation of
both the duplex and graded coating was undertaken. Figure 19 shows the fractional
change in weight, o (%) while oxidation from room temperature to 1250 °C at a
heating rate of 10 °C/min, 20 °C/min, and 30 °C/min for Inconel 718 during non-
isothermal oxidation. Figure 19 concludes that non-isothermal oxidation proceeds
in three stages: a very low oxidation in stage I followed by steady oxidation in stage
IT and a rapid oxidation in stage III. The initial low oxidation at low temperature
is attributed to lower diffusivity of ions or oxygen through the protective film (of
Cr,0,) formed on the surface during oxidation. In stage II, oxidation proceeds at a
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Figure 18. Elemental mapping showing the distribution of (b) Zr, (c) Y, (d) Co,
(e) Ni, (f) Cr, and (g) Al in the microstructure of the graded coating (Figure 15 a)

steady state due to the fact the rate of film formation equals to the rate of diffusion.
In stage III oxidation, mass gain due to oxidation increases with temperature due
to the damage of the protective film formed on the surface. The temperature range
for stage 1, stage II, and stage III oxidation were however, found to vary with the
heating rate. The duration of stage I, stage II, and stage III oxidation for different
heating rates are summarized in Table 4. Figure 20 shows the fractional change in
weight, o (%) while oxidation from room temperature to 1250 °C at a heating rate of
10 °C/min, 20 °C/min, and 30 °C/min for duplex thermal barrier coating. Figure 20
reveals that the non-isothermal oxidation behavior of duplex thermal barrier coating
revealing that oxidation proceeds in two stages, initial slow oxidation (stage I) and
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a faster oxidation (stage II). Figure 21 shows the fractional change in weight, o (%)
while oxidation from room temperature to 1250 °C at a heating rate of 10 °C/min,
20 °C/min, and 30 °C/min for graded thermal barrier coating. The non-isothermal
oxidation behavior of graded thermal barrier coating shows three stages, initial
slow oxidation (stage I) followed by a steady oxidation (stage II) and finally, a rapid
oxidation (stage III) (cf. Figure 21). The summary of duration of individual stage
is shown in Table 4. From Figure 19, Figure 20 and Figure 21, it may be noted
that there is an initial decrease in fractional change in weight of all samples with
increase in temperature. The initial decrease in the fractional change in weight of
the samples is attributed to the presence of moisture in the coating which on heating
volatizes and the curve shows decrease in weight. From the non-isothermal oxida-
tion studies of the as-received and as-coated Inconel 718, the kinetics of oxidation
was calculated (Nath et al., 2013).

Table 4 summarizes the activation energies of non-isothermal oxidation for
Inconel 718, duplex, and compositionally graded thermal barrier coating (Nath et
al., 2013). From Table 4, it may be noted that the activation energy for oxidation
varies with different stages of oxidation. During stage I oxidation, the activation
energy for oxidation of graded thermal barrier coating is lower (94 kJ/mol) than
Inconel 718 (162 kJ/mol) attributed to the oxidation of aluminium and hence, for-
mation of alumina at a much faster rate due to its higher free energy of formation
as compared to that of other oxides. The activation energy for oxidation increases
to 186 kJ/mol in stage II oxidation for Inconel 718 which is due to the presence of
Cr,0, layer at the interface between the oxide layers. The activation energy de-
creases to 163 kJ/mol in the stage III oxidation due to the volatilization of Cr,O,
from the surface and porous nature of NiCr,O, spinel.

In duplex thermal barrier coating, the activation energy for non-isothermal
oxidation is marginally higher during the stage I oxidation (167 kJ/mol) which is
due to the heat and oxidation resistance offered by zirconia top coat layer for the
formation of alumina scale (Nath et al., 2013). The activation energy increases in
stage II, because of formation of an adherent alumina scale on the surface of bond
coat. The graded thermal barrier coating shows the highest activation energy (418.9
kJ/mol) for non-isothermal oxidation in stage III as compared to Inconel 718 sub-
strate and duplex thermal barrier coating due to the presence of large quantities of
alumina scales distributed throughout the coated layer in an intermittent fashion.
Hence, from the activation energy, it may be concluded that even though kinetics
of oxidation is fastest at low temperature range, it slows down a maximum extent
in graded thermal barrier coating as compared to duplex one.

Figure 22 shows the mechanism of non-isothermal oxidation with time or tem-
perature of exposure derived for the duplex and graded thermal barrier coating based
on the detailed thermodynamic analysis followed by the detailed characterization
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Figure 19. Non-isothermal oxidation behavior of Inconel 718 showing the fractional
change in weight, a (%) with temperature at heating rates of 10 °C/min, 20 °C/min,
and 30 °C/min, respectively
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Table 4. Summary of activation energy of non-isothermal oxidation

Inconel 718
Stage I Stage 1T Stage 1T
162 kJ/mol 186 kJ/mol 163 kJ/mol
Duplex TBC
Stage 1 Stage 11
167 jK/mol 212 kJ/mol
Graded TBC
Stage I Stage 11 Stage 11
94 kJ/mol 187 kJ/mol 419 kJ/mol
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Figure 20. Non-isothermal oxidation behavior of duplex thermal barrier coating
showing the fractional change in weight, a (%) with temperature at heating rates
of 10 °C/min, 20 °C/min, and 30 °C/min, respectively
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of the oxidized surface (Nath et al., 2012). Figure 22 reveals that in duplex thermal
barrier coating, there is the presence of alumina at the interface between the bond
coat and top coat which initially, is not so impervious however, as it thickens it be-
comes protective and the kinetics of the oxidation decreases resulting in increased
activation energy for oxidation. On the other hand, in compositionally graded thermal
barrier coating, the kinetics of oxidation is initially very low, due to an increased
content of aluminium throughout the coating. Furthermore, the alumina layer forms
at every interface and as it thickens and becomes protective, the kinetics of oxida-
tion reduces to a maximum extent with maximum activation energy of oxidation.
Hence, it may be summarized that presence of Al O, oxide scale is responsible for
improved oxidation resistance in both the duplex and graded coating. The maxi-
mum enhancement of oxidation resistance in the graded coating at the later stage
of oxidation is attributed to the presence of alumina (Al,O,) layer at the interfaces
between the graded coatings.

156



Development of Functionally Graded Coating by Thermal Spray Deposition

Figure 21. Non-isothermal oxidation behavior of graded thermal barrier coating
showing the fractional change in weight, o (%) with temperature at heating rates
of 10 °C/min, 20 °C/min, and 30 °C/min, respectively
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Figure 22. Schematic illustration of the mechanism of oxidation
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FUTURE SCOPE OF RESEARCH

Compositionally graded coating is the unique approach for the attainment of tai-
lored component with superior properties as compared to the conventional duplex
materials. There have been extensive efforts on the development of compositionally
graded materials for improving wear, and high temperature oxidation resistance
properties of material for reduced stress distribution on the surface and with depth.
However, efforts need to be undertaken for the development of compositionally
modulated component for functional application leading to the development of
(a) hydrophobic surface with improved corrosion resistance, (b) development of
multifunctional component with continuously change in coating composition with
position for effective utilization of materials and minimum probability of interface
for a maximum performance, (c) surface nano-structured graded coating for corro-
sion and bio-medical application.
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KEY TERMS AND DEFINITIONS

Functionally Graded Coatings: Coating consisting of continuously changing
composition from substrate to the surface to achieve combinations of toughness
and bond strength.

Residual Stresses: Residual stresses refer to the internal stresses which originate
due to the growth of the coating and depend on the mechanism of growth of coating.

Thermal Barrier Coating: Thermal Barrier Coating: are essentially multilay-
ered coating structures that consist of a bond coat that is applied to the substrate, a
thermally grown oxide (TGO) and a ceramic topcoat, typically an yttria stabilized
zirconia.

Thermal Spray Coatings: Coating obtained by a group of processes that ap-
ply a consumable powders or wires in the form of finely divided molten and semi
molten droplets.

Tribology: Science of friction.
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ABSTRACT

In this chapter, various layers that are formed during sliding wear of thermal
sprayed coatings at elevated temperature are discussed. Glazed layers are formed
on the worn surfaces during elevated temperature sliding wear of thermal sprayed
coatings. These layers have a characteristic physical appearance, mechanical
properties, chemical compositions, and failure mechanisms. Wearing conditions,
wearing material, and mating material influence formation and characteristics of
glazed layers. Among these parameters, wearing material and mating material
are most important. These glazed layers are divided into different types of layers,
namely Transfer Layer (TL), Mechanically Mixed Layer (MML), Reaction Layer
(RL), and Composite Layer (CL). The recent results on friction of thermal sprayed
coatings at elevated temperature are rationalised in the light of different types of
glazed layer formation.

DOI: 10.4018/978-1-4666-7489-9.ch006

Copyright ©2015, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.



High Temperature Sliding Wear of Thermal Sprayed Coatings
INTRODUCTION

Advancement of technology has enhanced the demand for tribosystem capable of
running under severe conditions such as at higher relative motions, at higher applied
loads, at higher temperatures, etc. Sliding wear at elevated temperature is a serious
problem in a large number of engineering components in various industrial environ-
ment such as power generation, transport, materials processing, high temperature
bearing, impeller bearing of slurry pumps operated in waste tank, etc. (Taktak,
2006; Roy et al., 2004; Jiang et al., 2005; Mateos et al., 2001). In order to improve
the sliding wear performance of materials at elevated temperature for enhanced el-
evated temperature performance, sometimes it is imperative to modify the surfaces
or use coatings with superior oxidation resistance and mechanical properties without
compromising bulk properties. Thermal sprayed coating in this respect is one of the
most widely used coating technique which offers several advantages.

Thermal sprayed coatings are used extensively in several engineering components
requiring resistance to wear at high temperature, such as fuel rod mandrel, forming
tools, gas turbines, etc. (Lai, 1979, Watreme et al., 1996; Li, 1980). Li & Lai (Li
& Lai, 1979) noted that at elevated temperature the friction and wear of thermal
sprayed Cr,C,-NiCr coating is initially high due to stick-slip phenomenon and as
the sliding distance increases these values decrease. Further, friction coefficient
increases with decrease of sliding speed. An extensive work on room temperature
sliding wear of this coating by Mohanty et al. (Mohanty et al., 1996) indicated
decohesion at intersplat controls the wear rate at room temperature. Wear rate is
proportional to applied load but friction coefficient decreases with increase of slid-
ing velocity. Mateos et al. (Mateos et al., 2001) reported presence of two distinct
zones on the wear versus sliding distance plot. Guilemany et al. (Guilemany et al.,
2002) demonstrated an improvement of the sliding wear behaviour of similar coating
by heat treatment through formation of Cr,C, precipitates. However, these studies
are confined to the understanding of the parametric effect of wearing condition on
the wear rate and carried out primarily at ambient condition. So far, no attempt has
been made to compile the state of art on the influence of test temperature on the
wear behaviour of thermal sprayed coatings.

The objective of the present work is to give a systematic and brief survey of the
current status and future trends of sliding wear of thermal sprayed coatings atelevated
temperature. For the purpose of convenience this paper is divided into six sections.
After introduction of the elevated-temperature wear in Section 1, background of
elevated-temperature wear of metallic materials and thermal sprayed coatings is
discussed in Section 2. Formation and mechanisms of formation of wear protective
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glazed layer is the subject matter in section 3. Classification of various types of
glazed layers is made in section 4. The results of recent research are rationalised in
section 5. Summary and direction of future research is the subject matter of section 6.

BACKGROUND

The oxidation of the materials in air environment plays a significant role during
elevated temperature (300-1000°C) wear of materials. It changes the overall wear
rate under sliding contact when operating temperature of the bulk material is high.
The importance of oxidation during wear of metallic materials was first identified
by Fink (Fink, 1930) Archard & Hirst (Archard & Hirst, 1956) proposed the clas-
sification of mild and severe wear based on measurement of contact resistance,
wear debris analysis and microscopic examination. The importance of oxide scale
for ambient temperature wear was discussed extensively by Quinn (Quinn et al.
1984) and Lim and Ashby (Lim &d Ashby, 1987). Subsequently a large number of
investigations were carried out on the elevated temperature sliding wear of metallic
materials (Stott, 2002; Radu & Li, 2007; Roy et al., 2002, 2004, 2008; Inman et al.,
2006a, 2006b; Pauschitz et al., 2003a, 2003b, 2006; Tu et al. 1998; Wang & Li,
2003). Most of the studies indicate the formation of glazed layers on the substrate
under certain conditions of load, temperature and sliding speed. A few investiga-
tions examined the structure of glazed layer on the substrate and the mechanisms
of the formation of the layer in the tribosystem containing Nimonic against Stellite
6 (Inman et al., 2006a, 2006b). Fontalvo & Mitterer (Fontalvo & Mitterrer, 2005)
reported the influence of Siand Al addition on high-temperature wear of hot working
steel X38CrMoV5-1. In a series of experiments by Li and co-workers (Radu & Li,
2007; Wang & Li, 2003) demonstrated improvement of the mechanical properties of
the oxide scale and consequently the wear behaviour of these materials at elevated
temperature by addition of yttrium (Y) in small quantities to various Stellite alloys.

In recent years, ZrO, ceramic coatings as thermal barrier coatings in advanced
engines and gas turbines, and wear resistant coatings in lubrication and seal sys-
tems has received increased attention (Ahn et al., 1997; Sliney, 1982; Wang et al.,
1998). The tribological behavior of ZrO, coatings at elevated temperatures have
been extensively investigated (Ahn et al., 1997; Wang et al., 1988, 1998). However,
the tribological characteristics of ZrO, coatings with the lowest friction and wear
under dry sliding conditions are still far from satisfactory for many high tempera-
ture applications. Thus, it is imperative to effectively lubricate ZrO, coatings if
they are to be used extensively in tribological applications at high temperatures.
To date, only a limited amount of experiments have been done on the lubrication of
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ZrO, coatings. These studies utilized several kinds of solid lubricants (CaF,, BaF,
or silver) as additives or well adhering soft metallic coatings, as boundary films
(Wang et al., 1998; Della-Corte, 1996; Ouyang et al., 2001). Improved tribological
characteristics of ZrO, coatings at an elevated temperature were reported through
solid lubrication methods (Wang et al., 1998; Ouyang et al., 2001). The friction
and wear coefficients of ZrO-CaF, coatings doped with and without silver addi-
tives showed that both coating combinations had fairly high wear rates at room
temperature, but wear rates were much lower for the ZrO,-CaF, coating at 650°C
as compared to ZrO, coatings without any solid lubricant (Wang e al., 1998). The
addition of silver did not have a beneficial effect in improving friction and wear.
Plasma-sprayed ZrO,-CaF, coatings also exhibit a low friction and wear in sliding
against a sintered Al O, ball at 600-700°C (Ouyang et al., 2001). The fluoride pro-
vides a low shear strength film between the sliding surfaces to mitigate friction and
wear. Plasma-sprayed solid lubricant films having combinations of CaF,, BaF, and
Cr,0, powders also illustrated excellent friction properties in a wide temperature
range of 300 — 900°C. The low friction coefficient was considered to be due to the
coexistence of CaF, and BaCrO,, which are formed by the tribo-chemical reaction
on the worn surfaces at high temperature.

The tribological behavior of Cr,O, coating at elevated temperatures has been ex-
tensively investigated (Wangeral., 1988, Wang, 1993, Richard et al., 1995). However,
it is still necessary to find ways of effectively lubricating Cr,O, ceramic coating if
they are to be used extensively in tribological applications at extreme temperatures.
Only alimited amount of experiments has been done on lubrication of Cr,O, ceramic
coating. These studies utilized several kinds of solid lubricants (CaF,, BaF, or silver)
as additives or a well-adhering soft metallic coating as a boundary film [Wang,
1993; Della-Corte, 1996; Liu, 1993;Vos et al., 1998; Li & Lai, 1979; Mohanty et al.,
1996). Improved tribological characteristics of Cr,O, ceramic coatings at elevated
temperature were reported through solid lubrication method (Wang, 1993). Spray
drying of a Cr,0,—CaF, powder blend allows obtaining a homogeneous distribution
of the lubricant in the composite coatings plasma-sprayed with these agglomerates
(Vos et al., 1998). It was proven that optimized parameters for plasma-spraying the
pure Cr,0, are also suitable to spray the Cr,0,~CaF, composite coatings. At room
temperature, both the pure Cr,0, and the composite coatings reach a steady-state
friction coefficient of approximately 0.40 after 10,000 cycles. A friction coefficient
of 0.25 and a wear volume of 37 x 10° mm’ for a coating containing 16 vol.% of CaF,
are obtained under the wear condition of 400°C temperature, SN normal load and
1Hz frequency against the corundum ball using reciprocating wear test. At 400°C,
the CaF, obtains a much lower shear strength compared to the shear strength at room
temperature and the CaF, particles will be spread out, creating a lubricating layer in
the wear track that reduces the friction and wear (Vos et al., 1998). The tribological
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results of plasma-sprayed Cr,O, composite coating with different concentrations of
CaF, and BaF, as solid lubricants at 425°C (Liu, 1993) demonstrated that the optimal
solid lubricant content was about 14-21 vol.% for Cr,0,~CaF, coatings and 20-31
vol.% for Cr,0,-BaF, coatings. The mean friction coefficient at 425°C had been
reduced from about 0.40 for Cr,0O,/Cr,O; sliding to 0.20-0.25 for Cr,0,/Cr,0,-solid
lubricant sliding. The friction and wear coefficients of plasma-sprayed nichrome
bonded Cr,O, coating with Ag and BaF /CaF, lubricant additives against Al,O, or
Inconel alloy counterfaces in a pin-on-disk tribometer (Della-Corte, 1996) showed
that, compared to the Al,O,, the Inconel counterface generally exhibited lower
friction and wear at 25°C but higher friction and wear at 650°C. The performance
of each counterface was affected by the ability of solid lubricant additives to form
an adequate transfer film. But no further data were obtained for higher temperature
test or against other different counterface materials.

It was noted that the wear loss of yttria stabilized zirconia coatings increased with
the increase in the test temperature and reaching its maximum loss at approximately
400°C. This unique behavior was explained by the tetragonal to monoclinic transfor-
mation (Kim & Lim, 1994). Others found the presence of Y(OH), crystallites and
suggested that dissolution of Y elements from the surface into H,O was responsible
for the low temperature transformation (Li & Watanabe, 1996). The influence of
annealing process on the high temperature tribological performance of plasma-
sprayed 3 mol% yttria stabilized zirconia coatings with and without Fe,O, addition
was investigated by Shin ez al. (Shin et al., 2000). The wear experiments were carried
out on aring-on-plate type reciprocating wear tester at selected temperatures within
the range of 25-600°C. In addition, plasma-sprayed zirconia-based coatings were
annealed at 500°C. The results show that annealing treatment decreases the wear
rate due to the release of tensile residual stress. The stress relaxation improves the
tribological properties by reducing the influence of low temperature degradation.
The addition of Fe,O, to the yttria stabilized zirconia coating leads to a reduction
of wear and friction. This decrease is attributed to the stabilization of the tetragonal
phase and the increase of microhardness.

Yang et al. (Yang et al., 2006) noted that the friction coefficient of WC-Co coat-
ing does not alter significantly with change of temperature or carbide grain size up
to 400°C. The coatings show higher sliding wear resistance at moderately elevated
temperatures, contrary to other materials such as ceramics (Yang et al., 2004), which
have shown much lower wear resistance at moderately elevated temperatures.

To study the effect of temperature on a Ni-based alloy reinforced with small
quantities of WC, wear tests of plasma sprayed WC-NiCrBSi coatings were car-
ried out in a friction machine with alumina cylinders as counterbody by Martin et
al. (Martin et al., 2001). Considerable differences were found between the wear
rates of the counterbody of diverse tests. Change of the bulk temperature changes
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the characteristics of the counterbody-specimen contact. Some layers of specimen
material are transferred to the counterbody, reducing the severity of the original
contact, and consequently the wear rate is lowered. The tungsten carbide particles
play an abrasive role which greatly increases the wear rates of the counterbody.
Nevertheless, the percentage of reinforcement particles does not enhance the wear
resistance of the specimens tested. When the bulk temperature is increased up to
500°C, the tungsten carbide particles hinder the transfer of material from the speci-
men to the counterbody. Thus, the wear rates are found to be very similar at 20 and
500°C for this reinforced alloy.

Thus, above reports clearly show that elevated temperature wear of thermal
sprayed coating has been studied to a considerable extent. As the test is carried out
over a number of varieties of conditions, it is not possible to compare the test results.
Wear rates and friction coefficients of various coatings change with temperature
in different ways. Most widely investigated coatings are WC-Co and Cr,C,-NiCr
coating. There are several other coatings which are used at elevated temperatures
namely oxide variety coatings such as Cr,0,, TiO,, TiO ~Cr,O, etc. cerment variety
coatings such as NiCrFeAlTi-TiC, NiCr-(Ti, Ta)C and NiCrMo-(Ti, Ta)C, (Ti,Mo)
(C,N)-Ni(Co) etc. and self fluxing coatings such as WC-NiCrBSi.

GLAZED LAYER FORMATION

A glazed layer is formed on the worn surfaces during elevated temperature sliding
wear of thermal sprayed coatings. The mechanical properties and microstructural
features of the glazed layer are governed by the wearing and test conditions and
the materials involved in sliding process. Detailed literatures have shown that this
layer is formed by developing compacted layers of oxide and partially oxidized al-
loy particles on the sliding surfaces. The detail discussion on the development of
this layer from the agglomeration and compaction of the wear debris particles is
carried out elsewhere (Jiang et al., 1998). After the generation of debris particles,
some are lost from between the surfaces, but most are retained and they involve
in development of the compact, load-bearing layers. These particles are subjected
to deformation, fragmentation and comminution and break down into smaller par-
ticles. A fraction of these finer particles is lost from the wear track while others
are agglomerated on the wear surfaces, particularly in grooves formed in the early
stages of sliding. As sliding continues, these agglomerated clusters of particles are
subjected to thermo-elastic stresses and compaction and their surrounding areas
of contact are subjected to wear. They come into contact with the counter face
and become load-bearing areas. At the same time, the fine particles are sintered
together, to some extent, to form more solid layers. Studies of sintering of fine al-
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loy particles (40 nm in diameter) have found that significant interactions occurred
as soon as the temperature exceeded 20°C (Zhou et al., 1989). In the presence of
the high compressive pressures during wear, sintering is enhanced (Burke, 1962).
Moreover, the particles in the outer surfaces of the layers of wear debris are very
small and heavily deformed. As the temperature is increased, the rate of sintering
increases, leading to the establishment of very solid, smoothly burnished, hard
surfaces, termed ‘glazes’. These layers can provide wear-protection for long periods
since breakdown results in formation of further oxide debris that can be re-compacted
into the ‘glaze’ surface once again. Although the ‘glaze’ surfaces are generally not
observed at temperatures below 150°C, less well-sintered wear-debris layers are able
to develop, particularly after longer periods of sliding, leading to the transition to
mild wear (Archard & Hirst, 1956). Usually these layers are accompanied by positive
contact resistances, although intermittent periods of zero resistance indicate that
the layers tend to break up and then re-form elsewhere on the contacting surfaces
(Jiang et al., 1994). This is consistent with the smaller adhesion forces between the
particles in the layers at these lower temperatures. As the wear debris particle layer
is established, two competitive processes occur during sliding. These are breakdown
of the layers, resulting in formation of further debris particles and consolidation of
the layers by further sintering/cold welding of the particles. The effect of increase
in temperature is to increase the rate of sintering and consolidation and to increase
the rate of oxidation of the residual metal in the particles. If the surfaces become
solid before breakdown occurs, the ‘glaze’ is established and the wear rate becomes
very low. Conversely, if the particles are not well compacted and sintered, loose
particles are removed more easily and the wear rate is higher. This can explain the
observed critical temperature, above which the wear rate decreases considerably,
due to establishment of a ‘glaze’ surface under the sliding conditions.

As mentioned earlier, the development and formation of the glazed layer depends
on the wearing and test conditions. When the counter face material is soft, shallow
grooves are formed. The shallow groves are not able to retain oxide debris to form
the glazed layer. In contrast, if the counter face is relatively hard, deep grooves
are generated which lead easily to glazed layer formation. These deep grooves are
capable of retaining oxide debris to form the wear protective layer. The relative
sliding speed between the wearing material and the counter face material can play
an important role in the formation of wear protective layers. At high sliding speed
abrasive wear debris is formed. Under high sliding speed, formation of glazed layers
is less favourable due to their low residence time and the debris acts as abrasives
leading to higher wear rate. The formation of the wear protective layer is influenced
by the partial pressure of the oxygen during sliding. At partial pressure of oxygen
lower than 0.1 atm and at low test temperature and, the glaze layer fails to form in
some tribosystem. In general, glaze layer forms at a temperature higher than 423
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K. A significant role in controlling the nature of the glaze layers is played by the
geometry of the tribosystem. A conformable geometry helps in retaining wear debris
and in turns favours formation of glazed layers. When the geometry is nonconform-
able it fails to retain the debris and fails to form glazed layer. Composition of the
oxide debris also decides formation of glaze layers. Oxides based on Co and FeCr
alloy can easily be sintered and hence glaze layer formation is easy. If the debris
is oxide of Ni or Cr, it cannot be sintered all that easily. Thus, they act as abrasive
particles enhancing the wear rate.

CLASSIFICATION OF GLAZED LAYER

Pauschitz et al. (Pauschitz et al., 2003, 2004) for the first time carried out a series
of systematic experiments. On the basis of experimental results, they classified the
glazed layers under different heads based on their nature and characteristics. They
deposited Cr,C,-NiCr coatings on 253 MA alloy procured from Avesta Polariod,
(Sweden). The nominal composition of the steel is given in Table 1. The composition
of the steel is nearly same to that of ASTM 309S with addition of N, and Ce. The
microstructure of the asreceived test material is given in Figure 1. The microstructure
consists of equiaxed grains of around 40 pm size. Presence of some twin boundary
can also be seen. This indicates that the material is in annealed condition. Thermal
spraying of the coating was carried out at Terolab Services Austria GmbH. A JP-
5000 HVOF system was employed for that purpose. The schematic diagram of the
system is presented in Figure 2. The spraying parameters are summarised in Table
2. The low magnification optical micrograph of the coating is presented in Figure
3. A good adhesion between the coating and the substrate can be seen. The coating
thickness is around 200 pm. The micrograph shows that the coating is build up by
depositing flat plate like lamella, layers after layers. The high magnification back
scattered image of the coating is given in Figure 4. This figure shows presence of
three zones. The 1* zone is dark area, which is essentially Cr,C,. The second zone is
white representing the NiCr matrix. The third zone is grey, which contains both the
phases, NiCrand Cr,C,. The presence of three zones corresponding to three different
phases and the mixture of phases are confirmed by EDAX analysis. Wear tests were
carried out using a self made high temperature wear test rig as shown in Figure 5.
The rig is essentially a disc-on-disc configuration and modified for the present work
as 3 pin-on-disc configuration. The 3 pins are the entire test time interacting with the
ring, thus the access of oxygen to the contact surface is limited. In contrast, within
the ring sliding track oxidation can occur during the time between two pin contacts
(which is a function of the sliding track diameter, the rotation frequency and the
pin cross section). Wear test conditions are listed in Table 3. Counterbody materials
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are PM 1000 alloy and 100Cr6 steel. The nominal compositions of these materials
are given in Table 4. Although 100Cr6 steel is not used at elevated temperature, it
is used to develop various types of glazed layers clearly.

Wearing conditions, wearing material and mating material influence formation
and characteristics of glazed layers. Among these parameters wearing material and
mating material are most important. Wearing material and mating material combi-
nation can be metal against metal, metal against ceramic, ceramic against metal and
ceramic against ceramic. These layers determine the friction coefficient and the
wearing rate. These layers have characteristics physical appearance, mechanical
properties, chemical compositions and failure mechanisms. These layers are:

Table 1. Nominal composition of the substrate material

Elements C N Cr Ni Si Others
Wt % 0.09 0.17 21.0 11.0 1,7 Ce

Figure 1. Optical micrograph of the substrate material 754 MA (Roy et al., 2002)
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Figure 2. Schematic diagram of the thermal spraying system (Roy et al., 2002)
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Figure 3. Low magnification optical image of Cr3C2-NiCr coating (Roy et al., 2004)
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Table 2. HVOF spraying parameters

Para- Liquid Gaseous | Fuel Fuel Powder | Gas Gas Powder Spray
meters Fuel Fuel Flow Flow Carrier | Flow | Pressure Feed Distance
Rate | Pressure Gas Rate Rate
m’/h bar m’/h bar Kg/h mm
Values/ | Kerosene | Oxygen 23 22-25 Air 1 7 2 260
names

Figure 4. High magnification SEM image of the investigated Cr3C2-NiCr coating
(Roy et al., 2004)

Table 3. Wear Test Conditions

Parameter/Materials Pin Mating Load Sliding Test
Material Speed Temperature
Values/names NiCr- 100Cr6 70N | 0.25m/s Ambient
Cr,C, Steel, Temperature
coating | PM 1000 to 1073 K
on 253 alloy
MA
alloy
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Figure 5. High temperature ring-ring wear test rig (Roy et al., 2004)

e

7

J specimens
(pin; each 120°)

Table 4. Nominal composition of the counterbody material

PM-1000 Alloy Elements Cr Fe T,0, Ti Al Ni
Wt % 20.0 3.0 0.6 0.5 0.3 bal

100Cr6 Steel Elements Cr C Mn Si Cu Fe
Wt % 1.5 1.3 0.35 0.25 0.25 bal
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Wear is by pure delamination without any layer formation.
Transfer layer (TL) formation,

Mechanically mixed layer (MML) formation

Reaction layer formation and

Composite layer (CL) formation.

Nk L=

At near ambient condition, no layer is formed. Sometimes formation of transfer
layer can take place. When the hardness of the mating surface is significantly higher
than the hardness of the coating, no layer is formed. Under this condition, the near
surface region and the debris have a composition similar to the test specimen. In
other words composition of the worn surface and wear debris similar to the speci-
men surface confirms pure delamination. The worn surface under this condition has
high average surface roughness R . This situation is characterised by reasonably high
friction coefficient. Delamination wear is possible with metal-metal, metal-ceramic
system. Morphology of the coating surface when delamination wear takes place is
shown in Figure 6a. Delamination cracks can be seen on the surface. SEM image
of transverse section of delamination wear obtained for the investigated coating
rubbed against 100Cr6 steel is shown in Figure 7a.

In contrast, if the mating surface is softer than coating material, transfer layer
(TL) is formed. TL formation takes place at near ambient temperature. As the
transfer layer is primarily from the mating surface, the chemical composition of that
layer and the composition of the wear debris resemble closely to that of the mating
surface. Thus when the compositions of the worn surface and the debris are similar
to the mating surface wear mechanism is governed by formation of TL. The surface
roughness under such circumstances is low but it increases with increase in tem-
perature. Transfer layer is formed during metal metal and ceramic metal contact.
SEM images showing the topography and the transverse section of the transfer
layer formed by rubbing the investigated coating against 100Cr6 steel is shown in
Figure 6b and Figure 7b respectively. X-ray dot mapping showing the distribution
of Cr, Ni and O in the transfer layer is provided in Figure 8a. Although uniform
distribution of oxygen can be noted this layer is depleted with Cr and enriched with
Ni.

At intermediate temperature, sometimes, reaction layer is formed. The reaction
layer is formed when there is intermixing between the rubbing surfaces. The reac-
tion layer (RL) is characterised with a composition in between the composition of
the wearing surface and the mating surface. However, the reaction layer has a distinct
interface. The layer can fail at the interface. The friction coefficient generally de-
creases when RL forms. RL forms during metal ceramic contact. Morphology of
the reaction layer can be seen in Figure 6¢c. SEM images showing transverse section
of reaction layer as result of rubbing of the investigated coating against 100Cr6 steel
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Figure 6. SEM images showing the morphology of the worn surfaces of Cr3C2-NiCr
coating at a) 298 K against 100Cr6 steel, b) 473 K against PM 1000 alloy, c) 873
K against PM 1000 alloy and d) 1073 K against 100Cr6 steel (Roy et al., 2004)
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and PM 1000 alloys at 873 K are presented in Figure 7c and Figure 7d respectively.
A distinct interface between the RL and the coating is evident. The corresponding
dot mapping of Cr, Ni and O is illustrated in Figure 8b. Similar to TL, RL is also
characterised by depletion of Cr and enrichment of Ni.

At high temperature, composite layer (CL) is found. The composition of the
worn surface with composite layer and the composition of the wear debris will be
in between the composition of the wearing sample and the composition of the mat-
ing surface. In addition, CL contains high amount of oxygen. This makes the layer
hard and brittle. This leads to higher friction coefficient and lower wear rate. The
interface between the CL and the substrate is very week giving rise to detachment
of the layer at the interface. The strength of this interface improves with increase
in temperature. Further, the roughness of this layer is quite high and this rough-
ness decreases with increase of temperature. Thus, composite layer formation is
characterized with high roughness and high friction coefficient, particularly at low
temperature and decrease of roughness and friction coefficient with increase of tem-
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Figure 7. SEM images of the transverse section of various glazed layers (Roy et
al., 2008)

SN

At ambient condition At ambient condition

Coating against 100Cr6 steel Coating against PM 1000 alloy

At 873K At 873K
Coating against PM 1000 alloy

At 1073K At 1073K
Coating against 100Cr6 steel Coating against PM 1000 alloy

perature. This decrease of roughness of composite layer with increase of temperature
is different from what is observed for transfer layer where the roughness increases
with increase of temperature. CL can form by metal metal or metal ceramic rubbing.
SEM images of the morphology of the composite layer are presented in Figure 6d
and the corresponding transverse sections formed during rubbing of Cr,C,-NiCr
coatings against 100Cr6 steel and PM 1000 alloys at 1073 K are given in Figure
7e and Figure 7f respectively. It is clear from Figure 6d that the composite layer is
failing at the interface. The dot mapping of Cr, Ni and O of the image of Figure 7e
is shown in Figure 8c.
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Figure 8. X-ray dot mapping of the transverse section of various glazed layers (Roy
et al., 2008)

At relatively higher temperature, or under condition of relatively soft but com-
parable hardness of the tribosystem, mechanically mixed layer (MML) is formed.
The chemical state of such layer is characterized by low oxygen content and com-
position in between the composition of the wearing sample and the composition
of the mating material. Similar compositional feature can be seen for wear debris
as well. This hard but ductile layer formation is responsible for increase in surface
roughness and other corresponding parameters. Interestingly, the friction coefficient
exhibits very low value under this condition. The roughness parameter during MML
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layer formation decreases with increase in temperature. MML layer formation is
accompanied by a diffused adhesive interface between the MML and the substrate.
MML layer is different from CL and RL in the fact that there is no well defined
interface between the layer and the wearing material as case of CL and RL. Unlike
composite layer this layer contains practically no oxygen. At this stage it is to be
stated that MML can be formed only for metal-metal contact. The SEM image of the
transverse section of MML formed by rubbing 754 MA alloy against 100Cr6 steel
and PM 1000 alloys at 1073 K are given in Figure 9 along with x-ray dot mapping
of Cr, Ni and O. Uniform distribution of various alloying elements and depletion
of oxygen is the main characteristics of the layer.

