Chapter 1
Tribology of Thermal-Sprayed Coatings

R.J.K. Wood and Manish Roy

1.1 Introduction

Thermal spraying refers to a group of processes that apply consumable powders or
wires in the form of finely divided molten and semi-molten droplets to produce
coatings. Thermal spraying dates back to 1911 when Dr. Schoop was successful in
atomising molten metal by high pressure gas and propelled them on to a surface. In
1912 he produced a device to spray metal wires and this process is known as flame
spraying. Subsequently he introduced new technique for thermal spraying by using
electricity to melt feedstock materials. This method in present times is referred as
arc spraying. The idea of using powder for the flame spraying process was devel-
oped for the first time by F. Schori in 1930.

The above-mentioned processes can use only low melting metallic powders.
Slowly demand for powders with high melting temperature and oxidation resistance
aroused. The demand for spraying cermet or ceramic powder saw development of
detonation spraying in 1955 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. The major 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.
The year 1990 experienced the development of most important technology cold
spraying. This process has the ability to produce unique coating that is not possible
by other coating method.
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Important advantages of thermal spraying process are ease of processing, ease of
selection of substrate and no heating of the substrate. Several extensive reviews on
this process can be found in [1-5]. This chapter tries to give recent development and
the data base of thermal-sprayed coatings for tribological applications in various
industrial sectors.

1.2 Process Classifications and Fundamentals

Thermal spray processes can be classified into three different categories. The first
group uses combustion as heat sources. The second variety uses electrical energy
either in the form of plasma or as an arc. The third variety is cold spraying. This is a
process by itself. Low velocity combustion also known as flame spraying (FS) and
high velocity combustion are two different combustion-spraying methods. The
maximum temperature attained in both cases are, in general, comparable as similar
fuel gases such as propylene, propane, acetylene or hydrogen or liquid fuel such as
kerosene, etc., are commonly used. In all cases, oxygen is used as oxidant. In case
of high velocity process, it is called high velocity oxy-fuel (HVOF) as against flame
spraying for low velocity combustion; sometimes atmospheric air is used as oxidant
and the process is termed as high velocity air fuel (HVAF). In case of low velocity
technique, the dwell time of particles in the gas is more than the high velocity
technique and consequently oxidation and degradation of the particles are more.
This results in formation of coating with higher porosity and lower or moderate
(around 50-75 MPa) bond strength. However, flame spraying process permits
higher deposition rate as course powder or wire is used. This process is portable,
less noisy and economical.

In case of high velocity technique, the dwell time of the powders is much less of
the order of microsecond resulting in less oxidation and degradation of coating
powders. This permits use of fine powders, which can be propelled to the substrate
with high velocity. Consequently, a coating with minimum porosities less than
0.5 % and good bond strength is possible. Further deposition with high velocity
permits spraying powders with higher melting point and thus widening the range of
application to include high temperature coatings, thermal- and shock-resistant
coatings. Deposition of coating at high velocity using wire permits continuous
deposition. However, there are far less varieties of wire than powders. Most of
these HVOF processes are continuous combustion process. In contrast, detonation
gun process which uses spark discharge to propel powder is a repeated cyclic
process. However, D-gun process is extremely noisy.

HVOF processes can broadly be divided under two different heads depending on
their burners. These are throat combustion burners and chamber combustion
burners. In throat combustion process, powder is introduced axially. Detonation
gun, as shown schematically in Fig. 1.1, can be considered as an example of throat
combustion process. Many system based on throat combustion process suffered
from the disadvantage of short barrel, lower velocity and reduced particle heating.
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Fig. 1.3 Schematic diagram of top gun or continuous detonation process

In chamber combustion process, powder is fed both radially or axially. Jet Kote
shown in Fig. 1.2 pertains to an axially injected water cooled process having
combustion chamber at right angle. In contrast, Top gun or continuous detonation
gun presented schematically in Fig. 1.3 is an example of throat combustion process
with coaxial combustion chamber for axial injection. Finally JP 5000 represents a
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double chamber, radial injection chamber combustion process which uses liquid
fuel. JP 5000 is shown schematically in Fig. 1.4.

Plasma and electric arc are two different processes of thermal spraying
techniques driven by electrical energy. In the wire arc spraying process, high
temperature generated in the arc is used to melt feedstock materials. In contrast,
in plasma spraying process, electrical energy is utilised to ionise gas medium.
Plasma spraying is extremely versatile as it can be used to spray metallic, cermet
as well as ceramic powders. A large variety of powder with coarser dimension can
be used. This equipment is quite sophisticated, emits ultraviolet rays and needs
skilled operator. There are three different types of plasma spraying processes,
namely, atmospheric plasma spraying, (APS), low pressure plasma spraying
(LPPS) and vacuum plasma spraying (VPS). Choice of the process depends on
the powders to be sprayed and their applications.

1.3 Powder Production Methods

Depending on the nature of powder required, various production methods are
adopted. In general, atomisation is one of the most popular methods of production
of powders of metals and alloys. In atomisation method, molten metal or alloy is
poured in a heated funnel connected to a nozzle where it is finely dispersed either by
water or by gas. Sometimes dispersion is carried out by centrifugal method which is
far more energy efficient than gas or water atomisation methods. Low melting
solder powders are produced by spinning disc atomisation techniques which has
yield as high as 70 %. Higher melting point powders such as zinc (for batteries),
aluminium (for chemicals), etc., are produced by spinning cup atomisation tech-
nique with very high yield, even higher than 70 % yield. Highly corrosive powders
such as Ti powders are produced by rotating electrode method. This method
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provides powder with exact standard of cleanliness and smaller range of size
distribution than gas atomisation method. Ultrasonic gas atomisation or vibrational
ultrasonic atomisation also finds applications when perfectly spherical powder with
narrower range of composition is required. Roller atomisation, vibrating electrode
atomisation and melt drop atomisation are other atomisation techniques which are
still in experimental stages. Powders produced by atomisation technique are spher-
ical. The composition and the phases of the powders depend on the methods of
atomisation or dispersion.

Most of the ceramic powders are produced by fusion and crushing methods. In
this method the required material is melted in a furnace and then solidified as an
ingot. The ingot is subsequently crushed in industrial crushing mills. Powders
manufactured in this method are dense, blocky and are of irregular shapes.

Metal powders are also produced by chemical or electrolytic method. These
methods allow wide variety of powder production with close control of composi-
tion, shape and size of powders. Oxide reduction for powder production is a well-
established commercial process. Powders of metals with high melting point such as
tungsten and molybdenum can be produced by this method for economic reason.
Further, these powders are stabilised against tarnishing.

Production of metal powders from hydrometallurgical processing is based on
leaching an ore concentrate followed by precipitation of metal from the leach
solution by electrolysis, cementation or by chemical reduction. It is possible to
produce a large variety of powders with regard to size, shape, density and specific
surface area employing this process with additives or control of particle growth,
particle nucleation and particle agglomeration. By using co-precipitation or succes-
sive precipitation, it is possible to produce powders of various alloys and
composites.

Thermal decomposition is another important chemical method for production of
metal powders. Generally this method produces highly pure fine powders. Among
other chemical powder production method, precipitation from salt solution, precip-
itation from gas, hydride decomposition and thermal reactions are worth
mentioning.

It is possible to produce a large variety of metal powders by electro deposition.
By direct electro deposition, loosely adhering powdery and spongy deposit can be
obtained and these deposits can be disintegrated mechanically in fine powders.
Dense, smooth and brittle layers of refined metal can be deposited and crushed into
fine powders. Metals with high electrolytic polarisation can form highly brittle
coherent deposit by brittle cathode process. This deposit can subsequently be
granulated into fine powders.

