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Abstract

In this work, the abrasive wear resistance and wear mechanisms of the nano- and microcrystalline
TiC-Ni based thermal spray coatings are characterized by different testing methods. The results have
shown that the wear resistance and wear mechanisms of the coatings depend on microstructural fea-
tures of the coatings, thermal spray techniques and wear test conditions. Due to presence of oxides,
the high velocity oxy-fuel spray coatings show a lower wear resistance as compared to the vacuum
plasma spray coatings. The nanocrystalline coatings show a significant higher wear resistance in a
wide range of abrasive conditions as compared to the microcrystalline coatings.

VerschleiBmechanismen von nano- und mikrokristallinen TiC-Ni-Schichten

Zusammenfassung

In dieser Arbeit werden die Verschleif3festigkeit und VerschleiBmechanismen von ther-
misch gespritzten nano- und mikrokristallinen TiC-Ni-Schichten untersucht. Die experi-
mentellen Ergebnisse zeigen, dass VerschleiB3festigkeit und VerschleiBmechanismen
der Schichten von der Mikrostruktur der Schichten, dem thermischen Spritzen und den
Verschleifitestzustinden beeinflusst werden. Die hochgeschwindigkeitsflammgespritzen
Schichten zeigen wegen des Vorhandenseins der Oxide geringere Verschleif3festigkeiten als
die vakuumplasmagespritzen Schichten. Die nanokristallinen Schichten weisen in weiten
Abrasivbereichen wesentlich hohere Verschleif3festigkeiten auf.
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1 Motivation and aims

Wear occurs whenever surfaces move relative to each other, causing damage to one or both
surfaces, generally involving progressive loss of material [1]. It results in dimensional changes
of components leading to direct failure and can cause secondary problems such as vibration or
misalignments. Depending on the conditions of the tribosystem, wear is classified by different
modes, i.e. sliding, erosive and abrasive wear [2]. The present work is focused on the abrasive
wear, the removal of material due to scratching by hard particles or hard protrusions [2], which
occurs in many situations. For example, on earth-moving equipments, slurry pumps or
pipelines, rock drills, rock crushers, conveyer belts transporting abrasive powders, dies in

powder metallurgy and rolls in paper processing industry.

Conventional wear resistant materials are often produced as metal matrix composites (hard
metals or cermets) reinforced by micron-sized ceramic powders. In order to improve the
mechanical properties of these composite materials, especially their toughness at a certain
hardness, it is suggested to produce them from fine powders. A further reduction of the grain
size of the sintered composites can be attained by using powders with nanometre grain size, to
obtain so-called nanocrystalline composites. Because of the extremely small grain dimensions,
a large volume fraction of the atoms is located at the grain boundaries, conferring special
attributes to these materials. Nanocrystalline materials can have enhanced physical, chemical
and mechanical properties, especially showing extraordinary high strength and hardness [3.4],

which might meet the demands on wear resistance of industrial components.

It is also expected that the wear resistance of composite coatings can be improved if their grain
sizes are reduced down to nanometre scales. The application of composite coatings instead of
costly massive components to protect them locally against wear or corrosion is widely applied
in industries. During the recent years, thermal spraying has covered an increasing area of
protective coatings which ranges from metallic alloys to composites and ceramics. Especially
wear resistant composite coatings have found their way into increasing numbers of applications
[5,6]. From the wide variety of coating processes, thermal spraying techniques, i.e. vacuum
plasma spraying (VPS) and high velocity oxy-fuel (HVOF) spraying, were used for the
preparation of nano- and microcrystalline composite coatings in the present work. In both
processes, conditions can be adjusted in which the powder feedstock is not completely molten
before impact. The VPS technique has the advantage that oxidation of the spray particles and

deposited coatings during spraying can be minimized. By HVOF spraying, the exposure time
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of the spray powders to high temperatures can be minimized. Moreover, by the ambient
atmosphere and active cooling, high quench rates on the substrate can be guaranteed. By both
techniques, coatings with suitable thicknesses can be produced, which are sufficient to protect

coated components against abrasive wear.

The most commonly used composites for thermal spraying are based on WC-Co or Cr;C,-NiCr.
Whereas WC-Co-based coatings show an excellent wear resistance which is comparable to
sintered bulk materials, nearly an order of magnitude higher wear rate of Cr;C,-NiCr-based
coatings has to be tolerated under applications which additionally require oxidation resistance

at high temperatures of up to 900°C or better corrosion resistance.

Developments for sintered cutting tools demonstrated that cermets on the basis of TiC-Ni can
show high wear performance and low reactivity. In coating techniques, TiC-Ni is supposed to
bridge the gap between WC-Co and Cr;C,-NiCr-based materials with comparable good
performance under abrasive and corrosive attack and high stability against oxidation [7-10].
Moreover, the TiC-Ni-based composites can be alloyed with other elements, tailoring the
composition for the needs of different processes and applications. Alloying elements, such as N,
Mo, and Co, to the hard phase or/and the metallic binder can enhance the properties of the
composites [11,12]. In addition, if the grain sizes of the component phases in a composite
material are reduced down to nanometre scales, the reactivities of the carbide with the matrix
have to be considered. Since TiC shows significantly higher thermal and thermodynamic
stabilities and can lead to less undesired reaction with metallic matrixes, the respective TiC-
based composites should be ideal to study size effect without the disturbance of side reactions.
Therefore, TiC-Ni-based materials are chosen to demonstrate influences by using
nanocrystalline powders instead of microcrystalline powders in thermal spraying, which is

expected to increase the wear resistance of the coatings.

However, wear resistance is not an intrinsic property of a material. It depends not only on the
composition and microstructure of the material, but also to a very high extent on the conditions
to which it is exposed [1,2]. The wear mechanisms of the material can change due to different
conditions, i.e. size, shape and hardness of abrasive particles, stress levels and the way in which
the abrasive particles are moved on the surface of the material. Therefore, the evaluation of the
wear resistance and the understanding of the abrasive wear mechanisms under different tests
conditions are essential for the selection of application fields of nano- and microcrystalline

composite coatings.
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The aim of the present work is to reveal the abrasive wear mechanisms of the nano- and
microcrystalline composite coatings under different abrasive wear conditions and to highlight
the specific advantages of the nanocrystalline coatings with respect to their proper applications.
Therefore, a variety of abrasive wear tests was employed to evaluate the wear resistance and to
characterize the different wear mechanisms of the nano- and microcrystalline coatings.
Microstructures and wear morphologies of the coatings were investigated and compared with
the aid of optical microscopy (OM), scanning electron microscopy (SEM) and atomic force
microscopy (AFM). In the present work, nanocrystalline and microcrystalline composite
coatings with the composition of (7i,Mo)(C,N) — 45 vol. % (Ni — 20 wt. % Co) were produced
by VPS and HVOF spraying. That particular composition was chosen with respect to previous
investigations showing a high wear resistance, minimum side effects like oxidation or
formation of inter-metallic compounds and a favourable agglomeration behaviour in powder

production by ball milling [9,13,14].
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2 Nanocrystalline materials and wear resistant coatings

2.1 Nanocrystalline materials

The current scientific and commercial interest in the development of nanocrystalline (also
known as nanostructured) materials, which exhibit enhanced physical, chemical and
mechanical properties [15-20] compared to the microcrystalline materials, is driven by
increasing practical demands on the mechanical performance and the wear and corrosion
resistance of industrial components. Rapid advances in other application fields such as
semiconductor manufacturing, electromagnetic and superconducting materials, bioengineering,

etc. are also driving nano-material technology forward [21,22].

Nanocrystalline materials are single phase or multiphase polycrystalline materials, the
crystallite size of which is of the order of a few nanometres (typically 1 — 100 nm) [23].
Nanocrystalline materials can be prepared by various techniques, including inert gas
condensation [24], spray conversion processing [25,26], rapid solidification, electrodeposition
or electroless deposition [27], crystallization of amorphous phases [28], mechanical alloying
[29], physical or chemical processing [30-32] and many other techniques [23,33-35]. High-
energy ball milling has been proved as a promising, less costly technique to design the desired
microstructures [13,36,37]. By high-energy ball milling, metastable phases or nonequilibrium
microstructures like nanocrystalline cermets can be prepared. The process is determined by a
dynamic equilibrium of cold welding and breaking up of the milling powders [38]. Therefore,
in the present study, nanocrystalline coatings were deposited by using nanocrystalline powders

which are produced by high-energy milling.

Because of the extremely fine grain sizes, nanocrystalline materials exhibit a variety of
properties that are different and often considerably improved in comparison with those of
coarse grained polycrystalline materials. These include increased strength and hardness,
enhanced diffusivity, improved ductility and toughness, higher electrical resistivity, increased
specific heat, higher thermal expansion coefficient, lower thermal conductivity, and superior
soft magnetic properties in comparison with coarse grained materials [23]. All these properties
are being extensively investigated to explore possible applications. Amongst all these
properties, hardness and toughness are especially important in applications with respect to wear.
Based on a literature survey, the hardness of nanocrystalline WC-Co hard metals are compared

with those of coarse grained microcrystalline materials in Fig. 2-1. Fig. 2-1 shows the hardness
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of WC-Co hard metals as a function of their mean hard phase particle size [3,39-41]. The
hardness increases with decreasing grain size of respectively sintered hard metals, which
correlates to the Hall-Petch equation. The nanocrystalline WC-Co composites show a
pronounced higher hardness than the microcrystalline ones. Moreover, according to ref. [3,39],
the toughness of microcrystalline WC-Co cermets decreases rapidly with increasing hardness.
The rate of decrease of the composites with very fine grain size (e.g. ultra-fine) is lower than
that with larger grain sizes. Contrarily to the microcrystalline cermets, the increase in hardness
of nanocrystalline WC-Co hard metals does not decrease their bulk fracture toughness.
Therefore, nanocrystalline hard metals should lead to a superior wear resistance, providing an
excellent protection against the penetration of abrasive particles by extraordinary hardness and

sufficient fracture toughness to avoid brittle fracture.

2400- HV30, Allen et al.
¢ O HV30, Gee
N'E O & HV0.5, Jiaetal.
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% 2000- 30 . .
=, . oy
% 1600 ¥
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Fig. 2-1: Hardness of WC-Co sintered hard metals as a function of their mean hard phase
particle size [3,39-41]. The hardness increases with decreasing grain size of cermets, which is

in accordance with the Hall-Petch equation.

2.2 Microcrystalline materials

According the definition in a dictionary [42], microcrystalline materials are those of/or relating

to crystallinity that are visible only under the microscope. However, here it should also be
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stated that the average crystallite sizes of a microcrystalline material should be larger than 1
um. Conventional metallic and ceramic materials are usually microcrystalline materials,
showing a variety of physical, chemical and mechanical properties and are widely

commercially applied.

In the present work, microcrystalline coatings were prepared with the same composition and
coating processes as those for the nanocrystalline coatings, in order to show the effects of

different crystalline size on their wear resistance and wear mechanisms.

2.3 Wear

Wear is defined as the progressive loss of material from the surface of a solid body due to
mechanical action, i.e. the contact and relative motion against a solid, liquid or gaseous
counterbody [1]. It occurs in many different engineering applications, such as on cutting tools,
bearings, between pistons and cylinders and in transportation of powders. In most cases, wear
is detrimental, leading to increased surface roughness and surface damage, dimensional
changes of components, increased clearances between the moving components and many other
problems [43]. The loss by wear of relatively small amounts of material sometimes can be
enough to cause failure of large and complex machines [44-46]. A classification of wear is

generally made amongst sliding wear, abrasive wear and erosive wear [1,2,47].