WEAR AT ELEVATED TEMPERATURE FOR THERMAL
SPRAYED COATINGS

As mentioned earlier Pauschitz et al. (Pauschitz et al., 2003, 2004) carried out a
series of systematic experiments on high temperature wear of Cr,C,-NiCr coatings
on 253 MA alloy against 100Cr6 steel and PM 1000 alloys at different temperatures
(test chamber and bulk temperature from 293-1073 K). The result of their work is
presented in Figure 10. The variation of friction coefficient of Cr,C,-NiCr coatings
on 253 MA alloy as function of sliding distance for Cr,C,-NiCr coatings rubbed
against 100Cr 6 steel at various temperature at a load of 70 N and sliding speed of
0.25 m/s is illustrated in Figure 10. Friction coefficient of thermal sprayed coatings

Figure 9. SEM image and X-ray dot mapping of the transverse section of mechani-
cally mixed layers (Roy et al., 2006)

253 MA alloy against PM 1000 alloy
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in ambient and also at elevated temperature attains steady state value after an initial
run in period. Friction coefficient at ambient condition is the highest. With increase
in temperature friction coefficient generally decreases. It can be seen from the Figure
10 that the friction coefficient is high at room temperature and then it decreases.
It increases again on increase of test temperature and decreases subsequently on
further increase of temperature. At ambient temperature, high friction coefficient is
due to delamination wear which takes place without formation of any glazed layer.
As the temperature is increased glazed layer in the form of reaction layer is formed
and friction coefficient decreases. Finally at 873 K friction increases again due to
formation of composite layer and with further increase of temperature friction coef-
ficient decreases as the composite layer gets smoothened. The variation of friction
coefficient with sliding distance for Cr,C,-NiCr coatings rubbed against PM 1000
alloy at various temperatures, at a load of 70 N and sliding speed of 0.25 m/s is
presented in Figure 11. At 873 K friction coefficient is slightly higher than that at
other elevated temperature. The friction coefficient is high at ambient temperature
due to delamination wear. At intermediate temperature, reaction layer is formed
leading to decrease of friction coefficient. As the temperature is increased further,
composite layer is formed and the friction coefficient increases.

High temperature wear of thermal sprayed coatings are reported extensively.
Cermet variety of coatings such as WC-Co, Cr,C-NiCr are well known for their
excellent wear behaviour. Among this cermet variety of coatings, WC-Co and Cr,C,-
NiCr coatings find application in large variety of industrial usages (Lai, 1978; Li,
1980; Taylor et al. 1983). However, WC-Co coatings decarburise to W,C, or even
to elemental W on exposure to high temperature (Russo & M. Dorfmann, 1995).
Decarburisation degrades the mechanical properties of the coatings. Such degrada-
tion will result in poor performances under deformation-controlled wear such as
mild wear. In contrast, Cr,C,-NiCr coating exhibits improved performance even up
to a temperature of 1173 K (Mateos et al., 2001).

Ouyang et al. (Ouyang et al., 2002) studied the friction and wear characteristics
of low-pressure plasma-sprayed (LPPS) ZrO -BaCrO, (ZB) coating at elevated tem-
peratures using a high-temperature wear tester and compared it with yttria partially
stabilised zirconia (YPAZ) coating. Their observation is presented in Figure 12. It
can be seen that the friction coefficient of YPAZ is initially low and it increases with
increase of test temperature. In contrast, the friction coefficient of ZB is initially
high but it decreases with temperature and stabilise at that value. This behaviour
can be attributed to the fact that near ambient condition a transfer layer forms on
YPSZ and at elevated temperature composite layer is formed. This results in low
friction coefficient at ambient temperature and high friction coefficient at elevated
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Figure 10. Variation of friction coefficient with sliding distance for HVOF sprayed
Cr3C2-NiCr coatings against 100Cr6 steel as counter body at different test tem-
peratures (Roy et al., 2004, Roy et al., 2008)
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Figure 11. Variation of friction coefficient with sliding distance for HVOF sprayed
Cr3C2-NiCr coatings against PM 1000 alloy as counter body at different test tem-
peratures (Pauschitz et al. 2008, Roy et al., 2008)
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temperature. In case of ZB coating the friction is governed by delamination at
ambient condition and subsequently at elevated temperature stable reaction layer is
formed leading to low and stable friction coefficient.

As discussed earlier, formation of mechanically mixed layer results in significant
decrease in friction coefficient. Mechanically mixed layer is generally formed when
both the rubbing materials are metallic. The work due to Hager et al. (Hager et al.,
2009) supports such hypothesis. They investigated the effect of temperature on
inter-metallic wear between Ti6Al4V and cold-sprayed, commercially pure nickel
coatings. Their results are illustrated in Figure 13. It can be seen that near ambient
temperature friction coefficient is considerably high due to delamination wear of
thermal sprayed metallic coating pure Ni. However, as the temperature increases,
pure Ni forms mechanically mixed layer with Ti-6Al-4V. This leads to reduction of
friction coefficient which is significantly stable.

Alumina-titania coatings are used where a high wear and oxidation resistances
are required. Rico et al. (Rico et al., 2013) compared the high temperature wear
behaviour of Al,O,-13%TiO, nanostructured coatings with that of the conventional
ones. Wear rates and friction coefficients were measured by means of a pin on disc

Figure 12. Variation of friction coefficient with temperature for low-pressure plasma-
sprayed (LPPS) ZrO2-BaCrO4 (ZB) coating and yttria partially stabilised zirconia
(YPAZ) coating (Ouyang et al., 2002)
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Figure 13. Variation of friction coefficient as function of temperature for cold
sprayed commercially pure Ni coating (Hager et al., 2009)
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machine in which both counterparts were made of Al,O,-13%TiO,. Although the
mechanical properties are slightly higher in the nanostructured coatings, they ex-
hibit a much better wear behaviour under all the testing conditions. Their result is
illustrated in Figure 14. It can be noted that at ambient condition at low applied load
friction coefficient is less but with increase in load friction coefficient suddenly
increases for conventional coating. In contrast, such increase in friction coefficient
for nanostructure coating is gradual. This can be attributed to the fact that at ambi-
ent condition and at low applied load transfer layer is formed. As the load increas-
es there is increase in temperature at locale contact point and composite layer is
formed and friction coefficient increases. In case of nanostructured coating, such
transformation takes place gradually and hence a gradual increase of friction coef-
ficient is noticed. However, at elevated temperature and at low load reaction layer
is formed and this layer transforms to composite layer at higher load characterised
by sudden increase of friction coefficient. This transformation from reaction layer
to composite layer takes place at around 30 to 40 MPa for coating with conven-
tional grain and at 40 to 50 MPa for nanostructure coating.

Economou et al. (Economou et al. 2000) investigated the tribological behaviour
of plasma sprayed cermet coatings. Low pressure plasma sprayed NiCrFeAlITi-TiC,

183



High Temperature Sliding Wear of Thermal Sprayed Coatings

Figure 14. Variation of friction coefficient with applied load at ambient temperature
and at 773 K for thermal sprayed conventional and nanostructure Al203-13%TiO2
coating (Rico et al., 2013)
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NiCr-(Ti, Ta)C and NiCrMo-(Ti, Ta)C coatings were investigated at room tem-
perature and at 550°C, against sapphire ball. Air plasma sprayed NiCr and NiCr-TiC
coatings, as well as the high velocity oxy-fuel sprayed WC-Co coating, were inves-
tigated for comparison. The wear behaviour of the coatings is shown in Figure 15.
The matrix and the carbide modifications of the NiCr-TiC coating influenced
positively coating wear and friction behaviour. The wear resistance of all the coat-
ings decreased at high temperature. The NiCrFeAlTi-TiC coating showed the best
wear resistance among the TiC-based coatings. At room temperature and at 550°C,
the WC-Co coating was more wear resistant than the TiC-based coatings, even
though the coating cracked in the high temperature tests. The coefficients of friction
of the WC-Co coating, tested against sapphire, were lower than the coefficients of
friction of the TiC-based coatings at room temperature, but not at 550°C. The ob-
served wear rate can be rationalised with respect to various layer formation as fol-
lows. Since counter body is sapphire ball only NiCr coating conforms to metal
ceramic system. Consequently for NiCr coating, transfer layer governs wear at
ambient condition and reaction layer governs wear at elevated temperature. This
results in comparable wear rate for the coating at both temperatures. Although reac-
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tion layer formation results in lower wear rate for ceramic materials, it is not so for
metallic material when the counterbody is ceramic. For all other coatings it is com-
posite layer formation during sliding against ceramic. Thus, reaction layer is not
formed. This resulted in no layer formation at ambient condition and composite
layer formation at elevated temperature. Hence all coatings exhibit higher wear rate
at elevated temperature than that at room temperature.

SUMMARY AND DIRECTION OF FUTURE RESEARCH

During sliding wear of thermal sprayed coatings at elevated temperature glazed
layers are formed. These glazed layers can be divided into different types of lay-
ers, namely, transfer layer (TL), mechanically mixed layer (MML), reaction layer
(RL) and composite layer (CL). The friction coefficient is always low with MML.
Formation of MML requires extensive strain hardening of the near surface region
of the wearing materials. It also needs good intermixing of the wear debris and
worn surfaces. Formation of MML is favoured by wearing surfaces having higher
oxidation resistance. MML is formed during metal metal contact. In the event these

Figure 15. Bar diagram showing the wear rate of various thermal sprayed coatings
at ambient temperature and at 5500C (Economou et al. 2000)
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conditions are not met, reaction layer is formed. Friction coefficient is high when
CL s in its initial stage of formation. At this stage, CL has tendency to get detached
from the wearing surfaces leading to higher roughness, higher friction coefficient
and higher wear rate. With increased temperature composite layer is consolidated
as a thin adherent layer giving rise to decrease in friction coefficient. The absolute
value of friction coefficient is dependent on the mechanical properties of layers
formed and the tribosystem involved. The recent results on friction of thermal sprayed
coatings at elevated temperature has been rationalised in the light of different types
of glazed layer formation.

In spite of advancement of the understanding of glazed layers, more work needs
to be done. The mechanical properties of these glazed layers are to be evaluated us-
ing nanoindentation and nanoscratch tester. Microstructural features of these layers
are also important. Thus, it is imperative to examine the microstructural features of
these layers employing transmission electron microscopy and electron back scattered
diffraction techniques. Roughnessis always an influential parameter concerning wear
and friction. Thus a comprehensive understanding of the roughness parameters of
these layers as function of various wearing condition and friction response is needed.
Electrochemical responses of these layers are crucial and should be studied exten-
sively in order to understand characteristics features and tribocorrosion responses
of these layers. As new and new thermal spraying techniques are developed and
new and new coating materials are developed, it has become mandatory to develop
data base with the coating developed by new technique and new materials. Last but
not least is the generation and documentation of more extensive data base of these
layers involving wider materials combination and wearing conditions.

REFERENCES

Ahn, H., Kim, J., & Lim, D. (1997). Tribological behaviour of plasma-sprayed
zirconia coatings. Wear, 203-204, 77-87. doi:10.1016/S0043-1648(96)07395-4

Archard,J. F., & Hirst, W. (1956). The wear of metals under unlubricated conditions.
Proceedings of the Royal Society of London. Series A, Mathematical and Physical
Sciences, 236(1206), 397-410. doi:10.1098/rspa.1956.0144

Burke, J. E. (1962). The science and technology of sintering. In C. Klingsberg (Ed.),
Physics and chemistry of ceramics (pp. 167-178). New York: Gordon Beach.

Della-Corte, C. (1996). The effect of counterface on the tribological performance of
a high temperature solid lubricant composite from 25 to 650°C. Surface and Coat-
ings Technology, 8687, 486—492. doi:10.1016/S0257-8972(96)02959-3

186


http://dx.doi.org/10.1016/S0043-1648(96)07395-4
http://dx.doi.org/10.1098/rspa.1956.0144
http://dx.doi.org/10.1016/S0257-8972(96)02959-3

High Temperature Sliding Wear of Thermal Sprayed Coatings

Economou, S., De Bonte, M., Celis, J. P., Smith, R. W., & Lugscheider, E. (2000).
Tribological behaviour at room temperature and at 550°C of TiC-based plasma sprayed
coatings in fretting gross slip conditions. Wear, 244(1-2), 165-179. doi:10.1016/
S50043-1648(00)00455-5

Fink, M. (1930). Wear oxidation, anew component of wear. Transaction of American
Society of Steel, 18, 1026-1034.

Fontalvo, G. A., & Mitterrer, C. (2005). The effect of oxide-forming alloying ele-
ments on the high temperature wear of a hot work steel. Wear, 258(10), 1491-1499.
doi:10.1016/j.wear.2004.04.014

Guilemany,J. M., Miguel,J. M., Vizcaino, S., Lorenzana, C., Delgado, J., & Sanchez,
J. (2002). Role of heat treatments in the improvement of the sliding wear properties
of Cr,C,-NiCr coatings. Surface and Coatings Technology, 157(2-3), 207-213.
doi:10.1016/S0257-8972(02)00148-2

Hager, C. H. Jr, Sanders, J., Sharma, S., Voevodin, A., & Segall, A. (2009). The
effect of temperature on gross slip fretting wear of cold-sprayed nickel coatings
on Ti6Al4V interfaces. Tribology International, 42(3), 491-502. doi:10.1016/].
triboint.2008.08.009

Inman, I. A., Rose, S. R., & Dutta, P. K. (2006). Studies of high temperature sliding
wear of metallic dissimilar interfaces II: Incoloy MA956 versus Stellite. Tribology
International, 39(11), 1361-1375. doi:10.1016/j.triboint.2005.12.001

Inman, I. A, Rose, S. R., & Dutta, P. K. (2006). Development of a simple ‘tem-
perature versus sliding speed” wear map for the sliding wear behaviour of dissimilar
metallic interfaces. Wear, 260(9-10), 919-932. doi:10.1016/j.wear.2005.06.008

Jiang, J., Stott, F. H., & Stack, M. M. (1994). Some frictional features associated
with the sliding wear of the nickel-base alloy N8OA at temperatures to 250 °C. Wear,
176(2), 185-194. doi:10.1016/0043-1648(94)90146-5

Jiang,J., Stott, F. H., & Stack, M. M.. (1998). The role of triboparticulates in dry sliding
wear. Tribology International, 31(5),245-256.d0i:10.1016/S0301-679X(98)00027-9

JiangX.LiuW.DongS.YXuB.S., (2005);

Jiang, X., Liu, W.,Dong, S. Y., & Xu, B. S. (2005, April). High temperature tribology
behaviors of brush plated Ni-W-Co/SiC composite coating. Surface and Coatings
Technology, 194(1), 10-15. doi:10.1016/j.surfcoat.2004.04.095

187


http://dx.doi.org/10.1016/S0043-1648(00)00455-5
http://dx.doi.org/10.1016/S0043-1648(00)00455-5
http://dx.doi.org/10.1016/j.wear.2004.04.014
http://dx.doi.org/10.1016/S0257-8972(02)00148-2
http://dx.doi.org/10.1016/j.triboint.2008.08.009
http://dx.doi.org/10.1016/j.triboint.2008.08.009
http://dx.doi.org/10.1016/j.triboint.2005.12.001
http://dx.doi.org/10.1016/j.wear.2005.06.008
http://dx.doi.org/10.1016/0043-1648(94)90146-5
http://dx.doi.org/10.1016/S0301-679X(98)00027-9
http://dx.doi.org/10.1016/j.surfcoat.2004.04.095

High Temperature Sliding Wear of Thermal Sprayed Coatings

Kim, J. Y., & Lim, D. S. (1994). The effect of annealing temperature and environ-
ment on room temperature wear behaviour of plasma sprayed partially stabilised
zirconia coating. Journal of Korean Ceramic Society, 31(10), 1176-1180.

Lai, G. Y. (1978). Evaluation of sprayed chromium carbide coatings for gas
cooled reactor application. Thin Solid Films, 53(3), 343-351. doi:10.1016/0040-
6090(78)90227-4

Lai, G. Y. (1979). Factors affecting the performances of sprayed chromium carbide
coatings for gas cooled reactor heat exchangers. Thin Solid Films, 64(2), 271-280.
doi: 10.1016/0040-6090(79)90520-0

Li, C. C. (1980). Characterisation of thermally sprayed coatings for high temperature
wear protection. Thin Solid Films, 73(1),59-77.doi:10.1016/0040-6090(80)90329-6

Li, C. C.,, & Lai, G. Y. (1979), Sliding wear studies of sprayed chromium carbide-
nichrome coatings for gas-cooled reactor applications. In Proc. Int. Conf. on Wear
of Materials. Dearborn, MI: ASME Newyork.

Li,J. F., & Watanabe, R. (1996). BaFe , , Co Ti O, 0 (x=0,0.6,0.9) films synthesized
by the spray-ICP technique. Materials Transactions, 37, 1171-1181. doi:10.2320/

matertrans1989.37.1171

Lim, S. C., & Ashby, M. F. (1987). Wear-mechanism maps. Acta Materialia, 30(1),
1-24. doi:10.1016/0001-6160(87)90209-4

Liu, G. H., Robbevalloire, F., Gras, R., & Blouet, J. (1993). Improvement in tribo-
logical properties of chromium oxide coating at high temperature by solid lubricants.
Wear, 160(1), 181-189. doi:10.1016/0043-1648(93)90419-M

Martin, A., Rodr’iguez, J., Fernandez, J. E., & Vijande, R. (2001). Sliding wear
behaviour of plasma sprayed WC-NiCrBSi coatings at different temperatures. Wear,
251(1-12), 1017-1022. doi:10.1016/S0043-1648(01)00703-7

Mateos, J., Cuetos, J. M., Vijande, R., & Fernandej, E. (2001). Tribological prop-
erties of plasma sprayed and laser remelted 75/25 Cr,C/NiCr coatings. Tribology
International, 34(5), 345-351. doi:10.1016/S0301-679X(01)00023-8

Mohanty, M., Smith, R. W., De Bonte, M., Celis, J. P., & Lugscheider, E. (1996).
Sliding wear behavior of thermally sprayed 75/25 Cr,C/NiCr wear resistant coat-
ings. Wear, 198(1-2), 251-266. doi:10.1016/0043-1648(96)06983-9

Ouyang, J. H., Sasaki, S., & Umeda, K. (2001). Low-pressure plasma-sprayed
ZrO,~CaF, composite coating for high temperature tribological applications. Surface
and Coatings Technology, 137(1), 21-30. doi:10.1016/S0257-8972(00)00918-X

188


http://dx.doi.org/10.1016/0040-6090(78)90227-4
http://dx.doi.org/10.1016/0040-6090(78)90227-4
http://dx.doi.org/10.1016/0040-6090(79)90520-0
http://dx.doi.org/10.1016/0040-6090(80)90329-6
http://dx.doi.org/10.2320/matertrans1989.37.1171
http://dx.doi.org/10.2320/matertrans1989.37.1171
http://dx.doi.org/10.1016/0001-6160(87)90209-4
http://dx.doi.org/10.1016/0043-1648(93)90419-M
http://dx.doi.org/10.1016/S0043-1648(01)00703-7
http://dx.doi.org/10.1016/S0301-679X(01)00023-8
http://dx.doi.org/10.1016/0043-1648(96)06983-9
http://dx.doi.org/10.1016/S0257-8972(00)00918-X

High Temperature Sliding Wear of Thermal Sprayed Coatings

Ouyang, J. H., Sasaki, S., & Umeda, K. (2002). The friction and wear character-
istics of low-pressure plasma-sprayed ZrO,-BaCrO, composite coating at elevated
temperatures. Surface and Coatings Technology, 154(2-3), 131-139. doi:10.1016/
S0257-8972(02)00024-5

Pauschitz, A., Roy, M., & Franek, F. (2003). On the chemical composition of the
layers formed during sliding of metallic alloys at high temperature. Tribologia,
188, 127-143.

Pauschitz, A., Roy, M., & Franek, F. (2003). Comparism of high temperature wear
behaviour of chromia forming Fe-based and Ni-based alloy. Tribol Schmierungstech,
50, 40-49.

Pauschitz, A., Roy, M., & Franek, F. (2004). Identification of the mechanisms of
wear during sliding of metallic materials at elevated temperature using an optical
interferometer. In D. Dowson (Ed.), Transient phenomena in tribological processes
(pp- 721-730). Elsevier.

Pauschitz, A., Roy, M., & Franek, F. (2008). Mechanisms of sliding wear of met-
als and alloys at elevated temperatures. Tribology International, 41(7), 584—602.
doi:10.1016/j.triboint.2007.10.003

Quinn, T. F. J., Sullivan, J. L., & Rowson, D. M. (1984). Origins and develop-
ment of oxidational wear at low ambient temperatures. Wear, 94(2), 175-191.
doi:10.1016/0043-1648(84)90053-X

Radu, I, & Li, D. Y. (2007). The wear performance of yttrium-modified Stellite 712
at elevated temperatures. Tribology International, 40(2), 259-265. doi:10.1016/j.
triboint.2005.09.027

Richard, C. S., Lu, J., Beranger, G., & Decomps, F. (1995). Study of Cr,O, coat-
ings: Part I: Microstructure and modulus. Journal of Thermal Spraying Technology
(Elmsford, N.Y.), 4(4), 342-346.

Rico, A.,Poza, P., & Rodriguez, J. (2013). High temperature tribological behavior of
nanostructured and conventional plasma sprayed alumina-titania coatings. Vacuum,
88, 149-154. doi:10.1016/j.vacuum.2012.01.008

Roy, M., Pauschitz, A., & Franek, F. (2002), Elevated temperature wear of 253 MA
alloy. In Proceedings of the Third Aimeta International Tribology Conference. Vietri
sul Mare, Italy: Academic Press.

189


http://dx.doi.org/10.1016/S0257-8972(02)00024-5
http://dx.doi.org/10.1016/S0257-8972(02)00024-5
http://dx.doi.org/10.1016/j.triboint.2007.10.003
http://dx.doi.org/10.1016/0043-1648(84)90053-X
http://dx.doi.org/10.1016/j.triboint.2005.09.027
http://dx.doi.org/10.1016/j.triboint.2005.09.027
http://dx.doi.org/10.1016/j.vacuum.2012.01.008

High Temperature Sliding Wear of Thermal Sprayed Coatings

Roy, M., Pauschitz, A., & Franek, F. (2004). The influence of temperature on the
wear of Cr,C-25(Ni20Cr) coating — comparism between nanocrystalline grains
and conventional grains. Wear, 257(7-8), 799-811. doi:10.1016/j.wear.2004.05.001

Roy, M., Pauschitz, A., Polak, R., & Franek, F. (2008), High temperature wear of
thermal sprayed Cr3C2-25(Ni-20Cr) coating against Fe based and Ni based mating
surfaces. In Proc. 16th Intl. Colloquium Tribology. Stuttgart, Germany: Academic
Press.

Roy, M., Pauschitz, A., Wernisch, J., & Franek, F. (2004). Influence of mating sur-
face on elevated temperature wear of 253 MA alloy. Materials & Corrosion, 55(4),
259-273. doi:10.1002/maco.200303715

Russo, L., & Dorfmann, M. (1995). Structure evaluation of HVOF sprayed NiCr-
Cr,C, coatings. In A. Ohmori (Ed.), Thermal spraying: Current status and future
trends (pp. 681-686). Osaka, Japan: High Temperature Society of Japan.

Shin, L. D. S., Lim, D.-S., & Ahn, H.-S. (2000). Effect of annealing and Fe O ad-
dition on the high temperature tribological behavior of the plasma sprayed yttria-
stabilized zirconia coating. Surface and Coatings Technology, 133-134, 403—410.
doi:10.1016/S0257-8972(00)00965-8

Sliney, H. E. (1982). Solid lubricant materials for high temperatures—A review.
Tribology International, 15(5), 303-315. doi:10.1016/0301-679X(82)90089-5

Stott, F. H. (2002). High-temperature sliding wear of metals. Tribology International,
35(8), 489—495. doi:10.1016/S0301-679X(02)00041-5

Taktak S., (2006), Tribological behaviour of borided bearing steels at elevated
temperatures. Surface & Coatings Technology, 201, 2230-2239.

Taylor, T. A., Overs, M. P., Quets, J. M., & Tucker, R. C. Jr. (1983). Development
of several new nickel alluminide and chromium carbide coatings for use in high
temperature nuclear reactors. Thin Solid Films, 107(4),427-435.doi:10.1016/0040-
6090(83)90304-8

Tu, J. P, Jie, X. H., Mao, Z. Y., & Matsumara, M. (1998). The effect of temperature
on the unlubricated sliding wear of 5 CrNiMo steel against 40 MnB steel in the
range 400-600°C. Tribology International, 31(7), 347-353. doi:10.1016/S0301-
679X(98)00039-5

Vos, F., Delaey, L., De Bonte, M., & Froyen, L. (1998), Plasma-sprayed self-
lubricatinng Cr203—CaF2 coatings: Friction and wear properties. In Proceedings
of the 15th International Thermal Spray Conference. Nice, France: Academic Press.

190


http://dx.doi.org/10.1016/j.wear.2004.05.001
http://dx.doi.org/10.1002/maco.200303715
http://dx.doi.org/10.1016/S0257-8972(00)00965-8
http://dx.doi.org/10.1016/0301-679X(82)90089-5
http://dx.doi.org/10.1016/S0301-679X(02)00041-5
http://dx.doi.org/10.1016/0040-6090(83)90304-8
http://dx.doi.org/10.1016/0040-6090(83)90304-8
http://dx.doi.org/10.1016/S0301-679X(98)00039-5
http://dx.doi.org/10.1016/S0301-679X(98)00039-5

High Temperature Sliding Wear of Thermal Sprayed Coatings

Wang, L., & Li, D. Y. (2003). Effects of yttrium on microstructure, mechanical
properties and high-temperature wear behavior of cast Stellite 6 alloy. Wear, 255(1-
6), 535-544. doi:10.1016/S0043-1648(03)00057-7

Wang, Y. (1993). Friction and wear performances of detonation-gun and plasma-
sprayed ceramic and cermet hard coatings under dry friction. Wear, 161(1-2), 69-78.
doi:10.1016/0043-1648(93)90454-T

Wang, Y., Hsu, S. M., & Jones, P. (1998). Evaluation of thermally-sprayed ceramic
coatings using a novel ball-on-inclined plane scratch method. Wear, 218(1),96-102.
doi:10.1016/S0043-1648(98)00182-3

Wang, Y., Jin, Y., & Wen, S. (1988). The analysis of the friction and wear mecha-
nisms of plasma-sprayed ceramic coatings at 450 °C. Wear, 128(3), 265-276.
doi:10.1016/0043-1648(88)90063-4

Watreme, M., Bricout, J. P., Marguet, B., & Qudin, J. (1996). Friction, temperature,

and wear analysis for ceramic coated brake disks. Journal of Tribology, 118(3),
457-465. doi:10.1115/1.2831558

Yang, Q., Senda, T., & Hirose, A. (2004). Sliding wear behavior and tribofilm forma-
tion of ceramics at high temperatures. Surface and Coatings Technology, 184(2-3),
270-2717. doi:10.1016/j.surfcoat.2003.10.157

Yang, Q., Senda, T., & Hirose, A. (2006). Sliding wear behavior of WC-12% Co
coatings at elevated temperatures. Surface and Coatings Technology, 200(14-15),
4208-4212. doi:10.1016/j.surfcoat.2004.12.032

Zhou, Y. H., Hermelin, M., & Bigot, J. (1989). Sintering behaviour of ultra-fine Fe,
Niand Fe-25wt%Ni powders. Scripta Metalia, 23(8), 1391-1396. doi:10.1016/0036-
9748(89)90065-3

KEY TERMS AND DEFINITIONS

Composite Layer: Layer formed due to mixing and oxidation of debri from two
contacting surfaces in relative motion.

Mechanically Mixed Layer: Layer formed due to mechanical mixing of debri
from two contacting surfaces in relative motion.

Oxidation: Degradation due to reaction with the environment at elevated tem-
perature.
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Reaction Layer: Layer formed due to mixing and reaction of debri from two
contacting surfaces in relative motion.

Sliding Wear: Degradation due torelative motion between two contacting surfaces.

Thermal Spraying Coatings: Coating obtained by a group of processes that
apply a consumable powders or wires in the form of finely divided molten and semi
molten droplets.

Transfer Layer: Layer formed due to transfer of debri from softer surface to
harder surface during relative motion of two contacting surfaces.

Tribology: Science of friction.

Wear Oxidation: Synergy between wear and oxidation.
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ABSTRACT

Solid particle erosion is an important material degradation mechanism. Although
various methods of coating are tried and used for protection against erosion, thermal
sprayed coating for such purpose is the most widely used method. In this chapter,
evolution of thermal sprayed coating, erosion testing methods, and erosive wear
of thermal sprayed coatings are discussed extensively with emphasis on recent de-
velopments. It is generally found that erosion of thermal sprayed coatings depends
on erosion test conditions, microstructural features, and mechanical properties of
the coating materials. Most thermal sprayed coatings respond in brittle manner
having maximum erosion rate at oblique impact and velocity exponent in excess of
3.0. Erosion rate is also dependent on thermal spraying techniques and post coating
treatment. However, little work is done on dependence of erosion rate on coating
techniques and coating conditions. Future direction of work is also reported.
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1 INTRODUCTION

Solid particle erosion, more popularly known as erosion or erosive wear is essentially
degradation of materials due to impact of moving particles. Erosion is mechanisti-
cally different from liquid erosion, cavitation erosion etc. Erosion is a common
occurrence and particularly a matter of considerable technical and economical
importance. Erosion of choke valves used in oil and gas industry, erosion of steam
pipes by entrained iron oxide particles in steam turbines, erosion in fluidized bed
combustion systems are some typical examples of erosive wear. Although erosion
is generally regarded as a material degradation process, in some cases erosion is a
useful phenomenon, as in sand blasting and high-speed abrasive water jet cutting.
(Reddy & Sundarrajan,1986; Kosel,1992). The inconsistency in prediction of erosion
resistance of engineering materials based on improvement of mechanical properties
by various strengthening mechanisms (Roy, Subramaniyan & Sundarrajan, 1992;
Roy, Tirupataiah & Sundarrajan, 1993; Roy, Tirupataiah & Sundarrajan, 1995),
alteration in microstructure by thermal / mechanical treatment has been the major
impetus to the development of erosion resistant surface coatings. Design modification
and change of service parameters are often unsuitable solutions to reduce erosion
severity. Therefore in many cases especially in industries where service parameters
and design are fixed, the most practical route is based on use of alternative material
or surface coatings. Since the properties required for wear control are often spe-
cific to the surface, use of surface coatings for erosion mitigation had been widely
practiced in the past. Several coating techniques ranging from surface hardening,
weld hardfacing, chemical vapour deposition, and physical vapour deposition to
ion implantation are currently in practice for erosive wear protection. Table 1 gives
some of the manufacturing techniques to produce wear resistant surface (Schmidt
& Steinhauser, 1996). Weld hardfacing, although considered sometimes as a ‘black
art’, offers several economic advantages. The use of hard coatings offers several
advantages over bulk material since surface properties can be engineered to be in-
dependent of the bulk material to produce a composite system and use of cheaper
substrate material can significantly reduce the cost of the product. The selection of a
particular coating technique is dictated by several factors such as coating thickness,
mechanical properties, morphology and microstructure of the coating as influenced
by the manufacturing techniques and its cost, used for coating deposition, coat-
ing defects and most importantly the operating conditions such as erosion mode,
properties of erodent particles, fluid flow variables such as impact angle and the
impact velocity. In this context thermal spray coatings have been widely used for
protection of industrial components against solid particle erosion (SPE). Thermal
spray coatings offer attractive mechanical properties and are being used for wear,
abrasion, erosion and corrosion protection of engineering components in automo-
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tive, power plants and mining industries. The erosion resistance of thermal spray
coatings relies on use of hard ceramic second phase particles such as carbides and
borides in a relatively softer matrix; a binder phase. Figure 1 shows use of different
reinforcement phases in thermal spray coatings metals and metalloids. The disper-
sion of a ceramic phase in a more ductile matrix to improve hardness and toughness
has been successfully used for improving and abrasion and erosion resistance of
dual phase materials such as tool steels, high chromium cast irons, sintered WC-Co
alloys and composite materials. In view of the above, an attempt has been made to
examine the performance of solid particle erosion of thermal spray coatings and
highlight the development in recent past. Present chapter has been divided under
seven sections. After introducing solid particle erosion of thermal sprayed coatings
in the first section, evolution of thermal spraying and various testing techniques
are discussed in section two and three respectively. Erosion behavior of coatings
is elaborated in section four. Applications of thermal sprayed coating for erosion
resistant applications are provided in section five. Finally, direction of future research
and concluding remark is summarized in section six and seven.

2 EVOLUTION OF THERMAL SPRAY COATINGS

Thermal spraying is a process where consumable powders or wires in the form of
finely divided molten and semi molten droplets are propelled to a substrate to produce
coatings. Thermal spraying dates back in 1911 when Dr. Schoop for the first time
atomized molten metal by high pressure gas and propelled them on to a surface. In
1912 a device to spray metal wires known as flame spraying was produced. Later on
new technique for thermal spraying by using electricity to melt feedstock materials
was introduced. These methods are known as arc spraying. Usage of powder for the

Table 1. Manufacturing methods for wear resistant surfaces (Schmidt & Steinhauser,
1996)

Surface Coating Methods

Surface Treatment Methods

Thermal spraying

Thermo chemical treatment

Deposit welding

Thermal surface hardening

Electrochemical deposition

Mechanical surface hardening

Chemical deposition

Surface remelting

Physical vapour deposition

Anodic oxidation

Chemical vapour deposition

Ton implantation

Plating
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Figure 1. Use of different reinforcement phases, metals and metalloids in thermal spray
coating (GFE Schmalkalden, hitp://www.fh-schmalkalden.de/schmalkaldenmedia/-
p-16916. 389-394)

Hard Material

Metallic Hard Material

Hard Metal Hard Alloy

flame spraying process was developed for the first time by F. Schori in 1930. These
processes can use only low melting metallic powders. Slowly people started using
powders with high melting temperature and oxidation resistance. This resulted in
development of detonation spraying in 1958 by Union Carbide and atmospheric
plasma spraying in 1960. This was followed by development of vacuum plasma
spraying (VPS) and low-pressure plasma spraying (LPPS) in late 1970 and 1980.
However, the main development of thermal spraying occurred in 1980 when a novel
technique for spraying powder employing high oxygen, known as high velocity oxy
fuel (HVOF) technique was introduced. James A Browning developed liquid fuel
based coating gun ‘Jet-Kote’ in 1982. The most important technology cold spraying
was developed in 1990. This process has the ability to produce unique coating that
is not possible by other coating method. (Li, et al., 2008; Melendez et al., 2013).
Over the last several decades, thermal spraying has evolved from experimental stage
to commercial techniques. Figure 2 depicts evaluation of usage of thermal sprayed
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coatings. It took 35 five years to get first published paper on tribology since develop-
ment of detonation gun and it was nearly 50 years before HVOF sprayed WC —Co
coating found application in turbine blades.