Spray drying is a versatile method, which allows production of any kind of
agglomerated powders using an organic binder phase. In this method, a mixture of
organic binder, water and the materials to be agglomerated is sprayed in a chamber
where hot dry gases are flowing. The water in the mixture evaporates and the
organic binder covers the material particles, producing agglomerated powder.
Powders produced by this method are porous and sometimes subjected to
densification.
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1.4 Types of Thermal Spray Coatings

Thermal spray coatings can be of different types. Many coatings are deposited as
pure metals such as molybdenum, nickel, copper, tungsten, etc. Pure metals are
deposited for both tribological and corrosion resistance applications. Various types
of stainless steel, Hastalloys, Monels, etc., constitute alloy coatings. These coatings
find applications primarily as corrosion resistance layer. WC—Co and Cr3C,—NiCr
are most popular variety of cermet powders used in general for wear resistance
applications. Finally, a large variety of ceramic powders such as ZrO,, Al,Os,
yttria-stabilized zirconia, etc., are employed for high temperature applications.
Chemical inertness, excellent sealing properties due to high density and low
porosity and outstanding friction characteristics have made polymer a viable
protective coating. The variety of polyethylene, polyamide, poly-ether ether ketone,
poly methylmethacrylate and other thermoplastic are sprayed successfully and
found several engineering applications. Low friction materials dispersed in soft
matrix are often termed abradable coatings. These coatings are used for clearance
control between two moving parts. (Al-Si)—graphite, Ni—Graphite, (Al-Si) polyes-
ter are some examples of abradable coating. Self-fluxing powders constitute another
variety of coatings. These are the powders that are designed to remelt on spraying.
These powders contain elements like boron and silicon which reacts with oxygen
and form a slag over the molten coating producing an oxygen-free metallic coating
containing finely dispersed boride and nitride particles. These coatings are excellent
for high temperature tribological applications.

1.5 Properties of Thermal Spray Coatings

The properties of thermal spray coatings are governed by chemical composition,
porosities and oxide content of the coatings. In thermal spray coatings, many
properties are determined by splat morphology, interfacial strength of splat—splat
interface and splat—substrate interface.

1.5.1 Microstructural Features

WC-17 % Co with a range of particle size ‘08—-64 pm’ has been characterised.
Typical SEM images of commercial spherical WC-17 % Co powders, spherical
Cr3C,—-25(Ni20Cr) powder, angular WC-12 % Co powder and spherical WC-12%
powder are shown in Fig. 1.5 [6, 7]. All granulated powders are of spherical shapes
with presence of comparatively large initial porosities. Presence of surface oxide on
the spray granules were detected by SEM analysis. There are many applications
where angular powders with different sizes and shapes are used. Angular powders are
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Fig. 1.5 SEM images of various powders. (a) Spherical WC-17 % Co powders, (b) spherical
Cr3C,—-25(Ni20Cr) powder, (c¢) angular WC-12 % Co powder and (d) spherical WC-12 % Co
powder

easy to produce and if they are not sufficiently fine, resultant coatings have porosities.
Very fine powders are difficult to feed at constant rate and sometimes they are
responsible for high degree of oxidation or undesirable phase transformation.

The low magnification images of the sectioned surfaces of HVOF-sprayed
Cr3C,—25(Ni20Cr) coating, detonation-sprayed WC-12 % Co coating and
plasma-sprayed WC—-12 % Co coating are shown in Fig. 1.6. The coatings exhibit
reasonably good interface with the substrate as evident from the figure. The
thickness of the coatings is around 200-300 um. No cracks can be seen on the
sectioned surfaces of the coatings. The coating is built by depositing lenticular splat
one after the other. This type of stratified structure is common in HVOF spraying
[8].

The high magnification SEM image of the detonation-sprayed WC-12 % Co
coating on MS is illustrated in Fig. 1.7. In detonation-sprayed coating, there are
evidences of insufficient melting. Splats of lenticular shapes are deposited one after
the other. Figure 1.7 represents one of the cross-sectional micro-structure of the
WC-17 % Co coating as observed in the plasma spray process (Fig. 1.7b) and
HVOF process (Fig. 1.7¢c). The porosities on WC—17 % Co-coated surface as
determined by image analysis were observed to be less than 0.5 %. The related
percentage of unmelted particle was less than 0.2 % with exception to WC particles
which are difficult to melt. WC is one of the hardest carbides with melting point as
around 3,043 K. However the hot flattening behaviour of WC is significant in
plasma spray process compared to that behaviour in HVOF process. This phenom-
enon leads to production of a dense and adherent coating by the plasma process. In
such a process, the as-sprayed surface roughness (R,) was about 1.5-2.1 pm.
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Fig. 1.6 The low
magnification images of the
sectioned surfaces of (a)
HVOF-sprayed Cr;Cy—25
(Ni20Cr) coating, (b)
detonation-sprayed

WC-12 % Co coatings and
(c) plasma-sprayed WC—12 %
Co coating

Fig. 1.7 The high
magnification back-scattered
images of the sectioned
portion of (a) detonation-
sprayed WC-12 % coating,
(b) plasma-sprayed

WC-12 % Co coating and (c)
SEM image of HVOF-
sprayed WC—-17 % Co coating

The high magnification back-scattered images of the sectioned portion of
detonation-sprayed WC-12 % coating and HVOF-sprayed Cr;C,—25(Ni20Cr) coat-
ing are given in Fig. 1.8. Pores (black areas) and oxides (circular black areas) are
evident in coating. Image analysis of HVOF-sprayed Cr;C,—25(Ni20Cr) coating
indicates 1.5 porosity and 0.75 % oxides in the coatings respectively. Examination
of the coated microstructure also reveals the presence of three different types of
zones. The first zone appears dark. The EDS spectrum from the dark area indicates
that this area contains primarily Cr and C indicating orthorhombic Cr;C, phase. The
second zone is of grey colour. The EDS spectrum of this area reveals that this area
contains all the three important elements, Ni, Cr and C. Quantitative analysis
indicates this zone contains both Cr;C, and NiCr. The third zone is white and the
EDS spectrum pertaining to this zone reveals NiCr as the important phase. The
quantitative analysis of these zones is given in Table 1.1.

The transmission electron micrograph from an arbitrary zone of the CrzC,—25
(Ni20Cr) coating is illustrated in Fig. 1.9a along with the electron diffraction
pattern and EDS spectrum [9]. Very fine grain size of the order of 40-80 nm is
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Fig. 1.8 The high
magnification back-scattered
images of the sectioned
portion of detonation-sprayed
WC-12 % coating and
HVOF-sprayed Cr;Cy—25
(Ni20Cr) coating