2.3.1 Sliding wear

Sliding wear, as shown schematically in Fig. 2-2, can be characterized as relative motion
between two smooth solid surfaces in contact under load [1]. In most practical applications, the
sliding surfaces are lubricated in some way, and the wear then is termed lubricated sliding wear.
In some engineering applications, the surfaces slide in air without a lubricant. The resulting
wear is then called dry sliding wear. In sliding wear, the removal of material is caused by the
asperity contacts between the two sliding surfaces. The wear debris is generally plate-like and
very small. Several models have been proposed to explain the formation of wear debris by the
asperity contacts [2]. One representative model assumes that plastic flow at an asperity tip is
followed by the detachment of small wear debris. In this case, plastic shearing of successive
layers occurs in conjunction with the propagation of a shear crack, along which the debris
detaches. Another representative model for sliding wear supposes that the formation of a small

fragment by asperity rupture is followed immediately by its adhesive transfer to the
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countersurface, to form a new asperity on that surface. Further sliding causes more fragments
to be formed, which adhere to the original fragment until a much larger conglomerate asperity

eventually becomes detached [2].

asperity contacts

Fig. 2-2: Illustration of dry sliding wear. Two smooth surfaces slide over each other with

contact at the asperities. Wear occurs generally due to crack propagation in the sub-surface.

2.3.2 Erosive wear

In general, erosive wear is caused on a solid surface by the impact of solid particles, liquids,
gases or a combination of those [1]. In most cases, erosion is caused by discrete solid particles
which are carried by a gas or liquid stream or accelerated by certain forces, as schematically
illustrated in Fig. 2-3. Erosion of ductile materials usually involves plastic flow, whereas more
brittle materials may be worn predominantly either by plastic flow or by fracture depending on
the impact conditions [2]. The extent of wear depends on the number and mass of individual

particles striking the surface, and on their shapes, hardness, impact angles and velocities.

hard particles

impact direction '/

of hard particles e

Fig. 2-3: Illustration of erosive wear. Erosive wear is caused on a solid surface by impacting

of solid particles, liquids, gases or a combination of those.
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2.3.3 Abrasive wear

Abrasive wear describes the displacement of material caused by the presence of hard particles
between or embedded in one or both of the two surfaces in relative motion, or by hard
protuberances on one or both of the moving surfaces. A distinction is often made between two-
body abrasive wear and three-body abrasive wear [1,2]. Two-body wear (Fig. 2-4a) is caused
by hard particles or hard protuberances fixed on the counterface, while in three-body wear (Fig.
2-4b) hard particles are free to roll and slide between the moving surfaces [1,2]. The wear rate
in three-body abrasion can be one or two orders of magnitude lower than that in two-body
abrasion, because the loose abrasive particles abrade the solid surfaces, between which they are
situated, only about 10 % of the time on sliding, while they spend about 90 % of the time on
rolling [48,49].

motion W

abrasive
particles

(a) Two-body abrasive wear (b) Three-body abrasive wear

Fig. 2-4: Illustration of abrasive wear: (a) Two-body wear, (b) three-body wear. Two-body
abrasive wear is caused by abrasive particles fixed on the counterbody, while three-body
abrasive wear is caused by loose abrasive particles moving between the counterbody and the

worn material.

2.3.3.1 Commonly used testing methods for abrasive wear

Two commonly used laboratory tests for abrasive wear employ either a pin-shaped specimen
sliding against fixed abrasives or a rotating wheel sliding against a plane specimen with loose

abrasive particles being continuously fed between the two [2,50].

Fig. 2-5a shows schematically the method in which a specimen pin slides against fixed abrasive
particles. Commercial abrasive paper or cloth is commonly used for the counterface, carrying
evenly distributed abrasive particles of a narrow size distribution, bonded to the substrate by a

strong resin. The wear rate and major mechanisms are dependent on the specimen material, but
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also on load, sliding speed, kinds of abrasive paper and other factors. In order to avoid
problems by degradation of the abrasives, it is often ensured that the specimen always slides
against fresh abrasives. This can be achieved by moving the pin radially on the disc during test,
so that it describes a spiral track (pin on abrasive disk). Alternative geometries involve
rectilinear sliding over a rectangular sheet of abrasive paper (pin on abrasive plate), or moving
the pin axially along a rotating cylinder covered with abrasive particles (pin on abrasive drum).
In each of these cases, a constant load is applied to the pin. The wear rate is often measured by
weighing the pin before and after each test. The grinding wheel test (details are explained later

in Chapter 3.2.1) is a variant of this test type.

load loose
counterbody abrasive
particles
pin l

specimen

_ oad
motion

#

fixed
abrasive
particles

£ specimen

(a) (b)

Pin specimen slides against fixed abrasive particles Wear by loose abrasive particles

Fig. 2-5: Schematic illustration of common methods used to measure abrasive wear rates of
materials: (a) A pin slides against fix abrasive particles (two-body abrasive wear), (b) wear by

loose abrasive particles between a rotation wheel and the specimen (three-body abrasive wear).

Fig. 2-5b illustrates schematically the second common type of abrasive wear test. The
specimen is in the form of a plate or block, pressed under a constant load against a rotating
wheel. Loose abrasive particles of narrow size distribution are fed at a constant rate into the
contact region. Wear is usually measured by weighing the specimen before and after each test.
For this method, the wear rate also varies with factors like specimen material, load, size, kind
of the abrasive particles and the kind and rotating speed of the wheel. The rubber wheel test
and micro-scale abrasive wear test (details are explained later in Chapter 3.2.3 and Chapter

3.2.4 respectively) are variants of this test type.
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2.3.3.2 Abrasive wear mechanisms

Abrasive wear mechanisms are generally distinguished amongst microcutting, microploughing,
microfatigue and microcracking [1]. In the ideal case, microcutting results in a volume loss by
chips equal to the volume of the wear grooves. In the contrary, pure microploughing due to a
single pass of one abrasive particle does not result in any detachment of material from the
surface. Material is displaced below the particle and mainly moved to the sides of the groove.
Volume loss can, however, occur due to the action of many abrasive particles or the repeated
action of a single particle. Material can be ploughed aside repeatedly by passing particles and
can break off by low cycle fatigue [51], i.e. microfatigue. Intermediate modes between the
extremes of microcutting and microploughing are wedge formation [52] and side-fin formation
[53] which lead to material detachment that is less than the volume of the wear grooves.
Microploughing, wedge formation, side-fin formation and microcutting are the dominant wear
mechanisms for ductile materials. Penetration of a sliding abrasive particle into a ductile
surface results in microploughing or the debris-forming modes, namely wedge formation, side-
fin formation and microcutting, depending on the attack angle of the particle (the angle
between the leading face of the particle and the surface of the worn material; the attack angle
can be also expressed as the degree of penetration: the ratio of depth to the half width of the
groove) [52,54,55], and the shear strength of the interface between the particle and the surface
[1,2,52,56]. Increasing the attack angle or the degree of penetration leads to a transition from
microploughing to microcutting. Therefore, spherical particles generally cause a lower wear
loss than angular particles at a given average particle size [47]. The lower wear rate associated
with three-body wear can also be explained: If the abrasive particles are free to roll between the
moving surfaces, indentation and microploughing is more dominant than microcutting as in the
case if the particles are fixed to the counterbody in two-body wear [2]. Microcracking occurs
when highly concentrated stresses are imposed by abrasive particles, particularly on the surface
of brittle materials. In this case, large wear debris is detached from the worn surfaces due to
crack formation and propagation. Microcracking is the important wear mechanism of brittle

materials.

The model for abrasive wear that involves the removal of material by plastic flow describes the

total volume removed per unit sliding distance Q by [1,2,57-59]

/4

Q:klﬁ

equation 2.1
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where W is the total applied normal load, H is the hardness of the worn material and the
constant k; depends on the fraction of the displaced material actually removed and on the
geometry of the abrasive particle (i.e. on attack angle). Equation 2.1 suggests that the wear rate
should increase linearly with decreasing hardness of the worn material in cases of plastic

deformation.

In the case of abrasive wear of brittle materials, fracture toughness becomes important in
determining the wear rate Q of the worn material. According to a representative model for the

abrasive wear of brittle materials based on the removal by lateral cracking [60,61], O will be

WA

=k, — equation 2.2
o T q

where k> is a constant, w is the average load carried by each abrasive particle, K¢ is the fracture
toughness and H the hardness of the worn material. This model predicts that the wear rate by
cracking depends more on toughness, less on hardness, and is inversely proportional to
hardness and toughness. The different exponents in equation 2.2 are semi-empirically
determined and may vary with respect to different models or materials [1,2]. Moreover, for the
removal of brittle materials, it is suggested that wear by fracture will occur only when a critical

load on each abrasive particle is exceeded [1,2].

The abrasive wear process of engineering materials, in general, is affected by a combination of
the mechanisms of plastic deformation and brittle fracture. Hardness and toughness are
therefore important factors in determining the wear resistance of materials [2,47,62]. Fig. 2-6
summarizes the general effect of fracture toughness and hardness of materials on abrasive wear
resistance in a given tribosystem. In general, a material with a higher toughness usually shows
a lower hardness, as illustrated by the dashed line. Below a critical value of fracture toughness
(Kicc), brittle materials such as ceramics show an decreasing wear resistance with decreasing
fracture toughness despite simultaneously increasing hardness. Materials with fracture
toughness greater than the critical value Kjcc are usually worn by a combination of
microploughing and microcutting. Hence, the wear loss of these materials is determined mostly
by the hardness and rarely by the fracture toughness. In this regime (fracture toughness > Kjcc¢),
the wear resistance decreases with decreasing hardness due to a larger penetration depth. It is
worth noting that the critical fracture toughness K;cc also depends on operating conditions such
as size and angularity of the abrasive particles, load, sliding speed, etc. The figure also shows
how an increase of the severity of contact conditions, for example by increasing size of

abrasive particles, their angularity or the normal load, leads to an increase in the extent of the
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fracture-dominated regime, and cause a consequent shift of the maximum in wear resistance (or

the value of Kjc¢) towards higher values of fracture toughness [2,63].

Increasing load, particle size or angularity

Wear resistance

Hardness =———————3p

Wear resistance

~
>~
~
~
7 \\\

Hardness S~

K|CC
Fracture toughness ——————————=3p-

Fig. 2-6: Schematic drawing of the relation between fracture toughness, hardness and abrasive
wear resistance of engineering materials [2,63]. The dashed line shows the hardness of a
material as the function of its toughness: A material with a higher toughness usually shows a
lower hardness. The solid lines show the wear resistance of a material as the function of its
toughness: For a material with a lower toughness (< Kjcc¢), toughness is the dominant factor in
determining wear resistance, while for a material with a higher toughness (> Kjc¢), hardness is

the dominant factor. The K;cc value becomes greater for severer wear conditions.

2.3.3.3 Abrasive wear mechanisms of metallic-ceramic composite materials

Many engineering components used for applications in which abrasive wear resistance is a
major requirement are based on metal matrix composites which are multiphase materials
formed of a metallic matrix reinforced by a dispersion of ceramic hard phase particles. The
reason for the success of this type of materials in tribological applications is due to the fact that
the composites combine metallic properties like ductility and toughness with ceramic
characteristics such as high hardness and Young’s modulus, leading to greater strength in shear
and compression and to higher service temperature capabilities [64], which ensure optimum

wear resistance. The abrasive wear mechanisms of such composites depend on different
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microstructural features, such as the hardness, shape, size, volume fraction and the distribution
of the reinforced hard phase particles, the properties of the binder matrix and the adhesion

between the two phases, and the test conditions.

The wear behaviour of a composite material depends on the relation between the size of the
hard phase particles and the scale of the damage caused by the abrasives, for example, the
width and depth of the grooves or indentation pits [1,2]. If the scale of damage is much larger
than the size of the hard phase particles, the composite material behaves similar to a hard and
tough homogeneous material. Wear conditions are mainly determined by the relation of
hardness of abrasives and the composite and by the toughness of the composite. If the scale of
the damage caused by the abrasives is similar to or smaller than the size of the hard phase
particles, the matrix and the hard phase particles will respond individually to the attack of the
abrasives, according to their different mechanical properties. In this case, the relation between
the hardness of the abrasive particles and the hardness of the hard phase particles will
determine the wear behaviour of the material. If the hardness of the abrasive particles is lower
than that of the hard phase particles, the matrix will be damaged preferentially. If the hardness
of the abrasive particles is higher than that of the hard phase particles and the loading
conditions are severe, the hard phase particles will tend to fracture. In addition, it should be
noted that the resultant wear behaviour will also depend on the strength of the interface
between the hard phase particles and the matrix. If the adhesion is weak, the hard phase
particles can easily be pulled-out by the attack of the abrasive particles, leading to considerable

material loss and surface damage.