Over the years different thermal sprayed coatings are developed. Different tech-
niques have different features, different advantages and limitations. Different tech-
niques are suitable for spraying different types and grades of powder. The process
temperatures and particle velocities obtained using different spraying gun can vary
over a wide range. Comparison of characteristics (temperature and feed velocity)
of different thermal spray processes and cold spray process is made in Figure 3.

3 EXPERIMENTAL METHODS IN EROSION TESTING

The selection of an “appropriate” erosion test is very often difficult and is dictated
by several parameters. Very often it is difficult to simulate the exact service condi-
tions in actual laboratory test. The analysis of the service conditions such as nature
of wear process responsible for material removal and degradation, abrasive medium
and its properties (hardness, size and shape), and environmental conditions, forms
an integral part in the selection of a most suitable erosion test in the laboratory.
The extent to which the laboratory erosion test data can be extrapolated into ser-
vice decreases from the field test to the very simplified model test. Very often the
shortening of test times by increased loading in a model test can result in different
erosion rates, different erosion mechanism making transferability of test results
from model test to service, uncertain. However, model tests are advantageous for
scientific investigations due to high reproducibility of the test parameters and ease
and precision with which operating conditions /test parameters can be controlled.
Model tests are very useful in preliminary selection of materials or ranking of

Figure 2. Evolution of WC coatings and their industrial applications (Wood&
Robert, 2010)
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Figure 3. Comparison of characteristics (temperature and feed velocity) of dif-
ferent thermal spray and cold spray process (GFE Schmalkalden, http://www.
fh-schmalkalden.de/schmalkaldenmedia/-p-16916. 389-394)

g
1

lasma
Spraying

Temperature °C
1

2500 —
Flame spraying wire
Cold Gas Dynamic Spraying
) B
0 | 1

T T
0 500 1000 1500 2000
Particle velocity (1000 m/s)

materials for a specific application and in investigation of the mechanisms and /or
the influence of operating variables e.g. pressure, velocity and environment (Gabhr,
1987; Hammitt, 1976).

To study the erosive wear behavior of materials, several types of erosion test
apparatus have been used by the investigators. The most common designs being gas
blast test rig and centrifugal erosion accelerator. In case of gas blast type erosion
test rig, the erodent particles are accelerated along a nozzle in a flowing stream of
gas, usually air. Schematic representation of air jet erosion test apparatus is made
in Figure 4 (Roy et al., 1992). Various techniques for controlling the particle feed
rate have been reported e.g. vibratory feeding, belt conveyer feeding and screw feed-
ing. The centrifugal erosion accelerator has the advantage that multiple number of
specimens can be tested simultaneously. In this system the erodent particles are fed
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into the center of a rotor rotating in a horizontal plane and are accelerated by the
rotation producing a stream of particles to strike specimens positioned at various
angles around the perimeter of the enclosure. Both the methods produce divergent
stream of particles, resulting in variation of particle flux over the surface of the
specimen (Hutchings, 1997). The details regarding standard test conditions, test
procedure and reporting of test results are given in ASTM G-76 (ASTM G-76, 1995).

The whirling arm rigs are developed to enable tests to be carried out at pre-
cisely controlled velocity over a range of impact conditions. The target specimens
are attached to the tips of the rotor arm and whirled through a certain or a narrow
band of erosive particles. These rigs simulate the degradation conditions prevalent
in fluidised bed combustor. The whirling arm erosion rig was initially developed
by Tilly and Sage (Tilly & Sage, 1967). One of the advantages of this type of rig is
that the erodent velocity can be controlled precisely as the velocity is governed by
the rotating speed of the arms.

Particle velocity is one of the important parameters influencing the erosion
behavior of materials. Due to strong dependence of erosion rate on velocity, (E «

Figure 4. Schematic diagram of air jet erosion test apparatus (Roy et al., 1992)
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V" in case of metals and ceramics an accurate knowledge of particle velocity is es-
sential for reliability of erosion data and for determination of velocity exponents in
erosion studies. Several methods of velocity calibrations such as Double Rotating
Disk, Multiple Flash Photography, High Speed Camera, Laser Doppler Velocimeter
and Opto-electronic Velocimeter etc. have been reported. Ruff and Ives (Ruff and
Ives, 1975) devised relatively simple method for velocity measurement by using
double disk apparatus, in which two circular discs with a known spacing are fixed
on the same rotating shaft. A single radial slit in the upper disc permits particles to
incident and eventually erode a mark on the lower disc. Two erosion exposures are
made, one with the disks stationary and the other with the disks rotating at a known,
constant speed. Measurement of the angular displacement between these marks along
with measure of the time of flight of the particles as they cross the space between
the discs gives impact velocity of the erodent. Though this method is useful, several
shortcomings have been reported (Kosel & Anand, 1989). Hovis (Hovis, Anand,
Conard & Scattergood, 1985) modified double disk method, still keeping the basic
principle similar to that used in the original method, called as paddle wheel method
in which the particles were allowed to pass through a multiple slit arrangement to
strike radial paddles mounted on a shaft parallel to the direction of flight. Since
the paddles are at different distances from their respective slits, impact patterns
are produced at different positions along the paddles. The impact pattern will be
formed at a distance from the disk. A linear least square fit of the distances of the
spot patterns from the ends of the paddles is used to obtain the velocity. This method
offers an advantage in that; it uses least square analysis which helps to reduce the
statistical errors in the calibrations. However this method is still subject to some of
the problems mentioned above.

The accurate determination of velocity of smaller particles 20-40 um is consid-
erably difficult since small particles are considerably influenced by drag force due
to the difference between particle velocity and fluid velocity. The use of photodi-
ode and high speed photography is thought to be inadequate in this context since
particle stream is nearly invisible. Kagimato (Kagimato., 1987) used laser doppler
velocimeter (LDV) to measure the particle velocity of small ash particles and to
determine the effect of impact velocity on erosion rate in boilers. The method re-
quires some numerical calculation to determine the air flow pattern and to estimate
particle deceleration rate. Ninham and Hutchings (Ninham and Hutchings, 1983)
developed a computer program to calculate the particle velocity, which is based on
standard fluid mechanics equations, for compressible flow in pipes with friction
and this defines the gas pressure, density and velocity at all points along the tube.
The model predicts the velocity of spherical particles and requires an empirical cor-
rection for measurement of velocity for angular particles. Stevenson and Hutchings
(Stevenson and Hutchings, 1995) used opto-electronic velocimeter which uses two
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photo diodes to measure the time of flight of the particles. Multiple flash photog-
raphy method is based on identification of a particle at two different positions on a
double exposed photograph. The time interval between the two exposures presents
a means of calculating the particle velocity. The technique is relatively simple and
is best suited for single particle impact studies with a particle size about 25 pm.
However an uncertainty of 10% in the measured velocity values has been reported.
The high speed camera technique is similar to multiple flash photography except
that single exposures on consecutive films are made instead of multiple exposures
on the same film. The method suffers from same constraints and uncertainty as
that of multiple flash photography. Further details of erosion testing can be found
elsewhere (Roy, 2000).

4 EROSION BEHAVIOR

In this section solid particle erosion (SPE) of thermal sprayed coatings is discussed.
Since most thermal sprayed coatings which are used for protection against erosion
are composite in nature, mostly cermet variety, erosion of multiphase material, in
general, is discussed. However, to understand erosion of multiphase materials it
is necessary to understand erosion of single phase materials and hence erosion of
metals and alloys has briefly been introduced.

4.1 Solid Particle Erosion of Metallic and Ceramic Materials

Wear by erosion is the loss of material due to mechanical interaction between the
component surfaces and the high velocity particles entrained in a fluid stream. Until
1950s most of the erosion studies were restricted to devising practical solutions to
the erosion problems, until 1958 when a pioneering effort was made by Ian Finnie
(Finnie, 1995) to understand the fundamental mechanism of material removal from
surface by erosion. His model was based on cutting mechanism of erosion which
predicted accurately the variation of the weight loss with angle of impingement
and maximum erosion rate was observed at 20-30° impact angle for ductile metals
(Finnie, 1979). Subsequently it was shown that the material removal mechanism
involved, material raised in the form of a lip which is vulnerable to be removed in
subsequent impacts. Hutchings (Winter & Hutchings, 1974; Hutchings & Winter,
1975; Hutchings, 1977; Hutchings, 1979) made significant contribution by way of
his single particle erosion studies on ductile metals and proposed ploughing and
cutting mechanisms. A considerable body of evidence exists to show that erosion
mechanism is a strong function of erodent particle properties like particle hardness,
particle size, shape and its orientation and the material properties. Observations
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on erosion debris further confirmed that ploughing and cutting are the dominant
mechanisms at lower angles (Kosel, /984). Various erosion mechanisms of material
removal have been proposed at normal impingement angle. The widely accepted
erosion mechanisms at normal impact are, deformation (Bitter, 1963; Nelson &
Gilchrist. 1968), platelet formation (Bellamn & Levy, 1981; Levy, 1986), fragmen-
tation of the particle (Tilly, 1969; Tilly,1973), low cycle fatigue (Hutchings, 1981)
and localization of plastic flow (Sundararajan & Shwemon,1983; Sundarrajan, Roy
& Venkataraman, 1990; Sundararjan & Roy,1997). However no clear agreement
exists on any single mechanism which is operative at all the angles. Although it is
suggested that platelet mechanism may be the predominant mechanism of material
removal for metals at 90° and micromachining may predominate at low angles of
incidence; plastic deformation is still considered as the dominant mechanism of
erosion (Finnie, 1995; Kosel, 1992).

A different mechanism termed ‘adiabatic shear induced spalling’ involves the
formation of intersecting adiabatic shear bands at the base of the crater and subse-
quent removal of chunks of material is relevant for hard and brittle metallic material.
This mode of weight loss, which is highly efficient in terms of energy expended per
unit volume of target material removed, is important only at normal impact where
the constrained of deformation is maximum. The erosion response under such
circumstances will be similar to that observed for ceramic materials (Quadir and
Schewmon 1981; Chrisman and Schewmon, 1979). But the underlying mechanism
is entirely different from the way materials are removed from ceramic materials.

The mechanism of material removal for brittle solids particularly ceramics
involves generation and propagation of subsurface lateral cracks driven by the re-
sidual stresses produced in an elastic-plastic contact zone. Although the mechanism
of erosion in brittle materials involves brittle fracture, it is considered that plastic
deformation might be operative at lower angle of impingement (Finnie, 1995).
The erosion behavior of brittle materials is distinctly different from that of ductile
metals. The peak in erosion is observed at 90° impingement angle. In contrast to
ductile metals, brittle materials show stronger dependence on velocity. The models
proposed by Evans, 1978; Evans & Wilshaw, 1977; Lawn and Wilshaw, 1975; Ruff
and Wiederhorn, 1979) based on elastic plastic interaction, predicted reasonably
accurately the dependence of erosion on velocity, particle size and material proper-
ties like hardness and fracture toughness and this could not be established in the
Hertzian fracture model (Sheldon and Finnie, 1966).

4.2 Erosion Behavior of Multiphase Materials

The ceramic materials exhibit superior abrasion and erosion resistance as compared
to metals, especially when the abrasive particles are softer than the target material.
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The dispersion of a ceramic in a more ductile matrix to improve toughness has been
successful in abrasion but with a little success in erosion except for polymer matrix
composites or carbon composites (Roy, Vishwanathan &Sundararajan 1994; Sarkar,
Sekharan, Mitra & Roy 2009). For example, WC-Co alloys and high chromium iron
alloys, containing a dispersion of hard carbides, exhibit excellent abrasion resis-
tance. The literature suggests that beneficial effect of high volume fraction of hard
ceramic particles could only be observed with softer erodent particles and under
benign erosion conditions. The important factors influencing erosion behavior of
white irons were observed to be volume fraction of carbides, relative hardness of
erodent particles in relation to carbide hardness, relative size of erodent particles
with respect to size of carbides, mean free path, impact velocity, impact angle and
the environmental conditions. (Sapate & RamaRao, 2004)

Hansen (Hansen, 1979) compared the erosion rates of a large number of metallic
alloys, ceramic materials and cermets when eroded with 27 um alumina particles
at a velocity of 170 ms™ at 90° impingement angle. The WC-Co alloys exhibited
relative erosion factor (with respect to stellite 6B) in the range of 0.1-1.6 and rela-
tive erosion factor increased with binder content. Most of the ceramic materials had
relative erosion factor values in the range of 0.3-0.6. Ninham and Levy (Ninham &
Levy, 1988) performed erosion tests on high chrome iron, cermets and stellite alloys
containing carbide volume fraction from 10 to 90%, with 75-200 pm angular quartz
particles travelling at velocity of 60 ms™. The erosion rate decreased at high volume
fractions for WC and TiC cermets, when the carbide was the major constituent. In
tristellite containing large primary carbides the localization of deformation in the
overlying matrix and subsequent fracture of unsupported carbides resulted in higher
erosion rates. The brittle signature was favored at higher binder levels, since binder
phase controlled the erosion but was severely constrained by the carbides particles
and therefore cermets behaved in a brittle manner. Anand (Anand, 1985) studied
scaling effects in erosion of multi phase materials. They performed erosion studies
on WC-Co alloys with different sizes of WC particles (2-16pm) and a composite
consisting of alumina rods (500 pm diameter) in a stainless steel matrix with alu-
mina particles (40-270 um) at a velocity of 50 ms™'. An increase in erosion rate with
increase in particle size of the erodent was observed. The decrease in grain size of
WC resulted in decrease in erosion rate. The increase in velocity from 50 ms™! to 93
ms! resulted in shifting the peak in erosion to angles less than 90°. They suggested
that the relative differences in erosion rates of WC-Co alloys under different erosion
conditions could be rationalized on the basis of the scale of the damage event relative
to the scale of the microstructure due to variation in erodent particle size and /or
velocity. When the damage event is small as compared to the WC grain size, there
is no apparent constraint provided by the binder phase since cracks can extend to
their full extension with single grain and the overall erosion rate is dominated by the
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erosion rate of WC. The growth of the lateral cracks in small grains is constrained
by the Co binder phase and ductile type erosion is favoured when the size of the
damage event is large as compared to WC grain size.

Anand and Konard (Anand & Konard, 1988; Anand & Konard, 1989) further
observed microstructural effects in the erosion of WC-Co cemented carbides. The
erosion response of WC-Co alloys was investigated as a function of binder content
(10-70% by volume) and WC grain size (0.42-3.25 pm) with 63-405 um alumina
particles in the velocity range of 35 to 93 ms™'. The change in erosion behavior from
brittle to ductile was favored under severe erosion conditions of increasing particle
size and velocity. In the ductile erosion regime the erosion rate of cemented carbides
varied linearly with square root of binder mean free path. In the ductile regime the
flow stress of the constrained binder controlled the erosion rate. In brittle regime,
WC grains undergo brittle fracture however crack propagation was restricted to
WC grain due to surrounding binder phase. They proposed a mechanism involving
crushing, corner chipping and cracking of WC grains lying within and along the
edge of the impact crater in the brittle erosion mode. Ball and Patterson (Ball &
Peterson, 1985) investigated the erosion response of number of WC cermets with
100 pm silicon carbide particles at a velocity of 40 ms” and at impinging angle of
45°. The erosive wear volume loss vs. binder curve showed a maximum at about
17% binder and a minimum was observed at 34 volume % binder. They suggested
that cermets with fine carbide grains suffered a greater volume loss as compared to
coarse-grained cermets. It was pointed out that for binder volume fractions of less
than 20%, the erosion is controlled by the deformation and fracture of the grains of
WC skeleton while ductile deformation of the binder phase controlled the erosion
of cermets containing more than 20 volume % binder. The results of erosion studies
by Pennefather (Pennefather, 1988) on WC cermets with 150 pm silicon carbide
particles at a velocity of 40 ms”' showed peak in erosion at 10 weight % cobalt.
The peak in erosion was found to be more pronounced at higher impact angles. For
impact angles less than 45 °, the erosion rate increased linearly with binder content.
They considered that for low cobalt content, the erosion is controlled by the rigidity
and toughness of the carbide skeleton while deformation of binder phase controls
the erosion of cermets with higher cobalt content. They put forward similar argu-
ments as proposed by Patterson and Ball (Patterson & Ball, 1985) to rationalize the
observed erosion rates of WC-Co cermets.

4.3 Erosion Behavior of Thermal Spray Coatings
As mentioned earlier, thermal sprayed coatings especially WC-M coatings are

promising layers for protection against solid particle erosion. WC-M (Co, N, Ni-Cr)
thermal spray coatings offer attractive properties such as high hardness imparted
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by carbide particle and good toughness due to the relatively softer binder phase.
The softer metal matrix provides good adhesion and wetting characteristics result-
ing in good toughness. The improved mechanical properties of WC-Co thermal
spray coatings in relation to percentage of hard phase are provided in Figure 5.
The erosion resistance of WC-M coatings is influenced by the volume fraction of
carbides and binder phase, mechanical properties of the carbides and binder phase,
manufacturing technique and porosity of the coating and the operating conditions
such as impact angle, velocity of erodent particles, properties of erodent particles
and the environment; temperature/corrosive media (Karimi, Verdonm Martin &
Schimd, 1995; Kullu, Hussainova, & Veinthal 2005; Machio, Akdogan, Witcomb
& Luyckx 2005; Mathews, James & Hyland 2007). The erosion rates of detonation
gun sprayed WC —Co coatings were found to increase with increasing hardness of
erodent particles (Babu, Basu & Sundarrajan, 2011).

Erosion of thermal spray coatings are influenced by the complex splat network
and phase variation inherent in their formation. In general, coatings with low inter-
splat adhesive strength are prone to fracture and crack propagation along splat
boundaries during erosion (Kingswell, Rickerby, Bull & Scot, 1991; Lathabai,
Ottmuller &, Fernandez 1998). This results in removal of entire splats or groups of
splats. Sometimes cracks are linked up and form chips of material that are readily
ejected upon subsequent impact. Increased inter-splat adhesion reduces the magni-
tude of damage generated by each impact. Fracture becomes more localised within
splats and results from brittle fracture and fatigue around impact sites (Kingswell
et al, 1991; Lathabai et al., 1998). Preferential mass loss occurs along splat bound-
aries via chipping or plastic deformation (Wang, 1996; Wang, Geng & Levy, 1990;
Wang and Lee, 1997). Link up of vertical cracking with subsurface splat boundar-
ies is an additional erosion mechanism (Wood, Mellor & Binfield, 1997). Splat
structural effects are the most important parameters for erosive loss as noted for a
range of deposition techniques, coating compositions and testing conditions (King-
swell et al., 1991; Lathabai et al., 1998; Wayne, Baldoni & Buljan 1990; Xia, Zhang
& Song, 1999). Contributing factors have included splat size (in relation to the
erodent) (Levy, 1988; Levy & Wang, 1988.), degree of intra-splat microcracking
upon solidification (Westergard, Axen, Wiklund & Hogmark 2000), high concentra-
tions of oxide stringers (Kingswell et al., 1991) and inter-splat porosity (Wayne &
Sampath, 1992).

The contribution of sub-surface crack propagation along regions of microstruc-
tural weakness to erosion damage of thermally sprayed coatings is demonstrated by
several studies. The SEM images showing the morphology of the eroded surface
and the region beneath the eroded surface of detonation sprayed WC-Co coating is
presented in Figure 6 due to Roy (Roy, 2014). The images correspond to normal im-
pact and impact velocity of 150 m/s. Propagation of cracks along the splat boundary
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Figure 5. Advantages offered by cermets and ceramic coatings as a function of hard
phases (Kulu 2005)
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is evident. Verdon Karimi and Martin (Verdonm Karimi & Martin, 1997) deduced
that the relative contribution of plastic deformation, cracking and delamination
mechanism of material removal in erosion of thermally sprayed WC-Co coatings is
decided by impact velocity and the ease of crack propagation along splat boundar-
ies. The detachment of subsplat and splat was observed at an impact velocity of 70
ms! during erosion of plasma sprayed ceramic coating (Westergard et al., 2000).
Similar observation were noted by Lofti, Shipway, McCartney and Eldris (Lofti,
Shipway, McCartney & Eldris, 2003) regarding extensive subsurface cracking in
erosion of NiCr-TiB, coatings and the presence of intersplat oxide phases thought
to be responsible for cracking around splat boundaries.

Hawthorne (Hawthorne, Arsenault., Immarigeon, Legoux & Parmeswaran, 1999)
conducted dry sand and slurry erosion test on ten different HVOF WC coating with
Co, Co-Cr-Ni, Ni—Cr, Ni-Cr-Si-B. The dry sand erosion tests were carried out at
a velocity of 84 ms™! at impact angles of 20° and 90° Figure 7 presents comparison
of dry erosion with 50 um alumina particles at 20 and 90° impact angles for various
thermal sprayed coatings. It was observed that dry erosion rates were three times
higher than slurry erosion rates. No direct correlation between hardness and erosion
rate was observed for thermal spray coatings and at normal impact erosion rate
exhibited tendency to decrease with increase of hardness as observed in Figure 7.
It was concluded that coating composition and microstructural integrity were the
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Figure 6. The SEM images showing the morphology of the eroded surface and the
region beneath the eroded surface of detonation sprayed WC-Co coating. (Roy, 2014)

dominant factors in deciding erosion behavior. The addition of Cr and VC proved
to be beneficial for erosion resistance of HVOF WC-Co coatings (Karimi et al.,
1995; Machio et al., 2005). It was observed that addition of Cr to HVOF sprayed
WC-Co coatings improved the erosion resistance by a factor 4-6 times due to im-
provement in toughness and binding of carbides to the matrix.

The studies due to Li, Yang & Ohmori (Li, Yang & Ohmori, 2006) indicate that
mean lamella thickness and mean bonding ratio of plasma sprayed coatings is in-
fluenced by plasma power and spray distance as shown in Table 2 and Table 3. The
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Figure 7. Dry sand erosion test of several thermally spayed HVOF coatings at 20
and 90° impact angles with 50 um alumina particles. (Hawthorne et al., 1999)
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lamellae thickness, 6 and mean bonding ratio, o increased with plasma power
whereas with increase in spray distance mean bonding ratio increased and lamellae
thickness exhibited an increasing trend. The erosion rate of Al O, coating at an
impact angle of 90° and velocity of 63 m s and with 330 um alumina erodent par-
ticles was inversely proportional to lamellar interface bonding ratio and is directly
proportional to lamellae thickness. The dependence of the erosion resistance was
expressed in terms of a microstructural parameter involving mean bonding ratio
between lamellae and thickness of the lamellae by the equation 1

1 _ 2y, (1)
E E,é

where y_ is the effective surface energy of the lamella material, « is the bonding
ratio of the interface between lamellae, 6 is the thickness of the lamella, 1/E is the
erosion resistance and E, v is the fraction of kinetic energy per unit mass of impact-
ing particle utilized for cracking of the bonded lamellar interface.

Erosion rate of thermal sprayed coatings are dependent on the angle of impact.
Hearley, Little & Sturgeon (Hearley, Little & Sturgeon, 1999) observed classical
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Table 2. Mean lamella thickness and mean bonding ratio of AL,O, coatings plasma

sprayed under different powers (Li et al., 2000)

Power (kW) Lamella Thickness (um) Mean Bonding Ratio (%)
21.0 1.85 23.5
24.5 2.1 32
28.0 1.58 32
315 1.75 32

Table 3. Mean lamella thickness and mean bonding ratio of ALO, coatings plasma

sprayed at different spray distance (Li et al., 2006)

Spray Distance(mm) Lamella Thickness (um) Mean Bonding Ratio (%)
80 1.89 319
100 1.58 32
150 1.82 17.5
200 3.44 16.8

brittle erosion response of HVOF sprayed NiAl coating as can be seen from Figure
8. It is to be stated that the eroded surfaces indicates ductile materials removal
mechanism governed by deformation rather than fracture even though erosion re-
sponse is brittle. This apparent contradictory observation may be attributed to the
nature of erodent, their size and shape. Similar observation is also made by Kulu
et al. (Kulu et al., 2005) for several variety of thermal sprayed coatings. As noted
by Babu (Babu et al., 2011) the ratio of erosion rate at impact angles of 90° and 30°
in the case of thermal sprayed coatings, increases with decreasing impact velocity
and with increasing hardness of the erodent. With SiO, erodent particles the ratio
(i.e.E /E, ) for WC-Co coatings was marginally lower than mild steel whereas
with alumina and SiC erodent particles the ratio was 1.5-2 times higher than mild
steel at a velocity of 25 m s™! (Figure 9). In contrast, at 45 ms™ the ratio for coatings
was nearly 1.5-2 times lower than mild steel as shown in Figure 10. In all cases
thermal sprayed coatings generally exhibited brittle erosion response. Guilemany,
Cincam Fenandez & Sampath (Guilemany, Cincam, Fenandez & Sampath, 2008),
however, demonstrated that near stoichometric Fe-40Al HVOF coating iron alumi-
nides exhibited a ductile signature under the conditions of normal impact. Similarly
Hawthrone (Hawthorne et al., 1999) reported ductile erosion for several varieties
of coatings (Figure 7).
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Figure 8. Erosion rate of Ni-Al coatings as a function of impact angle and impact
velocity (Hearley et al., 1999)
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Erosion rate strongly depends on the impact velocity. As shown in Figure 11,
erosion rate increased with impact velocity; the relation between erosion rate and
impact velocity is given in Equation 2.

EOO V3.2r3A7p1.3H71.25 (2)

where V is the impact velocity, r is the radius of the erodent; p and H are density
and hardness of the target material. Similar observations were made by Levy and
Wang (Levy & Wang 1988) for plasma sprayed WC-Co. It is observed by Wood et
al. (Wood et al., 1997) that for WC-Co coatings, erosion rate was independent of
impact angle at lower impact velocity whereas erosion rate was dependent on impact
angle at higher impact velocity. Most coatings, in general, exhibit velocity exponents
in access of 3.0.

The post coating treatment also alters the erosion performances of coatings.
According to Matthews, James & Hyland (Matthews James & Hyland, 2009) heat
treatment resulted in increased ductility of the NiCr phase of high velocity air fuel
(HVAF) sprayed and HVOF sprayed Cr,C,-NiCr coating. Heat treatment resulted
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Figure 9. Erosion rate ratio (E,/E, ) for mild steel, bulk WC-Co coating and deto-
nation gun sprayed WC-Co coatings at a velocity of 25 ms”'with different erodent
particles (Babu et al., 2011)
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Figure 10. Erosion rate ratio (E,/E, ) for mild steel, bulk WC-Co coating and deto-
nation gun sprayed WC-Co coatings at a velocity of 45ms™'with different erodent
particles (Babu et al., 2011)
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Figure 11. Erosion rate a s function of impact velocity for different impact angles
(Hearley,1999)
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in the reduced contribution of splat based erosion mechanisms by intersplat sinter-
ing and this leads to improved erosion resistance of heat treated coatings (Mat-
thews et al., 2009). The heat treatment of HVOF and HVAF Cr,C,-NiCr coatings
proved beneficial for erosion resistance as a result of improvement in toughness of
the coating due to re-precipitation of the carbide phase in network form. This re-
stricted relative movement of carbides during impact and applied load being shared
by relatively larger volume of the coating. Heat treatment also resulted in ductile
erosion in contrast to untreated coatings which exhibited brittle erosion signature
(Matthews et al., 2007). Similar improvement for chromium carbide based coating
has been reported by several other investigators (Walsh& Tabakoff, 1992; Wlodek,
1985; Nerz et al., 1991). Effect of heat treatment on the erosion of tungsten carbide
based coatings is found to be less prominent (Nerz et al., 1991; Iron ef al., 1994).
Nerz, Kushner, Kaufold and Rotolico (Nerz, Kushner, Kaufold and Rotolico,
1991) reported increase in erosion rate for blended powder based HVOF Cr,C—
NiCr coatings following heat treatment. In contrast, coatings based on sintered/
crushed powder showed negligible variation with heat treatment. However, heat
treatment significantly improved the erosion performance of ablended powder based
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Cr,C,-FeCrAlY sprayed by the same technique. Irons, Kratochivil, Bullock, Roy &
Berndt (Irons, Kratochivil, Bullock, Roy & Berndt, 1994) noted an improvement
in erosion resistance at 20° impact angle but higher erosion rate at 90° impact after
heat treatment. He correlated the erosion response with microhardness as a func-
tion of heat treatment. However, erosion rate and hardness have mixed response to
different heat treatment conditions (time, temperature etc) (Wlodek, 1985; Nerz et
al,. 1991). D-Gun sprayed Cr,C, based coatings have tendecy to harden with heat
treatment (Walsh, 1992). For HVOF coatings the response was mixed. Nerz et al.
(Nerz et al., 1991) reported increases in hardness for treatment of blended and sin-
tered/crushed powder based coatings, while Irons et al. (Irons et al., 1994) noted a
softening with heat treatment. Wlodek (Wlodek, 1985) and Nerz (Nerz et al., 1991)
attributed the increased erosion resistance with heat treatment to the development
of Cr,C, phases. This phase was postulated to form as a result of carbon loss from
Cr,C, during spraying. It was considered that the decarburised phase to be harder
than the original starting carbide, thereby improving the erosion resistance. The
development of an ultrafine grain structure was also linked to the increased hardness
and improvement in performance following heat treatment. Tsai, Lee and Chang
(Tsai, Lee and Chang, 2007) investigated the improvement of erosion resistance of
plasma sprayed thermal barrier coatings on laser glazing. Several erosion tests were
conducted at room temperature using 50 pm silica erodent particles with impact
velocity of 50 m s™'. The erosion rate increased as the impingement angle increased
for both plasma-sprayed and laser-glazed TBC. Laser glazing enhanced the erosion
resistance of plasma-sprayed TBC by about 1.5 to 3 times with the impingement
angle ranging between 30° and 75°, while the erosion resistance did not significantly
improve when the impingement angle reached 90°. Erosion morphology analysis
clearly indicates that the erosion of the plasma-sprayed TBC is deemed to be the
erosion of the protrusions and the sprayed splats. The erosion of the laser-glazed
TBC is proven to be the spallation of the glazed layer. Spallation occurred in the
laser-glazed layer/plasma-sprayed splats interface.

Erosion behavior of thermal sprayed coatings is dependent on the coating process.
The observations due to Roy, Narkhede & Paul (Roy, Narkhede & Paul, 1999) indi-
cated that that the erosion resistance of detonation sprayed WC-Co coating is better
than plasma sprayed and HVOF sprayed coatings at normal impact and comparable
at oblique impact. Erosion resistance of HVAF sprayed Cr,C,-NiCr coating is found
to be better than HVOF sprayed Cr,C,-NiCr coating as large scale splat boundaries
contributed to increased erosion rate. The preferential path for crack propagation
in HVOF sprayed Cr,C-NiCr coating was coating splat structure although but less
significant in the HVAF sprayed Cr,C,-NiCr coating. Walsh and Tabakoff (Walsh
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and Tabakoff, 1992; Walsh, 1992) noted that the plasma coatings generated poorer
erosion resistance with 85% carbide than the D-Gun coatings with 65% carbide.
An increasing erosion resistance with increasing carbide content for bulk sintered
samples and HVOF sprayed coatings, but the opposite trend for plasma sprayed
coatings was reported by Wayne and Sampath (Wayne and Sampath, 1992). In each
deposition techniques (HVOF, HVAF, D-Gun) variation in erosion response has been
noted with the starting powder size. It has been reported that for Cr,C, the erosion
resistance of D-Gun sprayed coatings increased with decreasing starting powder
size. Interestingly, the opposite was true for HVOF sprayed coatings (Fukuda &
Kumon, 1995; Irons et al., 1994). Similar results are reported for tungsten carbide
coatings (Sue and Tucker, 1987).

Erosion of nanocomposite thermal sprayed coatings exhibits some interesting
features. Nano size WC-Co coatings manufactured by HVOF process offered better
erosion resistance as compared to conventional WC-Co coatings which was attrib-
uted to decreased mean size of WC grain and improved hardness and toughness.
However the problems of increased decarburization due to increased surface area
of nano coatings have been reported. Similar mechanisms of material removal e.g.
chipping, deformation of the binder phase and carbide pullout have also been ob-
served in erosion of nano WC- Co coatings (Thakur, Arora, Jayagnathan & Sood,
2011). Work due to Dent, Depalo and Sampath. (Dent, Depalo and Sampath 2002)
indicates that erosion resistance of nanocomposite coating decreases as compared
to conventional coatings.

In this context it is pertinent to mention the material removal mechanisms in
case of erosion of sintered WC-Co alloys. This involves plastic deformation of the
binder phase followed by accumulation of plastic strain in WC grain, cracking and
detachment of unsupported WC grains (Kulu et al., 2005). The subsurface cracking
also contributed to erosion damage of sintered WC-Co alloys as observed by Ninham
and Levy (Ninham & Levy, 1988). The mechanism of ploughing and microcutting
of the binder phase and propagation of subsurface cracks by fatigue mechanism in
slurry erosion of detonation gun sprayed WC-Co coating was observed by Wood et
al. (Wood et al., 2010). These mechanisms of erosion can be compared with erosion
of high chromium cast irons which are although different on microstructural scale.
Small scale chipping of carbides at lower impact angle and lower velocities induced
by Hertzian cracking and brittle fracture of chromium carbides with subsurface
cracking at normal impact angle at relatively higher velocities were predominant
mechanisms of material removal from carbides in erosion of high chromium white
irons with silica sand erodent particles. With harder erodent particles even at shal-
low impact angles brittle fracture of carbides was observed. (Sapate & RamaRao,
2004; Sapate & RamaRao, 2006).
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5 APPLICATION OF THERMAL SPRAY COATINGS
FOR PROTECTION AGAINST EROSIVE WEAR

WC-M thermal spray coatings are used in several industrial applications like
aerospace, automotive, power generation industries and in extraction, conveying,
sand collection machinery, and piping systems in mining and mineral processing,
fluidised beds and turbines for protection against erosive wear. Table 4 gives ap-
plication of thermal spray coatings where erosion is considered to be important
problem. Erosion is very important in aero engine operating in dusty terrain. The
vanes of aero engines are subjected to erosive wear over wide range of temperature
including room temperature during operation in dusty terrain. Similar problem can
be encountered on the engine shaft coated with thermal sprayed WC-Co coating.
Erosion of thermal sprayed abradable coatings such as Al-Si-Polyester, Al-Si-
Hexagonal BN, Ni-Graphite etc is a serious problem. Attempt has been made to
coat helicopter blades with thermal sprayed coatings to reduce erosion. Several
parts of land based gas turbines are also coated with thermal sprayed coatings to
improve their performances. Figure 12a illustrates damage around the wear ring
and perforation into the standard duplex stainless steel impellers used in water
injection applications after 7 months service. When super duplex wear ring coated
with WC-based thermal spray coating as in Figure 12b is used, the integrity of the
component is retained (Souza & Neville, 2005) even after nine and half months of
operation under the same conditions.