Table 1.1 The composition

Elements
of various elements as -
measured by EDAX C Cr Ni
Dark zone
Wt% 16.05 83.04 0.91
At% 45.40 54.07 0.53
Grey zone
Wt% 13.31 65.86 20.83
At% 40.68 46.30 13.03
White zone
Wt% 12.72 58.66 28.62
At% 39.67 42.08 18.25

evident. The selected area diffraction (SAD) pattern also suggests fine grains. The
EDS spectrum and the indexed diffraction pattern confirm the fact that the micro-
graph belongs to the dark zone containing Cr3C, phase. There is some tendency for
amorphisation as can be noted from the SAD pattern. This is consistent with the
observation from X-ray diffraction pattern. The bright field transmission electron
micrographs along with electron diffraction pattern and EDS spectrum from
another area are presented in Fig. 1.9b. The indexed electron diffraction pattern
and EDS spectrum confirm a mixture of FCC NiCr and orthorhombic Cr;C, phases.
Representative TEM bright field images, corresponding electron diffraction pattern
of another area, are given in Fig. 1.9c. The grains in this area are very fine, around
25 nm of size. The crystallinity of the area is evident. Based on Fig. 1.9c¢, it can be
concluded that the area contains primarily FCC NiCr structure. This observation is
consistent with that noted by He and Lavernia [10], who found crystalline matrix of
NiCr for Cr3C,—NiCr coating. In contrast, Guilemany and Calero [11] observed
amorphous matrix phase in HVOF-sprayed conventional Cr;C,—NiCr coating.
There are certain areas in the grey zone, which shows presence of an amorphous
zone along with nanocrystalline region. This region is possibly the one which was
melted during spraying. A rapid solidification is responsible for this amorphisation.
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Fig. 1.9 Transmission electron microscopy image of Cr;C,—25(Ni20Cr) coating from an (a) area
containing Cr3C, phase, (b) area containing a mixture of FCC NiCr and orthorhombic Cr;C,
phases, (c) area containing primarily FCC NiCr structure and (d) area containing an amorphous
zone

A typical TEM micrograph of this region is shown in Fig. 1.9d. A transition zone
separates the purely amorphous area from an area containing a mixture of small
crystals and remaining amorphous phase. Thus the coating obtained contains three
different zones containing different proportion of orthorhombic Cr;C, and FCC
NiCr phases.

XRD pattern of WC-12 % Co powder, detonation-sprayed WC-12 % Co
coating, WC-17 % Co powder and detonation-sprayed WC-17 % Co coating is
shown in Fig. 1.10. Powders in both composition exhibit WC and Co phases.
However, on spraying pure Co ceases to exist. Detonation spraying has resulted
in partial amorphisation. While the powder contains primarily WC and Co, the
coating contains W,C and CogWC in addition to WC and phases. Small amount of
amorphous Co can be seen in detonation-sprayed WC—17 % Co coating. Compari-
son of detonation-sprayed coatings and plasma-sprayed coating can be seen in
Fig. 1.11 for WC-12 % Co coating and WC-17 % Co coating. In plasma-sprayed
coating, unreacted Co can be seen. Further extent of decarburisation resulting in
formation of W,C phase is more in plasma-sprayed coating as compared to
detonation-sprayed coatings.
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Fig. 1.12 XRD pattern of Cr;C,—25(Ni20Cr) powder and coating obtained by JP 5000 gun

The XRD pattern of the Cr;C,—25(Ni20Cr) powder and coating is shown in
Fig. 1.12. Most important point to be noticed is that, there is no change of phases
present in the powder. This is contrary to what is commonly observed for thermal-
sprayed WC—Co coatings [12]. Interestingly, Mohanty et al. [13] observed a
transformation of Cr;C, phases to Cr,3Cq phases while spraying Cr;C,—NiCr
powder with conventional grain size by Jet Kote technique. Such dissociation of
Cr3C, phases is not noted in the present study even in the case of nanocrystalline
grains. One possible reason for this phenomenon is that the residence time of the
particles in the flame is much less for the spraying system with liquid fuel. Presence
of Cr;0, and Cr;C; can be traced in the powder and in the coated surface. There is
significant amount of amorphisation of the powder as a result of spraying.

1.5.2 Mechanical Properties

Most important mechanical property of thermal spray coatings is hardness. Mostly
Knoop indenter is used to measure the hardness of thermal-sprayed coatings
although Vickers indenter is used for measuring both hardness and indentation
toughness. Details of Knoop indentation testing is given by Marshall et al. [14] and
Leigh et al. [15]. Hardness using Knoop indenter can be given by

P
KHN = 14,229~ (1.1)
a
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where KHN is Knoop hardness number expressed in kg/mm?, P is the applied load
in gf and a is the length of the major diagonal of the indenter in pm. Elastic modulus
can be determined using Knoop indenter following the equation given below:

b _b b aKHN

a da da E

(1.2)

where b is the minor diagonal of the indentation, @', b’ are the major and minor
diagonals of the ideal Knoop indentation, « is a constant and generally assumed to
be 0.45 and E is the elastic modulus having same dimension as that of KHN. In
general, b'/d’ is equal to 0.14.

The hardness values so obtained follow mostly Normal, Lognormal and Weibull
distributions [16]. However, Weibull distribution appears to be most suitable for
thermal-sprayed coatings as properties distributions are highly screwed and broadly
distributed [17]. The Weibull distribution in two parameter form may be given as

F(x)=1—e (/%) (1.3)

where F(x) is the cumulative density function of probability, x,, is scale parameter
below which 63.2 % of the data lie and m is the Weibull modulus.

Indentation toughness of thermal-sprayed coatings is evaluated by using
Vicker’s indentor. The indentation can be carried out on the traverse section of
the coating in the mid-plane region. The indentor should be loaded so that one of the
horizontal diagonals is parallel to the coating substrate interface. The diagonals of
the indentation (2a) and lengths of the cracks (/) at the corners of the indentation are
measured and used to estimate characteristics crack length (¢ = I + a) and fracture
toughness (K;). For median/radial cracks (c/a > 2.5), expression proposed by Antis
et al. [18], Evans and Charles [19] and Niihara et al. [20] are used. The equations are

1/2 P
Anstis et al. K; = 0.016(1—{> xm (1.4)
c\ —3/2
Evans and Charles K; = 0.16H+/a (7) (1.5)
a
. E 0.4 P
Niihara et al. K; = 0.0309 <H> <c3/2> (1.6)

where E is the young modulus, H is the hardness and P is the applied load. For
Palmqivst cracks (c/a < 2.5) expression proposed by Niihara et al. [21] as given
below is used
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P 1/2
K; = 0.0123E%4H"! (7> (1.7)

1.6 Tribological Properties

In this section, sliding wear, defined as degradation of coatings due to rubbing of
two surfaces in relative motion, erosive wear which is degradation of coatings due
to impact of particles travelling with significant velocity and abrasive wear known
as material loss when a hard particle is made to slide against a relatively soft-coated
surface are addressed. Both forms of sliding wear such as unidirectional sliding
wear and reciprocating sliding wear are covered. Erosive wear as a result of liquid
drop impact, cavitation erosion, liquid metal, etc., are not discussed. Description of
abrasive wear is primarily confined to three body abrasion estimated by rubber
wheel abrasive wear test, although high stress abrasion and low stress abrasion are
taken into consideration.

1.6.1 Sliding Wear

The most important governing parameters for sliding wear are load and sliding
velocity. The influence of load and sliding velocity on coefficient of friction of
Cr3C,—25(Ni20Cr) coating is presented in Fig. 1.13 [22]. The coefficient of friction
increases with increase in applied load. According to Greenwood and Williamson
[23], the real contact area is proportional to the normal load. Based on the classical
theory of adhesion, the frictional force is defined as [23]:

F A,
F=1A, and — =207 _

o @

where 7, is the average shear strength during sliding and (L) is the applied load. yu, is
adhesion induced friction coefficient.

For elastic contact of a spherical indenter and a homogenous half-space, the
contact area A, can be estimated as:

_ [3(L)R\

(1.8)

where E is the effective elastic modulus and R is the effective radius of curvature.
Combining Egs. (1.8) and (1.9), the friction coefficient corresponding to the pure
elastic adhesion is given by
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Fig. 1.13 Influence of applied load on the coefficient of friction of HVOF-sprayed Cr;C,—25
(Ni20Cr) coating [22]

Wi

H, = ﬂr(ilg) L’ (1.10)

where u, is the coefficient of friction, 7 is the average shear strength during sliding
and L is the applied load. E is the effective elastic modulus and R is the effective
radius of curvature. Thus the coefficient of friction is inversely related to the cube
root of the applied load and the observation of Fig. 1.13 contradicts this relation. If
the adhesion is the dominant friction mechanism, then the coefficient of friction
would decrease with the applied load. Thus coefficient of friction in the above
observation is not governed by adhesive component.