According to above descriptions, the loss of material during abrasive wear of composite
materials results from three distinct factors: the wear of the matrix (either by microcutting or
microploughing), the wear of the hard phase particles (either by microcutting or microcracking)

and the extraction of hard phase particles from the matrix.

2.4 Influences on the wear resistance of composite materials

The variations of content and microstructure of the composite materials and the alterations of
test conditions give composites a wide range of properties between ductile and brittle. Many
factors, such as the load, type, shape, size and volume fraction of hard phase particles, the

properties of the binder phase, as well as the adhesion at interfaces and environment conditions,
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can influence the wear resistance of the composite materials [54,65-67]. In this section, only a

few factors important for material investigations are reviewed.

2.4.1 Effect of hard phase particle size on the wear resistance of composite materials

2.4.1.1 Microcrystalline composite materials

The experimental results obtained up to now concerning the effect of the hard phase particle
size on the abrasive wear behaviour of microcrystalline composite materials seem to be
contradictory. Whereas a monotonic increase in the wear resistance of the material with
decreasing hard phase size was reported by some authors [39,68-71], other authors stated a
continuous decrease in the wear resistance of the material with decreasing hard phase size [72-
74]. This difference can be attributed to the uncertainty of the effect of grain size on wear
resistance under different conditions [47,75,76]. Zum Gahr [47] studied the effect of size of
SiC hard phase particles varying between 5-300 pm embedded in a nickel based matrix. At a
given volume fraction, the wear resistance increased with increasing size of the hard phase
particles. However, his results also showed that smaller hard phase particles could be
advantageous over larger particles in combination with a harder matrix. Axén et al. [75]
reported that lower wear loss was measured on composites containing 30 um TiC particles than
for those containing 3 um TiC particles in a steel matrix. However, the composite with 3 um
TiC particles exhibited lower wear loss than those with 30 um TiC, if the tests were carried out
against large abrasive particles. Simm et al. [76] also found inferior or superior wear resistance

of composites containing smaller hard phase particles tested with different abrasive sizes.

According to these results, the effect of hard phase particle size on the wear resistance is
related to the test conditions and the materials used. Composites with smaller hard phase
particles exhibit higher hardness and local toughness due to the better resistance of smaller
particles against fracture. Higher load or harder abrasive particles can fracture larger hard
phases, and lead to higher wear loss of the composites with larger hard phases. However,
according to some authors [47,75,76], a smaller hard phase particle seems more easily to be
pulled-out due to the smaller interface area between a single hard phase particle and binder
phase, and is expected to remain embedded in the matrix shorter than larger ones, especially for
those which are weakly bonded to the matrix. This suggests that decreasing hard phase particle
size can be beneficial or detrimental with respect to the operative mechanisms and a single rule
dealing with the hard phase size effect on abrasive wear performance of conventional

composites cannot be inferred.
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2.4.1.2 Nanocrystalline composite materials

Investigations of the wear behaviour of nanocrystalline cermet materials are not widely
reported and mostly focused on WC-Co hard metals. The literature available [4,25,68,69,77,78]
is encouraging the application of nanocrystalline composites as wear resistant components. Jia
et al. [68,69] and Schlump et al. [4] investigated the abrasive and sliding wear of sintered
nanocrystalline and microcrystalline WC-Co cemented carbides. They found that the
nanocrystalline composite possesses a much higher wear resistance compared to
microcrystalline material with the same composition. Kear et al. [25] and Fang et al. [77] found
that cold compacted and liquid phase sintered WC-Co nano-composites display superior
hardness, wear resistance and cracking resistance. Sadangi et al. [78] reported about a WC-Co-
Diamond nano-composite which has a wear rate of about half of the respective microcrystalline

material.

2.4.2 Volume fraction of hard phases and wear resistance of composite materials

Only the effect of volume fraction of hard phases on the wear resistance of microcrystalline
composite materials is reviewed here due to the lack of respective references for the
nanocrystalline composites. Concerning the effect of the volume fraction of hard phase
particles on the wear resistance of composites, contradictory results were published in literature.
While many authors have reported a continuous increase in the wear resistance of the material
with increasing volume fraction of hard phase particles [70,72,73,79-82], a few authors
observed the opposite: the wear resistance decreases continuously with increasing volume
fraction of hard phase particles [47,81,83,84]. Moreover, also a non-monotonic variation of
wear resistance of the materials with the volume fraction of hard phases was observed [85-89]:
the wear resistance of the investigated materials increases until a maximum is reached, and

then decreases with increasing fraction of hard phases for the same test conditions.

The dependence between wear resistance and the fraction of hard phases in the composite
materials can be understood on the basis of a competition between two antagonistic
mechanisms. On one hand, as the fraction of hard phase particles increases, the average
hardness of the materials also increases. This is beneficial for the wear resistance of the
materials because the penetration depth caused by abrasive particles decreases. But, on the
other hand, the total material loss can also increase with increasing fractions of hard phases due
to the decrease in toughness [85,86], which is detrimental for the wear resistance of the

materials.
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2.4.3 Effect of hardness of abrasives

It is known that wear occurs at low or high levels depending on the ratio of the hardness of the
abrasive particles to the hardness of the worn surface. Fig. 2-7 displays the transition from the
lower to the higher level of wear of a homogeneous and an inhomogeneous material over the
ratio of hardness of the abrasive to hardness of the worn material. Inhomogeneous materials
contain several phases of different properties. It follows that at the lower wear level, the
homogeneous microstructure, and at the higher wear level, the inhomogeneous microstructure
exhibits the higher wear loss. In addition, the transition from the low to the high wear level is

considerably smoother for the inhomogeneous structure.

—— homogeneous material
----- inhomogeneous material

Abrasive wear

0,4 0,8 1,2 1,6 2,0
Hardness of abrasive / Hardness of worn material

Fig. 2-7: Abrasive wear as the function of the ratio of hardness of abrasives to the hardness of
worn materials. If that ratio is low (< 0.8 — 1.0), the wear rate of the materials is low. If that
ratio is high (> 1.3 — 1.5), the wear rate is high. Compared to that of homogeneous materials,
the wear rate of inhomogeneous materials (i.e. composites) is lower at a lower ratio and higher

at a higher ratio, and show a wider transition zone from a low wear to a high wear rate [63].
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2.5 Wear resistant coatings

2.5.1 Thermal spraying

For the deposition of powder like substances, thermal spraying has been proven as quite a
universal method with respect to the variety of spray materials. Nevertheless, a couple of points
have been distinguished concerning attainable coating qualities of composite materials. For
spraying cermets, the thermal influence and the exposure time to the environment have to be

minimized. Both can be obtained by using high velocity oxy-fuel or plasma spray techniques.

High velocity-oxy fuel (HVOF) spray systems of the third generation can accelerate WC-Co
particles to velocities of about 650 m/s. This is attained by high combustion chamber pressures
and an internal deLaval type throat inside the nozzle [5]. The higher velocity and lower particle
temperature, as compared to earlier developments of HVOF-systems, result in a lower coating
porosity and less thermal influences, respectively. Current spray systems of the third generation
are based on two different designs. In the DJ 2700 system (Sulzer Metco), gaseous fuels are
used and the powders are fed axially and centrally into the combustion chamber. The JP 5000
system (Tafa) is operated with kerosene as fuel and the powders are fed radially into in the
already expanding gas jet behind the deLaval throat. Therefore, spray particles are exposed to
lower temperatures in the JP 5000 as compared the DJ 2700 system. Whereas the propellant
gases reach temperatures of about 2700°C (kerosene) to 2900°C (ethylene), particle
temperatures range from typically 1500 to 2000°C with respect to size, shape and density of the
feedstock powders [5,6].

In plasma spraying, the powders are fed into a plasma plume at the nozzle exit of the spray gun.
With argon as main constituent of a typical plasma gas composition, undesired reactions of the
spray powders in the gas jet should be avoided. Nevertheless, in the free jet the plasma gas is
mixed with the ambient atmosphere, typically air (atmospheric plasma spraying: APS). To
avoid an undesired oxidation of the spray material, plasma spraying is also often performed in
an evacuated chamber (vacuum plasma spraying: VPS). With nozzle shapes which are as well
related to a deLaval type design, particle velocities in a range of between 300 and 500 m/s are
obtained. Particle temperatures typically reach 2000 to 3000°C and are dependent on spray
parameters as well as on particle size, shape and density [90]. Nevertheless, comparatively

slow cooling rates of the coating in vacuum chamber have to be considered.

Comparing HVOF and VPS techniques, it is worth noting that HVOF spraying can result in

lower porosity and less thermal influences due to higher particle velocities, whereas oxidation
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can only be prevented by VPS. In view of possible applications, the several advantages and

disadvantages also have to be counted against potential costs.

2.5.2 Composite materials used for wear resistant coatings

Carbide based composites, such as WC-Co and Cr,C, NiCr, are commonly used as coating
materials against abrasive wear [8]. With respect to wear protection, excellent performance is
achieved by sintered and thermally sprayed WC-Co-based composite coatings [91]. However,
in corrosion and oxidizing environments, degradation of WC-Co composites is found to
increase the wear rate due to additional corrosion and oxidation [7,92-94]. This limits the range
of applications for the WC-Co-based composites to temperatures below about 500°C [8,95].
For high temperature applications requiring wear resistance, thermally sprayed Cr,C,.NiCr
coatings are employed due to the favourable corrosion and oxidation resistance at temperatures
of up to 900°C [8,95-97]. However, compared to WC-Co, the wear resistance of Cr,C,.NiCr
coatings is about an order of magnitude lower [91,98]. TiC-Ni-based coatings can bridge the
gap between WC-Co and Cr,C, NiCr with comparable good performance under abrasive and

corrosive attack and high stability against oxidation [7-10,99,100].

TiC as hard phase material should show advantages compared to WC or Cr,C; due to a higher
thermal and thermodynamic stability [101]. Moreover, TiC has a lower density and is less
expensive. The TiC-Ni-based composites can be alloyed with other elements, tailoring the
composition for the needs of different processes and applications [7]. Alloying elements like
Mo and W can be dissolved in the TiC hard phase and show no reaction with the Ni matrix,
while the Ni matrix can also be alloyed with additives like Co and Mo. Adding Mo to hard
phases or to the metallic matrix enhances the adhesion between ceramics and binder and
positively influences oxidation kinetics. Co as additive to the binder phase can increase the
hardness of the matrix. Moreover, from sintered ceramics it is well known that replacing up to
20 % of C by N in the hard phase can limit grain growth during sintering and lead to more
uniform phase distribution [7,10,12].

However, the hardness and the wear resistance of TiC-Ni coatings are lower than that of WC-
Co coatings. Moreover, the properties of TiC- and Cr,C,.based coatings show a strong
dependence on thermal spray conditions. In the case of Cr,C,.NiCr coatings, especially
oxidation in the spray process can limit the performance under abrasive wear. Since similar
effects are also observed for TiC-based composites due to the high stability of TiO, [9,10],
efforts to improve the properties of TiC-Ni-based coatings should be made.
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Precious investigations showed that a high wear resistance of nanocrystalline TiC-Ni-based
coatings is obtained even at higher matrix contents as compared to microcrystalline coatings
with metallic content of about 25 vol. %, as typical for commercial cermet feedstock [9,10].
For the comparison of wear mechanisms of nano- and microcrystalline coatings, the same
contents of metallic matrix have to be investigated. With respect to the agglomeration
behaviour of powder materials in high-energy ball milling and the limits in agglomeration and
sintering techniques, TiC-Ni-based cermets with metallic binder content of 45 vol. % were

selected, as a compromise, for the present comparative studies.