6 DIRECTION OF FUTURE STUDY

In spite of above discussion, a lot of areas need comprehensive attention. Erosion
mechanisms of various coatings should be studied in an extensive way. A database
of mechanical properties of various thermal sprayed coatings should be compiled
and a correlation between mechanical properties of the coatings and their erosion
resistance should be established. Cold spraying is an area which is least explored
for solid particle erosion. Further, significant research needs to be carried out to
examine the influence of thermal spraying technique on erosive wear. It is, in par-
ticular, imperative to understand whether various plasma spraying techniques such
as air plasma spraying, vacuum plasma spraying, low pressure plasma spraying etc.
has any influence on mechanical properties and erosion rates of coatings. Similar
effort should be made for various HVOF processes. The effect of spaying condition
of each thermal spraying technique on the erosive wear should also be addressed.
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Table 4. Application of Thermal spray coating (GFE Schmalkalden,http://www.
fh-schmalkalden.de/schmalkaldenmedia/-p-16916. 389-394)

Industry Application Areas
Automotive Pistons, cylinders
Chemical industry Valves, punps, storage reservoir
Electrotechnical industry Isolators, conductive layers, capacitor, fuel cells
Consumables Electric irons, fry pan
Engineering Compressors, pumps, cylinders,
Medicine Coated implants
Aerospace industry Run-in layer, thermal barrier coatings, blades, combustion
chamber,
Textile industry Thread eye, thread brake

A large variety of cermet based coatings reinforced with various particles such as
TiC, TiMo (CN) etc. should also be studied extensively. Erosion micromechanism
and erosion efficiency (Sundararajan et al., 1990) of various coatings has to be
compiled and compared.

7 CONCLUDING REMARKS

The chapter presents solid particle erosion behavior of thermal spray coatings. The
similarities and marked differences amongst erosion behavior of monolithic metal-
lic, ceramic, multiphase materials and thermal spray coatings can be observed. The
complexity in prediction of erosion behavior increases from metallic, ceramic to
multiphase materials manufactured by conventional techniques (casting, powder
metallurgy) to thermal spray coatings. This complexity in prediction of erosion be-
havior of thermal spray coatings arises primarily due to characteristics of different
thermal spray coating techniques. The erosion behavior of thermal spray coatings
is greatly influenced by resulting microstructure and morphology of phases, phase
transformation of reinforcement phases, defects such as porosity and nature of splat
boundaries, anisotropy of mechanical properties, in particular fracture toughness
variation, properties of interfaces between binder and reinforcement particles. Ero-
sion conditions such as impact velocity and impact angle greatly affect erosion rate.
Most thermal sprayed coating exhibit brittle erosion response with velocity exponent
in access of 3.0. Erosion rate of thermal sprayed coatings are greatly governed by
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Figure 12. (a) Standard duplex stainless steel impeller after 7 months (b) Super duplex
stainless steel impeller and eye wear ring. Wear ring coated with HVOF tungsten
carbide (50%) coating after 9 and 1/2 months service. (Souza & Neville, 2005)
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coating technique and post coating treatment. It is to be mentioned that in many
respect published results are contradictory. The emergence of cold spray technique
has reduced some of the problems associated with phase transformation and it is
expected to improve their erosion resistance.
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KEY TERMS AND DEFINITIONS

Ceramic: An inorganic, non-metallic material produced by the application of
heating and cooling under the action of pressure.

Coating: A layer of a substance spread over a surface for protection against
degradation by erosion or corrosion.

Cracking: A mechanism of fracture of material occurring on microscopic or
macroscopic level.

Erosion: A process of material removal from the surface by repeated impinge-
ment of solid particles carried along with a fluid medium.

Fracture: Separation of a surface under the action of heat, load or presence of
chemical species.

Metal: An element prepared from its oxide or found in its native form having
good heat and electrically conducting property.

Microstructure: An image showing structure / phases present in an engineer-
ing material.

Multiphase: Presence of more than one, usually two or more in a microstructure
on microscopic or macroscopic level.

Thermal Spray: A surface coating technique in which melted particles of metal-
lic and or ceramic materials are deposited on to a surface.
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Chapter 8

Tribology of Thermally
Sprayed Coatings in the
AlLO,-Cr,0,-TiO, System

Lutz-Michael Berger
Fraunhofer Institute IWS, Germany

ABSTRACT

With the exception of ZrO,, the individual oxides and binary compositions in the
system AlL,O-Cr,0,-TiO, are the most important oxide materials for thermally
sprayed coating solutions. Traditionally, these coatings are prepared by Atmospheric
Plasma Spraying (APS), but processes such as Detonation Gun Spraying (DGS) and
High Velocity Oxy-Fuel (HVOF) spraying can produce coatings with lower porosity
and higher wear resistance. Traditionally, feedstock powders have been used for
coating preparation. Recent developments have seen the emergence of suspensions
as a new feedstock, but tribological properties of coatings prepared using suspen-
sions have not yet been studied in detail. This chapter summarizes some important
issues regarding wear protection applications of coatings in the Al,O,-Cr,0 -TiO,
system, the advantage of alloying the individual oxides, and the influence of different
feedstocks and spray processes.

INTRODUCTION

Thermal spray processes represent an important and rapidly growing group of surface
modification technologies, which use a very wide range of solid feedstock materials,
including metals and alloys, hardmetals, ceramics and polymers. Ceramics have an
outstanding role as a group of materials processed by thermal spraying into coatings
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for a broad variety of applications. Many ceramic coatings show multifunctional
properties, they can serve as wear resistant coatings, but also as electrically isolating
and conductive coatings as well as thermal barriers. A general overview of thermal
spray technologies can be found in several textbooks (Pawlowski, 2008; Mathesius
& Krommer, 2009; Tucker, Jr. (ed.), 2013; Fauchais, Heberlein, & Boulos, 2014)
and book chapters (Vuoristo, 2014).

The process of ceramic coating preparation by thermal spraying is illustrated in
Figure 1 (Toma, Berger, Langner, & Naumann, 2010). This figure shows that the
coating properties are dependent upon both from the properties of the feedstock
and the characteristics of the spray process. Conventionally, ceramic coatings are
prepared from feedstock powders, commonly in the size range 10-45 pm (see Fig-
ure 1, upper part), or with adapted particle size depending on the characteristics
of the spray process. Thermal spraying with conventional feedstock powders can
be considered as a two-step shaping technology for the preparation of ceramic ma-
terials: first step is the preparation of a processable feedstock powder, the second
step is the spray process (Berger, 2014). The use of suspensions as the feedstock
(see Figure 1, lower part) is a recent trend in coating preparation by thermal spray-
ing, e.g. (Bolelli, Cannillo ef al., 2009; Bolelli, Rauch et al., 2009; Toma, Berger,
Langner, & Naumann, 2010; Berger, Toma, & Potthoff, 2013). It allows the direct
use of finely dispersed ceramic powders with a particle size of a few um as applied
in ceramic technologies for sintered components. Thus, coating manufacturing is
transformed into a one-step shaping technology without the additional production
step of feedstock powder preparation.

For ceramic materials, full or partial melting of the feedstock material (conven-
tional feedstock powder or finely dispersed powder when using suspensions) occurs
during the thermal spray process, while the substrate remains unmelted, i.e. the
coating is primarily mechanically bonded to the substrate. The coating thickness
typically lies within the range 100-500 um. The process of coating formation is
characterised by high cooling rates, which also, in the case of ceramic coatings,
leads to the existence of high-temperature and non-equilibrium phases as well as
nanocrystalline and amorphous structures. Thus, heat treatment at high temperatures
(including high temperature applications) leads to changes in the microstructure,
and, possibly, phase composition. In the case of substoichiometry, a heat treatment
in air will also lead to oxidation.

Both bulk ceramics and hardmetals are traditionally manufactured by the prin-
ciples of powder metallurgy (sintering). At the same time they are used as thermally
sprayed coatings. The production of hardmetal (Berger, 2014) and ceramic parts
by sintering is limited in size by technical and economical reasons. Thus for larger
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Figure 1. Illustration of the preparation of ceramic coatings by thermal spraying
(HVOF process with AL O, feedstocks), using conventional feedstock powders (top)
and suspensions (bottom) as feedstock materials. Adapted from (Toma, Berger,
Langner, & Naumann, 2010)

1 conventional thermal spraying
using
feedstock powders

100 ym

thermal spraying
using

suspensions

components thermal spray can be considered as a technology which allows the
functionality of these materials to be realized by applying them as a coating on the
surface of the component.

An important difference between thermally sprayed coatings and conventionally
manufactured sintered materials, including ceramics, is that thermal spray coatings
exhibit an anisotropic behavior and a characteristic splat structure (Ang & Berndt,
2014). Another difference is that the properties of the coatings are less exactly
defined than for sintered parts. The range of values for one specific property of a
coating is significantly larger, as schematically illustrated in Figure 2. This results
from the use of different feedstock materials, which are applied with different spray
processes and sprayed with different parameters. In addition different test procedures
and conditions contribute to a large scattering of values for the mechanical and other
coating properties. The yellow part in the highest area in Figure 2 demonstrates that
the properties of some of the coatings of a given composition will fulfill the require-
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ments of service in a certain application, while the remaining nominally identical
coatings are not suitable. Developments in thermal spray technology and feedstock
materials have already narrowed the coating property ranges of individual composi-
tions and this tendency is expected to progress further (Berger, 2014).

An analysis of the oxide materials used for thermal spray coating applications
showed that, with the exception of materials based on zirconia, a significant share
is prepared from the individual oxides Al,O,, Cr,O, and TiO,, and their binary
compounds or solid solutions (Berger, Stahr, Toma, Stehr, & Beyer, 2007; Berger
& Stahr, 2008). It is a common goal when these materials are applied as wear re-

Figure 2. Factors influencing the property range of a thermal spray coating for a
certain nominal composition (Berger, 2014). The yellow part in the highest area
demonstrates that some of the coatings of this composition will fulfill the require-
ments of service in a certain application, while the remaining coatings are not
suitable. (© 2014, Elsevier. used with permission.)
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sistant coatings they have to be manufactured with the minimum of defects. Figure
3 shows a schematic presentation of the important features of the Al,O,-Cr,0,-TiO,
system with relevance to coating applications for wear protection. A detailed review
of studies focusing on the coating microstructures as well as electrical and corrosion
properties is given elsewhere (Berger, Toma, Scheitz, Trache, & Borner, 2014).

Each of the individual oxides in the AL,O,-Cr,0,-TiO, system shows significant
disadvantages in thermal spray processing. In the case of Al O, the occurrence of
phase transformations and formation of metastable phases is detrimental. Cr,O, is
characterized by a high volatility in the spray process, and subsequently a low de-
position efficiency. TiO, shows an easy loss of oxygen, or substoichiometric titania
can easily change its oxygen content. Some of these disadvantages can be at least
partially eliminated by use of suspension feedstocks or conventional feedstock
powders consisting of solid solutions or compounds of the corresponding binary
systems.

Figure 3. Schematic presentation of the ALO -Cr,0 -TiO, system with relevance to
coatings application for wear resistance
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THERMAL SPRAY PROCESSES FOR PREPARATION OF
CERAMIC COATINGS OF THE Al0,-Cr,0,-TiO, SYSTEM

New coating solutions from the Al,O,-Cr,0,-TiO, system are based both on new
technological and materials developments. In the past, the improvement of coat-
ing properties was mainly achieved by progress in the thermal spray process itself.
Comparatively little progress has been made by improvement of the feedstock ma-
terials. The main thermal spray processes are presented in Figure 4 schematically
as a function of particle velocity and temperature. In addition to these two technical
parameters, which have a crucial influence on the coating properties, the economic
parameters spray rate and deposition efficiency must also to be considered in the
selection of the spray process in order to achieve efficient coating solutions. At-
mospheric plasma spraying (APS) is traditionally the most common spray process
for preparation of coatings of the Al O,-Cr,0,-TiO, system due to the high melting
temperatures. Besides conventional plasma spray processes, recently developed
new processes with four electrodes (three cathodes or three anodes) have became
more popular. They enable the use of higher powder feed rates and result in higher
deposition efficiencies, and thus the economic efficiency of coating manufacturing
is raised, e.g. (Miiller & Kreye, 2001). Another variation of plasma gun devices are
spray guns with axial feed, also reported to be applied for preparation of coatings of
the A1203—Cr203—TiO2 system, e.g. (Westergard, Axén, Wiklund, & Hogmark, 1998;
Westergard, Erickson, Axén, Hawthorne, & Hogmark, 2000). Still another alterna-
tive process for oxide feedstock materials is the water stabilized plasma spraying
(WSP), e.g. (Chraska, Dubsky, Neufuss, & Pisacka, 1997; Ilavsky, Berndt, Herman,
Chraska, & Dubsky, 1997; Stahr et al., 2007; Ageorges & Ctibor, 2008). In addition
to a high productivity, this process also shows a unique behavior to the materials,
e.g. enabling the stabilization of alumina by mechanically blended chromia (Stahr
et al., 2007), but the excess of energy also creates high stress in the material.
Detonation gun spraying (DGS), which is based on the combustion of hydrocar-
bon fuel, was the first high velocity process employed for preparation of coatings
of the Al,0,-Cr,0,-TiO, system, e.g. (Niemi, Vuoristo, & Méntyld, 1991; Vuoristo,
Niemi, & Mintyld, 1992; Niemi et al., 1995; Sundararajan, Sen, & Sivakumar,
2005; Niemi, 2009). Due to the wide use of acetylene as the fuel gas, this process
supplies enough energy to the oxide materials to melt them in order to form a coat-
ing. However, this technology has a rather limited distribution as a spray process.
Since the invention of high velocity oxy-fuel (HVOF) spraying in the 1980s it has
become a very popular spray process in the industry, due to the significantly lower
process temperatures and higher particle velocities generated. Three generations of
HVOF spray gun devices can be distinguished (Gértner, Kreye, & Richter, 2006;
Krommer, Heinrich, & Kreye, 2009). The whole development of this spray process
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Figure 4. Schematic presentation of the combination of process temperature and
velocity for the different spray processes. (FS - flame spraying, ARC - arc spraying,
APS/VPS - atmospheric/vacuum plasma spraying, DGS - detonation gun spraying,
HVOF/HVAF - high velocity oxy-fuel / air-fuel spraying) (Berger, 2014). (© 2014,
Elsevier. used with permission.)
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was directed to a decrease of the thermal load of the particles. Thus it is currently
predominantly applied for the manufacturing of metallic and hardmetal coatings.
However, second generation HVOF spray guns, which generate high process tem-
peratures, are also suitable for the deposition of oxide coatings. Thus, many efforts
have been made to show the capabilities of HVOF spraying of oxide materials, e.g.
(Miiller & Kreye, 2001; Lima & Marple, 2006; Turunen et al., 2006; Berger, Stahr
et al., 2007; Niemi, 2009; Berger, et al., 2014). In general, oxide coatings prepared
by HVOF show denser microstructures, lower porosity, higher bond strength, and
lower roughness, e.g. (Berger, Stahr et al., 2007; Niemi, 2009). The main concern
regarding the application of HVOF for the manufacturing of oxide coatings, is due
to the significantly lower powder feeding rates, e.g. (Miiller & Kreye, 2001). Nor-
mally, the deposition efficiencies are also lower.

Occasionally the use of flame spraying has been reported for preparation of
coatings of the Al,0,-Cr,0,-TiO, system, e.g. (Habib et al.,, 2006). There exist

233



Tribology of Thermally Sprayed Coatings in the Al,0,-Cr,0,-TiO, System

also special flame spray processes using ceramic rods (Lathabai, Ottmiiller, &
Fernandez, 1998; Tucker, Jr. (ed.), 2013) or ceramic-filled flexible cords (Vargas,
Ageorges, Fournier, Fauchais, et al., 2014). It should be mentioned that in industrial
practice there existed and exist many individual technical solutions regarding the
spray equipment.

BASIC PROPERTIES OF THE INDIVIDUAL OXIDES AND
THE BINARY SYSTEMS OF THE Al,O,-Cr,0,-TiO, SYSTEM

AlO, and AL,O,-Rich Compositions

Sintered alumina materials consist of the only thermodynamically stable modifica-
tion of alumina: a-Al,O, (corundum). The typical properties of sintered alumina
(high melting point of 2050 °C, good mechanical properties, high chemical stabil-
ity, and high electrical resistance up to high temperatures) are also associated with
the properties of alumina coatings, e.g. (Stahr et al., 2007; Berger & Stahr, 2008).
However, sintered alumina and alumina coatings differ in the modifications of
Al O, found in them. Regardless of the spray process used for their preparation, the
coatings predominantly consist of other thermodynamically unstable modifications,
mostly y-AlO,. This atypical behavior of Al O, has been known to exist for a long
time and was studied in detail previously (McPherson, 1973; McPherson, 1980).

Thermally sprayed coatings are currently produced with this phase transformation
being either ignored or accepted. Despite this transformation, coating properties are
still acceptable for many applications, but problems with the long-term stability of
the coating properties are often discussed. High-temperature treatments, e.g. (Lima
& Bergmann, 1996), do not present an acceptable solution for many coated sub-
strates. Thus, there is a strong need for the deposition of thermally sprayed coatings
consisting of a-AlO, or containing a-Al O, as the main phase. By the selection of
an appropriate grade of fine alumina powder, and the use of aqueous suspensions as
feedstock, coatings containing a-Al,O, as the main phase can be prepared without
additional alloying elements (Toma, Berger, Stahr, Naumann, & Langner, 2008).

The possibility of stabilization of the a-Al,O, by addition of isostructural Cr,O,
(eskolaite) is based on the formation of solid solutions (Chraska et al., 1997; Stahr
et al., 2007). At high temperatures full dissolution of both oxides in each other oc-
curs. Below 1250 °C a miscibility gap exists (Stahr et al., 2007).

Additions in the range of 3-40 mass % TiO, (commonly 3, 13, and 40 mass %)
are used in commercially available standard materials. All these three commercial
standard compositions are located in the Al,O,-AL TiO partial system. The addition
of TiO, to Al,O, leads to the formation of the liquid phase at the eutectic temperature
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of 1840 °C. With increasing TiO,-content, the amount of liquid phase formed at
1840 °C increases, resulting in an improved sprayability of the feedstock powders.
At a mole ratio of 1:1 (44 mass % TiO,) in the Al,O,-TiO, system the compound
ALTiO, (aluminium titanate) is formed (see Figure 3).

As ALTiO, is stable only in a certain temperature range, the conditions of
feedstock powder preparation and in the thermal spray process will determine the
appearance of this phase. In particular, the compound Al TiO, has very specific
properties that are different from Al,O, and TiO, properties. This relates also to
its very low Young’s modulus (13 or 37 GPa depending on sintering temperature)
(Thomas & Stevens, 1989), which can be assumed to have a significant influence
on the tribological properties. Under reducing conditions, there is also a tendency
for AL, TiO; to lose oxygen. The resulting shift of the peaks in the x-ray diffraction
pattern, is caused by the formation and dissolution of Ti,O; in Al TiO,, with the
resulting phase can than described by the formula Al, Ti,, O, (Herrmann, Toma,
Berger, Kaiser, & Stahr, 2014) It should be mentioned that quite recently other bi-
nary oxides, such as Al Ti,O , and Al Ti O, have also been discovered (Herrmann
etal.,2014).

Cr,0, and Cr,0.-Rich Compositions

The high temperature behaviour of this oxide is dependent upon the environment,
and, therefore, contradictory information exists about the melting point of this oxide.
However, it is above 2300 °C, making it the highest of the individual oxides in the
AlLO,-Cr,0,-TiO, system. A possible small substoichiometry of Cr,0O, leads to a
change of color from green to black (Eschnauer, 1980). In oxidizing atmospheres,
due to the oxidation from Cr** to Cr°*, the gaseous CrO, is formed which causes a
high volatility. An immediate reconversion occurs when cooling down. Additions
of ALO, to Cr,O, and the formation of a solid solution on the chromia-rich side
of the A1,O,-Cr,O, binary system can decrease the material loss by evaporation
and the formation of hexavalent chromium (Yu & Wallar, 2002). The addition of
TiO, to Cr,O, (eskolaite) has a similar effect, as up to a concentration of 50 mass
% TiO, (depending on the temperature) a solid solution with the crystallographic
structure of eskolaite is formed (Werner, 1974; Somiya, Hirano, & Kamiya, 1978).
A commercially available feedstock powder exists with the composition Cr,0, - 25
mass % TiO,.

TiO, and TiO,-Rich Compositions

There exist several modifications of TiO,, the most important of which are rutile
and anatase. At higher temperatures the latter transforms irreversibly into rutile.
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This phase transformation is mostly discussed in connection with photocatalytic
applications of these coatings, e.g. (Toma, Berger, Stahr, Naumann, & Langner,
2010). Under reducing conditions titanium dioxide (TiO,) loses oxygen easily.
Furthermore, substoichiometric titania can easily change its oxygen content. For
this reason titanium oxide coatings are better described by the formula TiO_ rather
than by TiO,. TiO, has a melting point of 1857 °C. According to the Ti-O phase
diagram there is a eutectic at 1679 °C in the suboxide composition range, this sup-
ports their sprayability. A characteristic feature of TiO_(titanium suboxide) is the
ability of the defects in the oxygen sublattice to form crystallographic shear planes.
These ordered defect structures are called Magnéli-phases and are described by the
formula Ti O, | (Berger, 2004).

So-called Andersson-phases with the general formula Ti Cr,O,  appear on
the TiO,-rich side of the Cr,0,-TiO, phase diagram (Werner, 1974; Somiya e al.,
1978). These are isostructural with the Magnéli-phases of TiO . They are of special
interest as they can be synthesized from the oxides in air, and are partially stable
in air at high temperatures. While the phases Ti ,Cr,O, | with n = 6-8 have no ho-
mogeneity range and are only stable in a certain temperature range, the compound
Ti,Cr,O, (phase E) has a wide range of homogeneity over a large temperature range
(Werner, 1974; Somiya et al., 1978). However, the high-temperature range of the
Cr,0,-TiO, phase diagram is poorly investigated (Berger, Stahr, Saaro, Thiele, &
Woydt, 2009a; Berger et al., 2009b; Berger, Woydt, Saaro, Stahr, & Thiele, 2010);
for this reason the behavior of these phases during the spray process is particularly
difficult to describe.

Additions of Al O, to TiO, have not been studied yet.

FEEDSTOCK MATERIALS

As thermally sprayed coatings of the Al,O,-Cr,O,-TiO, system are prepared from
solid feedstock materials, their characteristics will have a significant influence on
the resulting coating properties. The commercially available binary compositions
in the Al,0,-Cr,0,-TiO, system have not been changed since the beginning of their
use. As a rule, the coatings are prepared from feedstock powders with a particle
size distribution adapted to the corresponding spray process.

Various technologies existing for feedstock powder preparation result in differ-
ent particle morphologies and purities. The technology “fusing and crushing” is
predominatly used for the production of oxide powders. An SEM micrograph of
an AL O, powder showing the typical morphology of feedstocks prepared by this
technology is included in Figure 1. One advantage of this technology is the flex-
ibility of preparation of different binary compositions, as jointly fused feedstock

236



Tribology of Thermally Sprayed Coatings in the Al0,-Cr,0,-TiO, System

powders, e.g. in the case of Al,O, and TiO, (Beczkowiak, Keller, & Schwier, 1996).
However, fused and crushed oxide feedstock powders are also often sprayed as
mechanical blends, e.g. A1203 and TiO,, e.g. (Beczkowiak et al., 1996; Normand,
Fervel, Coddet, & Nikitine, 2000; Ananthapadmanabhan et al., 2003), or ALO,
and Cr,0,, e.g. (Chréaska et al., 1997, Stahr et al., 2007, Dubsky, Chraska, Kolman,
Stahr, & Berger, 2011; Yang, Feng, Zhou, & Tao, 2012). One of the disadvantages of
mechanical blends is that only one of the components can be sprayed with optimum
parameters, and coatings made from these powders will always be heterogeneous.
The formation of solid solutions or compounds from mechanically blended powders
during the spray process is rather unlikely, e.g. (Normand ef al., 2000), since these
processes are based on diffusion. For preparation of coatings with homogeneous
microstructures of binary compositions, prealloyed feedstock powders have to be
used. Also, the reducing action of the graphite electrodes in the powder production
process can lead easily to an oxygen deficiency, which is particularly important in
the case of titania and titania-rich compositions.

Due to the specific properties of chromia these feedstock powders are often pre-
pared by “sintering and crushing”, see Figure 5. For advanced coating applications,
oxide feedstock powders can also be prepared by “agglomeration and sintering”,
e.g. (Normand et al., 2000). Spray drying is normally used as the agglomeration
process. Spray drying of nanoparticles with subsequent mild consolidation (sintering)
is a way to produce nanostructured coatings from nanostructured feedstocks using
conventional thermal spray equipment, e.g. (Luo, Goberman, Shaw, & Gell, 2003;
Sénchez et al., 2010; Fauchais, Montavon, Lima, & Marple, 2011). For illustration,
Figure 6 shows the morphology of a spherical feedstock powder particle consisting
of nanostructured primary particles. Such feedstock powders are also characterized
by high chemical purity.

Ceramic rods (Lathabai ez al., 1998; Tucker, Jr. (ed.), 2013; Fauchais et al., 2014)
or flexible ceramic cords (plastic tubes filled with ceramic particles) (Vargas et al.,
2010; Fauchais et al., 2014) are other forms of ceramic feedstocks but are only used
for special flame spray processes.

In recent years, the number of studies and developments for the use of suspen-
sions as feedstocks has increased enormously, e.g. (Bolelli, Cannillo et al., 2009;
Bolelli, Rauch et al., 2009; Toma, Berger, Langner, & Naumann, 2010; Toma,
Berger, Stahr et al., 2010; Fauchais et al., 2011; Berger, et al., 2013). This is a way
of directly processing nanosized powders into nanostructured coatings, e.g. (Fauchais
et al.,2011). However, it appears as still more important that conventional ceramic
oxide powders, which are traditionally used in the preparation of sintered techni-
cal ceramics, can be directly used in thermal spray technologies, such as APS and
HVOF (Berger, et al., 2013). Water and different alcohols are predominatly used for
preparing suspensions. It is recommended to abbreviate the processes as “APS-S”
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Figure 5. SEM micrograph of a sintered and crushed chromia feedstock powder
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and “HVOF-S” to identify them as processes using suspensions as feedstocks. The
economic efficiency of the use of suspensions depends on the availability of suitable
additional system components to existing thermal spray booths, e.g., suspension
feeders and injectors, and special highly concentrated, stable aqueous suspensions
in order to decrease the amount of water to be evaporated and to reduce the spray
times (Berger et al., 2013). In order to achieve economic efficiency, significant ef-
forts have been made to increase the solids content of the suspensions. Depending
on the nature of the material, a mass fraction up to 70% has been reached (Berger
et al., 2013). The use of suspensions has been concentrated so far on the individual
oxides (Toma, Berger, Stahr et al., 2010; Berger, et al., 2013). From the individual
oxides of the Al,O,-Cr,0,-TiO, system mostly Al O, and TiO, have been sprayed,
e.g. (Bolelli, Cannillo et al., 2009; Bolelli, Rauch et al., 2009; Toma, Berger, Stahr
et al.,2010). Cr,O, is more difficult to spray (Gadow, Killinger, Rempp, & Manzat,
2010) and is less intensively studied so far.

METHODS OF COATING CHARACTERIZATION
General

Methods of coating characterisation have been described in detail in textbooks
(Pawlowski, 2008; Mathesius & Krommer, 2009; Tucker, Jr. (ed.), 2013; Fauchais
et al., 2014) and in a recent review paper (Ang & Berndt, 2014). These methods
include standardized procedures, customized tests developed and applied in single
companies or research laboratories, or highly sophisticated research methods, acces-
sible only with special equipment (Berger, 2014). In the majority of cases, coating
properties are determined in the as-sprayed state only. Changes in properties oc-
curring during service are most often unknown but can be significant, in particular
at elevated temperatures.

Coating adhesion is a property often discussed for thermal spray coatings but is
more critical for processes with lower particle velocities, such as plasma spraying.
It is predominantly determined by tensile adhesion testing according to standards
DIN EN 582 and ASTM C 633. However, these test conditions do not reflect typical
service conditions of the coatings.

Metallographically prepared cross sections have a high importance for investiga-
tion of the coating microstructure including the determination of porosity. These
investigations are most often made by optical microscopy and scanning electron
microscopy (SEM). They have an additional high importance, because many investi-
gation methods, such as measurements of hardness, Young’s modulus by indentation
methods as well as indentation fracture toughness determinations are using also the
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cross sections. For Young’s modulus measurements many alternative methods exist.
The measurement using laser-acoustic waves is a fast and non-destructive method
(Berger, Schneider, Barbosa, & Puschmann, 2012).

Coating properties can be divided into intrinsic properties (porosity and residual
stress state) and extrinsic properties (adhesion, hardness, Young’s modulus, frac-
ture toughness, Poisson ratio) (Ang & Berndt, 2014) as well as system properties
(corrosion, wear resistance, etc.). As coating hardness can be measured according
to the standards EN ISO 14923 and ASTM E384 relatively easily and quickly, it
is one of the properties most frequently given. Most often the Vickers hardness
test is applied, the most common load being 2.94 N (300 g). A dependence of the
wear resistance is often proposed and discussed, however, this appears not to be
of relevance for coatings with high hardness. Different from hardness measure-
ments, for measurements of the Young’s modulus and fracture toughness there are
no standardized procedures, but there are many reports in the literature, e.g. (Luo
et al., 2003; Bolelli, Cannillo, Lusvarghi, & Manfredini, 2006, Habib et al., 2006;
Lima & Marple, 2006; Bolelli et al., 2007a; Vargas et al., 2010; Berger et al.,
2012). An extension of the determination of mechanical properties is necessary in
order better to describe system properties of the coatings, such as wear resistance.
For quantitatively comparable values of the indentation fracture toughness more
systematic work on the measurement procedure and the selection of the model and
the corresponding equation is still required.

Oxide coatings are frequently used in corrosive environments, even when their
major purpose is to provide wear resistance (Ashary & Tucker, Jr., 1989). The cor-
rosion resistance of a coating can be understood as the ability to protect the substrate
from corrosion (Toma, Stahr et al., 2010; Herrmann et al., 2014). Thus, also the
corrosion properties of the substrate material are of importance (Ashary & Tucker,
Jr., 1989). One of the many test methods widely applied is electrochemical testing
in aqueous media (e.g. according to ASTM GS5). Exposure testing is mostly custom-
ized to the different corrosive media, such as corrosive liquids like acids or bases.

Tribological Characterisation

There are numerous tribological test methods applicable to the coatings of the Al,O,-
Cr,0,-TiO, system, including both standardized and customized methods. These
methods reflect the different wear mechanisms and failure modes (Holmberg &
Matthews, 2009). As a rule, real service conditions are not fully reflected by these
test methods. Some of these tribological test methods (e.g. dry abrasion wear test)
are often used for coating development and comparative purposes.

Abrasion and sliding wear are the most widely studied wear mechanisms for
the coatings of the Al,0,-Cr,0,-TiO, system. The most important abrasion wear
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test is the dry sand rubber wheel test according to ASTM G65, e.g. (Niemi et al.,
1991; Niemi et al., 1995; Niemi, 2009; Borner, Berger, Saaro, & Thiele, 2010).
Modifications from the standard relate most often to the abrasive material, or the
number of samples simultaneously tested. Occasionally, several two-body abrasion
wear tests, e.g. (Niemi ef al., 1995; Miiller & Kreye, 2001; Habib et al., 2006) and
a wet abrasion wear test (ASTM G75) are employed, e.g. (Knuuttila, Ahmaniemi,
& Mintyld, 1999; Houdkova, Zahalka, Kasparova, & Berger, 2011).

Sliding wear is tested both in dry (including high temperature) and lubricated
conditions, e.g. (Storz, Gasthuber, & Woydt, 2001; Skopp, Kelling, Woydt, & Berger,
2007; Landa et al., 2007; Bolelli et al., 2007b; Houdkova et al., 2011). Motion in
sliding testing can be unidirectional, oscillating or reciprocating. There are several
standards like ASTM G99 for pin-on-disk or ASTM G77 for block-on-ring testing.
Testing can be performed against different counterpart materials, such as alumina,
silicon carbide or hardmetals, different sliding speeds or frequencies and loads.

Erosion wear is often studied using centrifugal accelerator devices, e.g. (Kleis
& Kaulu, 2008). Sand is most often applied as erodent. Impact angles between 15
and 90° can be studied but are often limited to one or two different angles. The
most important parameters are the hardness, size and morphology of the erodent,
its velocity and the temperature. For slurries pot-type erosion tests are applicable,
e.g. (Knuuttila, Ahmaniemi, & Mintyl4, 1999).

COATING MICROSTRUCTURES AND PROPERTIES
General

Although coatings of the single oxides Al O, and TiO, also contain several phases, for
binary compositions of the Al,O,-Cr,0,-TiO, system the homogeneity of the coating
microstructures is in particular often a question of concern. In this case, preference
is given to the use of prealloyed instead of mechanically blended feedstock powders.
In general, oxide coatings sprayed by high-velocity processes, namely DGS and
HVOF, show denser microstructures, lower porosity, higher bond strength, higher
hardness, and lower roughness than coatings sprayed by APS, e.g. (Berger, Stahr et
al., 2007; Niemi, 2009). However, the appearance of microcracks due to relaxation
of residual stresses is a common feature of all ceramic coatings. As shown so far for
the individual oxides, with the use of suspensions significantly smaller and more
homogeneous microstructures can be obtained, these microstructures differ both
from those of APS- and HVOF-sprayed coatings (Toma, Berger, Stahr et al., 2010).
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AlLO, and AlL,O.-Rich Compositions

Figures 7-10 show optical and SEM micrographs of Al O,-coatings sprayed by APS
and HVOF, respectively. Although HVOF-sprayed coatings appear denser in optical
micrographs than APS-sprayed coatings (see Figures 7 and 9), the SEM micrographs
of coatings sprayed by both processes show many similarities (see Figures 8 and
10). The main difference is the finer microstructure of the HVOF coating, due to
the finer feedstock powder used for this process. Typical microhardness values are
around 800-1200 HVO0.3. The structure of Al,O,-coatings prepared from suspensions
is discussed elsewhere, e.g. (Toma, Berger, Stahr et al., 2010).