However, coefficient of friction initially increases with increase in sliding
velocity but then remains independent of velocity. Such behaviour is in contradic-
tion of what normally observed and described by the equation given below [24].

u =K, — KLn(v) (1.11)

where y is coefficient of friction and v is sliding velocity. K; and K, are constants.
This contrasting behaviour can be attributed to small range of sliding velocity over
which the measurement is made. For a wider range of sliding velocity, appropriate
relation can be established.

Nanostructured thermal-sprayed coatings are known for their improved wear
and friction properties. Conventional and nanostructured WC-12 % Co coatings
were deposited on 1Cr18Ni9Ti stainless steel substrate using air plasma spraying by
Zhao et al. [25]. The hardness of the coatings was measured, while their friction and
wear behaviour sliding against SizN; at room temperature and elevated
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Fig. 1.14 Influence of sliding velocity on the coefficient of friction of HVOF-sprayed CrzC,—25
(Ni20Cr) coating [22]

temperatures up to 673 K were comparatively studied. It was found that the as-
sprayed WC-12 % Co coatings were composed of WC as the major phase and W,C,
WC, _ ,, and W3Co;C as the minor phases. The plasma-sprayed nanostructured
WC-12 % Co coating had much higher hardness and refined microstructures than
the conventional WC—12 % Co coating. This largely accounted for the better wear
resistance of the nanostructured WC-12 % Co coating than the conventional
coating. Besides, the two types of WC-12 % Co coatings showed minor differences
in coefficient of frictions, though the nanostructured WC-12 % Co coating roughly
had slightly smaller coefficient of friction than the conventional coating under the
same sliding condition as given in Fig. 1.14. Moreover, both the conventional and
nanostructured WC—12 % Co coatings recorded gradually increased wear rate with
increasing temperature, and the nanostructured coating was less sensitive to the
temperature rise in terms of the wear resistance. The nanostructured WC-12 % Co
coating with a wear rate as small as 1.01 x 107" mm’/Nm at 673 K could be
promising candidate coating for the surface-modification of some sliding
components subject to harsh working conditions involving elevated temperature
and corrosive medium. The friction behaviour of HVOF-sprayed Cr3C,-25
(Ni20Cr) coating having nanocrystalline grains and microcrystalline grains has
been studied by Roy et al. [26]. Their work is presented in Fig. 1.15. The coefficient
of friction of nanocrystalline grain coating was found to be lower than that of
microcrystalline coating. Similar results have been reported by Zhu and Ding [27]
for WC—Co coatings.

Thermal-sprayed coatings are extensively used to improve the sliding wear
properties of various engineering component. An improvement of wear resistance
of mild steel by 200 times by depositing detonation-sprayed WC—12 % Co coating
is reported by Roy and Sundararajan [12]. Their work is presented in Fig. 1.16. The



1 Tribology of Thermal-Sprayed Coatings 17

1.2
e
3
s 1.0 1
E
']
0
(&)
=
2
S 0.8
i -+-Nan ostructured Coatings
-=-Conventional Coating
0.6 r T r T
200 300 400 500 600 700

Temperature (K)
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influence of applied load on wear rate of a NiCrBSi alloy is examined by Rodriguez
et al. [28]. As shown in Fig. 1.17, the load influences the wear rate significantly.
However, no specific trend about influence of applied load can be established.
Another important thermal-sprayed coating for tribological application is Cr;C,—25
(Ni20Cr). The study due to Mohanty et al. [13] indicates that for this variety of
coating the wear rate is governed by splats, porosity, forms and distribution of
second phase. The coefficient of friction decreases with increase in sliding velocity
in accordance with Eq. (1.9). However, wear rate initially decreases with velocity
but subsequently increases with sliding velocity. Such behaviour of wear rate can
be explained by the fact that at low sliding velocity the wear mechanism is mild
oxidational wear and the wear rate in this regime, assuming a flat pin sliding against
flat disc, is given by [24, 29]

FC?A, 0
W = - 112
VZoH, eXp( RT; (1.12)

where A, is Arrhenius constant, Q is the activation energy for oxidation, F is
applied load, H, is hardness of the oxide scale, Z. is the critical thickness of
spalling, Ty is the temperature at the place of contact of the asperities, v is the
sliding velocities, C is a constant which depends on the composition of the oxide
scale and R is the molar gas constant. As the velocity term is in denominator,
increase in velocity will decrease the expression of Eq. (1.12) and hence the wear
rate will decrease. Subsequently when the sliding velocity increases, the wear takes
place by severe oxidational wear mechanism. The wear rate in this regime can be
given by [24, 29]
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where f;,, is volume fraction of molten material during sliding,  is the radius of the
nominal contact area, L,, is the latent heat for fusion per volume of the oxide scale,
p is a dimensionless parameters for bulk heating, N is the total number of asperities,
H, is the hardness of the oxide scale, T2 is the melting temperature of the oxide
scale, a is the fraction of generated heat that is conducted by the wearing compo-
nent, u is friction coefficient, F is applied load, v is sliding velocity and T}, the bulk
temperature of the wearing material. According to this equation, as sliding velocity
increases, the second term of Eq. (1.13) decreases and the wear rate increases.
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Wear performance of WC—Co coatings reported to improve significantly by heat
treatment [30-32]. Studies by Lenling et al. showed that post-heat treatment of WC
base coatings increased the compressive residual stress of these coatings [30]. But
research of Stewart et al. [32] showed that heat treatment at all the examined
temperatures reduced residual stress of the coating. Increasing of residual stress
in thermal spray coatings is very harmful as it may damage the coatings by spalling.
On the whole, residual stress is one of the major problems in thermal spray layers
especially in thick coatings. Khameneh Asl et al. [33, 34] also found deterioration
of tribological properties of WC—Co coatings on heat treatment. Heat treatment also
resulted in improvement in wear resistance of Cr;C,—25(Ni20Cr) coating as
reported by Guilemany et al. [35]. In general, heat treatment improves the wear
rate. However, heat treatment at 1,033 K for 1 h in inert atmosphere improves the
wear rate dramatically. This happens due to precipitation of Cr;C, in Ni20Cr
matrix. During heat treatment in oxidising atmosphere, Cr combines with oxygen
and forms Cr,Oj3. This is minimised in inert atmosphere and thus exhibiting best
wear performances. Stoica et al. [36] deposited functionally graded WC-NiCrBSi
coatings by thermally sprayed using a high velocity oxyfuel (JP 5000) system and
heat treated at 1,473 K in argon environment. The relative performance of the as-
sprayed and heat-treated coatings was investigated in sliding wear under different
tribological conditions. Results indicate that by heat treating the coatings at a
temperature of 1,473 K, it is possible to achieve higher wear resistance, both in
terms of coating wear, as well as the total wear of the test couples. This was
attributed to the improvements in the coating microstructure during the heat
treatment and this resulted in an improvement in coating’s mechanical properties
through the formation of hard phases, elimination of brittle W,C and W and the
establishment of metallurgical bonding within the coating microstructure.
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Post-coating treatments other than heat treatment do alter the wear behaviour.
Hipping is one such process which results in improvement of wear rate as noted by
Stoica et al. [37]. The relative performance of the as-sprayed and hot isostatically
pressed functionally graded WC—NiCrBSi coatings was investigated in sliding wear
conditions. Coatings were deposited using a high velocity oxy-fuel (HVOF) JP
5000 system and HIPed without any encapsulation at temperatures of 1,123 and
1,473 K. The results indicated significant alteration of the coating microstructure,
brought about by the coating post-treatment, particularly when carried out at the
higher temperature of 1,473 K. As a consequence, improvements in the coating
mechanical properties took place that led to higher wear resistance of the HIPed
coatings. They have also examined effect of hipping on WC—Co coating [38].
WC-12Co coatings sprayed by a HVOF system were deposited on SUJ-2 bearing
steel substrate and then encapsulated and HIPed at 1,123 K for 1 h. Hot isostatic
pressing of thermal spray coatings was seen to improve the microstructural features
by reducing porosities and increasing intersplat bond strength, physical properties,
and, correspondingly the wear resistance of cermet coatings. As a result, the wear
resistance of the post-treated coatings was approximately twice that of the as-
sprayed coatings as shown in Fig. 1.18. Hipping resulted in elimination of second-
ary phase W,C and metallic tungsten W, alteration of amorphous binder phase
through recrystallisation of Co leading to precipitation of the n carbides and
development of metallurgical bonding at the interface between the constituent
lamellae of the coating, thereby increasing the coatings modulus after HIPing.
Wear mechanism of as-sprayed coatings, which lost higher amounts of material,
is by microcracking, spallation, ploughing and material transfer. The wear
mechanisms involved in the HIPed coating/ball test couples were extrusion of
binder followed by the removal of the carbide grains, some levels of abrasion,
plastic deformation and material transfer. Similarly Mateos et al. [39] found
improvement of wear rate of plasma-sprayed Cr;C,—25(Ni20Cr) coating by laser
glazing. Laser glazing made the coating more homogeneous, free from porosity,
harder and improved adhesion. This in turn resulted in improve wear rate.