2.5.3 Wear resistance of thermally sprayed nanocrystalline composite coatings

In contrast to bulk materials, thermal spray coatings may show processing flaws like pores or
oxides, which influence the wear resistance. E.g. Lee et al. found that the abrasive wear rate of
a microcrystalline SiC-Al coating increased almost 10 times with increasing the porosity up to
18 % [73]. For thermal spraying of composite materials, the morphology and density of the
feedstock powders [95,102-104] and the spray parameters [103,105-110] determine the
temperature and velocity of the powders in the spray jet, and thereby determine the deposited
microstructure, the cohesion between splats and the types of defects in the coatings. With
respect to cermet coating microstructures, in particular reactions of hard phases with the
ambient spray atmosphere or with the metallic matrix have to be considered, which already
play a major role in determining the performance of microcrystalline WC-Co or Cr3;Cr,-NiCr
coatings [91,98]. In nanocrystalline composite materials, the length scales for diffusion are
orders of magnitude smaller and, therefore, any solid state reactions upon the exposure to heat
should proceed faster. As shown by Schlump et al. [4], thermal spraying (VPS) of
nanocrystalline WC-Co powers could sometimes result in the complete dissolution of hard
phases and the formation of an amorphous coating. Thermal spraying of nanocrystalline
composites therefore requires a very careful tuning of spray parameters for the individual

feedstock material to control the microstructure.

In literature, apparently contradictory results regarding advantages or disadvantages of using
nanocrystalline feedstock are published. For instance, Usmani et al. [111] and Stewart et al.
[112] have reported poorer sliding and abrasive wear resistance of nanocrystalline WC-Co
HVOF coatings compared to that of microcrystalline coatings under a variety wear test
conditions. Qiao et al. [113,114] produced coatings of WC-Co showing inferior or superior

wear resistance of nanocrystalline coatings compared to microcrystalline coatings, depending
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on the spray parameters used. Results by Gértner et al [9,10,14] and Eigen et al. [36,37,115,116]
indicated that nanocrystalline TiC-Ni-based coatings produced by thermal spraying only under
certain conditions show a higher wear resistance compared to microcrystalline coatings.
However, Kear et al. [25,108] and Zhu et al. [117] reported that low pressure plasma sprayed
nanocrystalline WC-Co composite coatings display superior hardness and wear resistance
compared to microcrystalline coatings deposited with the same thermal spray process. The
quite diverse results from reported comparisons of micro- and nanocrystalline coatings, on the
one hand, can be attributed to different microstructural features in the coatings. On the other
hand, differences in coating performance can be also due to the type of active wear mechanism.
It is evident that the achievement of superior wear resistance of nanocrystalline coatings would
require an optimization of the powder preparation and an optimization of the thermal spray

process.

In summary, the wear resistance of a material is obvious influenced by hardness and toughness.
However, it depends also on the tests conditions to which it is exposed. Moreover, for thermal
spray coatings, the wear resistance is also influenced by the types of defects in the coatings.
Therefore, it is necessary to investigate under what wear conditions the nanocrystalline
coatings might show a better wear resistance than the microcrystalline coatings and what

mechanisms govern respective wear processes.

In the present work, different two-body and three-body abrasive wear tests and respective
microstructural analyses were employed to evaluate the wear resistance and to study the wear
mechanisms of the nano- and microcrystalline composite coatings. The results should supply a
comprehensive understanding about under which loading conditions either microcrystalline

coatings or nanocrystalline coatings can show superior performance.
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3 Experimental methods

3.1 Sample preparation

3.1.1 Sample material

Material with the composition of (7i, Mo)(C,N) — 45 vol. % (Ni — 20 wt. % Co) was used to
produce thermal spray coatings in the present work. Both the hard phase and the binder matrix
were alloyed by other elements to enhance their mechanical properties and to increase the
cohesion between the hard phase particles and the metallic binder. By using optimized
processing conditions, powders with suitable particle sizes (5-50 um) for thermal spraying

were produced by high-energy milling without further process steps [13].

3.1.2 Coating preparations

Nano- and microcrystalline (77, Mo)(C, N) — 45 vol. % (Ni — 20 wt. % Co) feedstock powders
for thermal spraying were prepared at the GKSS Forschungszentrum Geesthacht GmbH and the
Fraunhofer Institut Fiir Keramische Technologien und Sinterwerkstoffe (FhG-IKTS), Dresden.
Details of powder preparations can be found in [13]. VPS coatings were produced by using a
modified Medicoat Mach 3 system and an Ar-He-H; plasma gas mixture to guarantee optimum
gas velocities and temperatures. Spraying parameters, such as spraying distance, plasma power
and gas position, were optimized for nanocrystalline and microcrystalline powders separately.
The VPS coatings were produced at Deutsches Zentrum fiir Luft und Raumfahrt, Stuttgart.
HVOF spraying was performed with a Sulzer Metco Diamond Jet 2700 torch by using oxygen
and ethylene in a slightly under-stoichiometric ratio to obtain maximum temperature and
velocity of the gas jet. Here as well, spray parameters were optimized with respect to the

particular feedstock. The HVOF coatings were produced at Linde Gas AG, Unterschleiffheim.

Four kinds of coatings were prepared in the present work. Respective feedstock materials and

spray conditions are summarized in Tab. 3-1.



Tab. 3-1: Powder feedstocks and spray conditions.
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Feedstock

VPS spraying

HVOF spraying

Nanocrystalline

high-energy milled
powders

-45 um

Spraying gun:
Medicoat Mach 3 (modified)

Plasma: Ar/He/H, 35:5:30 sl/min
Spray distance: 200 mm
Atmosphere: argon, 100 mbar

Spraying gun: Diamond Jet 2700

Combustion-gas:
ethylene/oxygen/air 110:230:550 sl/min

Spray distance: 250 mm
Atmosphere: air

Power: 30 kW Cooling: CO,

Microcrystalline
agglomerated and
sintered powders

-45+20 um

Spraying gun:
Medicoat Mach 3 (modified)

Plasma: Ar/He/H, 35:5:20 sl/min
Spray distance: 220 mm
Atmosphere: argon, 100 mbar
Power: 32 kW

Spraying gun: Diamond Jet 2700

Combustion-gas:
ethylene/oxygen/air 110:230:550 sl/min

Spray distance: 300 mm
Atmosphere: air
Cooling: CO;,

3.2 Wear tests

Different two-body and three-body abrasive tests were employed to investigate the wear
behaviour of the coatings. All tests were carried out in a laboratory environment at a

temperature of approximately 20 £ 2 °C and the relative humidity of 55 £ 5 %.

3.2.1 Two-body grinding wheel abrasive wear test

The grinding wheel wear test (JIS H8615) was performed to investigate two-body abrasive
wear. The principle is shown in Fig. 3-1. An adhesive strip of 320 grit SiC abrasive paper was
glued to an aluminium grinding wheel (& 50 mm % 12 mm) and pressed onto the coating with
a normal load of 30 N. The morphology of a 320 grit SiC abrasive paper used in this test is
shown in Fig. 3-2. The abrasive particles were arbitrarily distributed on the paper and the mean
particle size was about 45 um. They have irregular shape and their edges and tips were very
sharp. After a 30 mm back and forth transition, called a double stroke (DS), the wheel was
turned 0.9° to apply fresh abrasive paper during the next DS. After 400 DS, i.e. one complete
rotation of the wheel, the mass loss was determined by weighing the sample and a new SiC
abrasive paper was applied to the wheel. As a measure for wear, the total mass loss after 1200
DS was reported. Before the grinding wheel test the surface of the as-sprayed coatings were
pre-round by 320 grit SiC paper to eliminate the influence of surface defects. The coatings had

sufficient thicknesses that the wear traces could not reach the substrates.
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In addition to the standard wear test (JIS H8615, using 320 grit SiC abrasive paper, 30 N of
normal load and 1200 DS), different abrasive papers (500, 150 and 80 grit SiC) and different
normal loads (5, 10, 20 and 50 N) were applied in the grinding wheel test, to investigate the
influence of the load on wear behaviours of the nano- and microcrystalline coatings.
Furthermore, in order to obtain information on the interaction between individual abrasive
particles and coating materials and to eliminate the influence of wear debris, single grooves in
polished coating surfaces were prepared by applying only one DS. Test parameters are shown

in Tab. 3-2.

0.9° steps
coated

sample

double
stroke

wheel with

abrasive paper t
320 grit SiC
( g ) FN

Fig. 3-1: Schematic arrangement of the grinding wheel test (JIS H8615). Fn: normal load.

Fig. 3-2: Morphology of the un-used 320 grit SiC abrasive paper employed in the grinding
wheel test (JIS H8615).
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Tab. 3-2: Parameters employed in the grinding wheel tests.

Parameters Mean abrasive Normal | Number Test coatings
particle size (um) | load (N) of DS

Standard test 45 (320 grit) 30 1200 Nanocrystalline VPS and HVOF coating
Microcrystalline VPS and HVOF coating
Test variants 30 (500 grit) 30 1200 Nanocrystalline VPS coating
100 (150 grit) Microcrystalline VPS coating
200 (80 grit)
45 (320 grit) 5 1200 Nanocrystalline VPS coating
10 Microcrystalline VPS coating
20
50
45 (320 grit) 30 1 Nanocrystalline VPS and HVOF coating

Microcrystalline VPS coating

3.2.2 Two-body scratch test

The scratch tests with a well defined single testing body can provide more detailed information
on wear mechanisms. In the present work, scratch tests were used to simulate the interaction
between a single abrasive particle and the coating material with the indenter tip as a model of
an abrasive particle. The principle of the scratch test is illustrated in Fig. 3-3. The scratch test
consists of a diamond stylus, pulled over the surface of a sample coating under a normal load,
which is either constant or progressively increased within a given range. The scratch test

procedure is described in the European Standard suggestion prEN 1071-3.

Fn

diamond
indenter

coating

substrate

l"\—\/\/_

Fig. 3-3: Principle of the scratch tests. Fx: normal load.
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Single scratches by a standard Vickers diamond indenter (pyramid angle of 136°, EN ISO
6507-2) or a Rockwell C diamond indenter (with a cone angle of 120° and a spherical tip
radius of 0.2 mm, EN 10109-2) on polished surfaces of the nano- and microcrystalline coatings
were carried out under different constant loads and progressive loads. All the scratch grooves
attained under the test load range (< 30 N) had depths far less than the thicknesses of the
coatings. Therefore, the influence of the substrate could be neglected. Scratch tests using the
Rockwell indenter and those using the Vickers indenter at loads < 1 N were performed with a
Micro Scratch Tester (MST) at CSM Instruments AS, Switzerland. During scratch tests, the tips
of the indenters might become flat by wear. Therefore, the tests were executed from a lower
load to a higher load and a new Rockwell or Vickers indenter was used for the nano- and
microcrystalline coatings separately. Scratch tests using the Vickers indenter at loads > 1 N
were performed with a scratch tester built by the Institute of Materials Technology, Helmut
Schmidt University, Hamburg, Germany [118]. Scratch parameters are listed in Tab. 3-3.