As arule, only minor amounts of a-Al O, exist in the coatings. The content of
a-Al O, can be increased and can be the main phase in the coating without any ad-
ditions by using suspensions as the feedstock material and by the selection of an
appropriate grade of fine alumina powder and corresponding spray conditions (Toma
et al., 2008).

A second way of stabilization of alumina is realized by addition of chromia
(Chraska et al., 1997). A full stabilization of the a-phase is possible, as was dem-
onstrated through spraying of a solid solution alumina-chromia powder containing
33 mass % Cr,O,, but this was demonstrated with the WSP process only (Stahr et
al., 2007; Dubsky et al., 2011). Information from the literature (Miiller & Kreye,
2001; Marple, Voyer, & Béchard, 2001) suggests that with a content of about 30
mass % Cr,0O, the a-phase may be stabilized, regardless of the spray process used.
However, a number of experimental series summarized elsewhere (Berger et al.,
2014) have shown that the mechanism of a-phase stabilization is much more com-
plex than assumed earlier and still requires a lot of experimental efforts in order to
be clarified. The change of coating hardness of the Al,O,-rich compositions of the
AlLO,-Cr,O,-system has yet to be studied in detail. So far different tendencies have
been observed depending on the spray process (Miiller & Kreye, 2001).

Many studies have been performed with the compositions of the Al O,-rich
side of the ALO,-TiO, system, for which a broad variety of feedstock materials
containing 3, 13, and 40 mass % TiO, are commercially available. The preparation
of nanostructured coatings from nanostructured feedstock powders has particularly
been studied for the A1203—13%Ti02 composition, e.g. (Gell et al., 2001; Jordan et
al., 2001; Luo et al., 2003; Lima, Moreau, & Marple, 2007; Sanchez et al., 2010).
Exceptfor Al,O,-and TiO,-phases, binary oxides are already found in these feedstock
powders, e.g. (Herrmann et al., 2014; Toma, Stahr et al., 2010; Vargas et al., 2010).
As there are so many different types of feedstock materials and spray processes
applied, e.g. (Niemi, Vuoristo, & Méntyl4d, 1994; Habib e al., 2006; Niemi, 2009;
Vargas et al., 2010; Borner et al., 2010), the results for the coating properties and
their interpretations are very often contradictory, e.g. (Vargas et al., 2010).
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Figure 7. Optical micrograph of Al,O -coating sprayed by APS
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Figure 9. Optical micrograph of AL,O ;-coating sprayed by HVOF

50 um

Figure 10. SEM micrograph of AL,O -coating sprayed by HVOF
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Forillustration, the microstructures of an HVOF-sprayed Al,O,-13%TiO, coating
and of an APS-sprayed Al,O,-40%TiO, coating are shown in Figure 11 and Figure
12, respectively. Both coatings have been prepared from a jointly fused and crushed
powder and show the typical multiphase microstructure. As a rule, the microstruc-
tures of HVOF-sprayed coatings show always finer structures, e.g. (Niemi, 2009;
Herrmann et al., 2014).

Although the phase compositions of the coatings are rather complex, these coat-
ings are often designated as Al,O,/TiO, coatings only. The majority of studies have
been performed with prealloyed feedstock powders. As in plain Al,O,-coatings, in
Al,0,-3% TiO, coatings basically y- and a-Al O, are found. One possible reason is
the insensitivity of x-ray diffraction to small contents of a phase in a material. For
Al,0,-13% TiO, coatings TiO, was found to be in solid solution with y-AlL O, (Gell
et al., 2001; Jordan et al., 2001). For nanostructured Al,O,-13% TiO, coatings the
existence of a non-equilibrium y-Al,O,,TiO, phase was postulated (Jordan et al.,
2001). With increasing TiO,-content the amount of binary phases in the coatings
increases, in particular for the Al,0,-40% TiO, composition, which is already close
to the composition of Al TiO,. However, it strongly depends on the structure and
the phase composition of the feedstock powder, if individual AL O,-phases, substoi-
chiometric titania phases, or binary phases are found in the coatings. The binary
phases Al, Ti, O, (Herrmann et al.,2014) and Al Ti,O , (Vargas et al., 2010) have
been identified in the coatings containing > 40% TiO,. Surprisingly, for these coat-
ings significantly higher values of the Young’s modulus were measured than were
expected from the low Young’s modulus of AL TiO, (Vargas et al., 2010; Trache,
Berger, & Leyens, 2014).

As the appearance and the amount of the liquid phase during spraying are con-
nected with the content of TiO,, the coating porosity usually decreases with increasing
TiO, content (Habib e al., 2006; Niemi, 2009). There is no clear dependence but a
tendency that coating hardness decreases with increasing TiO, content (Niemi ez al.,
1994; Habib et al., 2006; Niemi, 2009; Borner et al., 2010; Herrmann et al., 2014).
As arule, for coatings of the composition Al,0,-40%TiO, deposited by APS, DGS
and HVOF a lower hardness was reported than for the other binary compositions,
sprayed with the same processes, respectively (Niemi et al., 1994; Znamirowski,
Pawlowski, Cichy, & Czarczynski, 2004; Habib et al., 2006; Niemi, 2009; Borner
et al., 2010; Vargas et al., 2010; Herrmann et al., 2014). Regarding the fracture
toughness it can be stated that the data existing in the literature is still insufficient
in order to draw general conclusions on the influence of coating microstructure,
chemical and phase composition.

The corrosionresistance of Al,O, and Al,O,-TiO, bulk ceramics against solutions
of  NNaOH and H,SO, was superior to that of the corresponding thermally sprayed
coatings (Herrmann et al., 2014). This is due to the specific microstructures of the
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Figure 11. Optical micrograph of an HVOF-sprayed ALO -13% TiO, coating

Figure 12. Optical micrographs of an APS-sprayed Al,0 -40% TiO, coating
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thermally sprayed coatings and the content of amorphous and/or metastable phases
(Herrmann et al., 2014). In contrast to the expectations, the corrosion resistance
of the APS-sprayed coatings was higher than that of the denser HVOF-sprayed
coatings in nearly all cases (Toma, Stahr et al., 2010; Herrmann et al., 2014). The
main factor in the enhancement of the corrosion resistance with increasing content
of TiO,, was the denser microstructure of both the APS- and the HVOF-sprayed
coatings (Toma, Stahr ef al., 2010; Herrmann et al., 2014).

Cr,0, and Cr,0,-Rich Compositions

Due to its high melting point and the specific properties of Cr,O, as described above,
the deposition efficiency in conventional plasma spray processes is only about 40%,
and reaches a maximum of 60%. This is also the reason why spraying of Cr,O, by
DGS (Niemi et al., 1991; Niemi et al., 1995) or by HVOF, e.g. (Bolelli et al., 2007a;
Bolelli et al., 2007b) is seldom reported in the literature.

For illustration, Figure 13 shows an optical and Figure 14 an SEM micrograph
of an APS-sprayed Cr,O, coating. Cr,O, is characterized by high phase stability.
However, low purity of the Cr,O, starting material, conditions of feedstock powder
preparation and processes occurring during spraying can lead to the incorporation of
metallic chromium into the coating. This results in inhomogeneous coating proper-
ties, which can be avoided through use of the corresponding quality of the starting
material as well as by control of the process conditions. The microstructure of plain
chromia coatings is characterized by a large number of microcracks.

Typical hardness values of APS-sprayed coatings are in the range 1000-1300
HVO0.3. The high brittleness of the coating results in a high scatter of published
hardness values.

Among a broad variety of oxide coatings, Cr,0O, coatings were found together
with TiO_coatings as the most corrosion resistant (Berger et al., 2009c¢). Due to its
brittleness, a metallic bond coat is often applied together with the Cr,O, coatings,
which increases the bond strength and is also beneficial for the protection of the
substrate against corrosion.

With increasing content of alumina, the number of microcracks appearing in
SEM micrographs decreases (Borner et al., 2010). Although commercial feedstock
powders of Cr,O,-rich compositions both with alumina and titania additions are
available, the number of studies found in the literature for these compositions is
rather limited. These studies include both mechanically blended powders (Yang et
al., 2012) but predominantly jointly heat-treated powders, e.g. (Harju, Levénen, &
Mintyld, 2004; Berger et al., 2009a; Berger et al., 2010; Borner et al., 2010). On
the base of the currently available information, for alumina additions, a limit where
coatings contain only one phase cannot be given. In the case of titania additions, all
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Figure 13. Optical micrograph of an APS-sprayed Cr,0, coating

100 pm

Figure 14. SEM micrograph of an APS-sprayed Cr,0, coating
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coatings of Cr,0O,-rich compositions consist of the eskolaite lattice only (Harju et
al., 2004; Berger et al., 2009a). The decrease in hardness of APS-sprayed coatings
due to alumina additions is less than for titania additions (Borner et al., 2010). The
dependence of the coating hardness on the titania content is different for APS- and
HVOEF-sprayed coatings (Berger et al., 2009a). Titania prevents effectively the
formation of metallic chromium, as it is reduced faster.

TiO, and TiO,-Rich Compositions

The low melting point makes TiO, suitable for processing by HVOF. As oxygen
deficiency decreases the melting temperature the processability by HVOF is further
improved. A detailed review of the material behavior during the spray process, the
coating properties and their applications for TiO, and TiO,-rich compositions is given
elsewhere (Berger, 2004). There is an enhancement of the mechanical properties
due to use of nanostructured feedstock powders (Lima & Marple, 2006).

Titanium oxide coatings are characterized by substoichiometry and defect
structures. The O/Ti ratio of the substoichiometric feedstock powders is changed
in nearly all spray process conditions. In particular, use of an Ar/H, mixture as a
plasma-forming gas in the APS process results in oxygen loss by reduction with
hydrogen. This change predominantly occurs in the outer regions of the spray powder
particles and leads to locally different O/Ti ratios throughout the coatings, leading
to the appearance of different gray scales in the optical micrographs of the coat-
ings (Buchmann & Gadow, 2001; Berger, 2004). This is illustrated by the optical
micrograph in Figure 15. As shown in Figure 16, spraying with HVOF leads only to
minor changes of the O/Ti ratio and less pronounced differences in the gray scales
of the optical micrograph. Application of TiO -coatings above 380 °C in air leads
to oxidation (Berger et al., 2009b).

Typical coating hardness values are in the range 700-900 HV0.3 (Berger, 2004).
TiO, coatings were found to be more corrosion resistant than plain alumina and
A1203—TiO2 coatings (Toma, Stahr et al., 2010), and also showed better corrosion
resistance than any other sprayed ceramic coating, including chromia (Berger et al.,
2009c).

For the preparation of coatings, which should contain Andersson-phases with
the general formula Ti ,Cr,O, , (compositions of the TiO,-rich side of the Cr,O,-
TiO, phase diagram) experimental feedstock powders have been developed. As
summarized elsewhere (Berger, et al., 2014), agglomerated and sintered, as well
as fused and crushed feedstock powders can be used for the deposition of coatings
with low porosity. The hardness for both APS- and HVOF- coatings increases with
increasing Cr,0O,-content (Berger ef al., 2009a). Similar to plain titania coatings,
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Figure 15. Optical micrograph of an APS-sprayed coating using an Ar-H, plasma

from an experimental agglomerated and sintered Ti O ,-Ti O, powder

20 um

Figure 16. Optical micrograph of an HVOF-sprayed coating using hydrogen as a

fuel gas from an experimental fused and crushed Ti O -Ti O, powder, prepared by

reduction with hydrogen from a commercial powder. Sample sprayed at Tampere
University of Technology, Finland
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oxygen deficiency is observed in particular for APS-sprayed coatings, prepared with
Ar/H, plasma forming gases (Berger et al., 2009a). Thus, a reoxidation will occur
during service in air at high temperatures.

TRIBOLOGICAL PROPERTIES
General

With the use of adapted feedstock powders, spraying by HVOF or DGS produces
coatings with denser microstructures, lower porosity, higher hardness, higher bond
strength, and lower roughness can compared to those sprayed by APS. Finer mi-
crostructures also decrease the costs for surface finishing. In order to be applied in
tribological applications in industrial practice, economically competitive spray rates
and deposition efficiencies are required for both spray processes.

Corrosion resistance of the coatings of the Al,O,-Cr,0,-TiO, system is of impor-
tance as service conditions for wear protection are often accompanied by corrosive
attack. The coating microstructure, in particular the appearance of interconnected
open porosity and cracks, can be more important than the corrosion resistance of
the coating itself, e.g. (Ashary & Tucker, Jr., 1989; Ashary & Tucker, Jr., 1991). In
order to prevent any corrosion attack of the substrate in service, as a rule, ceramic
coatings are sealed. The influence of the sealant on wear resistance is reported in
the literature, e.g. (Leivo et al., 1997; Knuuttila, Ahmaniemi, & Mintyld, 1999;
Knuuttila, Sorsa, & Mintyld, 1999; Ahmaniemi et al., 2002; Niemi, 2009). On
the other hand, the corrosion properties of the coating material are detrimentally
influenced by the formation of amorphous phases as a result of the spray process,
e.g. (Herrmann et al., 2014; Toma, Stahr et al., 2010; Berger, et al., 2014).

When tribological test results of different studies are compared, often a disagree-
ment of the results is found. The special character of thermal spray coating prop-
erties and the often very different test conditions as described in the introduction
have to be taken into account. Unfortunately, many studies describing the coating
microstructures, phase compositions and mechanical properties in detail are limited
to one selected tribological test only (most often abrasive or sliding wear).

The abrasion wear resistance of the individual oxides and the binary composi-
tions of the Al,O,-Cr,0,-TiO, system has been systematically studied (Borner et
al., 2010), as well as studies of parts of this system, e.g. (Niemi et al., 1995; Niemi,
2009). There is a generally good agreement that DGS- and HVOF-sprayed coatings
show a better abrasion wear resistance than APS-sprayed coatings due to their more
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homogeneous microstructures, lower porosity and (in the case they are investigated)
improved mechanical properties, e.g. (Niemi et al., 1995; Bolelli et al., 2007b;
Niemi, 2009; Borner et al., 2010).

Bulk ceramic components are considered as useful for sliding wear applications
if the specific wear rate is < 10°° mm3/Nm, which is the upper limit for mild wear
(Rainforth, 2004). This specific wear rate is considered as the border to distinguish
a mild wear regime from a severe wear regime for thermally sprayed coatings (Bo-
lelli et al., 2007b). Total wear rates below this threshold value (sum of wear rates
of the coating and the counterpart material) are typically measured under mixed/
boundary lubrication conditions (Berger, Saaro, & Woydt, 2007). If this condition
is met under dry sliding conditions, it characterizes the special application poten-
tial of a tribological pair to serve under these conditions. These criteria are met at
lower loads for most of the coatings independent of the spray process. For higher
loads the HVOF-sprayed coatings show better performance (Bolelli et al., 2007b).

Based on a comparative investigation of Al,O,, Al,O,-13TiO, and Cr,O, coat-
ings by scratch testing it is proposed that these coatings exhibit a sharp transition
from a mild wear regime to a severe wear regime when the contact load exceeds
the critical value, with extensive cracking and material removal by lateral cracking
(Xie & Hawthorne, 1999).

The tribological properties of coatings sprayed from suspensions have only
rarely been studied so far. Some results have been reported for dry sliding wear
resistance of Al,O, and TiO, coatings against sintered alumina (Bolelli, Cannillo ez
al.,2009; Bolelli, Rauch et al., 2009). However, these coatings have been produced
from suspensions with low solids content, thus representing uneconomic conditions
of coating deposition compared to conventional coatings. Thus, the tribological
characterization of high solids content and more economical suspension-sprayed
coatings remains as a future task.

Tribological testing at high temperatures, e.g. 800 °C, can lead to a change of
the phase composition and the microstructure, and can increase the hardness, as has
been found for APS-sprayed coatings in the Cr,0,-TiO, system (Berger ef al., 2010).

AlLO, and ALO,-Rich Compositions

Wear protection is one of the most important applications of alumina coatings.
Compared to other wear resistant materials it is also a cost-efficient solution, as for
tribological applications no special requirements regarding the purity exist. It has
been shown in several studies, that the wear resistance of plain alumina coatings
can be improved by use of DGS or HVOF processes, e.g. (Miiller & Kreye, 2001;
Niemi, 2009). The abrasion wear resistance of DGS- and HVOF-sprayed alumina
coatings is higher than that of bulk alumina (Niemi, 2009). Contrary to this, bulk
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alumina shows a higher erosion wear resistance for impingement angles of 30° and
90° than all thermally sprayed coatings. As typical for ceramic coatings, the mass
loss is always higher for an impingement angle of 90 ° (Niemi, 2009).

There are only very few studies concerning the wear resistance of coatings with
Cr,0, additions, e.g. (Miiller & Kreye, 2001). Thus, the information available in the
literature is not sufficient for drawing general conclusions on the effect of chromia
additions.

For different spray processes (APS, DGS, HVOF) different tendencies on the
influence of the amount of titania addition on the abrasion wear resistance have
been observed (Niemi, 2009; Borner et al., 2010). Remarkably, high abrasion wear
resistance was found for A1203—40%TiO2 coatings (Niemi, 2009; Borner et al.,
2010), but also for Al TiO, coatings (Niemi, 2009). The abrasion wear resistance
of APS-sprayed plain Al O, coatings and coatings of the Al,O,-rich side of the
AlLO,-TiO, system is strongly influenced by sealers (Knuuttila, Sorsa, & Méntyld,
1999; Niemi, 2009).

For flame sprayed coatings, due to the reduction in coating hardness with in-
creasing content of TiO, the wear resistance decreases as well (Habib et al., 2006).

In dry sliding wear tests (pin-on-disk) at room temperature, both alumina and
AlO,-3%TiO, coatings showed unfavorable coating and sample wear rates against
100Cr6 and alumina, as well as high coefficients of friction (Bolelli et al., 2006).
Wear rate and the coefficient of friction depend on the load. For nanostructured
AlO,-3%TiO, coatings the transition from mild to severe wear regimes appeared
at higher loads (Rico, Rodriguez, Otero, Zeng, & Rainforth, 2009).

Independent of the spray process, the erosion wear resistance for most of the
Al O,-3%TiO, coatings was slightly better than that of the plain alumina coatings.
Further increase of the titania content decreases the erosion wear resistance (Niemi,
2009). DGS-sprayed AlO,-13%TiO, coatings showed a erosion wear resistance
comparable to that of chromia coatings (Niemi et al., 1995).

Cr,0, and Cr,0,-Rich Compositions

Chromia coatings are mainly used in the production of rotogravure rolls for printing
machines. Besides a high wear resistance, the advantageous material behavior in the
laser engraving process is important for this application (Pawlowski, 1996). Due to
their high hardness chromia coatings are also often used for general applications
of wear protection. The wear resistance of APS-sprayed chromia coatings is often
compared with that of metallic or hardmetal coatings, e.g. (Ashary & Tucker, Jr.,
1991; Bolelli et al., 2006; Berger, Saaro, & Woydt, 2007; Houdkova et al., 2011).
The dry abrasion wear resistance of APS-sprayed chromia coatings is comparable
with metallic self-fluxing alloy or stainless steel coatings. In the case of wet abrasion
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wear resistance, the performance is close to that of the group of hardmetal coatings
(Houdkova et al., 2011). The abrasion wear resistance of the DGS-sprayed coatings
was higher than that of the APS-sprayed coating (Niemi et al., 1991; Niemi et al.,
1995), but a coating sprayed by HPPS (high power plasma spraying) showed the
best performance (Niemi ef al., 1995).

In general, APS-sprayed Cr,O,-coatings show a high resistance in sliding wear
conditions at room temperature (Bolelli et al., 2006; Berger, Saaro, & Woydt, 2007;
Berger et al., 2009a; Berger et al., 2009b; Houdkova et al., 2011).

The erosion wear resistance of the APS-, HPPS- and DGS-sprayed coatings is
very high and shows relative small differences (Niemi ef al., 1995). The mass loss
of an APS-sprayed chromia coating in an erosion wear test increased with the im-
pingement angle and was highest at 90 ° (Houdkové et al., 2011; Niemi et al., 1995).

Despite a high coating hardness, coatings of Cr,O,-rich compositions with AL,O,
additions showed a lower abrasion wear resistance than coatings of Cr,O,-rich
compositions with TiO, additions (Borner et al., 2010).

The study of the dry sliding wear of APS-sprayed chromia-rich coatings of the
Cr,0,-TiO, system against sintered alumina has shown that, at room temperature, the
coatings are characterized by high wear rates and decreasing coefficients of friction
with increasing sliding speeds. Low wear rates (< 10°° mm?*Nm) in combination
with low coefficients of friction have been measured at 800 °C only (Berger et al.,
2009a; Berger et al., 2009b).

TiO, and TiO,-Rich Compositions

In comparison with other oxide coatings, APS sprayed titanium oxide coatings are
generally characterized by an intermediate but satisfactory wear resistance, which
has led to their application in mechanical engineering (light bearings, pump seals,
etc.) (Berger, 2004). The electrical conductivity of these coatings can be advanta-
geous for several tribological applications.

The abrasion wear resistance of APS-sprayed titanium oxide coatings (Vuoristo,
Miittd, Mintyld, Berger, & Thiele, 2002) is inside the group of APS-sprayed Al,O,/
TiO, coatings (Vuoristo et al., 1992). A similar result is found, if the abrasion wear
resistance of HVOF-sprayed coatings (Vuoristo et al., 2002) is compared with
DGS-sprayed coatings (Vuoristo et al., 1992). There are also reports on the increase
of the abrasion wear resistance, due to the use of nanostructured titania feedstock
powders (Lima & Marple, 2006).

The term ‘lubricious oxides’ has been used to describe the expected low coef-
ficients of friction and wear rates of titanium suboxide coatings in unlubricated dry
sliding conditions (Gardos, 1988), (Woydt, 2005). This suggestion led to numerous
tribological studies being carried out on titanium suboxides, including thermal spray
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coatings, e.g. (Storz et al., 2001; Landa et al., 2007). For potential engine applica-
tions the coatings have been studied in dry and lubricated sliding conditions, e.g.
(Storz et al., 2001; Skopp et al., 2007; Landa et al., 2007). They were found to be
characterized by good tribological behavior, but the predicted low coefficients of
friction were not found experimentally (Skopp et al., 2007).

The study of the dry sliding wear of APS-sprayed titania-rich coatings of the
Cr,0,-TiO, system against sintered alumina has shown that, at room temperature, the
coatings are characterized by high wear rates and decreasing coefficients of friction
with increasing sliding speeds (Berger et al., 2009a; Berger et al., 2009b). Low wear
rates (< 10° mm?*/Nm) in combination with low coefficients of friction have been
measured at 800 °C only. As for pure TiO -coatings, the functional benefits of these
materials are different from the meaning “lubricious oxide” (Berger ef al., 2009b).

These tribological studies at 800 °C (maximum duration of 14 h) have also surpris-
ingly shown that under these conditions significant changes of the microstructure,
a strong increase of coating hardness, and changes of the phase compositions occur
(Berger et al., 2010). For illustration, Figure 17 shows the optical micrograph of a
23.5 mass % Cr,O, -76.5 mass % TiO, coating cross section of a tribological speci-
men after testing at room temperature. A bond coat was applied in order to decrease
the stresses due to different coefficients of thermal expansion. The ceramic coating
was sprayed from an experimental agglomerated and sintered feedstock powder
consisting of the Andersson phases Cr,Ti O, and Cr,Ti,O .. As aresult of the spray
process the so-called high-temperature Andersson phases were formed. Significant
changes occurred after the dry sliding wear test at 800 °C with a sliding speed of
0.1 m/s (test duration of about 14 h). As evidenced by Figure 18 the microstructure
changed. Also the phase composition changed, with rutile being the only phase
identified by XRD. An increase of hardness from 814 HV0.3 to 1125 HVO0.3 after
testing at 800 °C for 14 h was observed.

SUMMARY AND OUTLOOK

Thermally sprayed coatings of the individual oxides and binary compositions in
the Al,O,-Cr,0,-TiO, system are widely manufactured and used, in particular, for
tribological applications. There is a wide variety of spray processes (APS, DGS,
HVOF, and others) available, the choice depends both on the required coating quality
and the economic parameters (deposition efficiency, powder feedrates). APS is the
most common process, however, high velocity processes, such as DGS and HVOF,
have been found to improve the coating properties, in particular the performance in
tribological applications. Spray powders with a particle size 10-45 um (or variations
depending on the spray process characteristics) are commonly used as feedstock.
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Figure 17. Optical micrograph of the coating cross section of an APS-sprayed 23.5
mass % Cr,0, -76.5 mass % TiO, coating with a NiCrAlY bond coat after sliding
wear tests at room temperature at a speed of 0.1 m/s, test duration of about 14 h
(Berger et al., 2010)

Figure 18. Optical micrographs of the coating cross section of an APS-sprayed 23.5
mass % Cr,0, -76.5 mass % TiO, coating with a NiCrAlY bond coat after sliding
wear tests at 800 °C at a speed of 0.1 m/s, test duration of about 14 h (Berger et
al., 2010)
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The use of suspensions as feedstock is emerging and allows direct coating manu-
facture from common ceramic powders of only a few micrometers in size. These
coatings offer a variety of technical advantages, such as lower roughness, possible
thinner coating thickness, and others. However, the potential of coatings sprayed
with economically reasonable parameters in tribological applications has not yet
been studied sufficiently.

Current coating solutions have been predominantly developed on an empiri-
cal base. Although they have been applied for decades, the chemical and physical
processes occurring during coating deposition are still not fully understood, e.g.
the phase transformations of alumina in the spray process. Efforts need to be made
to overcome this situation as the base for future knowledge-based developments.
They will lead to a better understanding of the process-properties relationships of
the coatings. Thus, more defined and reliable coating properties relative to those
currently produced, will be obtained.
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KEY TERMS AND DEFINITIONS

Alumina (Al,0,): Oxide material, widely used for the preparation of thermal
spray coatings.

Atmospheric Plasma Spraying (APS): One of the most widely applied thermal
spray processes using a plasma as an energy source.

Chromia (Cr,0,): Oxide material, widely used for the preparation of thermal
spray coatings.
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Detonation Gun Spraying (DGS): Spray process using a flame, produced by
controlled detonations of a hydrocarbon-oxygen mixture.

High Velocity Oxy-Fuel (HVOF) Spraying: One of the most widely applied
thermal spray processes using a flame, produced by combustion of gaseous or liquid
hydrocarbon in a pressurized chamber as an energy source.

Thermal Spray Coatings: Coatings with a typical thickness in the range 100-
500 um, which are prepared by one of the thermal spray processes and are primarily
mechanically bonded to the substrate.

Titania (TiO)): Oxide material, widely used for the preparation of thermal
spray coatings.
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ABSTRACT

Slurry erosion is a degrading phenomenon usually observed in machineries deal-
ing with particle-laden fluid such as hydro power plants, ship propellers, pump
impellers, valves, and connecting pipes. The low erosion resistance of commonly
employed structural materials prompts the use of different surface modification tech-
niques. Among several types of surface modification techniques, thermal spraying
has achieved a significant recognition worldwide due to its versatile nature. In this
chapter, slurry erosion behavior of thermal sprayed coatings has been discussed with
special emphasis on the contribution of different coating related parameter. It has
been observed that microstructure play an important role in determining the slurry
erosion performance of thermal spray coatings. Different microstructural features
such as splat boundaries, pores, un-melted particles, and cracks are detrimental
for the thermal spray coatings exposed to erosive environment. A parameter useful
for identification of primary erosion mechanism for thermal sprayed coatings is
also discussed.
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Slurry Erosion Behavior of Thermal Spray Coatings
INTRODUCTION

Slurry erosion is a type of wear phenomenon in which the degradation of the target
surface takes place due to impact of solid particles entrained in liquid medium. Dur-
ing impact, significant amount of complex stresses accompanied by high strain rates
originate in the target surface (Hutchings & Winter, 1974). This result in significant
deformation of the target surface eventually leading to loss of material. The problem
caused by slurry erosion is highly severe and this results in the loss of performance
of many fluid machineries and components such as pumps, hydroturbines, propel-
ler, control values and connecting pipelines to name a few (Mann & Arya, 2002).
The direct and indirect economic costs involved in repair and maintenance of the
slurry affected components could be enormous (Grewal, Bhandari, & Singh, 2012;
Mann, 2000; Mann & Arya, 2001).

Various factors that affect the slurry erosion performance of a target material
can be categorized into following three categories(Finnie, 1995)

e  Factors dependent upon the operating parameters such as impact velocity,
impingement angle, concentration of erodent particles, viscosity, density and
temperature of the carrier fluid.

e  Factors dependent upon the erodent particles such as size, shape, composi-
tion, hardness.

e  Factors dependent upon the target material such as yield and ultimate strength,
ductility, hardness, fracture toughness, microstructure and composition.

Other than these factors, it has been observed that restitution coefficient, which
is a complex function of different mechanical properties of target and erodent ma-
terials and the operating parameters such as impact velocity and angle (Hussein &
Tabakoff, 1974) has been observed to play an important role (Grewal, Agrawal, &
Singh, 2013a; Papini, 2003).

Itis understood that with an increase in velocity of the erodent particles, the slurry
erosion rate also increases (Kleis & Kulu, 2008). It has been observed that slurry
erosion rate exhibits a power-law relation with velocity as shown in Equation (1)

E=KV ()

Here ‘E’ represents the slurry erosionrate, ‘K’ is the proportionality constant, ‘V’
is the erodent velocity and ‘n’ the velocity exponent. It has been normally observed
that the value of ‘n’ varies in between 2 to 5 (Kleis & Kulu, 2008). However, value
below two has also been reported (Grewal, Agrawal, & Singh, 2013a; Shivamurthy,
Kamaraj, Nagarajan, Shariff, & Padmanabham, 2009).
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Impingement angle of the erodent particles has also been observed to significantly
influence the slurry erosion performance of the materials. It has been generally
observed that materials exhibit maximum slurry erosion either at the normal im-
pingement angle or at bleak angles typically between 20° to 30°. Materials showing
maximum erosion rate at bleak angles are said to exhibit ductile mode of erosion
(Finnie, 1995; A.V. Levy, 1995). However, materials for which maximum erosion
takes place at 90° are termed to exhibit brittle mode of erosion. This type of subtle
categorization based upon the dependence on impingement angle can be related to
the erosion mechanism (Levy, 1995; Stachowiak & Batchelor, 2005).

Further, the concentration of the erodent particles in the carrier medium has
been observed to exhibit a non-linear relation with slurry erosion rates (Kleis &
Kulu, 2008). This type of relationship has been observed by number of investigators
(Anand, Hovis, Conrad, & Scattergood, 1987; Arnold & Hutchings, 1989; Deng,
Chaudhry, Patel, Hutchings, & Bradley, 2005; Prasad, Jha, Modi, & Yegneswaran,
2004; Turenne, Fiset, & Masounave, 1989). However, some investigators have also
reported a linear relation between the slurry erosion rates and the erodent concen-
tration (Bhandari, Singh, Kansal, & Rastogi, 2012; Bhandari, Singh, Kumar, &
Rastogi, 2012; Grewal, Bhandari, & Singh, 2012; Krishnamoorthy, Seetharamu,
& Sampathkumaran, 1993; Kumar Goyal, Singh, Kumar, & Sahni, 2012; Padhy &
Saini, 2009; Stack & Abd El-Badia, 2008; Sun, Wharton, & Wood, 2009; Telfer,
Stack, & Jana, 2012). Generally, with an increase in concentration of the erodent
particles initially the slurry erosion rates increases, mainly because of increase in
the number of impact events. However, further increase in concentration beyond a
certain threshold value would result in interaction between the incoming and the
rebounded particles. This interaction commonly known as shielding phenomenon
leads to the lowering of erosion rates due to reduction of the incident velocity of
the particles (Anand,Hovis, Conrad, & Scattergood, 1987; Uuemo & Kleis, 1975).
With further increase in concentration beyond threshold value it is expected that a
steady state is attained due to the balance formed between the impact events and
the shielding phenomenon (Kleis & Kulu, 2008). Other operating parameters such
as viscosity and density of the carrier fluid have also been observed to play a cru-
cial role in the slurry erosion process (Clark, 1992; Wong & Clark, 1993). Both of
these factors have been observed to affect significantly the particle trajectories and
properties of the squeeze film formed inside the impact zone.

Various different types of test rigs have been used for slurry erosion testing of
materials and coatings. A detailed review along with their advantages and limita-
tion could be found elsewhere (Grewal, Agrawal & Singh, 2013b). Among various
designs, pot-type and jet-type rigs have been prominently used. Pot-type rigs are
simple in design and easy to use. However, they have several disadvantages such as
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little or no control over impingement angle and velocity and concentration of particles
impinging the sample surface. On the contrary, jet-type rigs provide more control
over these operating parameters. The complexity of the design varies with the kind
of jet-typerigused. The re-circulating jet-type rigs, wherein erodent particles remain
in the cycle and interact with the sample again and again are easier to design and
construct. On the other hand, non-recirculating type jet rigs have complex design
and require expertise to operate and control the test parameters.

In present chapter, the affect of various factors, especially the microstructure,
on the slurry erosion performance of thermal spray coatings have been discussed.
Further, a case study on the slurry erosion performance of Ni-Al,O, based thermal
spray coatings has also been presented and discussed. Detailed discussion on the
slurry erosion mechanism and the influence of microstructural and mechanical
properties of the coatings on their slurry erosion behavior has also been discussed.
Finally, a parameter for predicting the slurry erosion mechanism of materials and
coatings has also been presented and discussed.

BACKGROUND

Slurry erosion is a critical issue and slurry erosion severely degrades and affects
the performance of commonly employed structural materials. From the detailed and
in-depth review of the literature available on slurry erosion, it has been observed
that surface coatings can help to improve performance of these structural materials
against the slurry erosion (Barbezat, Nicol, & Sickinger, 1993; Bu Qian & Luer,
1994; Chen & Hutchings, 1998; Davis, Boone, & Levy, 1986; de Souza & Neville,
2003; Erickson, Hawthorne, & Troczynski, 2001; Gang, 2003; Grewal, Bhandari,
& Singh, 2012; Halling & Arnell, 1984; Hurricks, 1972; Levy & Bugqian, 1988;
Shrestha, Hodgkiess, & Neville, 2001, 2005; Souza & Neville, 2007; Stack & Abd
El Badia, 2006; Tan, 2003; Wang & Lee, 2000; Wood, Mellor, & Binfield, 1997;
Zhao, Goto, Matsumura, Takahashi, & Yamamoto, 1999). Amongst the several
coating deposition methods, thermal spraying process has attracted considerable
attention during recent times owing to its versatile nature.