Bolelli et al. [40] produced Al,O; coatings by the high-velocity suspension
flame spraying (HVSES) technique using a nanopowder suspension. Their structural
and microstructural characteristics, micromechanical behaviour and tribological
properties were studied and compared to conventional atmospheric plasma-sprayed
and high-velocity oxygen-fuel-sprayed Al,O; coatings manufactured using
commercially available feedstock. The HVSFS process enables near full melting
of the nanopowder particles, resulting in very small and well-flattened lamellae
(thickness range 100 nm to 1 pm), almost free of transverse microcracking, with
very few unmelted inclusions. Thus, porosity is much lower and pores are smaller
than in conventional coatings. Moreover, few interlamellar or intralamellar cracks
exist, resulting in reduced pore interconnectivity (evaluated by electrochemical
impedance spectroscopy). Such strong interlamellar cohesion favours much better
dry sliding wear resistance at room temperature as described in Fig. 1.19.

The kind of fuel used also governs wear performances. Work due to Sudaprasert
et al. [41] as presented in Fig. 1.20 indicates that wear rate of WC—12 % coating
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increases as oxy gaseous fuel is changed to oxy liquid fuel. During spraying with
gaseous fuels, the binder material is totally molten and carbide dissolution is
extensive forming a highly alloyed matrix. On impacting, binders solidify leaving
well-bonded carbides with the matrix phase. In contrast, during liquid fuel spraying,
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binder is partially molten leaving solid core and liquid shell. On impact the solid
core are damaged. This leads to poor wear resistance.

In recent times WC—Co—Cr powders are employed to improve wear and corro-
sion resistance [42—45]. Addition of Co to Cr results in improvement of adhesion of
the WC particles with the matrix [46]. Lee et al. [45] noted that the mixing of fine
and coarse powders results in improvement of mechanical and tribological
properties. Their observation shown in Fig. 1.21 indicates best wear resistance for
mixed powder containing 70 % fine powder and 30 % coarse powders. This
observation is attributed to the fact that spaces generated by insufficient melting
of coarse powders are filled by large amount of molten fine powders.

Counterbody governs the wear resistance to a significant extent. Mechanically
alloyed Al-12Si/TiB,/h-BN composite powder was deposited on aluminium
substrates by atmospheric plasma spraying by Ozdemir et al. [47]. It has been
observed that TiB; and in situ formed AIN and Al,O; phases in combination with h-
BN solid lubricant strongly affect the wear performance of the coating. The
presence of solid lubricant, h-BN (7.7 wt.%), had no significant influence in
reducing the coefficient of friction of the plasma-sprayed coatings as compared to
the that of the substrate. Counter material plays an important role in reducing the
volume loss of the coatings after wear test. The volume loss of the coating was
measured approximately two times higher when it was wear tested against Al,O;
ball instead of 100Cr6 ball as illustrated in Fig. 1.22.
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1.6.2 Erosive Wear

Thermal-sprayed coating is extensively used for protection against erosive wear as
well. In order to examine what is the most erosion resistance thermal-sprayed
coating, work of Hawthorne et al. [48] appears to be the most relevant. The
performance of ten high velocity oxy-fuel HVOF-sprayed coatings has been
evaluated under normal and oblique impingement conditions. Their results are
presented in Fig. 1.23. Erosion test was conducted with 50 mm quartz particles at
an impact velocity of 84 m/s. It is clear that WC—Co coating has the highest erosion
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Fig. 1.23 The erosion rate of various thermal-sprayed coatings [48]

resistance. For this coating, material loss was by cutting, platelet removal and
occasionally by carbide particle removal. Levy and Wang [49] noted brittle erosion
response characterised by lower erosion rate at oblique impact than at normal
impact of plasma-sprayed WC—Co coating. Observation of Barbezat et al. [50]
indicated CDS-sprayed WC-Co coating exhibits improved erosion resistance.
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Fig. 1.24 The influence of impact angle on the erosion rate of HVOF-sprayed NiAl coating [54]

Impact angle independent erosion rate at low impact velocity and impact angle
dependent erosion rate at high impact velocity for WC—Co coating is noted by
Wood et al. [51]. As reported by Karimi et al. [46], addition of Co to Cr results in
improvement of adhesion of WC particles with the matrix resulting in improved
erosion resistance. According to Kim et al. [52] erosion rate of plasma-sprayed
WC-Co coating decreases with increase of cohesive strength. Roy et al. [53]
demonstrated 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.

The influence of erosion conditions on the erosion resistance can be noted from
the work of Hearley et al. [54]. The influence of impact angle on the erosion rate of
HVOF-sprayed NiAl coating can be seen from Fig. 1.24. Erosion rate is maximum
at normal impact indicating classical brittle erosion response. However, examina-
tion of eroded surfaces indicates ductile materials removal mechanism. Materials
removal is governed by deformation rather than fracture. This apparent contradic-
tory behaviour lies on the nature of erodent, their size and shape. They also showed
the effect of impact velocity on erosion response of HVOF-sprayed NiAl coating.
Their result, shown in Fig. 1.25, indicates increase of erosion rate with increase of
impact velocity. Relation between erosion rate and impact velocity for this type of
behaviour can be obtained from the following expression:

EOOV3,2r3.7p1.3H71.25 (114)

where V is impact velocity, r is radius of the erodent and p and H are density and
hardness of target material.