Tab. 3-3: Parameters employed in the scratch tests

Indenter

Parameter Vickers Rockwell C Rockwell C
Load initiation Constant Constant Progressive
Normal load Fy [N] 0.01 0.01 0-30

0.02 0.05

0.1 0.5

0.2 5

0.5 30

1

2.5
Scratch rate [mm/min] 3 3 3
Load rate [N/min] 10
Sliding length [mm] 10 10 10
Number of scratches 5 5 5
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3.2.3 Three-body rubber wheel abrasive wear test

The rubber wheel abrasion test (ASTM G65) is commonly used to evaluate the abrasive wear
behaviour of materials under three-body wear conditions. The principle is shown schematically
in Fig. 3-4. The coating specimen was pressed under a constant load (Fy = 130 N) against the
rubber coated rotating wheel. The thickness of the rubber rim was 12.7 mm, and the wheel had
a width of 12.7 mm and the overall diameter of 228 mm. The rubber coated steel wheel was
driven by a motor and spins at a speed of 200 rpm. Loose silica abrasive particles with defined
size distribution were fed at a constant rate into the contact region between the wheel and the
specimen. Fig. 3-5 shows the morphology of the SiO, abrasive particles used in the rubber
wheel test. The particles had a narrow particle size distribution with an average particle size of
about 200 pm, which was much larger than the SiC abrasives used in the grinding wheel test.
They had a spherical shape with only a few sharp tips. The SiO, abrasive particles have a much
lower hardness comparable to those used in the grinding wheel test. As a measure for wear, the
mass loss (in mg) after 2000 rotations was recorded. To avoid influence from surface
roughness or loosely bonded spray particle, the sample coatings were ground by applying the
test for 1000 revolutions before the actual measurements. The coatings had sufficient
thicknesses that the wear traces could not reach the substrates. The mass losses caused by this
method were typically higher than those of the grinding wheel test and should enable an easier
ranking of different materials [2,119]. Nevertheless, it should be noted that wear mechanisms

in both tests might be quite different.

abrasive particles
8i0,, ~300 ym

coated sample

rubber wheel

Fig. 3-4: Principle sketch of the rubber wheel test (ASTM G65). Fx: normal load.
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Fig. 3-5: Morphology of the SiO, abrasive particles used in the rubber wheel test (4STM G65).

3.2.4 Three-body micro-scale abrasive wear test

Fig. 3-6 shows a schematic arrangement of the micro-scale abrasive wear tester (7E66, Phoenix
Tribology, Reading, UK). Much study has been carried out by Hutchings and co-workers [120-
126] and Batisa and co-workers [127,128] using the micro-scale abrasive wear tester to
investigate the tribological behaviour of alloys and thin coatings. The micro-scale abrasive
wear tests were performed on the polished surfaces of the coatings. During the test, a ball
counterbody was driven by an electric motor. The coated specimen was mounted vertically on
a pivoted arm and was loaded against the ball by a weight hanging from the horizontal shaft. A
slurry containing a defined amount of abrasive particles suspended in distilled water was
supplied at a constant rate into the contact region between the ball and the specimen by a
syringe in sufficient quantity. After each wear test, the diameter of circular abrasion scar in the
sample coating was measured latitudinally and longitudinally with a calibrated optical
microscope and was used to calculate the wear coefficient of the coating. The coatings had
sufficient thickness to avoid the wear scars to reach the substrates. Each value presented is an

average of the measuring of 3 individual scars.

A ball of steel 100 Cr 6, 25 mm diameter was used as the counterbody and a normal load of
0.25 N was applied. The ball was pre-treated by grit blasting to enable the transport of a
sufficient amount of slurry to the interface between sample and counterbody. The surface
morphology of the ball is shown in Fig. 3-7. 500 rotations of the ball counterbody were carried
out in each test (equivalent to total sliding distance of about 40 m). The relative sliding speed

was fixed to 0.1 m-s™.



36

ow _ abrasive slurry

substrate ~L_

counterbody
steel 100 Cr

FN —
=0.25N

Fig. 3-6: Schematic arrangement illustrating the principle of the micro-scale abrasive wear test.

Fn: normal load.

Fig. 3-7: Surface morphology of the prepared steel ball counterbody used in the micro-scale

abrasive wear tests.

The abrasives were silicon carbide, grade F1200, and alumina, grade F1200 and F400. The
volume ratio of the abrasive particles to water in the slurry was 1:4 and the feed rate of abrasive
slurry was 6.8 cm’-min™'. The abrasive slurries are listed in Tab. 3-4. The morphologies of the

SiC F1200, Al,O3 F1200 and Al,Os; F400 abrasive particles are shown in Fig. 3-8 and their
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particle size distributions are shown in Fig. 3-9. The particle size distribution of SiC and Al,O3
particles were analyzed by laser-diffraction using a laser wavelength of 405 nm (LA-910,
Horriba, Jp.). The values of particle size distribution presented are an average of 4

measurements.

Tab. 3-4: The abrasive slurries used in the micro-scale abrasive wear tests.

Abrasive slurry Mean abrasive Content of solid Test coatings
particle size [um] | abrasives [vol. %]

SiC F1200 in 5 20 Nanocrystalline VPS and HVOF coating
water Microcrystalline VPS and HVOF coating
Al,O3; F1200 in 5 20 Nanocrystalline VPS and HVOF coating
water Microcrystalline VPS and HVOF coating
Al,O; F400 in 20 20 Nanocrystalline VPS coating
water Microcrystalline VPS coating

Fig. 3-8: SEM micrograph (SE mode) of abrasive particles used in the micro-scale abrasion
tests (TE66): (a) SiC F1200 (mean particle size 5 um), (b) Al,O3 F1200 (mean particle size 5
um), (c) Al,O; F400 (mean particle size 20 um).

The SiC F1200 abrasive particles (Fig. 3-8a) were angular with very sharp edges and tips. The
particle sizes were narrowly distributed around a mean particle size of 5 pm, as shown by the
particle size distributions in Fig. 3-9. The shape of the Al,O3 F1200 abrasive particles (Fig. 3-
8b) was less angular compared to the SiC abrasive particles. The mean particle size was also 5
um but the particle size was more widely distributed than that of the SiC abrasive particles (Fig.
3-9). The much larger Al,O; F400 abrasive particles (mean particle size 20 pm) were also very
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angular (Fig. 3-8c). The particle size distribution of the Al,Os; F400 particles could not be
analyzed by the laser-diffraction equipment due to their poor dispersion ability in water.
However, according the SEM investigations, the Al,Os; F400 particle size was very narrowly

distributed.
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Fig. 3-9: Particle size distributions of the SiC F1200 and the Al,O; F1200 abrasive particles

used in the micro-scale abrasive wear tests.

In addition to the SiC F1200, AIL,O; F1200 and Al,O3; F400 abrasive slurries, an emulsion of
filler for paper refinement was used as abrasive media in the micro-scale abrasive wear test, in
order to simulate conditions in paper production, e.g. on calander rolls. The emulsion of paper
filler was a relatively thick white slurry. The detailed composition of the emulsion of paper
filler was proprietary to the manufacture and not given. According to the X-ray fluorescence
analyze (X-Ray Spectrometer, S4 Explorer, BRUKER AXS GmbH, Karlsruhe, Germany), the
emulsion of paper filler contained mainly Si and Al and small amounts of K and Fe. Apart from
that, traces of very little Ti, S, P, Ca, Cr, Ni and Pb were detected (less than 1 %). The contents
of O, C, N and H could not be analyzed by X-ray fluorescence. According to the result of X-
ray diffraction (BRUKER A8, BRUKER AXS GmbH, Karlsruhe, Germany), the main
component in the emulsion of paper filler could be identified as 4/,5>05(0OH), (x =0 —4). Also
present component might be some AI(OH);, but no or very little Al,O3, SiC or SiO; could be
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detected. The particle size distribution of solid particles in the emulsion of paper filler is shown
in Fig. 3-10. The mean particle size was about 7 pm and more than 99 vol. % of the solid
particles were smaller than 20 um. During each test, the emulsion of paper filler was diluted
with 10 wt. % distilled water to decrease its viscosity. 10,000 rotations of the ball counterbody
(equivalent to total sliding distance of about 800 m) were applied to the coatings. Other test
parameters were the same as those employed in the tests using SiC or Al,Os particles as

abrasives.
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Fig. 3-10: Particle size distributions of the solid particles in the emulsion of paper filler used in

the micro-scale abrasive wear tests.

3.3 Sample characterization

3.3.1 Surface roughness

The roughness of the worn surfaces of the coatings after the grinding wheel tests and the rubber
wheel tests was measured by a tester type alpha-step 200 HR, TENCOR Instruments, USA. The
scan distance was 2 mm. The scan speed was 1 mm-min'. The scan direction was
perpendicular to the scratching direction of abrasive particles on the worn surfaces. Average
roughness (R,, the arithmetic mean deviation of the surface height from the mean line through

the profile, ISO 4287/1-1997) and the maximum height of the profile (R;, the vertical distance
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from the deepest valley to the highest peak in the profile over the evaluation length, ISO

4287/1-1997) at the surfaces are reported. Each value represents an average of 10 readings.

3.3.2 Hardness

Microhardness measurements were conducted by using the hardness tester type HMV-2000,
Shimadzu, Japan. In the tests a Vickers diamond pyramid indenter was pressed onto polished
cross sections of coated samples under a load of 100 g (HV 0.1 according to DIN EN ISO

6507). Indentation time was 30 s. Each presented value is an average of 30 readings.

3.3.3 Microscopy

3.3.3.1 Optical microscopy

The specimen preparation for optical microscopy (OM) investigations involved cutting,
grinding and polishing. SiC abrasive papers (320, 500, 800, 1000 and 2000 grit) were
subsequently used for grinding. Diamond particles (3 pm, 1 um and 0.25 um) were
subsequently used as polishing media. An optical microscope type Olympus PMG 3, Olympus

Corporation, Japan, was used to take optical micrographs.

3.3.3.2 Scanning electron microscopy

More detailed information about the microstructure, surface morphology and the difference in
phases can be obtained by assessing the prepared specimens by scanning electron microscopy
(SEM). The SEM is suitable for the investigation of surface topography with secondary
electron (SE) mode. Through back scattered electron (BSE) mode elements and phases of
various compositions can be distinguished by their distinctive atomic number. The analyses
were performed with a scanning electron microscope of the type Zeiss DSM 962, Carl Zeiss AG,

Germany.

3.3.3.3 Atomic force microscopy

Atomic force microscopy (AFM) was used for more quantitative analyses of surface
morphologies. The morphologies of the worn surfaces of the coatings after different wear tests

and the grooves scratched by individual abrasive particles, by the Rockwell indenter at relative
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low loads (< 5 N) and by the Vickers indenter were recorded by AFM. The grooves scratched
by the Rockwell indenter at high loads have too large height difference that the AFM cannot
record them properly. The analyses were performed with an atomic force microscope of type
Dimension 3000, Digital Instruments, Inc., USA, at Technical University of Hamburg-Harburg.
The tips used were TAP300/RTESP, NanoDevice, Inc, USA, with a tip radius < 10 nm.
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4 Microstructures and hardnesses of nano- and microcrystalline
VPS and HVOF coatings

In this chapter the microstructures of nano- and microcrystalline (77, Mo)(C,N) — 45 vol. % (Ni
— 20 wt. % Co) VPS and HVOF coatings in cross sections and in top views are presented.

Hardnesses of the coatings are also reported.