Slurry erosion studies have been conducted on several coating compositions
belonging to different class of materials such as ceramics, polymers, cermets,
composites and metallic. The main focus behind the selection of these coatings has
either been the hardness or the toughness. Ceramic-based hard coatings have been
observed to provide reasonable protection at low impingement angles. However,
their poor slurry erosion performance at normal impingement angles promoted
the use of composite and cermet coatings. Tungsten carbide (WC) possessing high
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hardness and sufficient fracture toughness appears to be an important candidate
material for obtaining slurry erosion resistant coatings. As a result, several studies
can be found in the literature wherein WC-based coatings have been suggested for
protection against slurry erosion.

The WC-based thermal spray coatings can offer sufficient resistance against
slurry erosion (Grewal, Bhandari, & Singh, 2012; Mann, 2000), however, studies
on cavitation erosion behavior of these coatings are limited. From the slurry ero-
sion studies conducted on flame sprayed WC/Co-FeNiCr and Cr,O, coatings, it was
observed that microstructural defects such as porosity, un-melted or partially melted
particles play an important role (Santa, Espitia, Blanco, Romo, & Toro, 2009). These
coatings showed higher resistance against slurry erosion, however, their performance
under cavitation erosion was not satisfactory (Santa,Espitia, Blanco, Romo, & Toro,
2009). Even High Velocity Oxy-Fuel (HVOF) sprayed WC/Co and Cr,O, coatings
were severely damaged under cavitating erosion conditions (Santa,Espitia, Blanco,
Romo, & Toro, 2009).

Comparison of the slurry erosion behavior of ceramic (Al, O, and Cr,0O,) and poly-
meric coatings (Nylon-11) deposited by flame spray technique showed that Nylon-11
coating was more effective in reducing the slurry erosion rates in comparison to its
ceramic counterparts (Lathabai, Ottmiiller, & Fernandez, 1998). Detailed analysis of
the eroded specimens showed the fine erodent debris particles embedded inside the
Nylon coating. As a result of this, a composite layer was formed on surface of the
Nylon coating and this composite layer reduced the slurry erosion rate. Among the
ceramic coatings, Cr,O, outperformed the Al O, coating, owing to large difference
in the porosity, highlighting the importance of the microstructure.

Microstructure plays an important role in determining the slurry erosion per-
formance of the coatings. Comparison of the slurry erosion performance of the
coatings deposited by APS (atmosphere plasma spraying) and VPS (vacuum plasma
spraying) techniques highlighted this important issue (Kingswell, Rickerby, Bull,
& Scott, 1991). The VPS sprayed coatings showed superior performance against
slurry erosion in comparison to coatings deposited using APS technique. Detailed
investigation of the microstructures showed that in contrast to VPS coatings, the
brittle fracture of the splats at the interface was responsible for the slurry erosion
of APS coatings. The coatings deposited by VPS technique were free from most
of the secondary oxides resulting in well-bonded splat structure. The oxidation of
the molten powder particles can take place while moving in the flame. Coatings
produced in vacuum or with little exposure to air can help reduce this problem. The
presence of secondary oxides can adversely affect the bonding strength of the splats.

Other than the secondary oxides, the porosity content of the coatings is an im-
portant microstructural feature which affects the slurry erosion performance of the

272



Slurry Erosion Behavior of Thermal Spray Coatings

coatings. Comparison of slurry erosion resistance of several coatings deposited by
APS and low pressure plasma spray (LPPS) technique with bulk sintered materials
showed that lower porosity content was desirable against slurry erosion (Zhao, Goto,
Matsumura, Takahashi, & Yamamoto, 1999). Better slurry erosion resistance of
the bulk materials in comparison to coatings was attributed to their lower porosity
content. [it was observed that among different composite coatings of Al O, formed
by adding Titania (3% and 13%) and Zirconia (25% and 40%), one with lowest po-
rosity content (ALO, + 25 wt.% of Zirconia) has highest slurry erosion resistance
(Branco, Gansert, Sampath, Berndt, & Herman, 2004). The heat treatment of the
coatings helped in further reducing the porosity and hence the slurry erosion rates
of the coatings. The various microstructural parameters such as porosity, presence
of secondary oxides, cracks and un-melted particles affects the value of different
mechanical properties. These, in turn, further influence the slurry erosion perfor-
mance of the coatings. Moreover, the influence of different microstructural features
on mechanical properties is highly complex in nature and requires further studies.
This was pointed out by the result of the slurry erosion studies conducted on series
of WC-Co and Cr,C, + 25NiCr coatings. Against the general belief, it was observed
that hardness alone should not be considered as sole criteria for the selection of the
coating (Factor & Roman, 2002). Various other properties such as fracture tough-
ness and ductility which are affected by the microstructure of the coating do also
play an important role.

Slurry erosion testing on series of Co-based coatings developed by HVOF and
plasma spray technique indicated Stellite 6 to exhibit superior performance. How-
ever, WC-12Co coating evaluated for comparison, showed further improvement in
slurry erosion resistance (Kumar, Boy, Zatorski, & Stephenson, 2005). Among the
two deposition techniques, coatings developed by HVOF technique showed better
slurry erosion resistance mainly due to low porosity level. It is worth mentioning
here that among these coatings, none of them was efficient enough in reducing the
cavitation erosion rates of the SS 308 steel.

Other than porosity, it was observed that the structure of the coating lamella also
significantly influenced the slurry erosion resistance. It was observed that mean
bonding ratio defined as the ratio of total bonded interface area to total apparent
lamellae contact area exhibited a linear relationship with slurry erosion resistance
(Li, Yang, & Ohmori, 2006). With an increase in bonding area, the lamellar bonding
increased and defects along the interface decreased and this probably reduced the
slurry erosion rates. Fracture toughness was found to be the controlling mechanical
property.

The adhesion of the coating with the substrate is also an important parameter,
which can influence the slurry erosion response of the coating. In case of plasma
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spray technique, the adhesion (between the coating and substrate) and cohesion
(between the coating lamella) strength is influenced by the input power (Li,Yang,
& Ohmori, 2006; Mishra,Sahu, Das, Satapathy, Sen,Ananthapadmanabhan, &
Sreekumar 2008). With an increase in power the melting of the powder particles
takes place more effectively which enhances the bonding strength. However, it has
also been observed that beyond a certain threshold value, with an increase in input
power, the bonding strength is affected negatively. This is due to overheating and
vaporization of the coating material.

Among different ceramic and metallic coatings, it was reported that WC-based
coatings exhibited superior slurry erosion resistance (Hawthorne, Arsenault, Im-
marigeon, Legoux, & Parameswaran, 1999). Further, the effect of erodent particles
on the slurry erosion performance of the coatings was found to be dependent upon
the coating microstructure. Coating of WC-12Co gave better results for 200 um
erodent particles whereas, when the size of erodent particles was reduced to 35 pm,
WC-10Co-4Cr showed better performance. It has been shown experimentally that
specific energy required for the removal of WC-12Co coating is almost 1000 times
higher than that of SS 316L (Clark, Hawthorne, & Xie, 1999).

However, when exposed to slurries comprised of corrosive media, the superior
performance of the WC-Co coatings diminishes (Toma, Brandl, & Marginean,
2001). Among the batch of 10 different coatings, Cr,C-25NiCr showed 10 times
lower slurry erosion rates in comparison to WC-17Co coating. However, in absence
of corrosive media, WC-12Co performed better in comparison to Cr,C,-25%NiCr
coating (Mann, 2000). The substantially higher slurry erosion rate of the WC-Co
was due to high corrosion rates of Co. The corrosion of the binder phase would
severely affect the adhesion strength resulting in peeling-off of carbide particles by
impacting erodent particles. In pure erosive conditions, better results reported for
WC-12Co and this were directly related to its higher hardness (1100-1150 HV) as
compared to that for Cr,C,—25%NiCr having hardness of 750-800 HV. Another study
on the erosion- corrosion performance of the WC-Co-Cr coating deposited using
super D—gun showed almost two fold higher slurry erosion resistance in comparison
to SS 316 and SS 327 steels (Desouza & Neville, 2003). A significant interaction
between the corrosion and slurry erosion phenomenon was found to exist. The
increase in erodent content in the slurry enhanced the corrosion rates substantially.

The surface morphology of the coatings has also been observed to have a sig-
nificant effect on the slurry erosion resistance (Murthy, Rao, & Venkataraman,
2001).The grinding of WC-10Co-4Cr coating helped in reducing the erosion rates
of the coating by almost a factor of two in comparison to as-sprayed coatings. This
improvement in slurry erosion resistance was attributed to the high residual stresses
developed in the coatings due to grinding. These residual compressive stresses
might help in reducing the fracture at carbide —matrix interface. Further, for similar

274



Slurry Erosion Behavior of Thermal Spray Coatings

coatings, detonation gun sprayed coatings exhibited higher resistance to erosion in
comparison to HVOF coating owing to lower porosity and higher hardness.

Microstructural defects such as pores and cracks reduce the erosion-corrosion
resistance of the coatings (Barik, Wharton, Wood, Tan, & Stokes, 2005). These
microstructural defects lead to the reduction of the erosion-corrosion resistance
of the Ni-Al-Bronze (NAB) coatings in comparison to its bulk counterpart. Nega-
tive erosion-corrosion synergy effect was observed with cast NAB giving better
performance as compared to coating. Similar results were also reported in case of
WC-Co-5Cr (Wood,Mellor, & Binfield, 1997). At low energy level (5 x 107 J) the
slurry erosion response of both the D-gun sprayed coating and sintered bulk material
were almost similar, however, at higher energy levels (6 x 10°%)) the performance of
sintered bulk material was 4 times better than coating. This behaviour was explained
on the basis of anisotropic microstructure of coating (Wood, Mellor, & Binfield,
1997). The mechanism responsible for the loss of material was observed to be the
interlinking of the cracks parallel to surface causing the removal of coating. Vari-
ous other defects such as voids, oxides also played an important role. It has also
been observed that the influence of impingement angle is preferential only in case
of low impact energies (Wood, 2010). Beyond certain threshold impact energy, the
slurry erosion rates are not influenced by the impingement angle. This indicates the
dominant influence of pores and cracks below the threshold impact energy value
wherein low-energy fluctuating stresses leads to the growth of crack.

The lower size distribution of the precursor powder particles used for deposi-
tion of the coatings also helps in reducing the slurry erosion rates (Berget, Rogne,
& Bardal, 2007). Among the three size distributions (15-45, 25-38 & 36-45 pum),
the one with narrower size distribution (36-45 pum) showed highest resistance
which could be related to the quality of the coating deposited. The smaller range
of powder particles would reduce the differential melting of powder particles and
thus promoting the homogenous melting of powder particles. This could help in
developing homogeneous defect free coatings. Further, it was also observed that
reducing the WC grain size could help in improving the slurry erosion performance
of the thermal spraying coatings (Thakur & Arora, 2013). Similar results were also
reported for plasma sprayed Cr,0,-3%TiO, coatings (Singh, Sil,& Jayaganthan,
2011). However, in both of these studies it was observed that in spite of using nano-
sized grain particles, the improvement in the slurry erosion performance of these
coatings was not remarkably high.

Based on the slurry erosion test on various WC-based thermal spray coatings it
was observed that in case of low impingement angles of erodent particles, higher
content of harder phase in the coating was preferential for lower slurry erosion rates
(Kulu, Hussainova, & Veinthal, 2005). However, for higher impact angles, structure
with medium content of high hardness phase, gave better results.
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MAIN FOCUS OF THE CHAPTER
Issues, Controversies, Problems

For protection against slurry erosion, most of the attention has been devoted to
WC-based coatings owing to its high hardness and fracture toughness. Considerable
attention needs to be focused on other compositions such as Ni-Al,O,/BC, (Grewal,
Singh, & Agrawal, 2013c) so as to identify some economical alternatives to WC-
based coatings. It was shown that cold sprayed Ni + 40%A1,0, coatings could help
in reducing the slurry erosion rates of the Inconel-600 alloy (Hu, Jiang, Tao, Xiong,
& Zheng, 2011). However, the cavitation erosion performance of these coatings
was not satisfactory. Lower bonding strength was identified as the major factor
responsible for the degradation of the coating. The coatings Ni-Al O, developed
using electrodeposition technique showed that the erosion rate increased with the
alumina content and hardness (Levin, DuPont, & Marder, 2000). Reason for such an
opposite trend shown by hardness was due to fracturing and de-bonding of alumina
particles. However, with the addition of Co, erosion-corrosion performance of the
Ni—A1203 coatings was significantly enhanced (Tian & Cheng, 2007; Wu, Li, Zhou, &
Mitsuo, 2004). Nano-crystalline Ni-Al O, coating deposited using HVOF technique
with Ni content of 2% and 5% were observed to possess high hardness of around
1300 HV (Turunen Varis, Gustafsson, Keskinen, Filt, & Hannula, 2006). Rubber
abrasion test showed that the wear resistance was highly dependent upon coating
hardness. When evaluated for toughness, the one having 2% Ni content showed
least cracks resistance. The crack resistance of conventional and nano-crystalline
alumina (without Ni) coating was almost similar. However, no attempt was made
to evaluate the slurry erosion performance of these coatings.

In another study, sealing of the plasma sprayed alumina coating with Ni resulted
in a 12% increment in hardness, obviously due to reduction in pores and voids
(Westergard, 2004). The toughness was also reported to have enhanced with the
reduction in crack propagation rate. As a result of sealing of the coating, erosion
rates reduced by two-fold. The sealed coating also showed 40% lower wear rates
when tested using micro-abrasion wear tests (Westergard, 2004).

Aluminacontentin the Ni-Al O, thermal spray coatings has significantinfluence on
the slurry erosion performance (Grewal, Agrawal, & Singh, 2013d,Grewal, Agrawal,
Singh, Shollock, 2013e). The slurry erosion resistance of the coatings showed a non-
linear trend with the AL O, content (Figure 1). Maximum slurry erosion resistance
was exhibited by coating containing 40 wt. % of the Al,O,.With further increase in
AL O, content, slurry erosion resistance decreased and this could be explained on
the basis of microstrutural and mechanical properties of the coatings. Table 1 lists
the variation in different mechanical properties with the Al,O, content. It could be
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observed that with the rise in alumina content, the porosity content also increased
and this could be explained using the model shown in Figure 2. According to this
model, for coating having high AL O, content, the probability that during deposition
process incoming Al O, particle will encounter the already deposited AL O splat
will be higher. As Al O, has lower plasticity in comparison to Ni, it will not be able
to deform and fill up the adjacent pores which otherwise would have contributed
towards reducing the porosity content in the coatings (Grewal, Singh, et al., 2013c).
On the other hand, the higher porosity of 60 wt. % Al O, coating and brittleness of
the Al,O, resulted in lower fracture toughness for this coating composition. In ad-
dition to lower fracture toughness, low compressive residual stresses in the 60 wt.%
Al O, content coating resulted in low slurry erosion resistance (Grewal, Agrawal,
& Singh, 2013d,Grewal, Agrawal, Singh, et al., 2013e).

It is expected that higher compressive stresses in the coating will reduce the
crack propagation rate. Attempt was made to correlate the slurry erosion resistance
of these coatings with different microstructural and mechanical properties as il-
lustrated in Figure 3. In these plots, the slurry erosion rates of the individual coatings
are normalized using the results of the coating containing 60 wt. % of AL O,. It could
be observed that among the different parameters, slurry erosion resistance (inverse
of erosion rates) exhibits highest correlation with fracture toughness and least with
the surface roughness. Correlation with porosity is also within an acceptable range.
As discussed in preceding section, it can be observed that with an increase in poros-
ity, slurry erosion rates also increased. However, the correlation with the hardness
is not according to expectations. It is generally believed that with an increase in
hardness, slurry erosion rates decrease. However, this was not the case. This might
be due to increase in brittleness of the coatings with an increase in hardness. How-
ever, the combination of both hardness and fracture toughness into a function of
form shown in Figure 4 helped in further increase of the correlation factor (Grewal,
Agrawal, & Singh, 2013d). Therefore, it can be deduced that for high slurry erosion
resistance both hardness and fracture toughness are important mechanical proper-
ties. No doubt, both of these properties will further be the function of porosity
content of the coating.

The surface morphology of the eroded Ni-Al O, thermal spray coatings is shown
in Figure 5 and 6 (Grewal, Agrawal, & Singh, 2013d, Grewal, Agrawal, Singh,
Shollock, 2013e). It can be observed that for coatings containing 20 wt.% and 40
wt.% of Al O,, primary slurry erosion mechanism responsible for the loss of the
coating is the removal of individual splats. The presence of cracks along the splat
boundaries can be easily observed in Figure 6. The impact of erodent particles in-
duced sub-surface shear stresses in the coating according to Hertzian contact the-
ory. These shear stresses could aid in generation of cracks. The splat boundaries are
more susceptible to cracking owing to low bonding strength. The lamellar structure
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Figure 1. Effect of AL,O ,content onthe normalized slurry erosion rates of highvelocity
flame sprayed Ni-Al,O, coatings deposited on CAONM hydroturbine steel(Grewal,
Agrawal, & Singh, 2013d)
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Table 1. Various microstructural and mechanical properties of high velocity flame
sprayed Ni-Al,O, coatings deposited on CA6NM hydroturbine steel(Grewal, Singh,
&Agrawal, 2013f)

Alumina | Coating Microhardness | Fracture Density (Kg/ | Porosity | Residual

Content Thickness HVY,, gf)iSD Toughness m?)+SD (%)+SD Stress

(wt. %) (um) + SD (MPa\/m)iSD (MPa)+SD
20 684 + 38 563+90 1.4+0.11 71004100 1.3+0.20 | -122+14
40 628 + 54 714+78 1.6+0.09 635068 1.8+0.16 | -93+10
60 583+ 24 1151+108 0.9+0.12 5880+83 2.5+0.25 | -31+6

of the thermal coatings assisted the propagation of cracks in longitudinal direction
(parallel to coating-substrate interface). This finally resulted in the removal of either
individual splat or chunk of coating material. A schematic model shown in Figure
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Figure 2. Schematic model used to explain the dependency of the porosity of the Ni-
AL O, based thermal spray coatings on the ALO, content(Grewal, Singh, Agrawal,

2013c)

Coating with low
Alumina content

Coating with high
Alumina content

Unmelted particle

void

- Nickel splat

[ Aluminasplat

Substrate

Figure 3. Correlation of the slurry erosion resistance of high velocity flame spray
Ni-AL O, based coatings deposited on to CAOGNM hydroturbine steel with different
microstrucutral and mechanical properties of the coatings(Grewal, Agrawal, &
Singh, 2013d,Grewal, Agrawal, Singh, Shollock, 2013e)
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Figure 4. Correlation of the slurry erosion resistance of high velocity flame spray
Ni-AL O, based coatings deposited on to CAGNM hydroturbine steel with a param-

eter( KI?CH ). This parameter is the function of fracture toughness (K,.) and
hardness (H) (Grewal, Agrawal, & Singh, 2013d)
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7 further helps in understanding the different erosion mechanisms observed in Ni-
Al O, thermal spray coatings. In case of coating containing 60 wt.% of AlLQO,,
other than de-cohesion of splats, the fracturing of Al,O, phase was observed to be
primary erosion mechanism. The contribution of pores and un-melted Al O, par-
ticles in origination of cracks can also be readily observed in Figure 6. Such coating
defects gave rise to high stress concentrations in their vicinity. The interaction of
these high stress concentration fields with the stresses originating from the imping-
ing erodent particles could cause the initiation of cracks. Presence of such cracks
could be observed in Figure 6. Thus, efforts are required to improve the inter-
bonding strength of the splats and reducing the coating defects for improving the

slurry erosion performance of the coatings.
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Figure 5. SEM micrographs showing the surface morphology of the eroded (a)
uncoated CAGNM steel (b) Ni-20 wt.% ALO, coating (c) Ni-40 wt.% Al,O, coating
and (d) Ni-60 wt.% AL O, coating. Ni-AL,O, coatings were deposited using high
velocity flame spray technique on CAGNM hydroturbine steel. Test velocity of the
erodent particles during slurry erosion experiments was 16 m/s and impingement
angle was set at 90°. Concentration of the erodent particles was 0.5 wt. % (5000
ppm) (Grewal, Agrawal, & Singh, 2013d; Grewal, Agrawal, Singh, Shollock, 201 3e).
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The erosion mechanism of the coatings and bulk materials could also be analyzed
using a parameter namely, ‘Erosion mechanism identifier, &’ (Grewal, Agrawal, &
Singh, 2013g). In comparison to the earlier model proposed by Sundararajan (1990),
the model ‘€’ can be used to predict the erosion mechanism of different categories
of materials subjected to various impingement conditions, especially the impinge-
ment angle. This parameter is defined as the ratio of the specific energy required to
remove the target material (SER) to the specific energy expended in removing the
target material (SEE) as shown in Equation (2).
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Figure 6. SEM micrographs showing the sub-surface microstructure of the eroded
(a) Ni-20wt.% AlL,O, coating (b) Ni-40 wt.% AlL,O, coating and (c) Ni-60 wt.% AL,O,
coating. Ni-Al,0, coatings were deposited using highvelocity flame spray technique
on CA6NM hydroturbine steel. Test velocity of the erodent particles during slurry
erosion experiments was 16 m/s and impingement angle was set at 90°. Concentra-
tion of the erodent particles was 0.5 wt. % (5000 ppm) (Grewal, Agrawal, & Singh,
2013d; Grewal, Agrawal, Singh, Shollock, 2013e).
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This parameter is quite useful in predicting the erosion mechanism of different
categories of materials. Further the substitution of the expressions for SER and SEE
result in the form of ‘€’ as shown in Equation (3).

Eo (i)
= N/ 3)

5 0.5mV?
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Figure 7. Schematic model illustrating different slurry erosion mechanisms ob-
served in Ni-Al,O, based high velocity flame sprayed coatings (Grewal, Agrawal,
& Singh, 2013d)
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Here, symbols ‘H’, ‘K’ and ‘o’ represent the hardness, toughness and critical
strength of the target material. Further, ‘m’ and ‘V’ stand for the total mass and
velocity of the erodent particles and ‘E’ the volumetric erosion (m?). ‘€’ is a di-
mensionless quantity the value of which can be used for the predicting the erosion
mechanism as shown below:

e  For ‘€’ < 1, erosion mechanism is primarily of ductile nature where mecha-
nisms such as ploughing and platelet dominate,
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e  For ‘€’ > 1, erosion mechanism is primarily of brittle nature where mecha-
nisms such as cracking and spalling dominate,
e  For ‘€’ =1, micro-cutting is the primary erosion mechanism

Results for the erosion mechanism predicted using ‘€’ are shown in Figure 8
(Grewal, Agrawal, & Singh, Shollock, 2013e). From the SEM micrographs of the
eroded coatings as discussed earlier, the dominant mode for erosion of coatings was
primarily brittle in nature (Figure 5 and 6). Whereas, for CA6NM steel, erosion of
the material was through ductile mode. From the analysis of Figure 8, it could be
observed that ‘€” was able to successfully predict these erosion modes for respec-
tive materials. For CA6NM steel, the value of ‘€’ is nearly equal to 0.1, indicating
ploughing to be the dominant erosion mechanism. From the experimental results
(Figure 5), it could be observed that primary mechanism responsible for the loss of

Figure 8. Slurry erosion mechanism of the Ni-Al,O, based high velocity flame
sprayed coatings and uncoated CAOGNM hydroturbine steel predicted using the
model “Erosion Mechanism Identifier, E” shown as Equation (3)(Grewal, Agrawal,
& Singh, et al.,2013e)
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CAG6NM steel is ploughing as predicted by £. Similar results could also be observed
in case of coatings. Therefore, ‘€’ could prove to a useful tool for predicting the
erosion mechanism of the materials.

SOLUTIONS AND RECOMMENDATIONS

From a detailed literature review, it has been observed that microstructure, which
itself affects the various mechanical properties, plays a crucial role in determining
the slurry erosion performance of the materials and coatings. In case of thermal
spray coatings, various microstructural features such as content of pores, cracks,
un-melted particles and splat boundaries determine their slurry erosion performance.
Efforts can be made for reducing the proportionate content of these microstructural
defects by either the optimization of the deposition parameters or post-processing
of the developed coatings. Use of powder particles having narrow size range is
also beneficial for improving the slurry erosion performance of the coatings. The
improvement in the microstructure of the coating can help in improving important
mechanical properties such as fracture toughness and hardness ultimately leading to
improvement in slurry erosion resistance. Composite coatings can readily provide
better resistance against slurry erosion, provided the constituent phases possess the
required adhesion and has appreciable wettability among each other.

FUTURE RESEARCH DIRECTIONS

Nano-structured thermal spray coatings have shown promising results, however,
as discussed, main focus of most of the studies have been the WC-based coatings.
Significant efforts can be directed towards evaluating the other nano-structured
coating compositions. Further, the effect of different post-processing techniques
such as laser and heat treatment in controlled environment on the slurry erosion
performance of the thermal spray coating is also required to be evaluated. It is also
necessary to have clear understanding of influence of various spraying techniques
and spraying parameters of each spraying technique on slurry erosion of potential
coatings. This would help in determining the key parameters that have controlling
effect on the microstructure and therefore the slurry erosion performance of the
coatings. Research also needs to be extended to identify the alternative economical
solution to the slurry erosion problems.
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CONCLUSION

Thermal spray coatings can significantly improve the slurry erosion resistance of
the commonly used structural materials. Microstructure plays an important role in
determining the mechanical properties and hence the erosion performance of these
coatings. Splat boundaries adversely affect the slurry erosion behavior of coatings.
Efforts toward improvement of the microstructure could help in improving the slurry
erosion performance of the thermal spray coatings. Among various mechanical
properties of the coatings, fracture toughness appears to be the dominant param-
eter. Slurry erosion mechanism of the materials and coatings could be successfully
predicted using the parameter namely, ‘Erosion Mechanism Identifier”.
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KEY TERMS AND DEFINITIONS

Cavitation Erosion: The degradation of the solid surface due to imploding of
vapor bubbles in its proximity.

Composite: Microstructure composed of two or more different materials/phases.

Erosion Mechanism Identifier: A mathematical model used to predict erosion
mechanism from the measured erosion rates.

Erosion Mechanism: The phenomenon responsible for the loss or detachment
of the material from the surface.

Microstructure: The structure of the material at the micron scale.

Porosity: The void space, either open or closed, in the material.

Slurry Erosion: The degradation of solid surface due to impact of solid particles
entrained in a liquid medium.
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ABSTRACT

The Detonation Spray Coating (DSC) process is a unique variant among the wide
choice of thermal spray processes. The typical functionalities of DSC coatings
include wear and corrosion resistance, elevated temperature oxidation resistance,
thermal barrier, insulative/conductive, abradable, lubricious surface, etc. Among the
coatings for wear resistance, the cermet coatings based on WC—-Co and Cr ,C ~NiCr
are the most popular materials of choice and contribute to bulk of the utilization

DOI: 10.4018/978-1-4666-7489-9.ch010

Copyright ©2015, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.



Detonation Sprayed Coatings and their Tribological Performances

by the industry towards wear resistance. Notwithstanding the above materials,
alternative materials involving modifications in both hard and binder phases like
TiMo (CN)-NiCo, WC-CrC-Ni, WC-Co-Cr, WC-Ni, erCz-Ni, Cr3C2—Inconel, etc.
exhibit great promise towards tribological applications under diverse wear modes.
This chapter on the tribological characteristics of the detonation sprayed coatings
provides a comprehensive overview on the characteristics of various cermet coat-
ings generated at varied process conditions and its influence on the tribological
properties under abrasive, sliding, and erosive wear modes.

INTRODUCTION

Surface modification approach has been attracting a great deal of attention as it
presents a cost-effective way to combat degradation resulting from mechanisms such
as wear, oxidation, corrosion, or failure under an excessive heat load without sacri-
ficing the bulk properties of the component material. Various surfacing techniques
are now available which offer a wide range of quality and cost. Since a vast major-
ity of industrial components deteriorate, and eventually fail, due to one of several
wear phenomena that may be experienced during normal operation, considerable
attention has been devoted to the development of coating materials and processes
specifically to combat the routinely confronted wear modes, viz. erosion, abrasion
and sliding. Amongst all the currently available coating processes, the thermal
spray technique has gradually emerged as the most useful method of developing a
wide variety of coatings to enhance the performance and durability of engineering
components exposed to the above forms of wear.

Of all the thermal spray variants, the detonation spray coating (DSC) technology
is widely acknowledged to be the most superior by virtue of the very high particle
velocities that it imparts, thereby leading to dense and well-bonded coatings which
exhibit excellent tribological properties such as high abrasion and erosion resistance.
Initially developed specifically for depositing wear-resistant coatings of tungsten
carbide, which undergoes substantial decarburization during plasma spraying, the
use of the DSC technology currently extends to all industry segments ranging from
gas turbines to textile industries and from nuclear energy to data processing. The
technique has grown substantially with a range of materials that can be sprayed,
which includes metals, metal alloys, ceramics, cermets, composites and combina-
tions of these.

Detonation spray coating (DSC) process is a unique thermal spray variant
which relies upon the controlled explosive combustion of a measured mix of oxy-
acetylene gases. The powder feedstock of the desired coating material is heated and
accelerated by high-pressure, high-temperature gaseous products resulting from
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the detonation, to impact a substrate at very high velocities to yield a well-adherent
layer (Sundararajan et al., 2013). The DSC process is cyclic in nature and operates
at a firing frequency ranging between 2 to 10 shots per sec. The interesting aspect
of DSC process is the versatility in depositing a wide variety of materials ranging
from metals to ceramics, expect for few materials with very high melting points,
which makes it worthwhile for many industrial applications. The schematic of the
DSC process is shown in Figure 1, which is already described elsewhere in detail
(Sundararajan et al., 2013).

Like any other thermal spray variant, the velocity and the physical state of the
powder particles at the time of impact are the most critical factors that influence
the quality of detonation sprayed coatings (Sundararajan et al., 2001; Kharlamov,
1986). These factors are directly governed by the process parameters employed as
well as the starting powder characteristics which eventually manipulate the resultant
coating properties.

WEAR RESISTANT COATINGS

Over the years, the hardness of the material is considered as the important criterion for
selection towards wear resistant applications which is found to influence the material
wear rates (Fauchais er al., 2014). Accordingly, materials like WC-Co, TiC, Al O,,
Cr,0, etc are the materials of choice for wear resistant applications under diverse
wear modes. In terms of spray variants, DSC and high-velocity oxy-fuel (HVOF)
processes are the ideal techniques to achieve dense, phase pure and therefore, better
wear resistant coatings (Wang, 1993; Barbezat ef al., 1993). Cermets or cemented
carbides consisting one or more carbides of tungsten/titanium/tantalum/vanadium

Figure 1. Schematic of detonation spray coating process (Sundararajan et al., 2013)
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embedded in a matrix of softer metal and/or alloys like Ni, Co, NiCr etc forms the
major category of materials sprayed for wear resistant applications. Ceramics like
A1203, Cr203, with and without additives like ZrO,, TiO,, SiO,, etc also constitute
the wear resistant coatings deposited using DSC system.

Although the choice of materials are huge, experimental studies have shown that
the hardness and elastic modulus of coatings deposited using the above powders
are substantially lower than that of bulk material having an identical composition
(Rybicki et al., 1995; Zhang et al., 1998). Coating characteristics like phases formed,
coating microstructure, porosity, the nature of residual stress and its magnitude
within the coating, inter-splat cohesion and finally the coating-substrate adhesion,
govern the mechanical properties of the coatings (Nakamura et al., 2000; Fauchais
& Vardelle, 2000). It is pertinent to note that the experimental values of coating
hardness and elastic modulus are dependent not only on the coating technique, but
also on the choice of process parameters for a given coating technique. For example,
a minor variation in the oxygen to acetylene ratio during detonation spraying of
WC-Co or Al O, coatings can substantially influence the hardness, porosity and its
wear properties (Sundararajan et al., 2001; Sivakumar et al., 2001). The variation in
the oxy-fuel ratio is known to influence the detonation dynamics, thereby, altering
the in-flight particle characteristics like velocity and temperature. This eventually
will have a bearing on the splatting & melting behavior of the impacting particles,
which greatly influence the coating microstructure. Therefore, there is a need for
continuous quest in developing better coatings that can exhibit properties closer to
that of its equivalent bulk material. In view of the above, the following sections will
give an overview of the tribological characteristics of detonation sprayed coatings
through various case studies which are specifically focused on achieving improved
performance.

Effect of Particle Size

The commercially available spray grade powders differ significantly in terms of its
morphology, particle size distribution, the manufacturing route, etc (www.hcstarck.
com, www.oerlikon.com, www.praxairsurfacetechnologies.com). Though the obvi-
ous reason of increased production cost with narrow size ranged powders resists the
use of it, the ultimate indicator is wear performance. A detailed study undertaken
by (Suresh Babu et al., 2007) involved three different chemistries of NiCr, WC-Co
and Al,O, powders, which were classified into three categories as fine, coarse and
as-received (shown in Figure 2). The powders were classified using a centrifugal air
classifier (Suresh Babu et al., 2007). In terms of microstructure shown in Figure 3,
it was clear that the porosity levels were low with fine sized particles and continues
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to increase with increase in particle size. However, it is interesting to note that the
retention of preferred phases like a-Al O, and WC in Al,O, and WC-12Co coatings,
respectively, were higher at higher mean particle sizes.

More significantly, the wear performance of the above coatings under different
wear modes of abrasion, sliding and erosion are illustrated in Figure 4. The abrasion
tests were performed using a dry rubber when three body abrasion test rig designed
as per ASTM G65 standards using SiO, particles at a load of 5 kgf. The sliding wear
was assessed using a pin-on-disc tribometer, tested against sintered WC-6Co disc
under a load of 5 kgf. Dry sand erosion test designed as per ASTM standard G79
was used to assess the erosion resistance against SiO, particles impacting at about
60 m/s impact velocities. As shown in Figure 4, Al O, coatings exhibited better
abrasion and sliding wear resistance at higher particle size, which can attributed to
the higher hardness associated with higher retention ofa-Al,O, phases. As proposed
by McPherson (McPherson, 1980), the higher particle size allows the higher reten-
tion of a-ALO, phase due to the partial melting and pre-existing nuclei. Hence,
higher retention of a-Al,O, phase ensures that the hardness exhibited by the AL O,
coatings is better as well as provide better wear resistance. The erosion resistance
was highest at intermediate particle size level due to the combined requirement of
hardness as well as toughness. In case of WC-12Co coatings, wear rates under abra-

Figure 2. SEM images of AL,O , Ni-20Cr and WC-12Co powders. (a-c)—as received;
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(d-f)—coarse; (g-i)—fine fractions of respective powders (Suresh Babu et al., 2007)
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Figure 3. SEM images of detonation sprayed Al O ,, Ni-20Cr and WC-12Co coatings
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sion, sliding and erosion modes shown an increasing trend with increasing particle
size, which was against the expected trend. This could be attributed to a complex
influence of the phases formed, hardness and the fracture toughness of the WC-12Co
coatings. Though the possibility of grain size effect was not reported, this may not
be ruled out as the observed WC cuboids undergo higher carbide dissolution at
higher oxy-fuel ratios (Sundararajan and Suresh Babu, 2009). Similarly, the WC
cuboids grain sizes of finer particles might undergo higher carbide dissolution lead-
ing to difference in the tribological trend shown n Figure 4. The lower hardness
values resulted in poor abrasion and sliding wear performance for Ni-20Cr coatings,
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however, exhibited better erosion resistance almost matching with that of ALO,
coatings. Thus, the observed trend implies that the hardness play a significant role
in determining the abrasive and sliding wear rate, whereas, an optimum level of
hardness and toughness is essential for better erosion resistance. The major conclu-
sion derived from the above study is that the standard particle size distribution for
high velocity processes like HVOF/DSC is sufficient to provide the necessary wear
resistance and further modification at an additional cost is not worthwhile.