Influence of test temperature on erosion rate is studied by Wang and Verstak [55]
as shown in Fig. 1.26. The target materials used for the erosion test were the HVOF-
sprayed Cr3C,/TiC—NiCrMo cermet produced with a self-propagating high-
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Fig. 1.26 The influence of test temperature on the erosion rate of HVOF-sprayed CrzC,/
TiC-NiCrMo cermet coatings [55]

temperature synthesis method [56, 57] and blended Cr3C,—NiCrSi cermet coatings
on mild steel. The coating was sprayed using the Sulzer-Metco Diamond Jet spray
system. Propane was used as a fuel gas. It is observed that the thickness loss
decreased in the range from room temperature to 673 K and then increased in the
range from 673 to 1,023 K. Similar results for alumina and zirconia plasma-sprayed
coatings have been reported in the literature [58]. It is evident that the erosion
behaviour of the HVOF Cr3;C,/TiC—NiCrMo coating is more sensitive to tempera-
ture than that of the HVOF Cr3;C,—NiCrSi coating. Below 873 K the thickness loss
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Fig. 1.27 The influence of hardness on the erosion rate of thermal-sprayed cermet coatings [48]

of the HVOF Cr;C,/TiC-NiCrMo coating was lower than that of the HVOF
Cr;C,—-NiCrSi coating. Yet with increasing temperature, the thickness loss of the
former increased faster than the latter. Over 873 K the erosion wastage of the HVOF
Cr3C,/TiC-NiCrMo coating was even higher than that of the HVOF Cr3C,—NiCrSi
coating. The higher sensitivity of the HVOF Cr3C,/TiC-NiCrMo coating to tem-
perature may be related to oxidation of titanium carbide TiC. Therefore, the HVOF
Cr;C,/TiC-NiCrMo coating is not suitable for applications under such high
temperatures.

Work of Hawthorne et al. [48] also exhibited the influence of hardness on the
erosion rate of thermal-sprayed coatings. As shown in Fig. 1.27, there is no direct
correlation between hardness and erosion rate. However, at normal impact there is a
tendency for decrease of erosion rate with increase of hardness. The lamellar
structure determines the mechanical properties of thermal-sprayed coatings. Li
et al. [59] measured the erosion rate of plasma-sprayed Al,O5 coating under normal
impact condition. They derived a microstructural parameter mean bonding ratio
between lamellae and thickness of the lamellae. The result shown in Fig. 1.28
clearly indicates that the erosion resistance is inversely proportional to the mean
bonding ratio. They were able to establish the relation as given below:

=Zle (1.15)

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.g is the fraction of kinetic energy per unit mass of
impacting particle utilised for cracking of the bonded lamellar interface.

The post-coating treatment also alters the erosion performances of coatings. Tsai
et al. [60] investigated the improvement of erosion resistance of plasma-sprayed
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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 1.5-3 times with the impingement angle ranging
between 30 and 75°, while the erosion resistance did not significantly improve
when the impingement angle reached 90° as shown in Fig. 1.29. Erosion morphol-
ogy 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. Similarly the nature of
coating materials also reflects the performance under erosion condition. The inves-
tigation due to Kulu et al. [61] presented in Fig. 1.30 indicates that WCCoCr
coating has significantly lower erosion rate than self fluxing NICrSiB coating.

A series of hot erosion and erosion—corrosion (E-C) tests was carried out on
thermal-sprayed coatings, diffusion coatings and boiler steels using a burner-rig
type elevated temperature E-C tester by Uusitalo et al. [62]. Carbide containing
HVOF coatings, diffusion coatings and nickel-based high-chromium HVOF
coatings performed well. A series of elevated temperature erosion tests was carried
out on AlSl 1018 low-carbon steel and four thermal spray-coated mild steel
specimens using a nozzle-type elevated temperature erosion tester by Wang and
Lee [63]. The thermal-sprayed coatings included a high velocity oxy-fuel (HVOF)
75Cr;C,—20NiCr cermet coating, HVOF Cr;C, low velocity flame-sprayed Cr;C,,
ceramic coatings and an arc-sprayed Fe—CrSiB coating. The HVOF Cr;C,, coating
specimen exhibited the lowest erosion wastage due to its favourable composition
and morphology. It had a finer structure and smaller splat size than other coatings.
Guilemany et al. [64] successfully sprayed the near stoichiometric Fe40Al by
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means of high velocity oxy-fuel. Erosion tests demonstrated that iron aluminides
possess a ductile behaviour even when the impingement angle is 90°.

Unlike sliding wear, the work on solid particle erosion of nanocomposite
coatings is very less. Only work due to Dent et al. [65] indicates that erosion
resistance of nanocomposite coating decreases compared to conventional coatings.
However, in nanostructure coating, erosion resistance increases with decrease in Co
binder phase.
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1.6.3 Abrasive Wear

Most important thermal-sprayed coatings other than WC—Co that are used against
abrasion are Al,O3, TiO,, Cr,05, etc. [66, 67]. According to Liu et al. [68], the
abrasive wear resistance of thermal spray coating can empirically be related to
hardness and indentation toughness of the coating as given below:

Hl/2K2/3
WRprasion = C m (1.16)

where H is hardness, K is indentation toughness, P is porosity, 7 is a parameter to be
determined experimentally and C is a constant. The results of Habib et al. [69]
which shows the influence of hardness on abrasive wear resistance is given in
Fig. 1.31. It can be seen that abrasive wear resistance is directly related to the
hardness of the coating and toughness and porosity have minimum influence. Work
due to Kim et al. [52] exhibited decrease of abrasive wear rate with increase of bond
strength. A systematic study by Barbezat et al. [50] indicated that under three body
abrasion WC-12 % Co coating exhibited lower abrasion rate than WC-17 % Co
coating. For WC-12 % Co coating, abrasion resistance was maximum for coating
obtained by continuous detonation spraying whereas for WC-17 % Co coating
abrasion was maximum for coating obtained by cyclic detonation spraying. It is to
be stated that minimum abrasion resistance can be seen for coating obtained by
vacuum plasma spraying for both variety of coatings. This observation was
attributed to inter splat adhesion strength. Nerz et al. [70] demonstrated that
abrasive wear resistance of high energy plasma-sprayed or HVOF-sprayed
WC-Co coating increases when the coating was heat treated above recrystallisation
temperature due to formation of various hard carbides.

When a hard phase is uniformly distributed in a soft phase using quantitative
metallography, Lee and Gurland [71] proposed following equation to estimate grain
sizes and contiguity of hard phase and binder mean free path:

2Vwe
dwyec = ———— 1.17
we W + 2Nop (1.17)
2N g
c.—_ Naa 118
¢ 2Ny + Nag (1.18)
/1zdwc(1 — Vwe) (1.19)
Vwe(l —C)

where dy is the tungsten carbide grain size, C, is the contiguity of tungsten, A is
the binder mean free path, V. is the volume fraction of tungsten carbide, N, is the
average number of intercepts per unit length of test line for carbide—carbide
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intercepts and N, is the average number of intercepts per unit length of test line for
carbide binder intercepts. An interesting study was reported by Kumari et al. [72].
According to their observation shown in Fig. 1.32, the abrasive wear rate of
WC-10Co—-4Cr coating deposited by JP 5000 gun increased with increase of
mean free path of the carbides. As materials loss takes place primarily by abrasion
of binder followed by pulling out of carbide particle, binder abrasion becomes
difficult due to small mean free path as the abrasive directly interact with hard
carbides.