4.1 Coating microstructures

Fig. 4-1 shows optical micrographs of VPS and HVOF coatings on the basis of nanocrystalline
and microcrystalline powders in cross section. All coatings have a thickness of about 200 um

and bond well to the substrates. The coatings are thick enough to ensure the validity of abrasive

Fig. 4-1: OM micrographs of the nano- and microcrystalline VPS and HVOF sprayed
(Ti,Mo)(C,N) — 45 vol. % (Ni — 20 wt. % Co) coatings in cross section: (a) Nanocrystalline VPS
coating, (b) microcrystalline VPS coating, (c) nanocrystalline HVOF coating, (d)
microcrystalline HVOF coating.
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wear measurements on the surfaces. The nanocrystalline VPS coating (Fig. 4-1a) shows a very
homogeneous microstructure and a low porosity. The different phases in the coating cannot be
distinguished in this magnification. In the microcrystalline VPS coating (Fig. 4-1b) the hard
phase particles (dark grey) are large enough to be resolved. Some pores (black) that are larger
than the hard phase particles are visible in the coating. The microstructure of the
nanocrystalline HVOF coating (Fig. 4-1c) is less homogeneous than that of the nanocrystalline
VPS coating and contains dark layers that are inhomogeneously distributed between the splats.
In contrast, in the microcrystalline HVOF coating (Fig. 4-1d) the dark layers seem to be finer
and more homogeneously distributed. Previous investigations [13] by X-ray diffraction and
energy dispersive spectroscopy (EDS) have shown that the main component in the dark layers

and black spots is TiO».
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Fig. 4-2: SEM micrographs (BSE mode) of the nano- and microcrystalline VPS and HVOF
sprayed (7i,Mo)(C,N) — 45 vol. % (Ni — 20 wt. % Co) coatings in top view: (a) Nanocrystalline
VPS coating, (b) microcrystalline VPS coating, (c) nanocrystalline HVOF coating, (d)
microcrystalline HVOF coating.
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For the interpretation of the wear behaviour, the initial microstructure of the coating has to be
characterized firstly. Corresponding micrographs in top view as obtained by SEM are shown in
Fig. 4-2. The nanocrystalline VPS coating (Fig. 4-2a) shows pancake-like splats with only a
little porosity at the splat boundaries. The hard phase particles (dark grey) are very fine and
homogeneously distributed within the binder matrix. Previous investigations have shown that
the typical size of the hard phase particles in the nanocrystalline VPS coating is about 100 nm
[13]. In the microcrystalline VPS coating (Fig. 4-2b), hard phase particles in the size range of 2
- 5 um can be observed and the porosity is higher compared to that of the nanocrystalline VPS
coating. In contrast to the VPS coatings, the HVOF spray coatings show oxide layers. In the
nanocrystalline HVOF coating, these oxide layers would reach a thickness of about a half
micron and are predominantly located around the splats (Fig. 4-2c), whereas in the
microcrystalline HVOF coating, oxides are thinner and appear more homogeneously
distributed, and thus, no individual splats can be distinguished (Fig. 4-2d). Moreover, as
compared to the VPS coatings, in the HVOF coatings less (7i,Mo)(C,N) hard phase particles
are visible due to the loss of carbon by oxidation. The average size of the hard phase particles
in the microcrystalline HVOF coating seems to be smaller than that in the microcrystalline VPS

coating.

4.2 Coating hardnesses

The Vickers hardness (HV 0.1, DIN EN ISO 6507) of VPS and HVOF coatings sprayed with
nano- and microcrystalline feedstock powders are compared in Fig. 4-3. Independent of the
spray processes, nanocrystalline coatings exhibit higher hardness than microcrystalline coatings.
Compared to the nanocrystalline VPS coating, the nanocrystalline HVOF coating is softer due
to the partial oxidation of hard phase particles and respective loss of carbon, thus reducing the
total amount of the hard phases remaining in the coating. In contrast, the microcrystalline
HVOF coating is slightly harder than the microcrystalline VPS coating, probably due to the

higher porosity of the latter. The difference in hardness amongst the coatings is less than 12 %.
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Fig. 4-3:  Hardness (HV 0.1) of the nano- and microcrystalline VPS and HVOF sprayed
(Ti,Mo)(C,N) — 45 vol. % (Ni— 20 wt. % Co) coatings. Each value presented is an average of 30

readings.



46

5 Two-body abrasive wear of VPS coatings

In this chapter, the two-body abrasive wear behaviours of nano- and microcrystalline VPS
coatings are investigated using the grinding wheel test equipment and the scratch tester. Results
gained from mass loss measurement after wear tests are presented and the morphologies of the

worn surfaces and of the wear debris are shown consequently.

5.1 Results of grinding wheel tests

The principle of the grinding wheel test is shown in Fig. 4-1, Chapter 4.2.1. In the standard
procedure, 320 grit SiC abrasive papers were used. The SiC abrasive particles were very
angular and had a hardness higher than the (7i,Mo)(C,N) hard phase particles in the

microcrystalline VPS coatings.

5.1.1 Wear resistance

The mass loss (in mg) and wear coefficient of the nano- and microcrystalline VPS coatings in
the grinding wheel tests are compared in Tab. 5-1. The grinding wheel tests can provide
reproducible results with a very low deviation (less than 5%). Here, the wear coefficient w,s (in

m® N is defined by

v

W, =—— equation 5.1
cf WL q

where V' is the total volume loss after wear, W is the normal load applied by the counterbody
and L is the sliding distance. The wear coefficient represents the volume of material removed

by wear per unit sliding distance and per unit normal load on contact to the surface.

The wear resistance R is defined as the reciprocal of the wear coefficient w,. That is

R=—=— equation 5.2

where R has the unit of Nm/m’.

The table shows that the wear resistance of the nanocrystalline coating is 14 % lower than that

of the microcrystalline coating in the grinding wheel test.
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Tab. 5-1: Wear of the nano- and microcrystalline VPS coatings in the grinding wheel tests (JIS
H8615, 320 grit SiC, normal load of 30 N, 1200 DS).

Mass loss Wear coefficient w,r
Coatings [mg/1200DS] [102 m? N7]
Nanocrystalline 11.6+0.5 0.77
Microcrystalline 10.0+04 0.66

5.1.2 Morphologies of worn surfaces and wear debris

It is shown in Chapter 5.1 that the nanocrystalline VPS coating has a more homogeneous
microstructure and higher hardness than the microcrystalline VPS coating. The higher hardness
of the nanocrystalline coating would be expected to lead to a higher wear resistance compared
to the microcrystalline coating. However, according to the result of grinding wheel tests, the
nanocrystalline coating does not show advantages over the microcrystalline coating with
respect to reduced wear. Therefore, morphologies of the nano- and microcrystalline coatings
after wear tests and the wear debris are analyzed in more detail by OM, SEM and AFM to

investigate possible reasons for this unexpected behaviour.

Fig. 5-1: SEM micrographs (SE mode) of the worn surfaces of the VPS coatings after grinding
wheel tests (1200 DS, 320 grit SiC abrasives, normal load 30 N): (a) Nanocrystalline coating,
(b) microcrystalline coating. The circles in Fig. (b) indicate different zones in the

microcrystalline coating.
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Fig. 5-1 shows SEM micrographs of the worn surfaces of the nano- and microcrystalline VPS
coatings after grinding wheel tests (1200 DS). Continuous grooves can be observed in the
nanocrystalline VPS coating (Fig. 5-1a), and the grooves generally appear shallower and more
homogeneously distributed than those in the microcrystalline VPS coating (Fig. 5-1b) in which
two different types of morphology can be distinguished:

Type 1: Zones of huge, continuous grooves (an example is indicated by the circle 1 in Fig.

5-1b);

Type 2: Zones of small, discontinuous grooves (an example is indicated by the circle 2 in

Fig. 5-1b), separated by large hard phase particles.

The pores that were present in the unworn coatings cannot be detected after wear testing. They

have obviously been closed due to the plastic deformation of the coating material during wear.

Fig. 5-2 shows 3-dimensional morphologies as obtained by AFM of the worn surfaces of the
nano- and microcrystalline coatings. As observed form the SEM micrographs, the grooves in
the nanocrystalline coating are continuous, shallow and homogeneously distributed with
smooth flanks (Fig. 5-2a), while the grooves in the microcrystalline coating are
inhomogeneously distributed and some of them are very deep (Fig. 5-2b). Moreover, the

grooves in the microcrystalline coating are not uniform and many protuberances are observed.

In accordance with the investigation of surface morphologies, the average roughness (R,) and
the maximum height of the profile (R,) of worn surfaces of the nanocrystalline coating are
lower than those of the microcrystalline coating, as shown in Tab. 5-2. The values of both R,
and R, of the nanocrystalline coating are less than half of those of the microcrystalline coating.
This demonstrates that the nanocrystalline coating shows smoother worn surface after wear as

compared to the microcrystalline coating.

Tab. 5-2: Surface roughness of the nano- and microcrystalline coatings after the grinding wheel

tests (JIS H8615). Each presented value is an average of 10 measurements.

R, [um] R [um]

Nanocrystalline VPS coating 5.38 26.50

Microcrystalline VPS coating 10.96 58.11
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(a)

(b)

Fig. 5-2: Morphologies of the worn surfaces of the VPS coatings after the grinding wheel wear
tests (JIS H8615, 1200 DS, 320 grit SiC abrasive paper, normal load 30 N) recorded by AFM:

(a) Nanocrystalline coating, (b) microcrystalline coating.
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Wear debris can provide some important information about wear. It was therefore collected and
the respective SEM micrographs are shown in Fig. 5-3 for both types of initial coatings. The
particles marked by ‘A’, according to EDS analyses, mainly contain SiC and are therefore
attributed to fractured abrasives. The results of EDS analysis also show that the respective Ti,
Mo, Ni and Co contents in the wear debris from the nanocrystalline coating are almost similar
to those of the initial coating material. However, the respective Ti, Mo, Ni and Co contents in
the wear debris from the microcrystalline coating are much more widely distributed. In some
debris, Ti and Mo contents are higher while Ni and Co contents are lower compared to those of
the microcrystalline coating material, revealing more hard phase content. Whereas in some
other debris, Ti and Mo contents are lower while Ni and Co contents are higher compared to
those of the microcrystalline coating material, corresponding to more binder content. The
morphologies of the debris from the nano- and the microcrystalline coating are also different.
The debris from the nanocrystalline coating (Fig. 5-3a) seems to be thinner than that from the
microcrystalline coating (Fig. 5-3b), which is in accordance with the smaller groove size of the
former. Furthermore, more debris form the nanocrystalline coating is quite long and curved,

which may indicate a better ductility of this coating.

Fig. 5-3: SEM micrographs (SE mode) of the wear debris from the nano- and microcrystalline
VPS coatings after the grinding wheel tests: (a) Debris from the nanocrystalline VPS coating,
(b) debris from the microcrystalline VPS coating. The particles marked by ‘A’ are fragments of

abrasive particles from the abrasive paper.
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5.1.3 Results of variant grinding wheel tests

The morphologies shown so far are the result of the repeated abrasion during 1200 DS in
standard grinding wheel tests. In order to distinguish the wear mechanisms of the two coatings
in more detail, grooves were produced using the grinding wheel test equipment by applying
only 1 DS on a polished coating surface. SEM micrographs show that grooves in the
nanocrystalline coating, depicted in Fig. 5-4a, have a mainly continuous appearance. The
grooves have different widths and depths due to the arbitrary distribution of load and shape of
the abrasive particles on the grinding paper. A close-up view of the typical groove morphology,
shown in Fig. 5-4b, reveals that there are ridges that look like convex banks along both sides of
the groove. The ridges are obviously formed by deformation of the material that formerly was
in the place of the groove. Moreover, no individual behaviour of the hard phase particles and

binder phase can be distinguished according to the SEM micrographs.

The morphologies of the grooves produced by 1 DS on a polished surface in the
microcrystalline VPS coating are shown in Fig. 5-5. According to the load and shape of
individual abrasive particles on the grinding paper, grooves with different sizes were produced
in the coating (Fig. 5-5a). The close-up view of a small groove shows that the abrasive particle
produced a groove with significant width in the metallic matrix, while it only leaves a very
small trace in big hard phase particles (Fig. 5-5b). In contrast, in the large grooves the hard
phase particles are fragmented and the width of the groove appears homogeneous and

independent of the different phases in the groove (Fig. 5-5¢).

Fig. 5-4: SEM micrographs (SE mode) of grooves in the nanocrystalline VPS coatings. The
grooves were produced by applying 1 DS on the polished coating surface using the grinding
wheel test equipment (320 grit SiC abrasive paper, normal load 30 N). Fig. (b) is the close-up

view of the microstructure marked in Fig. (a).



Fig. 5-5: SEM micrographs (SE mode) of grooves in microcrystalline VPS coatings: (a)
Overview, (b) a small groove, (c) a large groove close to a small groove. The grooves were
produced by applying 1 DS on the polished coating surface by the grinding wheel test
equipment (320 grit SiC abrasive paper, normal load 30 N). The widths of the grooves in Fig.

(b) and Fig. (c) are marked by the numerals on the micrographs.

From the above results, the load dependent groove sizes might be a decisive factor to influence
the wear mechanism of the microcrystalline coating. Therefore, in order to investigate the
effect of load, another variation of the grinding wheel test was carried out by using different
grit abrasive papers. When using a coarse abrasive paper, the applied load is shared by a
smaller number of abrasive particles. For a constant contact area of the coating and the

counterbody, this results in a higher effective load on each abrasive particle.