Effect of Grain Size

The driving force for the assessing the effect of grain size can be attributed to the
gap observed in arriving at a conclusive understanding on the tribological behavior
of WC-12Co coatings. In addition to the powder processing characteristics, WC
grain sizes are found to affect the coating behavior. Usually, the conventional WC-
Co powder contains 0.5-6 pm of angular WC grains. Different studies on the grain
size effect of WC cuboids in WC-Co coatings revealed contrasting results against
that of sintered bulk materials. Sintered fine grained WC-Co cermets were found
to exhibit better mechanical properties like hardness, fracture toughness and wear
resistance (Suresh Babu et al., 2008). Encouraged by the results obtained with sin-
tered nanostructured carbides, there is always a growing interest in thermal spray-
ing of nanostructured WC-based materials, since it is a convenient and economical
consolidation method, with low particle residence times disallowing prolonged
high temperature exposure and, thereby, favoring retention of starting nanograins
in the coating. However, due to extensive decomposition of WC grains to W C and
amorphous ConyCZ phases, it was found that fine grained WC-Co coatings exhibit
lesser fracture toughness and, thereby, poor abrasion resistance values (Qiao Yunfei
et al., 2003). But the sliding wear performance exhibited mixed results with the
possibility of metastable W,C phases aiding better frictional characteristics. Vari-
ous other results with nano-grained and ultrafine grained WC-Co coatings through
different HVOF, plasma spraying systems also confirmed conflicting performance
as against the conventional micron sized grains (Qiao Yunfei ef al., 2003; Qiaoqin
Yang et al., 2003). Though, many such results are available with HVOF, no such
detailed reports are available with DSC. In view of the above, a detailed study on
the effect of WC grain size was undertaken at the author’s laboratory using three
commercially available powder feedstock materials and the major findings are given
below. Three WC-12Co powders used for the study were Bimodal (mixture of mi-
cron and sub-micron sized WC grains) type Nanomyte M1 from NEI Corporation,
USA, coarse grained (Diamalloy, 2004) WC-12Co from Sulzer Metco, USA and
fine sized (Infralloy S7412) WC-Co from Inframat Corporation, USA.
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Figure 4. Wear performance of ALO,, Ni-Cr, and WC-Co coating as a function of
mean particle size (Suresh Babu et al., 2007)
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Typical cross-sectional micrographs of DSC sprayed WC-12Co generated at
similar conditions are shown in Figure 5. As evident from Figure 5, there is a clear
distinction between the grain sizes observed for the three coatings, wherein, the fine
sized WC-12Co coatings clearly exhibiting fine WC cuboid, closely followed by the
Bimodal type of WC-12Co coatings. The grain size ranges were measured through
the high magnification micrographs, which were in the range of 0.05 um to 1.3 um
for coarse WC-12Co, 0.02 um to 1 um for bimodal WC-12Co, 0.01 pum to 0.65 um
for fine—sized WC-12Co coatings. The hardness and modulus data measured for
the above coatings are shown in Figure 6, which indicates that fine sized WC-12Co
coatings exhibited the highest hardness and better modulus values, similar to various
observations made for nanostructured WC-12Co coatings (Guilemany et al., 2006).
The higher hardness was attributed to the formation of fine W,C rims over the WC
grains. This was also noted in previous reports of the possibilities of decarburiza-
tion of fine sized WC grains (Suresh Babu ef al., 2008). Incidentally, the fine sized
coatings exhibited highest fracture toughness amongst the WC-12Co coatings.

The wear performance of these coatings was tested under abrasion (same condi-
tions with additional tests against SiC particles), sliding (at varied stress levels) and
erosion wear modes (using the conditions previously mentioned), as illustrated in
Figure 7. It is clear that the wear loss for WC-12Co tested against SiC particles was
significantly higher than against SiO, particles as shown in Figure 7(a). The three
times difference in hardness among the abrasive particles yielded nearly 10 times
increase in abrasive wear for the same coatings. Amongst the WC-12Co grades,
bimodal type coatings exhibited relatively poorer performance than the other grades
of WC-12Co under abrasion testing. This was contradictory to the reported results
for bimodal type WC-12Co coatings (Guilemany et al., 2006; Skandan et al., 2000).
The general wear mechanism noted for various WC-Co coatings under abrasive
wear is the weakening of splats under removal of the binder materials and the sub-
sequent removal of WC grains. The extent of decarburization leads to the formation
of W,C over the WC grains (Suresh Babu et al., 2008; Guilemany et al., 2006),
which are reportedly reduces the adhesion to the soft metallic matrix and results in
higher abrasive wear loss. In case of less decarburized WC grains and higher sized
grains, the adhesion with the binder is good, which ensures better resistance to
abrasion. Therefore, the higher loss noted for the bimodal WC-12Co coatings can
be partially attributed to higher decarburization and also to the selection of process
parameters. For fine grained WC coatings, better abrasive wear performance can
be attributed to better homogeneity of dispersion of WC grains within the micro-
structure and partially to the adhesion of WC grains. In case of coarse WC grains,
the better adhesion of the grains ensured better abrasion resistance.

Under sliding wear mode, the performance of WC-Co coatings is of great inter-
est due to the repeated fatigue of the sliding pair usually stresses the sub-surface
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Figure 5. Cross-sectional microstructure of detonation sprayed WC-Co coatings
using (a-b)-bimodal type; (c-d)-coarse; (e-f)-fine grained WC-12Co powders
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and causes greater splat delamination and binder/carbide interface fracture (Guile-
many et al., 2006). Upon testing at varied stress levels, the bimodal type coatings
performed better amongst the WC-12Co coatings as shown in Figure 7(b). Similar
trend was also observed for the reported HVOF WC-12Co coatings (Qiao Yunfei
etal., 2003), though no significant damage could be seen on the counterpart sintered
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Figure 6. Elastic modulus and hardness of detonation sprayed WC-Co coatings
using bimodal type, coarse and fine grained WC-12Co powders

T T T T 410
1300 4 —@—Hardness, HV, |
E —— Modulus, MPa
1200 - {\ - 400
1100 \ - 390
1000 7 | 250
>§ 900 - I
T 8004 ~370 =
173 1 " I 8.
8 700 - - 360 c
o i - c
& 600 - - L350
£ 5004 L I %
o 1 - 340 o
%_3 400 4 L
300 4 330
200 4 - 320
100 7 - | 310
0 | ! ) ! |
Fine Coarse Bimodal

WC-12Co Coatings

WC-6Co disc. This could be attributed to the presence of brittle W,C phase yield-
ing better sliding wear resistance. The increase in wear rate with increased stress
levels was substantial for fine grained WC-12Co coatings, which could be due to
the loss of ductility of the binder phase resulted in increased sub-surface fracture,
as observed for HVOF WC-12Co coatings (Shipway et al., 2005). Under such high
speed of testing, the fracture leads to generation of wear debris which also could
have acted as abrasive to accelerate the wear rate.

The performance of the WC-12Co coatings clearly correlates well with the
grain size under erosive wear mode, as the smaller grain sized coatings exhibited
better wear resistance compared to coarse grained coating as observed in Figure
7(c). This followed the general trend of higher fracture toughness yielding lower
wear rate. The ratio of erosion rate of a material at impact angles of 90° and 30°
indicate the mechanism of erosion behavior (Suresh Babu er al., 2003). For values
of E90°/E30° < 1, the behavior is observed to be ductile and for results yielding >1,
it corresponds t brittle behavior. The E90°/E30° values also imply that the bimodal
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Figure 7. Wear performance of detonation sprayed WC-12Co coatings with varied

grain sizes tested under (a) abrasive, (b) sliding, and (c) erosive wear modes
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WC-12Co coatings exhibited intermediate ductile-brittle behavior, whereas the fine
and coarse grained coatings exhibited clear brittle behavior. Though the fine grained
WC-Co coatings exhibited brittle behavior, the higher toughness values influenced
the reduction in the wear rates.

Effect of Process Parameters

For many years, the detonation spray coatings is an established technique for aero-
space applications (Budinski, 1998; Pejryd et al., 1995), and many other application
areas especially in the civilian sector have emerged in the last few years (Guest,
1986, Pawlowski, 1995). Notwithstanding the advantages of the DSC technology
over other thermal spray variants, the understanding of the fundamental aspects of
this technology is extremely limited due to less number of publications. Specifi-
cally, details regarding splat morphology - microstructure - properties correlation
provides valuable insights towards the coating formation mechanisms. In view of
the above, a detailed assessment of parametric impact with the key DSC process
variables (oxy-fuel ratio, spray distance, powder feed rate and shot frequency) on
the mechanism of coating formation and the properties of the resulting coating is
essential. The above study is also important to assess the repeatability and robust-
ness of the process in order to successfully commercialize the technology. In view
of the above, the present section deals with the evaluation of coating properties
under systematic variation of DSC process variables.

Design of experiments using the Taguchi method is considered to be an effective
method to identify the optimum process parameters and also can be utilized to have
an enhanced understanding of a spray variant (Taguchi & Konishi, 1987; Saravanan
et al., 2000). The process optimization studies involving oxy-fuel ratio, powder
feed rate, spray distance and shot frequency was assessed for various coatings like
ALQ,, WC-12Co, Al,0,-TiO,, Cr,C,-25NiCr. The detailed analysis indicated that
the variation in process parameters yielded significant variation in the abrasive wear
loss, as noted for WC-12Co coatings shown in Figure 8 (Sivakumar et al., 2001).
Therefore, the coating performance is substantially influenced by the choice of pro-
cess parametric combinations. Upon further statistical analysis, the relative variation
in the response is estimated through the averaging roué. Figure 9 indicates that the
abrasive wear trend (response) with respect to the variation between the levels of
interest. It is very informative about the preferred selection and is required to exceed
the inherent experimental scatter. Most of the material characteristics indicated that
the DSC process is highly robust within the range of process parameters studied
(Sivakumar et al., 2001). Further correlation between the intrinsic properties and
its performance may also be required to have better understanding of the process.
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Figure 8. Abrasive wear performance of WC-12%Co coatings at varied process
parameters (Sivakumar et al., 2001)
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The second approach is to understand the correlation between the splat morphol-
ogy - microstructure — properties under varied processing conditions. This is very
relevant due to the limited data available for detonation sprayed coatings, in-spite
of the fact that the technique being available commercially for a long time (Sunda-
rarajan et al., 2001). Specifically, the influence of particle velocity and temperature
on the splat morphology and also area coverage of the splat and its correlation with
tribological performance was reported for detonation sprayed Al O, particles on a
mild steel substrate (Sundararajan et al., 2001). The in flight particle temperature
and velocity were measured using the DPV 2000 system supplied by Technar,
Canada. Based on the particle diagnostic values, the approximate thermal and ki-
netic energy values were estimated and compared as a function of DSC process
variables shown in Figure 10. The contribution of kinetic energy is observed to be
about 8 to 15%, which implies that the deposition of ceramic Al O, particles is
completely dominated by the thermal energy only, even in case of high velocity
processes like DSC. This is also the same reason that many of HVOF systems al-
though having high velocities, but with limited temperature component may not be

307



Detonation Sprayed Coatings and their Tribological Performances

Figure 9. Typical influence of process parameters on the relative variation of abra-
sive wear loss of WC-12Co coatings (Sivakumar et al., 2001)
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able to deposit ceramics. Whereas, DSC process is more versatile in terms of its
velocity and temperature profiles, which can be conveniently used for depositing
wide choice of materials including ceramics.

During deposition of ceramics, a well-flattened splat ensures better bonding with
the substrate and also with the underlying splats. The particle deformation at the
substrate is governed by particle velocity and temperature present in two factors
namely, pprz/H (pp= particle density, V.= particle velocity; H= particle material
hardness) which is often referred to as the Best number (B) and Tp/Tmp (Tp= tem-
perature of particle; T, = melting point of the particle material) defined usually as
the homologus temperature (T ,), respectively (Sundararajan et al., 2001). For con-
ditions exceeding the melting point of AL, O, splash type splats were observed which
tend to improve deposition efficiency and at lower temperatures, rough splats were
achieved which are known for imparting unmelted particles. The correlation between
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Figure 10. The influence of process parameters on the total energy and its components
for the AL,O, particle (The numbers indicated by arrows represent the proportion
of kinetic energy in % of the total energy) (Sundararajan et al., 2013)
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the particle diagnostic values and the abrasive wear rate shown in Figure 11 clear-
ly indicates that the melting point is an important criterion which is also influenced
the deposition efficiency. In order to achieve enhanced wear performance, particle
velocity may not be so critical and the increase in particle velocity may assist in
roughening the substrate/splat surface to improve the bonding of splats and thereby,
better deposition efficiency. The low range of deposition efficiency achieved in
DSC process (shown in Figure 11c) can be attributed to the delamination of few
splats upon cooling from molten state experiencing thermal expansion mismatch
as well as the quenching residual stresses. The above correlation studies provide
greater understanding of coating characteristics and the resultant performance.
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Figure 11. Influence of AL,O particle (a) temperature, (b) velocity, and (c) deposition
efficiency on the abrasive wear performance of detonation sprayed Al,O, coatings
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Effect of Binder Content

Though the detonation sprayed WC-Co based coatings are well-proven in imparting
enhanced tribological performance, it is mostly decided by the phase changes that
occur during spraying. Apart from the role of process parameters, the binder type
(Co, Ni, CoCer, etc) and its content also influence the overall outcome and also can
be directed towards diverse functionalities. For example, the addition of chromium
in WC-Co is envisaged towards improving the corrosion resistance in addition to
improvement of erosion resistance (Berget John et al., 1998). The previously pub-
lished work with detonation spraying of WC with different binders shown that the
coatings exhibited brittle phases W,C, Co,W.C, Co W C, Co,W C, Co,W,C,, and
even tungsten. In view of the conflicting reports, a detailed study on the role of
process parameters for WC based coatings with different binders was studied and
reported in this section (Sundararajan et al., 1998).

WC-11Co, WC-10.5Ni and WC-10Co-4Cr powders were selected to investigate
the influence of binder type. The key process variables like oxy-fuel (O,/C,H,) gas
ratio, volume of the O,+C H, gas mix and spray distance were varied over a wide
range with a two-fold objective viz., to investigate the influence of the above process
variables on coating properties and to identify the optimum process parameters
for coating each powder. The best characteristics achieved in case of each powder
alone are being presented and the detailed process parametric effect is detailed in
the subsequent section. As shown in Figure 12, the microhardness values of WC-
11Co was the highest among the coatings and the least being in case of WC-10Co-
4Cr coatings. This is also expected due to the relative higher content of soft binder
phase in case of WC-10Co-4Cr coatings. It is pertinent to note that the coatings
exhibited very less porosity values less than 0.5%, a typical nature of the detonation
sprayed WC-based coatings. Results have revealed that the WC-10Co-4Cr powder
yielded by far the highest WC phase content and this presumably accounts for the
superior performance of this coating under abrasive and erosive wear conditions
as illustrated in Figurel3. However, its relatively poor performance under sliding
wear conditions remains yet to be explained and possibly it could be accounted
to segregation of Cr, as observed in the microstructures. The WC-11Co coating
yielded a overall better performance under all wear modes, while its erosive and
abrasive wear rate was marginally less than that of WC-10C0-4Cr and its sliding
wear resistance was exceptionally high. This may be attributed to better retention
of carbides with higher WC to W _C ratio and also, due to the presence of tough
Co-containing phases in the coating.
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Figure 12. Microhardness and porosity characteristics of detonation sprayed WC-
based coatings with different binder content
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Effect of Hard Phase Characteristics

Cermet coatings based on WC-Co and Cr,C,-NiCr are the most popular among the
thermal spray feedstock for wear resistant applications and is being utilized in bulk
by various industries. There were attempts been made over the years to find alterna-
tives for the above materials, specifically using TiC based compositions due to its
low density, high hardness and better alloyability (Bolognini et al., 2003; Mari et al.,
2003; Qi et al., 2006). One such powder with considerable promise of performance
matching with that of conventional WC and Cr,C, based cermets is (Ti, Mo) (CN)
based cermets with either Co or NiCo as the binder phase (Berger et al., 2004).

A second approach involves a development of wear resistant composite coatings
with varied hard phases like WC, Cr,C,, TiN, B,C etc. Though, the possibility of
achieving wear performance as close to the bulk characteristics is highly unattain-
able, the proper choice is hard phase is more relevant to the perceived applications.
In view of the above, a series of cermet powders having varied hard phase with
Ni as the binder phase was attempted for better wear resistance. The powders in-
clude, TiMo (CN)-36NiCo, TiMo (CN)-28Co, Cr,C,-17Ni, WC-17Ni, WC-12Ni,
B,C-20Ni and TiN-20Ni all procured from different sources. The cross-sectional
microstructures under optimized spray conditions are shown in Figure 14 for the
above powders, which appear dense and well-adherent to the substrate. Microhard-
ness values of various coatings shown in Figure 15 clearly indicate that WC-based
coatings exhibit the highest hardness. TiMo (CN) based coatings exhibited the lowest
due to its higher binder content.

The relative wear resistance with respect to the mild steel characteristics is pre-
sented in Table 1 comparing with WC-Co based data (Sundararajan et al., 2010).
The table clearly reveals that the hardness was significantly lower than WC-Co
coatings, though the porosity values were comparable. Though the tribological
performances under sliding and erosive wear modes were not encouraging, the
abrasive wear resistance was found to be comparable with that of WC-17Co coat-
ings. This is understandable due to the reduced hard phases and higher binder
content for TiMo (CN) based coatings. These materials possess additional interest-
ing characteristics in terms of its ability to operate under elevated temperature makes
it another interesting candidate for wear resistance.

In case of composite coatings, the tribological performance was evaluated under
erosion mode at two impact angles (30°, 90°) and two impact velocities (60, 108
m/s). Among the coatings, B,C-Ni and WC-12Ni exhibited the lowest erosion vol-
ume and WC-17Ni suffered the highest wear rate. The E90°/E30° ratio shown in
Figure 16 implies that the WC-Ni based coatings exhibited brittle behavior while
the other showing an intermediate behavior. The erosion efficiency (n) is another
important parameter which is used for describing the erosion mechanism occurring
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Figure 14. Typical microstructures of detonation sprayed coatings: (a) Cr,C,-17Ni,
(b) WC-12Ni, (¢) B,C-20Ni, (d) TiN-20Ni, (e) TiMo(CN)-36NiCo, and (f) TiMo(CN)—
28.4Co (Sundararajan et al., 2010, Murthy et al., 2006)
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Figure 15. Microhardness values of various detonation sprayed coatings (Sunda-
rarajan et al., 2010, Murthy et al., 2006)
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Table 1. Comparison of the tribological properties of TiMo (CN) type coatings with
WC-Co type coatings (Sundararajan et al., 2010)

S.No. HV Porosity RAR RSWR RER
30° 90°
1 Mild steel 123 0 1.0 1.0 1.000 1.000
2 TiMo(CN)-28Co 740 0.83 37.7 17.5 0.021 0.012
3 TiMo(CN)-36NiCo 789 0.69 50.6 7.6 0.037 0.020
4 WC-12Co 1252 0.76 87.9 200.3 0.490 0.430
5 WC-17Co 1240 0.52 423 87.4 0.520 0.310
6 WC-25Co 1167 0.61 11.2 64.2 0.480 0.330

in various materials and coatings (Sundararajan et al., 1990, Sundararajan et al.,
2006). The observed increase in n with increase in hardness shown in Figure 17
clearly indicates that coating gets more brittle. This is also consistent with the ear-
lier observation of E90°/E30° ratio indicating the harder coatings being brittle.
Higher brittleness tends to increase the erosion rate and hence, the desired coating
needs to be designed with a compromise between the hardness as well as its hard
phase content.

Comparative Tribological Studies

Detonation sprayed coatings finds applications in various segments including aero-
nautical, agriculture, textile, mining and industrial sectors and being the process
of choice for wear resistant applications. The fact that the DSC sprayed coatings is
superior to other techniques is because of its versatility, sprayability of dense, well-
bonded coatings with less decarburization /oxidation /elemental removal etc. The
choice of DSC s also dictated by the superior wear performance compared to plasma
sprayed equivalents as shown in Figure 18 (Sundararajan et al., 1998), discussed
in terms of its relative wear intensity. Relative wear intensity is described as the
efficiency with which the material is removed under a particular wear mechanism
or wear constant (Sundararajan et al., 1998). Usually, the wear intensity is too low
for sliding, followed by abrasion and the highest under erosion wear modes. Addi-
tionally, few coatings may perform well under sliding and may not be under erosive
wear conditions. Therefore, combining the wear intensity with the relative wear
resistance as shown in Figure 18, the comparison provides significant information
on the methodology to be adopted for designing coatings for wear resistance which
also considers the operational conditions as well. A comparative study involving

315



Detonation Sprayed Coatings and their Tribological Performances

Figure 16. Erosive wear behaviour characteristics of Ni based cermet coatings
(Murthy et al., 2006)
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abrasion wear performance of detonation and plasma sprayed WC-Co coatings
with carburized, nitrided surfaces implies that the DSC coatings exhibited excellent
resistance to wear as shown in Figure 19 (Roy at al., 1999).

In general, all thermal sprayed coatings in the as-deposited state are usually
rough to the extent of about R : 3-8 pm. Therefore, before the components are put
in use, they are subjected to post-spray grinding process to finish the surfaces ac-
ceptable for the component assembly. In this regard, a comparative study was
performed with HVOF technique, on the role of grinding process on erosive wear
behavior of WC-CoCr coatings (Murthy et al., 2001). The erosive wear performance
of the as-sprayed and ground coatings is shown in Figure 20. It is clearly evident
that the erosion resistance of detonation sprayed was significantly higher in the as-
sprayed state and upon grinding, the performance levels of both HVOF and DSC
coatings were almost similar at 90° impact. At 30° impact angle, DSC coatings retain
their better performance mark over HVOF even after the surface grinding treatment.
It is also interesting to note the level of performance improvement offered by the
post-spray grinding treatment, which is known to introduce higher compressive
residual stresses in the coatings. The augmentation of the favourable residual
stresses is found to influence the erosive wear performance. In terms of abrasive
wear performance, DSC and HVOF sprayed WC-CoCr and Cr,C,-20NiCr coatings
were compared as shown in Figure 21 (Murthy et al., 2006). WC-CoCr coatings
exhibited higher wear resistance on account of higher fracture strength, high fracture
toughness and better binding strength offered by the CoCr matrix (Murthy et al.,
2006). The repeated fatigue caused by the abradant movement over the surface
caused the damage to the coated surface. Since, the DSC coatings had higher com-
pressive residual stress levels, the damages were less compared to the HVOF
equivalents. On a whole, detonation sprayed coatings still holds the position of be-
ing premium wear resistant coatings.

New Directions in Detonation Spray Coatings

Detonation sprayed coatings are known for providing improved tribological prop-
erties or corrosion or oxidation resistance at elevated temperatures. An additional
improvement in coating properties can be realized through the development of
graded or layered coating architecture across the thickness. Thereby, the coatings
can be tailored to address specific industrial problems through the microstructural
changes. In view of the above, a novel approach was adopted to develop multiple
powder feeding system (Nirmala et al., 2013), wherein the quantity of powder can
be accurately fed and also, parallel operation of multiple powder feeders also can
be enabled through electronic controls. Using the above configuration, the quantity
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Figure 18. Relative wear resistance characteristics of detonation sprayed (a) WC-
12Co, (b) Cr,C,-NiCr and (C) AL,O, coatings under diverse wear modes
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Figure 19. Comparative abrasive wear resistance of detonation sprayed WC-Co
coatings with diverse surface engineered coatings and substrates (Sundararajan
etal., 20006)
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Figure 21. Cumulative volume wear loss of detonation and HVOF sprayed coatings
in comparison with the hard chrome plating (Murthy et al., 2001)
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and composition of the injected powder can be controlled, either in a sequential
manner or simultaneous manner to that layered or gradient coatings, respectively,
can be achieved. By proper selection of the coating feedstock and proper tailoring of
coating materials, several desired functional properties like wear resistance, thermal
barrier, electrical insulation, corrosion etc can be augmented over the conventional
mono-layer systems.

In the present study, the detonation spray coating systems with multiple powder
feeding mechanism setup was utilized to develop multilayered and graded coatings
of WC-12Co and NiCrBSiFe powders to examine the microstructural features. Some
preliminary tribological studies were also carried out under diverse wear modes. It
is pertinent to note that WC-12Co coatings are very effective in providing enhanced
wear resistance coatings whereas, NiCrBSiFe is a self-fluxing alloy with enhanced
corrosion resistance.

Typical microstructures of layered and graded WC-12Co + NiCrBSiFe coating
is shown in Figure 22a-b, which exhibits a clear difference in contrast, between the
two different material systems. The dark grey feature corresponds to NiCrBSiFe
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Figure 22. Cross-sectional microstructure of (a) graded WC-12Co+NiCrBSiFe
coating, (b) multilayer WC-12Co+NiCr coating and microhardness profile of (c)
graded WC-12Co+NiCrBSiFe coating (Nirmala et al., 2013)
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coating and the light colored to WC-12Co. Additional proof of the gradient structure
is provided by microhardness measurements taken at periodic intervals across the
coating thickness. The microhardness values recorded at 50 pm intervals, exhibited
a gradual increase in the values as shown in Figure 22c. Preliminary wear studies
with multilayered coatings shown better abrasion wear rate in comparison with
conventional WC-12Co coating at SON load which can be attributed to the superior
toughness of well modulated multilayered coatings compared to that of conventional
WC-12Co coatings. The multilayered coatings also exhibited improvement in ero-
sion resistance on account of homogenously distributed metallic phase within the
hard carbide phases.

SUMMARY

The detonation spray coating (DSC) facility available at author’s institute is being
used extensively for developing protective coatings to employ on wide range of
engineering components for enhancing the service life. Amongst list of the coatings
development, all the commercially available carbides and oxides based powders
have been successfully accomplished including the process parameters optimiza-
tion, studies on influence of process parameters on particle velocity and temperature
and their effect quality of the coating properties. Studies also carried out effect of
particle size and binder content on tribological characteristics of wear resistance
coating materials such as WC-Co, Cr,C,-NiCr, TiMo (CN)-NiCo, WC-CrC-Ni,
WC-Co-Cr, WC-Ni, Cr3C2—Ni, Cr3C2—Inconel, etc.
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KEY TERMS AND DEFINITIONS

Abrasive Wear: Wear due to hard particles or hard protuberances forced against
and moving along a solid surface.

Binder: A cementing medium used in producing composite or agglomerate
powders.

Bond Strength: The strength of the adhesion between the coating and the sub-
strate. A number of test methods are in use to measure the bond strength of coatings.

Deposition Efficiency: The ratio, usually expressed as a percentage, of the weight
of the thermal spray deposit to the weight of the thermal spray powder processed
using any of the thermal spray processes.
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Detonation Spray Coating or D-Gun: A thermal spray process in which the
coating material is heated and accelerated to the work piece by a series of detona-
tions or explosions from oxy-fuel gas mixtures.

Erosion Wear: Removal of material from a surface due to mechanical interac-
tion between that surface and a fluid, a multicomponent fluid, or impinging liquid
or solid particles.

High Velocity Oxy Fuel (HVOF) Spraying: A thermal spray process in which
a fuel gas is mixed with oxygen and delivered at high pressure to the HVOF gun
and ignited to form a high velocity oxygen/fuel gas stream in to which thermal
spray powders are introduced and propelled on to the substrate. A Thermal spray
process. The spray powder particles are injected into a high velocity jet formed by
the combustion of oxygen and fuel, heated and accelerated to the work piece.

Plasma Spraying: A thermal spray process in which a non-transferred arc is
produced by ionizing an inert gas that then forms the heat source in to which thermal
spray materials are injected which are then subsequently propelled to the substrate
to form a thermal spray coating.

Porosity: Cavity type discontinuities within a thermal sprayed coating.

Thermal Spraying: A group of processes in which finely divided metallic or
non-metallic thermal spray materials are deposited in a semi molten state to a sub-
strate to form a thermal spray coating.

Tribology: The science and technology concerned with interacting surfaces in
relative motion.

Wear: Loss of material from a surface by means of some mechanical action.
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ABSTRACT

Thermal spray is a generic term used to define a group of coating processes used to
apply both metallic and non-metallic coatings. These coatings are usually defined
by their hardness, strength, porosity, roughness, and wear resistance. In this chap-
ter, the authors turn their attention to the mechanical and tribological properties
of thermal spray coatings. The individual phase plays a very important role in
determining the performance of the coating. However, evaluating the mechanical
and tribological properties at a nano-level requires new test methods and their
validation. In this chapter, elaborate discussion of some techniques to evaluate
and analyze the mechanical and tribological properties of different thermal spray
coatings is done. This chapter is intended to help the reader to firstly understand
the basic principle and methods of characterization of thermal spray coatings us-
ing instrumented nanoindentation, nanoscratch, abrasive wear testing techniques,
and secondly to get an idea of the recent techniques and review the research and
development in the same field.
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Characterization of Mechanical Properties and the Abrasive Wear
INTRODUCTION

The most important advantage of thermal spray process, compared to the other coat-
ing processes, is that it has a great range of coating materials, coating thickness and
possible coating characteristics. To predict their behavior, lifetime and application
area, it is necessary to completely understand the relationships between technology,
process parameters, microstructure and properties of the coatings. In the character-
ization of thermally sprayed coatings it is necessary to take into consideration their
unique lamellar microstructure as shown in Figure 1.

The purpose of this chapter in tribology is understandably the minimization and
elimination of losses resulting from friction and wear at all levels of technology
where the rubbing of surfaces is involved. Now a days, cermets (i.e ceramics and
metals) are used for coating purposes. The hardness of ceramics and the toughness
of metals when combined gives unconventional strength and wear resistance to these
thermally sprayed coatings. In order to achieve the best performance of a thermal
spray coating we need to know the relationships between the mechanisms of coating
formation and its mechanical properties. While the mechanism of formation of
coating has rather been well discussed and understood, the detailed information on
its mechanical properties still remains a difficult job. The primary reason is the
heterogeneity of the coating as shown in Figure 2.

Now a days, analytical and numerical modeling of thermal spray coatings is
possible using various software. These models are capable of demonstrating the

Figure 1. Diagrammatic representation of the cross-sectional view of thermal spray
coatings
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Figure 2. Typical microstructure of a we-17co HVOF-sprayed coating showing WC
grains and binding metal matrix

complexity of gas-particle interactions like distribution of non-molten particles in
a spray. Modeling and software simulation is also done to validate new spray tech-
niques. Due to splattering up of molten coating particles at supersonic speed, pores
are generated in thermally sprayed coatings. As a result of these pores, residual
stresses are developed. Various research works are aimed at determining the me-
chanical and tribological properties of these coatings in order to develop coatings
with superior performance.

In view of the previous discussion the objective of this chapter is to help the
reader to firstly understand the basic principles and methods of characterization of
thermal spray coatings using instrumented nanoindentation, nanoscratch techniques
and abrasion wear testing and secondly to get an idea of the recent techniques, re-
lated sources of error and review the research and development in the same field.
This chapter is not intended to describe the tribological properties and aspects of
thermal spray coatings, rather it elaborately demonstrates the working principle of
some of the most important characterization techniques to evaluate the mechanical
and tribological properties.
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MECHANICAL AND TRIBOLOGICAL CHARACTERIZATION
Need to Evaluate Mechanical and Tribological Properties

A coating is usually defined by its intrinsic and extrinsic properties. Both these prop-
erties are equally important in determining the performance of the coating. When
a coating is in its research and development stage, understanding the mechanical
and tribological behavior of the coating is of utmost importance in order to decide
it’s performance. In the case of thermally sprayed coatings, it is necessary to take
into consideration their unique lamellar microstructure. Together with materials
characteristics, such as hardness, modulus of elasticity or fracture toughness, the
coatings porosity, cohesive strength, content of oxides and other microstructure
defect also plays its role.

The tribological properties of parts surface, namely their wear resistance and
friction properties, are in many cases determining for their proper function. To
improve surface properties, it is possible to create hard, wear resistant coatings by
thermal spray technologies. Using these versatile coatings it is possible to increase
parts lifetime, reliability and safety. To predict behavior, lifetime and application
area of thermally sprayed coatings it is necessary to completely understand the re-
lationships between technology, process parameters, microstructure and properties
of the coatings.

Important Mechanical and Tribological Properties

The relative importance given to different properties depends on a number of factors,
such as coating’s level of development, e.g the need to further optimization and the
intended application. A coating in full production for many years may be subjected
to less rigorous testing than one which is newly introduced. When the coating is
in production stage, the evaluation of its mechanical and tribological properties
is a measure of quality control and repeatability. However, if the coating is still
in its research and development stage, then characterization is needed to improve
specific properties of the coating and the way in which they are used for process
variables. Thus, adhesion and thickness are the key properties that are important
when a coating has already been optimized and is in production, whereas proper-
ties like friction, wear, hardness, Young’s modulus and composition are usually of
most importance when a tribological coating is under development. Thermal spray
coatings are porous, which results in decrease in toughness and higher permeability
to water and corrosive ions.
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Methods Applied to Evaluate the Properties

Assessing the usefulness of thermal spray coatings requires understanding, devel-
oping and utilizing appropriate testing and characterization methods. The goal to
mechanical and tribological characterization can be addressed by a wide range of
techniques. As described in the previous section, hardness and modulus of elasticity
are the important properties of coatings. There are a number of ways of testing the
mechanical and tribological properties of thermal spray coatings. The modulus of
elasticity can be calculated by methods like tensile tests, bending tests and indentation
measurements. Micro and nanoindentation are used now a days to evaluate Young’s
modulus, hardness, creep, stiffness, residual stress of the sample. The tribological
properties like wear rate, coefficient of friction, can be measured using ball-on-disc
tests. This test can also be used to evaluate adhesion strength of the coating. With
the help of Pull off tests the nature and numerical value of bond strength can be
measured. However, the most advanced method to evaluate the adhesion, cohesion
and coefficient of friction of a coating is scratch test. Scratches can be run at micro
or nano level and material properties can be accurately measured by analyzing the
data obtained.