Post-coating heat treatment can alter abrasive wear rate significantly. Stewart
et al. [73] sprayed WC—-17 wt.% Co powders by the HVOF method to form coatings
approximately 200 pm thick on steel substrates. Analysis of the microstructure of
the coatings found to consist of WC, W,C and anamorphous binder phase. Some of
the carbide particles are found to decarburise and dissolve in the liquid metal binder
during spraying, resulting in a brittle binder phase in the coating. The coatings also
exhibit tensile stresses in the as-sprayed condition. Coatings have been heat treated
at a range of temperature between 523 and 1,373 K. Heat treatment above 873 K
resulted in significant phase changes with in the coating. However, heat treatment at
all the temperatures resulted in changes in the integrity and residual stress state of
the coating due to thermal expansion coefficient mismatch between the coating and
substrate. The abrasive wear behaviour of the as-sprayed and heat-treated coatings
demonstrates that heat treatment improves the wear behaviour. Heat treatment at
temperature as low as 573 K has resulted in improvement in wear resistance up to
35 %.

The constituents of spraying feedstock play an important role in determining
abrasive wear resistance. Wang et al. [74] studied the abrasive wear performance of
coatings deposited by high velocity oxy-fuel (HVOF) thermal spraying using of
multimodal and conventional feedstocks. WC—12Co coatings were deposited under
same conditions using multimodal and conventional WC-12Co powder feedstocks.
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Fig. 1.32 The influence of mean free path of the carbides on the abrasive wear rate of
WC-10Co—4Cr coating deposited by JP 5000 gun [72]

Abrasive wear resistances of coatings were carried out on sand rubber wheel
abrasion tester. The results shown in Fig. 1.33 indicated the multimodal coating
showed better abrasive wear resistance than the conventional counterpart. Also, the
thermally sprayed carbide-based coatings have excellent wear resistance with
respect to the hard chrome coatings. The nanophase WC—Co component in the
multimodal material melts with relative ease and forms a strong and tough matrix
that holds the coarse WC particles in place. In turn, the coarse particles provide a
hard, ‘blocky’ surface that is needed for good wear resistance. According to
Sudaprasert [41], the dense conventional powder will tend to result in fracture of
the carbides on impact, whereas the more porous multimodal powder will cushion
impact and result in better wear resistance. Wirojanupatump et al. [75] also studied
the influence of powder feedstock on abrasive wear rate of CrzC,—25(Ni20Cr)
coating. They deposited the coating using ‘Miller Thermal’ top gun employing
three different types of feedstocks namely sintered and crushed powder, blended
powder and composite powder. Sintered and crushed powder was produced by
furnace route to give Cr3C, with NiCr metallic binder. Blended powder was
prepared by gas atomising NiCr alloy with Cr3C,. Composite powder was supplied
by ‘Praxair’ and prepared through a series of thermal and chemical reaction to
obtain a fine grain carbide dispersed in a metal matrix. The coating obtained using
composite powder feedstock exhibited best abrasion resistance as it has highest
hardness due to high degree of carbide retention and small degree of reaction of
these particles during spraying.

The influence of amount of reinforcement on the abrasive wear behaviour can be
found in the work of Gawne et al. [67]. A ball-milled mixture of glass and alumina
powders has been plasma sprayed to produce alumina—glass composite coatings.
The coatings have the unique advantage of a melted, ceramic secondary phase
parallel to the surface in an aligned platelet-like composite structure. The alumina
raises the hardness from 300 HV for pure glass coatings to 900 HV for a 60 wt.%
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Fig. 1.33 The influence of multimodal and conventional feedstocks on the abrasive wear rate of
HVOF-sprayed WC-12 % Co powder [74]

alumina—glass composite coating. The scratch resistance increases by a factor of 3,
and the wear resistance increases by a factor of 5. The variation of wear resistance
with the amount of reinforcing alumina is shown in Fig. 1.34. Such variation
follows the expression provided by Zum Ghar and Eldis [76] as given below:

1 d
—00

w A

(1.20)

where W is the wear resistance, d is mean diameter of reinforcing particles, v is the
volume fraction of reinforcing particles and 1 is the mean free path of the particles
in the matrix. Thus wear resistance increases with increase in volume fraction of
reinforcing particles. The wear resistance reaches a maximum at 40-50 vol.%
alumina, above which there is little further improvement. The glass wears by the
formation and intersection of cracks, while the alumina wears by fine abrasion and
supports most of the sliding load.

Micro-abrasion—corrosion of detonation-sprayed WCCoCr samples in alkaline
solutions for different sliding distances as reported by Thakare et al. [77] show
generation of a negative synergy that increases with increasing sliding distance.
Corrosion takes place at the binder—carbide interface in a region which is likely to
have a composition of W,C. The localised corrosion observed along the carbide
grain boundary is due to the corrosion of the decarburised surface of the carbide
grain which progresses towards the carbide grain centre and not into the binder
phase. Anodic treatment of the WC—Co—Cr samples shows a mild negative synergy.
Such treatment has not replicated the wear—corrosion processes seen for the
exposed samples. A non-linear relationship between the abrasion—corrosion spe-
cific wear rate and E.,,, is seen and is related to subtle changes in the surfaces such
as the formation of passive films during exposure which are not formed during the
anodic treatments. Despite the fact that mechanical abrasion losses dominate the



34 R.J.K. Wood and M. Roy

25

20

15

10

Wear Rate (nm/Cycle)

0 20 40 60 80 100
Wt % of Alumina

Fig. 1.34 The influence of volume fraction of reinforcing alumina on plasma-sprayed
alumina—glass composite coatings [67]

abrasion—corrosion processes, negative synergies are seen due to corrosion which
only accounts for 1/500th of the material loss.

Nanocomposite WC—Co coatings are also received attention for abrasive wear
related application. However, unlike sliding wear, nanocomposite coating exhibited
lower abrasion resistance than conventional coatings [78] due primarily to the
decarburisation of wear-resistant WC particles and formation of amorphous phases.
Similar behaviour is also noted by Dent et al. [65] although they found that abrasive
wear resistance increases with decrease in Co binder content as shown in Fig. 1.35.
The abrasive wear rate of nanocomposite coating is also found to be superior to
microcrystalline coatings although they are sensitive to the size of abrasives as
presented in Fig. 1.36 [79]. In this study, the abrasive wear behaviour of
nanocrystalline coatings of the composition (Ti, Mo)(C, N)-45 vol.% NiCo,
prepared by vacuum plasma spraying (VPS) of high-energy-milled powder, is
characterised and compared to microcrystalline coatings of the same composition.
Two-body abrasive wear tests are applied to produce wear traces on the surfaces of
the nano- and microcrystalline coatings. Nanocrystalline VPS coatings show supe-
rior wear resistance. The wear mechanisms and failure of nano- and microcrystal-
line coatings are distinctly different.

The potential of post-spraying heat treatment for improving the wear properties
of WC—-Co nanocomposite coatings has been investigated by Kim et al. [80]. Heat
treatment of the coating at 873 K provided an improvement in abrasive wear
resistance by 45 %, with an increase in microhardness of the coating as shown in
Fig. 1.37. Microstructural examinations showed that heat treatment promoted the
formation of additional carbide phases in the splat boundary layer. This increased
carbide volume fraction made a major contribution to the improved coating perfor-
mance. However, higher heat treatment temperatures above 1,073 K reduced the
volume fraction of WC and W,C phases, resulting in detrimental effects on
microhardness and abrasive wear resistance of the coatings. Jordan et al. [81] and
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Fig. 1.36 The influence of size of abrasives on the abrasive wear resistance of nanocomposite and
microcrystalline vacuum plasma-sprayed (Ti, Mo)(C, N)-45 vol.% NiCo coatings [79]

Gell et al. [82] also found improvement of abrasive wear resistance of
nanostructured alumina—titania coatings by modifying the powder with addition
of nanostructured oxide powder followed by heat treatment at high temperature
(1,073-1,473 K).