Tab. 5-3 shows the average loads by individual abrasive particles on a nanocrystalline coating”
surface if different abrasive papers are used. The number of abrasive particles in contact to the

coating was attained by counting the visible grooves in the coating under an optical microscope.

* This coating was prepared by the VPS technique with high-energy milled and later agglomerated and sintered
feedstock powders of the same composition as the nano- and microcrystalline coatings. The coating has crystallite
size and hardness in the range between the nano- and microcrystalline coatings. The test result for that coating can

be considered as an average value of those for the nano- and microcrystalline coatings.
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The grooves were prepared by applying only 1 stroke of abrasion by the grinding wheel test
equipment at the load of 30 N using abrasive papers with different grit sizes. The results show
that only a small proportion of the abrasive particles have tips located at the positions where
they could contact the coating surface and make grooves. The average load of individual
abrasive particles is calculated by dividing the total applied load (30 N) by the number of
particles in contact. The table shows that, as the abrasive particle size is increased from that
used in the standard tests (45 um) to 200 um, the average load on individual abrasive particles

is increased about 5.3 times.

Tab. 5-3: Average loads on individual abrasive particles of different grid abrasive papers in the

grinding wheel tests.

Grid abrasive paper 500# 320# 150# 80#

Mean abrasive particle size [um] 30 45 100 200

Number of abrasive particles in contact to the coating 261 182 98 43

Average load of individual abrasive particles [N] 0.11 0.16 0.31 0.70
40
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Fig. 5-6: Mass loss of the nano- and microcrystalline VPS coatings after abrasive wear tests in
grinding wheel tests with different grit papers. Test parameters other than abrasive size are the

same as those used in the standard grinding wheel test.
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Wear test results on the nano- and microcrystalline VPS coatings using abrasive papers with
different grit sizes are shown in Fig. 5-6. Mass loss increases with increasing size of abrasive
particles. However, the increasing rate in mass loss is lower for the nanocrystalline coating than
that for the microcrystalline coating. For instance, when the abrasive particle size is changed
from 30 pm to 200 um, the mass loss of the nanocrystalline coating is increased by about 300
%, whereas the increase for the microcrystalline coating is more than 700 %. Therefore,
compared to the microcrystalline coating, the nanocrystalline coating shows a superior wear
resistance against larger abrasive particles while shows an inferior wear resistance against
smaller abrasive particles. Under the present experimental conditions, the critical mean
abrasive particle size, above which the nanocrystalline coating shows higher wear resistance

than the microcrystalline coating, lies between 45 pum to100 pm.

2,0

—e— nanocrystalline VPS coating
— H— microcrystalline VPS coating

Wear / Particle [mm’/km]
5

0,0 02 04 06 0,8
Load / Particle [N]

Fig. 5-7: Wear of the nano- and microcrystalline VPS coatings by an average abrasive particle
as function of the load on the particle (grinding wheel tests, normal load 30 N, 1200 DS,
different grit abrasive papers). The wear by an average particle increases with its load. The
nanocrystalline coating shows a lower wear at higher loads (> about 0.2 N) and a slightly
higher wear only when the load on the particle is very low (< about 0.2 N), as compared to the

microcrystalline coating.
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Fig. 5-7 shows the comparison in volume wear per sliding distance by an average abrasive
particle of the nano- and microcrystalline VPS coatings as the function of the load on the
abrasive particle. The average volume wear and load per average abrasive particle are
calculated according to the tests using different grit papers. As shown in Fig. 5-7, the wear of
the nano- and microcrystalline coatings by an average abrasive particle increases with
increasing load on the particle. The rates of increase in volume loss for both coatings at lower
loads (estimated form Fig. 5-7, < about 0.2 N) are lower than those at higher loads (> about 0.2
N). This is due to the increase in attack angle of the abrasive particles as their depth of
penetration is increased with increasing load. Moreover, under low stress conditions, the
microcrystalline coating, while under high stress conditions, the nanocrystalline coating shows

a higher wear resistance.

5.2 Results of scratch tests

Results of the former section reveal that wear depends on the load carried by individual
abrasive particles. However, the load and shape of individual abrasive particles cannot be
controlled in the grinding wheel tests. Therefore, the two-body scratch tests were applied to
characterize the abrasive wear of nano- and microcrystalline coatings. Scratch grooves can be
obtained under reproducible conditions, i.e. using a standard indenter and a defined load.
Thereby, respective grooves should be as well reproducible and allow a quantitative
comparison. Single scratch tests using Vickers and Rockwell C diamond indenters on the
polished surfaces of the nano- and microcrystalline VPS coatings were performed under
different constant and progressive loads. The scratch test parameters are listed in Tab. 3-3

(Chapter 3.2.2).

5.2.1 Scratch tests by Rockwell indenter

5.2.1.1 Scratch tests by Rockwell indenter at constant loads

Fig. 5-8, Fig. 5-9 and Fig. 5-10 show the SEM micrographs (SE mode or BSE mode) of the
grooves scratched by the Rockwell indenter under different loads in the nano- and
microcrystalline coatings. The grooves scratched at 0.01 N and 0.05 N in the nano- and the
microcrystalline coatings, and the grooves scratched at 0.5 N in the nanocrystalline coating
cannot be visualized by SEM due to their small depths. Therefore, only micrographs of the

groove scratched at 0.5 N in the microcrystalline coating are presented in Fig. 5-8.
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Scratched at 0.5 N, the groove in the microcrystalline coating is homogeneous and continuous
and its width seems not to be influenced by the presence of large hard phase particles (Fig. 5-
8a). Some of the hard phase particles in the groove are fractured (indicated by ‘A’ in Fig. 5-8b),

while most of the others particles remain complete (Fig. 5-8b).

%

5 um

S 2" 0pm
Fig. 5-8: SEM micrographs of grooves scratched by a Rockwell indenter at 0.5 N in the
microcrystalline VPS coating: (a) SE mode, (b) BSE mode, a close-up view of the marked
location in Fig. (a). In Fig. (b) the hard phase particles marked by ‘A’ are fractured. The scratch

direction is from left to right.

When scratched at 5 N, the nanocrystalline coating material is homogeneously deformed
forming a groove with very small edges and no difference in wear behaviour between the hard
and binder phase can be distinguished (Fig. 5-9a and 5-9¢). For the microcrystalline coating
(Fig. 5-9b and 5-9d), scratched under similar conditions, the width of the groove is larger and
the ridges seem to be less regular as compared to the nanocrystalline coating. Small slight
spallings can be observed at the side of the groove in the microcrystalline coating (indicated by
the arrows in Fig. 5-9b), which cannot be seen in the nanocrystalline coating under the same
test conditions. A significant amount of hard phase particles in the groove in the
microcrystalline coating are fractured (Fig. 5-9d). Moreover, pores that can be seen in the
polished surfaces of the nano- and microcrystalline coatings are not visible in the grooves (Fig.

5-9a and 5-9b). They are obviously closed by the deformation of the groove material.

Due to experimental constraints of the scratch tester, the effective load applied on the
microcrystalline coating could not reach the pre-set nominal load of 30 N. Due to a too large

working distance, the effective load only reached about 22.5 N. Nevertheless, the grooves
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scratched at the load of 30 N in the nanocrystalline and at 22.5 N in the microcrystalline
coating are compared in Fig. 5-10. Severe cracks perpendicular to the grooves occur in both of
the nano- and microcrystalline coatings. The cracks in the groove in the nanocrystalline coating
(Fig. 5-10a and 5-10c) appear to be narrower than those in the microcrystalline coating (Fig. 5-
10b and 5-10d). From the close-up view of the cracks in the microcrystalline coating (Fig. 5-
10d), both transgranular cracks in the hard phases and intergranular cracks between the hard
phase and the binder phase are found. The transgranular cracking appears to be the dominant
mechanism. For the nanocrystalline coating (Fig. 5-10c), the ultra-fine hard phases makes it
difficult to determine whether the cracks are transgranular or intergranular, but it seems that

only few hard phases with a diameter larger than about 0.5 um are fractured.

nanocrystalline coating microcrystalline coating

Fig. 5-9: SEM micrographs (top: SE mode; bottom: BSE mode) of grooves in the nano- and
microcrystalline VPS coatings scratched by the Rockwell indenter under the load of 5 N: (a and
c¢) Nanocrystalline coating, (b and d) microcrystalline coating. The arrows in Fig. (b) indicate

small spallings. The scratch direction is from left to right.
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Fig. 5-10: SEM micrographs (top: SE mode; bottom: BSE mode) of the grooves scratched by
the Rockwell indenter at the nominal load of 30 N in the nano- and microcrystalline coatings:
(a and c) Nanocrystalline coating, (b and d) microcrystalline coating. The scratch direction is

from left to right.

OM micrographs of the grooves scratched at the nominal normal load of 30 N in the nano- and
microcrystalline coatings in cross sections are shown in Fig. 5-11. After polishing the surfaces,
the two coatings with almost similar thickness (about 100 pm) were left. The depths of the
grooves (< 20 um) are much smaller compared to the thickness of the coatings, thus the
influence of the substrate can be neglected. The size (width and depth) of the groove in the
nanocrystalline coating (Fig. 5-11a) is smaller than that in the microcrystalline coating (Fig. 5-
11b), despite that the effective load on the former is about 30 % higher. The cracks that have
been found in SEM micrographs from the top views (Fig. 5-10) cannot be visualized in the OM
micrographs in these cross sections which were cut perpendicular to the scratch direction (Fig.

5-11). Moreover, the porosity at the locations near the grooves appears lower than that at the
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locations far away from the grooves for both coatings. This demonstrates that the pores near the

grooves can be closed by plastic deformation during scratching.
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Fig. 5-11: OM micrographs of the grooves scratched by a Rockwell indenter at the nominal
load of 30 N in the nano- and microcrystalline coatings in cross section: (a) Nanocrystalline

coating, (b) microcrystalline coating.

Fig. 5-12 shows the 3-dimensional morphologies recorded by AFM of grooves scratched at
0.05 N. As indicated by the traces in the middle of the groove in Fig. 5-12a, the tip of the
Rockwell indenter used for scratching on the nanocrystalline coating seems to be not as smooth
as that used on the microcrystalline coating. The small sharp peaks on the surfaces are
attributed to disturbances produced by AFM. Scratched at this low load, the groove in the
nanocrystalline coating is continuous and homogeneous (Fig. 5-12a), while the groove in the
microcrystalline coating is interrupted and heterogeneous (Fig. 5-12b). In the case of the
nanocrystalline coating, no evident difference in wear behaviour between the hard phase
particles and the binder phase is observed. In contrast, also under the load of 0.05 N, the groove
morphology of the microcrystalline coating is strongly dependent on the microstructure of the
coating and the groove width inversely correlates with the presence and size of hard phase
particles. When the indenter scratches the binder phase, the groove is deep; passing small hard
phase particles, the groove is shallow; and while passing a larger hard phase particle, no

obvious groove is visible.

Fig. 5-13 shows the 2-dimensional AFM micrographs of the grooves scratched by the Rockwell
indenter in the nano- and microcrystalline coatings under loads of 0.05 N, 0.5 N and 5 N. The
grooves scratched at 0.01 N are too small to be visualized by AFM, while the grooves
scratched at 30 N are too large to be recorded by AFM. Some instrumental instability already
occurred recording the morphologies of the groove scratched at 5 N due to abrupt height rise

from the coating surface to the ridge of the groove.
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Fig. 5-12: AFM micrographs showing 3-dimensional morphologies of the grooves scratched by
the Rockwell indenter under the load of 0.05 N in (a) the nanocrystalline coating and (b) the

microcrystalline coating.
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Fig. 5-13: AFM micrographs of grooves scratched by the Rockwell indenter under the load of
(aand b) 0.05 N, (c and d) 0.5 N and (e and f) 5 N of the nanocrystalline coating (left) and the

microcrystalline coating (right). The scratch direction is from top to bottom.