INDENTATION TESTS
Principle

Young’s modulus and hardness are key parameters in the study of the adhesion of
thick or thin films to various substrates and their response to mechanical loads.
One of the techniques most recently used to study the mechanical properties of
thin films is the instrumented indentation, known as nano-indentation. Indentation
is perhaps the most commonly known means to study the mechanical properties of
materials. This is a superficial technique to quasi-statically measure the penetration
generated by increasing loads applied to a material. This section briefly describes
the theoretical aspects of an instrumented nanoindentation technique and then the
experimental methodology. Standard nanoindentation equipment as shown in Figure
3 consists mainly of an actuator to apply the force, an indenter mounted on a rigid
column through which the force is applied on the sample and a sensor that measures
the displacement of the indenter (Bull, 2005).

The principal aim of majority nanoindentation test is to determine the Young’s
modulus and hardness of the specimen material from load-displacement measure-
ments. In nanoindentation testing the depth of penetration beneath the coating
layer is measured by applying load on the indenter. Usually the properties of the
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Figure 3. Schematic diagram of a depth-sensing nanoindentation tester
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coating are significantly affected by the substrate. In order to avoid any changes in
property of coating the depth of penetration in this case is limited to 10% of the dry
film thickness (DFT) (Oliver and Pharr, 1992; Rabei et al., 1999; Hay and Pharr,
2000). The area of contact can be measured easily as the geometry of the indenter
is known. Generally a wide variety of indenters (Vickers, Berkovich, Knoop,
spherical etc.) are used to get an imprint on the sample. Figure 4 is a nanoindenta-
tion curve plotted between load and displacement. It clearly shows the loading and
unloading pattern of the sample under consideration. This curve is used to determine
the hardness and elastic modulus of the coating material. The hardness of the coat-
ing is evaluated as the maximum indenter load P divided by the projected area
A of the indenter at maximum load as shown in equation (1).

H_ Rnax (1)
A

The projected area can be calculated from the indenter geometry as shown in
Figure 4. The relation between the projected area A and the contact depth h_ is
shown by equation (2).
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Figure 4. Single cycle load on sample-displacement of indenter curve of an inden-
tation test
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The above equation is derived from the polynomial equation (3). The area func-
tion A(h) is a fifth order polynomial as shown below:

A= Cohf + Clhc + Cthl/Z + Cshj“ + C4h3/6 + Cshcl,/s (3)

The value of C, depends on the indenter tip and for Berkovich indenter with a
pyramidal diamond tip the value is 24.5. In Figure 5, we can observe that the con-
tact depth h_is less than the maximum indentation depthh _ as becauseh_ isasa
result of elastic deformation of the sample area around the indenter tip. The contact
depth is given by equation (4) as below.

P
h :h/ — o max (4)

where S denotes the stiffness of the coating that can be calculated from the slope
of the unloading curve in Figure 3. The value of € for the pyramidal indenter is
considered as 0.75. Usually fused quartz silica is used to calibrate the indenter shape,
which s very critical in the nanoindentation technique. The stiffness S is obtained
from the nanoindentation curve and the projected area can be evaluated as a function
of S_ as per equation (5)
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Figure 5. Schematic diagram of an ideal conical indenter at maximum load
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where E_is the reduced modulus, which is as a result of the elastic deformation
occurring in both the indenter and the coating. The value of E_can be calculated
as per equation (6).

=—+— (6)

where E is the elastic modulus of the test specimen, E is the elastic modulus of the
indenter, 9 is the poison’s ratio of the test specimen and 9, is the poison’s ratio of
the indenter. The elastic modulus E is given by equation (7) as shown below

s 1 r 1 r

1
L 5.5._ (7)

ST

and the E of the coating is determined by using equation (6) and (7).

Indentation experiments can be performed using both load control and depth
control methods (CSM). In load control measurements the values of Young’s modu-
lus and hardness are obtained at maximum penetration depth. However in case of
continuous stiffness option (CSM), the Young’s modulus and hardness are measured
as a continuous function of indenter penetration.
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Mechanical Characterization Using Nanoindentation Tests

With the advent and development of microsystems and nanotechnology, researchers
have developed better thermal spray coatings with superior tribological properties. The
new generation thermal spray coatings have nanoparticles embedded in it to enhance
their properties. During application the coatings gets deposited on the substrate in
the form of splats at high speed. Knowing the material properties of individual splats
becomes imperative to characterize the coating and to further develop it. Thermal
spray coatings are now a days being used in various micromechanical systems and
nanotechnological applications like MEMS, biomedical devices, electronic items
etc. These coatings are used to coat mechanical miniature panels (micro-machines),
such as membranes, cantilever, gears, engines, and valves, which are subjected to
high temperature. Plasma-deposited silicon nitride (a—SiNxHy) thin films and simi-
lar materials are increasingly being used as flexible membranes in microsystems.
Thermal spraying of nanoscale materials has generated coatings with properties
reportedly superior to those of micron-sized counterparts. Recently, some researchers
produced super-nano-crystalline coatings of diamond with CVD method, by short
waves using unique chemical such as C—Ar or methane-Ar. The traditional tests like
bulge or tensile tests are impractical and/or unsuitable, as they do not scale into the
micro or nano-scale. Microindentation (Knoop or Vickers indentation) promises
to be rather effective in the measurement of thermal spray coatings, but for thin
films they cannot provide accurate results at a nano-scale. Moreover, the area of
investigation is larger and the properties at nano-scale remain hidden and only the
composite value of mechanical properties is revealed. To date, nanoindentation has
not been a popular method of determining mechanical properties of thermal spray
coatings due to their relatively higher thickness (> 30 um), which relies on a shal-
lower penetration depth (submicron scale). However in order to clearly understand
the mechanical behavior of thermal spray coatings, the submicron scale mechanical
properties of individual splats need to be evaluated. This is because splats are the
very basic structural unit of thermal spray deposit. Thus, nanoindentation is par-
ticularly important for the investigation of nanocrystalline coatings where, despite
the fact that the basic lamellar structure is similar to that of conventional coatings,
the intrinsic properties and the microstructure are quite different.
Nanoindentation and microindentation (Vickers microindentation) differ in a
couple of ways, but researchers can expect to be able to compare the results if tip
geometries are used that provide similar strains in the material when testing-such
as Vickers and Berkovich shaped tips. Both tips exhibit the same projected contact
area with respect to the penetration depth into the sample. The difference between
the tip shapes is that the Vickers tip is a 4-sided pyramid while the Berkovich tip is
a 3-sided pyramid. The Berkovich tip is much sharper than the Vickers tip (usual
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tip radii for a Berkovich tip is < 20nm). As both tip shapes — the Berkovich and
Vickers tips - produce approximately 8% strain in the material during indentation,
the hardness results obtained from test using the different tip geometries can be
directly compared. However, care must be taken to correctly perform the conver-
sion of the results for the Vickers hardness tests using micro-indentation. There is
a definition change between the hardness measured using micro-indentation to the
hardness used in nano-indentation. While both hardness values are calculated as the
peak force divided by the area of contact (as shown in Equation 1), the definition
of the contact area differs between the test techniques. The detailed information
pertaining to the difference between the various types of tips available in market is
provided elsewhere (Fischer-Cripps, 2004).

Nanoindentation is a versatile technique wherein the properties of thermal spray
coatings can be mapped accurately. The grain size is a very important factor for
the determination of indentation parameters in thermal spray coatings. In case of
nanoindentation (with a Diamond Berkovich tip), very small loads of a few mil-
linewtons (mN) can be applied to calculate the properties of individual grains or
splats. The young’s modulus and hardness values of individual splats can be cal-
culated by continuous measurement of force and indentation depth. This allows a
better understanding of elastic-plastic behavior of thermal spray coating, which can
be closely related to its wear and failure resistance. For instance, Saeced and Gross
(2009) evaluated the mechanical properties of thermally sprayed Hydroxyapatite
(HAp) coating on Ti using nanoindentation technique. The samples were mounted
on an epoxy resin and the indentations were performed on the cross-section of
the coating. The variation of the hardness and elastic modulus with the number of
indents is shown in Figure 6. Figure 7 indicates the variation of hardness with the
distance of three different particle size of Hap at low loads. The Authors concluded
that at low load and closely spaced indents the hardness value at the interface can
be evaluated more precisely.

The hardness curves can also be used as an indicator of the stress state within a
material. Is a fact that Hardness values decreases with tensile stress and increases
with compressive stress. In Figure 8, the hardness values increase abruptly from 0
to 20 um, followed by a slow increase from 20 to 60 um and a plateau in 40 to 60
um range. It can be concluded that 40 um is the critical thickness where, there is a
balance between the tensile and compressive residual stresses.

Nohava et al., (2010) performed instrumented indentation on a wide range of
thermal sprayed ceramic coating. A scale-dependent behavior of hardness was
observed as a function of indentation depth for all coatings: at low penetration
depths, the hardness value depends on the intralamellar material properties, where-
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Figure 6. Variation of Hardness and Elastic modulus with the number of indents in
a HAp coating (Saeed and Gross, 2009)
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Figure 7. Hardness vs distance of Hap by applying a low load of 10 mN (Saeed
and Gross, 2009)
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as at larger depths it reflects the long-range cohesive strength of the coating. In all
cases, hardness becomes independent of the indentation depth above a threshold
value of ~2000 nm.
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Figure 8. Hardness as a function of indentation depth of thermal sprayed ceramic
coatings (Saeed and Gross, 2009)
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A Typical nanoindentation curve having dual cycles of loading up to a maximum
load of 1 mN is shown in Figure 9. This figure is obtained from a nanoindentation
experiment done on a glass-flake embedded vinyl ester coating (VE/GF). The in-
dentations were carried out in grids of size 10X4 with each indent 20 um apart, so
that a large area gets covered and an ample amount of data is generated for analysis.
The experiment was done using a diamond Berkovich tip indenter using load con-
trol mode on the top surface of the coating. The indentation instrument may be set
into either load or depth control. In load control, the user specifies the maximum
test force (usually in mN) and the number of load increments or steps to use. Such
a type of indentation gives us a single value of the elastic modulus or hardness at
the point of indentation. It doesn’t matter how much depth the indenter penetrates
to achieve the predetermined load. This type of indentations can be done on both
the coating surface and the coating-substrate interface. In case of depth control, the
user specifies a maximum depth of penetration. This type of tests gives us a varia-
tion of elastic modulus or hardness values with the depth of the coating. It helps to
understand the critical depth from the surface where the hardness values stabilize.
Such tests are mostly carried out on the topcoat of the sample. It should be noted
that most nanoindentation instruments are inherently load-controlled devices. It
is customary for a nanoindentation instrument to allow for a dwell of hold period
at each load increment and at maximum load. The load period data at maximum
load can be used to measure creep within the specimen or thermal drift of the ap-
paratus during test. Better results are obtained when multiple loading are done for
an indentation test. This is because before taking the hardness or modulus reading
from the final unloading curve the thermal drift of the instrument and other errors
needs to be minimized.
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Figure 9. Load vs displacement curve of indentations performed on a glass flake
filled vinyl ester coating. This diagram represents double loading cycle of a na-
noindentation test
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In general a single cycle (as in Figure 4) or multi cycle indentations are done in
a grid like fashion (e.g. 10x4 = 40 indents). This is done to cover areas with all the
phases in the coating in order to obtain accurate results. Indentations can be load
dependent and depth of penetration dependent as well. The statistical analysis of
the obtained data is done to develop variation of Young’s modulus, hardness with
depth and also their probability functions. These data can also be used to define the
percentage of various phases in the composite structure of the coating. Indentations
can also be carried out along the cross-section of the coating-substrate interface. A
Scanning electron micrograph of a grid of nanoindentation made with a Berkovich
indenter in a cross-section of HAp coating on Ti is illustrated in Figure 10.

Nanoindentation provides information on mechanical properties by calculation
from indenter load and displacement. The basic formulae for these computations
are based on certain assumptions on the material response, which are valid only
under some conditions. If a factor is neglected that is important at these conditions,
the results can be wrong. The user of nanoindentation techniques thus should be
aware of possible influences and errors, in order to prepare the tests and process the
data so as to avoid or reduce them. The errors might be due to properties of speci-
men and indenter, the models followed for evaluation etc. Various works have been
done to investigate the errors involved in the mechanical characterization of thermal
spray coatings (Menc¢ik and Swain, 1995; Fischer-Cripps, 2004). It should also be

340



Characterization of Mechanical Properties and the Abrasive Wear

Figure 10. Scanning electron micrograph of a grid of nanoindentation made with
a Berkovich indenter in a cross-section of HAp coating on Ti
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noted that no two indentations should be very close to each other, as one indent
affects the results of the other. A minimum of 25 um is to be maintained between
two indents.

Review of Research and Development

Advanced nanoindentation techniques offer the possibility to investigate even
extremely thin films attached to substrates down to a film thickness of 1 to 3 nm
(Soh et al., 2006; Wang and Shao, 2012). The interpretation of indentation results
is supported by theoretical analysis such as analytical modelling, finite element
modelling and even atomic-scale FEM modeling (Chen and Lu, 2012). The testing
of very thin films by nanoindentation is a very challenging task and needs extremely
careful procedures. The commonly occurring sources of errors in using this tech-
nique have been reviewed by Fischer-Cripps (2004). Soh et al., (2006) performed
nanoindentation of plasma-deposited nitrogen-rich silicon nitride thin films. They
elaborated the contribution of elastic and plastic deformations from nanoindenta-
tion to clarify the physical meaning of hardness and reduced modulus. Wang and
Shao, (2012) performed indentation tests on polysilicon thin films and evaluated
the effect of surface roughness and internal stresses.

Saeed and Gross (2009) performed nanoindentation tests on the cross-sections of
hydroxyapatite (HAp) thermal spray coatings having three different particle size. It
was concluded that use of with the use of smaller particles, the hardness and elastic
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modulus increased as compared to that of larger particles. Further qualitative SEM
analysis proved the uniformity of oxygen content throughout the coating. Thermal
barrier coating (TBC) is another type of coatings, which consists of a super alloy
substrate, an oxidation-resistant metallic bond coat, and a zirconia-based topcoat
that is thermally sprayed onto the bond coat. Rayon et al., (2011) performed statisti-
cal indentation analysis of WC-Co coatings obtained by atmospheric plasma spray
(APS) with two secondary plasma gases, H and He. The nano-hardness, and Young’s
modulus resulting from a grid of 300 indentations identified the characteristics of
each phase in the heterogeneous structure produced by decarburization.

SCRATCH TESTS
Principle

The principal aim of majority scratch tests is to evaluate the nature of bond strength
of the coating with the substrate. Basically there are two types of bond strengths-
adhesive and cohesive bond strength. The scratch test is also used to evaluate the
coefficient of friction and for surface profiling as well. Coefficient of friction and
wear resistance can be measured by ball-on-disc type tribological tests. The nature
and numerical value of bond strengths can also be evaluated using pull-off tests,
where the coated sample is glued to an uncoated sample and both the pieces are pulled
apart using an instrument. The samples are loaded with a constant loading rate until
fracture takes place and then the corresponding fracture stress is recorded. If failure
occurs at the coating-substrate interface then it is termed as adhesive failure and if
the failure occurs in the layers of coating itself then it is termed as cohesive failure.

The adhesion is a fundamental property of hard coatings in view of tribological-
mechanical demands. Scratch test is one of the most discussed and well-established
test methods to evaluate this property. Though the scratch test technique is often used
for characterization of adhesion of surface coatings, it can also be used for charac-
terization of bulk materials. In such a cases, scratch resistance is usually obtained
rather than adhesion. The scratch tests are often used to study the mechanisms that
take place during abrasion or wear. Further, the scratch tests offer a unique possibility
of studying the effect of single particle abrasion, which is difficult or impossible to
simulate by other abrasion or wear tests. Various information such as elastic-plastic
deformation, formation of median, radial and lateral cracks and material failure
mechanisms occurring during scratch testing can be obtained. This information can
substantially contribute to the understanding of the mechanisms involved in sliding
wear and abrasion of brittle materials. Scratch testing can also be used to evaluate
the nature of bond strength of the coating by running constant load scratches on the
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Figure 11. A schematic diagram of a scratch tester
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coating-substrate interface. The technique involves generating a controlled scratch
with a sharp tip on a specified area. The tip (usually diamond) is drawn against the
surface at a constant, incremental, progressive load. At a critical load the coating
will start to fail. The critical point is noted by means of an acoustic sensor attached
to the load arm. It can also be noted through a built in optical microscope in the
instrument. This critical load is used to quantify the adhesive strength of the coating
substrate combination. A schematic diagram of a scratch tester is shown in Figure 11.

Constant load scratch tests provide better differentiation of damage levels. Such
test requires more specimens’ area and test time, it is used for research and process
development of coatings. This type of scratches is usually run at the coating-substrate
interface. The resistance to propagation of the scratch is used as a measure to
evaluate the adhesion and cohesion of the coating. Whereas the progressive load
scratch test covers full load range with a single test without any gap, therefore, it is
faster than constant load test. This type of scratch is run on the surface of coating
and the load at which the coating fails is noted. It is mostly popular in research and
development and quality control of coatings.
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Mechanical Characterization Using Nanoscratch Tests

The scratch test gives very reproducible quantitative data that can be used to compare
the behavior of various coatings. A series of scratch test are performed to obtain
the value of the critical load at which the coating exhibits failure. The critical loads
depend on the mechanical strength (adhesion, cohesion) of a coating-substrate
composite but also on several other parameters: some of them are directly related
to the test itself, while others are related to the coating-substrate system. The con-
stant load scratch test require more time but give more statistical data, whereas
progressive load (ramp load) scratch tests are used for rapid assurance and quality
assurance of coatings. It is more popular for research and development of thermal
spray coatings. The variation of the displacement of the indenter into surface of
the coating and the scratch distance for constant load and ramp load nanoscratch is
shown in Figures 12 and 13. A little consideration will show that during constant
loads scratch test the indenter goes inside the coating surface up to a certain depth
and then starts the scratch at a constant vertical load. However in case of ramp load
scratch test, the indenter starts to run the scratch as soon as it reaches the surface.
Simply knowing the value of critical load is not sufficient to predict nature of bond
strength or failure mechanism of the coating. To identify the nature of failure, a clear
understanding of the types of cracks is imperative. When the coating is sufficiently
stressed, cracks generate and start propagating. Other phenomena like chipping,
delamination also takes place. There are two basic types of coating failure cohesive
failure and adhesive failure.

Cohesive Failure: This type of failure occurs as a result of generation of tensile
stress behind the tip of the indenter. This results in the formation of through-thick-
ness cracks like brittle tensile cracking, hertz cracking, conformal cracking as shown
in Figure 14. In brittle tensile cracking, patterns of micro-cracks are formed behind
the indenter. The shape of the micro-cracks is either straight or curved and directed
towards the direction of scratch. In case of hertz cracking, a series of nested micro-
cracks within the groove is formed. They are circular in shape. Conformal cracks
are formed when the coating tries to conform to the groove. These are open away
from the direction of scratch.

Adhesive Failure: This type of failure is as a result of compressive stress. Here
the coating either separates from the surface either by cracking and lifting (Buckling)
or by full separation (Spalling, Chipping) as shown in Figure 15. The scratch adhe-
sion value can be defined as the minimum value of the critical load and it is a very
useful tool in the comparative study in characterizing thermal spray coatings. Chip-
ping means removal of rounded regions of coatings laterally at the end of the scratch
groove. Spallation may be subdivided into Buckling, Wedging, recovery, gross
spallation. In Buckling, the coating buckles ahead of the stylus tip and irregular
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Figure 12. Displacement into surface vs scratch distance in case of constant load
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Figure 13. Displacement into surface vs scratch distance in case of ramp load
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Figure 14. Schematic diagram of various types of cohesive failures
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wide-arc shaped patches are formed and they open away from the direction of scratch.
Wedging is caused due to delamination where the coating tries to come out of the
substrate. Optically, they are characterized by regular annular circles that move away
from the edges of the scratch groove. Recovery means regions of detached coating
on both sides of the groove. This is formed as a result of elastic recovery behind
stylus and plastic deformation in the substrate. Gross spallation is large detached
coatings along the edges of the scratch groove. These are indicative of the weak
adhesive strength of the coating-substrate combination. Therefore, the coating can
be characterized by observing the scratch grooves under microscope and by calcu-
lating minimum value of the critical load.

Recently, there have been attempts to determine the adhesion of thermal spray
coatings using scratch tests in the same manner as in the thin film domain, i.e.
scratching on the top surface of the coating with increasing load. However, due to
much higher thickness and surface roughness of thermal spray coatings the method
has been found to be unsatisfactory. However Lopez et al., (1989) proposed a
method where a constant load scratch is run on the cross-section of the coating. In
this technique, the sample is cross-sectioned, embedded in resin and then polished.
The polishing has to be done very carefully to achieve a mirror finish on the surface.
The results of scratch tests change considerably due to surface roughness of the
sample. According to this method the scratch runs from the substrate through coat-
ing and into then to the resin where the sample is embedded as shown in Figure 16.
The projected area of the cone at the interface is in indirect correlation with the
bond strength of the coating. If the cone formed at the coating-substrate interface
then adhesive failure is said to occur and if the cone if formed at the coating-resin
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Figure 15. Schematic diagram of various types of adhesive failures
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interface, cohesive failure dominates. Larger the projected area of the cone, lower
the bond strength of the coating-substrate combination. This method is quite simple
and it can be used to draw comparison between two or more coatings.

The main source of error in the mechanical characterization of thermally sprayed
coatings and the evaluation of test results is the damage that could occur during
sample preparation for the analysis. For the majority of sprayed materials, the dam-
age is mainly due to localized material removal (void formation) during sectioning,
grinding and polishing stages. For soft, ductile coatings, smearing of the material
over the voids, mainly during sectioning and planar grinding stages, may have an
additional effect as well. Microhardness of the coating is identified as a key factor
for polishing procedure development. It’s a common trend that higher the micro-
hardness, more severe the polishing parameters (higher polishing force and time,
increased surface speed) for proper sample preparation. This process holds good
for indentation tests and their analysis as well. The orientation of the stylus should
be in such that the scratch is run along the edge of the stylus not the side (in case
of a triangular pyramid diamond Berkovich tip). This is done to get a clean scratch
and avoid damage to the stylus. Another way to avoid errors in results is that the
scratches should not be very close to each other. This is because the lateral pileups
caused by one scratch affect the results of other scratch if they are close to each
other.
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Figure 16. Micrograph of a scratch and the measurement of projected area (Lopez
etal., 1989)
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Review of Research and Developments

Evaluating the tribological properties using nanoscratch is a very new concept and
requires further validation. A scratch test is a very versatile method, which along
with nanoindentation can evaluate different mechanical and tribological properties.
The problem with nanoindentation technique is that the interaction on the indented
material and the indenter tip in lateral direction is not characterized as the indenter
applies load on the sample in perpendicular direction of the surface. However, scratch
test takes into consideration both the normal and lateral interaction of the surface
and the indenter. Arash Ghabchi (2013) performed scratch tests on HVOF sprayed
WC-CoCr coatings. The author observed the presence of semi-circular cracks on the
scratch groove. Grewal etal., (2013) studied the scratch resistance, fracture toughness,
microhardness of Ni-Al,O, bases composite coating using scratch tests. It was found
that cracking and spallation were found to be the mechanisms responsible for dam-
age of coatings during scratch testing. Nordin et al., (1998) performed scratch tests
on thermally sprayed TiN/CrN, Ti/MoN, TiN/NbN, TiN/TaN coatings on cemented
carbide to evaluate their mechanical and tribological properties. The coating mor-
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phology was observed along with properties like residual stress, hardness, cohesion
and adhesion were evaluated. SEM images of scratch tests reveal small scale and
large-scale adhesive failure as shown in Figure 17. The authors concluded that TiN/
CrN coating revealed the highest potential as a tribological coating material. Thus
scratch test along with other tests like indentation, abrasive wear etc. can be used
to compare the mechanical and tribological properties of thermal spray coatings.

Abrasive Wear Testing

One of the primary functions for thermal spray coatings is to improve the wear
resistance and thus the durability of components and products. To determine these
aspects related to the performance of the coatings, robust wear testing techniques
are required. Of the various wear testing methods abrasive wear testing is the most
promising in terms of standardization and reproducibility. This type of testing gener-
ally makes use of fixed or free flowing abrasives to wear the specimen.

Classification and Principles

Abrasive wear tests can be primarily classified according to the type of contact
and contact environment. So, depending on the type of contact the two modes of
abrasive wear are known as two-body and three body abrasive wear. Two-body
wear is a well-defined and discussed process. Here the grits or abrasive particles

Figure 17. SEM image of adhesive failure of TIN/CrN coatings during scratch tests
(Nordin et al., 1998)
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remove material from the opposite direction by a plowing operation. In literature
three-body abrasive wear is often associated with loose abrasive particles trapped
between two surfaces. Thus the two surfaces and the abrasive particle form the three
bodies. However, the two surfaces are not necessarily required. In many practical
situations only one surface contacts the abrading particles. In other cases when two
surfaces are involved they may be so far apart that the mechanical properties of one
surface have no influence on the wear of the other surface. This leads us to define
“closed” and “open” three-body abrasive wear.

Closed three-body abrasive wear occurs when loose abrasive particles are trapped
between two sliding or rolling surface which are close to one another. In this type
of wear the particles often indent and settle into the softer surface with subsequent
abrasive wear of the other surface which resembles the two-body situation. Here
a change in properties of one surface may influence the wear of the other surface.
Open three-body abrasive wear occurs when two surfaces are far apart or when only
one surface is only involved in the wear process. In contrast to closed three-body
wear, which can be often eliminated by filters, seals or flushing, open three-body
wear is often an inherent feature of a process and has to be controlled by a suitable
choice of material (Misra and Finnie, 1980). It is convenient to classify it further
to high-stress and low stress abrasive wear.

Open abrasive wear testing as currently practiced can be categorized into (a)
high-stress abrasive wear and (b) low stress abrasive wear. A schematic diagram
of the working principle of the high-stress abrasive wear testing is shown in Figure
18. This method corresponds to the standard ASTM B611-85 test method. In this
method a steel wheel having vanes at both sides is rotated in a abrasive slurry. The
vanes are used to continuously agitate and mix the abrasive slurry and to propel it
towards the specimen during the test. The specimen is placed in contact with the wheel
by maintaining a normal load on it. The main feature of this test that discriminates
it from other abrasion tests is that the abrasive is forced against the test specimen
with a steel wheel with sufficient force to cause fracture of the abrasive particles.

In low-stress abrasive wear test, rubber wheel abrasion tester is normally used
as shown in Figure 19. The rubber wheel is used to force the abrasive particles into
the samples. In this method a rubber-rimmed wheel slides against the surface of a
plane test sample in the presence of abrasive particles at a constant applied load.
The test method is standardized as per ASTM G 65-85. Rubber wheel produces low
stress whereas steel wheel produces high stress. In both cases the samples are pol-
ished using diamond abrasives (9um, 6um, 3um, 1um) before wear tests. Clean and
weighted samples are exposed to abrasion for a predetermined time and then cleaned
ultrasonically and weighed to determine wear rate after taking the samples out of
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Figure 18. Schematic diagram of high stress abrasive wear testing (Liao et al., 2000)
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the test rig. Silica sand, silicon carbide, alumina abrasives and diamond polishing
grits with wide range of sizes are used as abrasives even though rubber wheel abra-
sive tests is standardised by ASTM with dry silica sand as abrasive.

The experimental set for high-stress abrasive wear can also be occasionally used
for low-stress abrasive wear at low applied load. The main difference in the above
two configuration is that in the first case the area exposed to wear remains constant
with change of time, whereas, in rubber wheel abrasion test wearing area changes
continuously. Taber Abraser, shown in Figure 20 is one such technique used for
low-stress abrasion testing. Here the specimen is mounted on a rotating turntable,
which is subjected to the wearing action of two abrasive wheels applied at a spe-
cific pressure. The wheels are driven by the rotating specimen about a horizontal
axis displaced tangentially from the vertical axis of the specimen. Various types of
wheels are available containing abrasives dispersed in an elastomeric binder. The
test is standardized by ASTM for organic paint coating. This test has less reproduc-
ibility than what is normally obtained for sliding wear. The reason for this is because
of the variability in the properties of abrasives, frictional heating of the wheels and
specimen during the test, and the influence of wear debris, which is transferred to
some extent to the wheel surface.

To overcome this problem, and to ensure constant wear surface during testing
Axen et al., (1997) proposed another technique. The schematic diagram of the test
set-up is shown in Figure 21. In this method a hollow cylinder is rotated with its

351



Characterization of Mechanical Properties and the Abrasive Wear

Figure 19. Schematic diagram of low stress abrasive wear testing
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axis normal to the specimen surface, in the presence of a slurry of abrasive particles.
Similar to Taber test, an annular scar results, but constant supply of fresh abrasive
particles maintains constant wearing area and avoids many of the problems described
above. It is possible to have a cylinder of very small diameter so that the wear test
can be performed on a specimen area only a few millimeters. Only preliminary
results have so far been published though the method appears to offer significant
potential for future development.

The series of test described above are known as two-body abrasive wear test,
except the rubber wheel abrasion tests. Rubber wheel abrasion test is a three-body
abrasive wear test method. However it is possible to simulate two-body abrasive
wear test without altering geometry. In such case, a wheel with embedded abrasive
is used. As there are no loose abrasives, this acts as two-body abrasive wear test
equipment. Thus, the basic difference in the two techniques lies in the fact that slid-
ing wear test can be carried out either in interrupted or continuous manner, but,
abrasive wear test can be carried out only in interrupted manner. The abrasive wear
test methods discussed so far have many problems when it comes to practical ap-
plication. Kassman et al., (1991) introduced a new method in order to have a quick,
simple and reproducible method for the characterization of the wear resistance of
thin coatings. Over the years this researchers modified this method and today it is
called Crater Grinding Test. A schematic diagram of the test is shown in Figure 22.
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Figure 20. Schematic representation of the working of a Taber abraser

Figure 21. Schematic diagram of an abrasive wear tester based on a tube shaped
drill with abrasive slurry (Axen et al., 1997)
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With the ball-cratering test the wear resistance of coatings and surfaces can be
measured precisely. Abrasive slurry is drip-fed onto a rotating steel ball, which
presses against the sample to grind a crater (hemisphere) into the coating. The wear
coefficient can be calculated from the volume of the crater. This method is suitable
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Figure 22. A schematic representation of the ball-cratering test (Gee et al., 2003)
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for testing coatings with coating thickness * 1 ym. The grinding is interrupted at
regular intervals and the crater diameter is measured using an optical microscope
or a SEM. The used slurry is also replaced with a new one during such measure-
ments. Tests can be carried out limiting the duration of the test so that no perforation
of the coating occurs. When perforation does occur, analysis of measurements of
overall crater diameter (b in Figure 22) and the diameter of the crater in the substrate
(ain Figure 22) for sets of tests performed too different test durations can yield wear
rates for the substrate and the coating. A ball cratering (micro-abrasion) test instru-
ment is shown in Figure 23.

Review of Research and Development

Attheinitial stages the ball-crater abrasion test suffered from many serious setbacks.
There was no standardized test procedure to compare the results from different tests
performed by different users. The calculation of the volume is also a problem, as the
crater shape in practice is different from ideal sphere. However, this test method,
which is also known as micro-abrasion test, is becoming popular now a days as a
method for the abrasion testing of surface engineered materials. It possesses many
advantages over conventional tests including the ability to make small volumes of
materials and thin coatings. The test procedure is easy to use, low cost and versatile.
Moreover, the examination of the crater in SEM yields information about the adhe-
sion between the coating and the substrate. This test also helps in throwing light
on the coating cohesion, porosity and in depth profiling of the composition of the
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Figure 23. Micro abrasion test instrument (Schiffmann, 2005)

coating. Various efforts to standardize these tests are being made by researchers
both in the USA and Europe (Gee et al., 2003; Leroy et al., 2005).

Leroy et al., (2005) used ball-cratering tests on thermally sprayed DLC, TiN and
Al coatings as part of a completed standard measurement and testing programme
“crater” addressing the subject of using this type of instrument for determination
of the intrinsic wear rates of thin coatings. Effective crater diameter profiling was
done (Figure 24) on both the coated and uncoated Ti-alloy samples. Gee et al.,
(2003) performed micro-abrasion tests using three different setups of ball-crater
instrument and standardized the test. They also explained in detail the parameters
affecting results like abrasive material, size, shape, loading and speed. The variation
of the wear volume with the speed of the ball is shown in Figure24.

Kennedy and Hashmi (1998) examined the various methods of assessing the
wear resistance of coated and uncoated materials. They explained in detail the test
equipment for sliding, abrasion wear, erosion, impact and dynamic wear tests. Bro-
mark et al., (1997) studied the wear characteristics of PVD Ti/TiN multilayer coat-
ings subjected to two-body abrasion using diamond slurry and silicon carbide
particles as abrasive medium and erodent. The abrasive wear rate of the coating was
found to increase with the relative amount of metallic Ti in the coating. The authors
concluded that the concept of multilayered coatings offer a potential means to tailor
the properties of tribological coatings. Wang et al., (2000) calculated the abrasive
wear resistance of thermally sprayed coatings with reconstituted nanostructured
AlLO,/TiO, powders. The result showed that the abrasive wear resistance of the
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Figure 24. Variations of wear volume with the cratering ball speed (Gee et al., 2003)
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coatings produced using the nanostructured Al,O,/TiO, powders is greatly improved
compared with the conventional coating. They also evaluated the relationship be-
tween the wear volume with the hardness of the coating.

CONCLUDING REMARKS

Advanced design of decorative and wear resistant coatings hinges on the character-
ization and optimization of the mechanical properties like elastic modulus, hardness,
yield strength, internal stress, fracture and wear resistance of the coating-substrate
system. The goal is to find material and structural solutions, which keep the re-
sulting stress-strain field under typical; application conditions below the stability
limits of the system. Based on nanoindentation measurements obtained from the
coating-substrate system, which should be optimized, a scratch is dimensioned as
a function of the load range and indenter geometry. The obtained result from both
indentation tests and scratch measurements has to be correlated to characterize the
coating-substrate system. In the case of thermal spray coatings, the calculation of
coating hardness and abrasive wear rate is of utmost priority. The abrasion wear
tests discussed so far shall solve the problems as of now, but there is a huge scope
of research work still pending to design and analyze better test methods and their
standardization procedure.
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