Nanocomposite coatings are extremely popular in recent time for tribological
application. The mechanical and tribological properties of nanocomposite WC—Co
coating can be improved if carbide powders are coated with cobalt. In a study by
Baik et al. [83], a porous spray-dried WC-Co nanocomposite powder has been
modified by a protective Co surface layer and then sprayed onto a substrate by high
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Fig. 1.37 The influence of post-coating heat treatment temperature on the abrasive wear rate of
HVOEF-sprayed WC-12 % Co coating [80]

velocity oxy-fuel to form a coating. The Co-coated powder promoted coarser size
of splats, lower degree of WC decomposition and higher retained carbon content in
the coating, compared to the spray-dried powder, mainly because of a limited
powder melting. Improvements in hardness and abrasive wear resistance were
obtained from the Co-coated powder coating, and the results depicted in Fig. 1.38
are attributed to more retained WC and consequently a lower amount of non-WC
phases whose presence is detrimental to wear resistance.

1.7 Applications of Thermal-Sprayed Coatings

Figure 1.39 shows an application of WC—Co coating in aircraft engine. The internal
coating of stage III disc of an aircraft engine is illustrated in this figure. With this
coatings disc, life is reported to increase substantially. There are of course numer-
ous other applications where WC-Co coatings are applied to protect the
components from tribological degradation. Similarly, thermal-sprayed WC—-Co
coated mixer impeller and electric arc-sprayed stainless steel coated in tapered
centre portion of forged lifting lid is shown in Fig. 1.40a and Fig. 1.40b,
respectively.

Jet engines of fighter aircraft are equipped with fans and compressors. The
vibrations of the blades of fans and compressor blades are controlled by midspan
dampers. The dampers in the process are subjected to wear and tear. HVOF-sprayed
WC—Co coatings are deposited on dampers to improve the life [84]. HVOF
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Fig. 1.39 WC-Co coating the internal coating of stage III disc of in aircraft engine

WCCoCr used on landing gear for fighter aircraft in US Navy. Also this coating is
used on offshore gate valves [85].

Thermal-sprayed WC—Co coating is extensively used in several places of steel
industry. Continuous casting moulds are coated with WC—Co coating. The top of
the mould is coated with thin WC—Co coating which can withstand high thermal
stress in the zone of the molten steel meniscus. At the bottom, thick coating which
can withstand high ferrostatic pressure and thereby prevent cracking and spalling of
the coating [86] are used.

Briddle rolls are used to control the tension of steel strips as it passes through the
continuous pickling, annealing and galvanising lines. These rolls are convention-
ally coated with Cr plating and are increasingly replaced by HVOF-sprayed
WC—Co coatings due to their superior wear resistance [87]. Similar result is
obtained from detonation-sprayed WC—Co coating against Cr plated deflector roll
[88].
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Fig. 1.40 Thermal-sprayed
(a) WC—Co-coated mixer
impeller and (b) electric arc-
sprayed stainless steel coated
in tapered centre portion of
forged lifting lid

WC-(10-15)% Co thermal-sprayed coatings are applied to galvanising hardware
due to their superior liquid metal erosion resistance relative to Fe and cobalt alloy
[89-91]. However, success of this coating under such circumstance depends on
reaction between WC and Co phases to improve the poor corrosion properties of Co
in molten Zn.

Murakawa and Watanabe [92] demonstrated that an ironing die when coated
with plasma-sprayed WC—Co coatings followed by vacuum sintering and hipping,
not only resulted improved life of the die and increased output but also resulted in
an improved surface finish of the product. Picas et al. [93] demonstrated that
thermal-sprayed CrC-NiCr is a very good substitute for hard chromium plating
for pistons and valves of automotive engines.

Oxide ceramics offer the benefit of a high melting point, high hardness and wear
resistance and chemical stability at high temperature in molten metal environments
[94, 95]. Many oxides, particularly Al,O3; and yttria-stabilized zirconia are not
wetted by liquid zinc and are therefore particularly resistant to corrosion. Such
properties make oxide-based coatings particularly attractive for high temperature,
high Al-content, and galvalume baths where the more common WC-Co-based
coatings do not perform well [96] against liquid metal erosion.

As the solidifying steel exits the mould, it is supported by a series of retaining
rolls which redirect it from a vertical orientation to a horizontal run-out bed and
cutting operations. These rolls are subjected to high temperatures (steady state of
500-600 °C) and thermal cycling [97] resulting from unavoidable stoppages during
casting operations [97]. Large stresses are generated in the rolls from the ferrostatic
pressure head of molten steel within the solidified steel shell and the weight of the
steel strand itself [97]. To accommodate this, all four faces are supported by closely
spaced rolls at the exit of the mould, while only two faces are supported further
along the casting line. Cooling water sprays introduce corrosion issues from steam
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oxidation and contribute to issues of thermal cracking [97]. Abrasive wear of the
roll surfaces results from steel oxides, casting slag and mineral deposits which
reduce the roll diameters below acceptable limits [97]. In assessing the performance
of detonation-sprayed Cr3C,—25NiCr coatings, Wang et al. [98, 99] noted the
formation of ‘alligator cracks’ on the surface of uncoated rolls after 3,740 heats,
while coated rolls showed no changes after 12,000 heats [99]. Sanz [97] trailed
several chemically hardened TS coatings (HVOF WC-17 % Co coated with a dense
chemically blended Cr,O3 + SiO, + Al,O5 based oxide layer) which showed supe-
rior wear resistance and lower abrasion rates relative to a new generation weld
overlay coating (weld composition: Fe, Nb 0.637, Ni 13.78, Mo 1.39, Cr 17.43, Mn
3.58, Si 0.67 and C 0.062) [98].

1.8 Direction of Future Research

Ever increasing demand for technology has resulted in development of new tech-
nique, new materials and new architecture for thermal-sprayed coatings. New era
should see development of super hard thermal-sprayed coating. Considerable effort
will be diverted for further development of composite and functionally graded
thermal-sprayed coatings. Development of smart thermal-sprayed coatings which
respond in a selective way to external factors such as stress, temperature, etc. and
innovations of new processes such as warm spraying, hybrid thermal spraying,
plasma-assisted thermal spraying will draw lot of attention in the years to come.

One important recent development in thermal spraying is cold spray process.
Cold spray process can best be used by using expensive helium gases. Improvement
in the recovery process made this process quite competitive. Further development
in nozzle design, powder quality and process optimisation will result in improved
coating performances. To date only limited number of feed stock materials is
available for cold spraying. This needs to be upgraded.

Another important development for thermal spraying is nearnet shape
components. Substantial research is expected to be directed in the development of
removable 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 near future.

Over the last decades, various sensors relevant for thermal spraying process and
capable of operating under harsh environment of spray booth are developed [100].
Today sensors are available to measure trajectories, temperatures, velocities, sizes
and shapes of in-flight particles [101-106]. Infrared cameras and pyrometers are
employed to understand the temperature profile of substrate and coatings during
preheating, spray process and cooling down [107-115]. Sensors are also developed
to measure the stresses within the coatings and evolution of thickness of the coating
during spraying [116]. Further development towards improved precision on mea-
surement is expected. New techniques such as shadowgraphs and laser allow
precise measurement of particle diameter, which was not hitherto possible.
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Development of sensors will allow online control of thermal spraying and thus
enhance coating quality and reliability.

There should be more comprehensive database on tribological properties of a
larger variety of compositions of cermet coatings. Further effort should be directed
for generating data on high temperature wear resistance of cermet coatings and
wear behaviour of the said coatings in presence of corrosive fluid.
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