62

As described above, scratched at a low load (0.05 N), the groove in the nanocrystalline coating
is continuous and homogeneous (Fig. 5-13a), while the groove in the microcrystalline coating
is interrupted and heterogeneous (Fig. 5-13b). As the load is increased to 0.5 N, the sizes of the
grooves also increase (Fig. 5-13c and 5-13d), but the groove in the nanocrystalline coating (Fig.
5-13c) is narrower than that in the microcrystalline coating (Fig. 5-13d). The inner side of the
groove in the nanocrystalline coating is smoother than that of the microcrystalline coating. In
the latter, some hard phase particles slightly protrude above the surface in the groove of the
microcrystalline coating, like in the case of the polished coating surface (Fig. 5-13d). However,
scratched at a higher load of 5 N, the inner sides of the grooves in both the nano- and the
microcrystalline coatings appear to be very smooth (Fig. 5-13e and 5-13f). The size of the
groove in the nanocrystalline coating (Fig. 5-13e) is again smaller than that in the

microcrystalline coating (Fig. 5-13f).

The comparison of the cross section profile of grooves recorded by AFM in the nano- and
microcrystalline coatings at 0.5 N and 5 N is show in Fig. 5-14. The groove width is larger than
the groove depth according to the profile of tip (spherical) of the Rockwell indenter. The ratio
of depth to width is about 1:30 at a load of 0.5 N while this ratio is about 1:10 at 5 N.

In single scratch experiments, the ratio of volume of material removed as wear debris to the
volume of the wear groove below the surface level can be described by the material removal

ratio f,» which is defined as [47]

A, — (A4, + A4
f, =" ( /;“ Aso) equation 5.3
V

where Ay is the cross section area of the wear groove below the surface level and 4,,+A44
represents the total cross section area of both ridges above the surface level, as illustrated in Fig.
5-15. The two ridges are built by part of the material that is initially in the groove and is pushed
aside by the indenter. The f,, values of the nano- and microcrystalline coatings are almost
similar according to Fig. 5-14. The average /5 is about 0.85 for the groove scratched at 0.5 N
and is about 0.9 for the grooves scratched at 5 N. The comparison of the profiles of the scratch
grooves show that the section area Ay of the respective grooves in the nanocrystalline coating is
about 30 — 50 % smaller than that of the microcrystalline coating, when scratched at the same
load. This demonstrates that considerable less material is removed from the nanocrystalline
coating in comparison to the microcrystalline coating within this specified load range of the

Rockwell indenter.
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Fig. 5-14: Cross section profiles of the scratch grooves in the nanocrystalline (solid lines) and
microcrystalline (dashed lines) VPS coatings as obtained by AFM analysis. The grooves were
produced by a Rockwell indenter under the loads of 0.5 N and 5 N. The profiles are determined

by an average of 3 individual measurements.
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Fig. 5-15: Schematic drawing of a groove. 4y, A;; and A, indicate the section areas of the

groove and the ridges, respectively.
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5.2.1.2 Scratch tests by Rockwell indenter at progressive loads

In the experiments with a progressive load, the normal load on the indenter increased
monotonically from 0 to 30 N over a sliding distance from 0 to 10 mm. The penetration depth
of the indenter and the frictional forces were recorded simultaneously. The maximum depth of
the grooves was recorded to be less than 20 pm, which is much less than the thickness of the

coatings after surface preparation.

Fig. 5-16 shows the friction coefficients recorded during scratching of the nano- and
microcrystalline coatings and the applied load over the sliding distance. The friction coefficients
increase as the normal load increases, obviously due to the increasing penetration depth of the
indenter tip. The average friction coefficient of the nanocrystalline coating is about 5 -10 %
lower than that of the microcrystalline coating at a given load, which is probably due to the
lower groove depth for the nanocrystalline coating and therefore less surface area under
adhesive sliding contact condition. It might be worth noting that the friction coefficients of both
the nano- and microcrystalline coatings against the tip of the indenter strive towards a saturation

limit of about 0.5 for high loads.
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Fig. 5-16: Friction coefficients between the tip of the Rockwell indenter and the nano- and

microcrystalline coatings during scratching at a progressive load.
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During scratching with a Rockwell indenter under the progressive load, different stages of
deformation can be observed. Fig. 5-17 shows the SEM micrographs of the initiations of the
grooves, the places where the first crack occurs and the ends of the grooves™ scratched by the
Rockwell indenter at the nominal progressive load from 0 to 30 N in the nano- and
microcrystalline VPS coatings. Fig. 5-17a and 5-17d show the early stage of ploughing by the
indenter. Then the tip begins to penetrate into the coatings to such an extent that the plastic
deformations of the coating materials become noticeable and grooves are formed. As the
normal load increases, the grooves become deeper and wider. Large cracks perpendicular to the
grooves occur once the applied load exceeds a critical value, defined here as the critical
fracture load F. (Fig. 5-17b and 5-17e). The groove size further increases and more cracks
occur as the load further increases. Small spallings are found at the sides of the grooves
(indicated by the arrows in Fig. 5-17b and 5-17¢) and no delamination of the coating material is
observed along the grooves. As measured by SEM of 5 individual grooves, the first
perpendicular crack in the nanocrystalline coating occurs after an average sliding distance of
5.7 mm and the corresponding critical fracture load F, is 17.1 N. For the microcrystalline
coating, cracks occurs after an average sliding distance of 2.8 mm and the corresponding
critical fracture load F. is 8.5 N. The value of F, of the nanocrystalline coating is about 2 times
as high as that of the microcrystalline coating. For scratch tests, the critical loads that initiate

the first cracks can be used to calculate the fracture toughness K¢ of brittle materials [129,130]:

_L6uF e

a

K, equation 5.4

where u is the friction coefficient, ¢ is the length of small initial cracks at the coating surface
and a is the half width of the groove at the location where the first crack occurs. For the nano-
and microcrystalline coatings prepared with the same process, the value of ¢ can be assumed to
be the same. As show in Fig. 5-16, at the location of the first crack, the u for the
nanocrystalline coating is about 0.33 while for the microcrystalline coating is about 0.38.

According to the mean value of 5 grooves, a is 34 um for the nanocrystalline coating and is 40

* It might be noticed that the groove width at the end of the groove for the microcrystalline coating is smaller than
that for the nanocrystalline coating. This is due to the lower effective load at the end of the trace of the former
(22.5 N). Only the effective load applied on the nanocrystalline coating could reach the pre-set nominal load of 30
N. Due to experimental constraints of the scratch tester, the effective load on the microcrystalline coating could be
only increased continuously to about 22.5 N, after which the applied load on the microcrystalline coating remained

at this level.



66

um for the microcrystalline coating. Therefore, according to equation 5.4, the fracture
toughness Kj;c of the nanocrystalline coating is about 3 times as high as that of the
microcrystalline coating. However, the test conditions here are not ideally identical to those
equation 5.4 was deduced from, nevertheless, the above results show a roughly guide on the

quantitative comparison of the fracture toughness of the nano- and microcrystalline coatings.

Fig. 5-17: SEM micrographs (SE mode) of grooves scratched by a Rockwell indenter under

nominal progressive loads of 0-30 N into nano- and microcrystalline VPS coatings: Top:
nanocrystalline coating; bottom: microcrystalline coating. (a and d) Initial groove formation,
(b and e) occurring of the first visible crack, (¢ and f) the end of the groove. The numerals on
the up-right-corner of each micrograph indicate the distance from the beginnings of the groove
to location of the micrograph. The arrows in Fig. (b) and (e) indicate small spallings. The

scratch direction is from the left to the right.
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5.2.2 Scratch tests by Vickers indenter

The tip of a Vickers indenter is much sharper than that of a Rockwell indenter. The Vickers
indenter can produce visible grooves even under a very low load, but it would become blunt if
too high loads are applied. Therefore, in the present investigation, loads of minimum 0.01 N
and maximum 2.5 N were used. Other parameters are listed in Tab. 3-3 (Chapter 3.2.2). The
grooves scratched at 0.01 N in the nanocrystalline coating are not visible under SEM. Fig. 5-18
shows the comparison of SEM micrographs of the grooves obtained in the nano- and
microcrystalline coatings after scratching at loads of 0.02 and 2.5 N. In this load range, the
grooves in the nanocrystalline coatings are narrower than the corresponding grooves in the
microcrystalline coatings. Scratched at the low load of 0.02 N, the groove is homogeneous in
the nanocrystalline coating (Fig. 5-18a) while it is heterogeneous in the microcrystalline
coating and it is apparently wider in the binder phase than in large hard phase particles (Fig. 5-
18b). After scratched at the high load of 2.5 N, grooves in both of the nano- and
microcrystalline coatings are very homogeneous, even despite of the presence of hard phase
particles (Fig. 5-18c and 5-18d). However, the ridges along the groove in the nanocrystalline
coating appear smoother and show less cracks than those on the microcrystalline coating. A

small spalling is observed on the microcrystalline coating, as shown by the arrow in Fig. 5-18d.

More details concerning the wear mechanism of the microcrystalline coating, particularly the
fracture of hard phases, can be revealed by the BSE mode of the SEM. Fig. 5-19 shows the
wear behaviour of the hard phase particles in the microcrystalline coating scratched at different
loads. The diamond indenter is sharp enough to produce grooves in large hard phase particles
even under the load of 0.01 N. The indenter can cut away a small fraction of the hard phase
material without breaking the whole particle and leaves a groove in the hard phase particle.
However, the width of the grooves in the hard phase particles is smaller than that in the binder
phase (Fig. 5-19a). If the load is increased to 0.02 N, the groove widths in the binder phase and
in the hard phase particles are increased (Fig. 5-19b). Some of the hard phase particles are
partially fractured (marked by ‘A’ in Fig. 5-19b). Whereas the groove width in the fractured
hard phases is not significantly lowered in comparison with that in the binder, it is reduced to
about a half in the non-broken carbides. If the load is further increased up to 0.1 N, most of the
hard phase particles in the groove are severely fractured. The width of the groove appears to be
constant and independent of the phase distribution in the groove (Fig. 5-19c¢). It might be worth
noting that small hard phase particles with diameters less than about 0.5 um seem not to be

fractured under the applied load.
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After applying a higher load of 0.5 N, some wear debris is found in the scratch grooves. Fig. 5-
20 shows the morphology of a piece of wear debris on the microcrystalline coating, which
contains hard phase particles, also fractured, embedded in binder matrix. The hard phases in the

wear debris seem to be much smaller than the most hard phases in the coating.

nanocrystalline coating microcrystalline coating

Fig. 5-18: SEM micrographs (SE mode) of the grooves scratched by a Vickers indenter at the
load of 0.02 N and 2.5 N in the nano- and microcrystalline VPS coatings. (a) Nanocrystalline
coating, scratched at 0.02 N, (b) microcrystalline coating, scratched at 0.02 N, (c)
nanocrystalline coating, scratched at 2.5 N, (d) microcrystalline coating, scratched at 2.5 N.

The arrow in Fig. (d) indicates a small spalling. The scratch direction is from left to right.
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Fig. 5-19: SEM micrographs (BSE mode) of the grooves scratched by the Vickers indenter at
loads of (a) 0.01 N, (b) 0.02 N and (c) 0.1 N in the microcrystalline VPS coating. The hard
phase particle marked by ‘A’ in Fig. (b) is partially fractured. The widths of the grooves in the
hard and binder phases in Fig. (a) and Fig. (b) and in the composite Fig. (c) are marked by

numerals. The scratch direction is from left to right.
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Fig. 5-20: SEM micrographs (BSE mode) of a wear debris observed after the scratch test by the
Vickers indenter at the load of 0.5 N on the microcrystalline VPS coating.

Fig. 5-21 shows 3-dimensional micrographs recorded by AFM of grooves scratched by a
Vickers indenter at a load of 0.01 N. The AFM analyses confirm a very homogeneous groove
with weak ridges in the nanocrystalline coating (Fig. 5-21a), and several discontinuities in the
microcrystalline coating (Fig. 5-21b). In the case of the microcrystalline coating, the groove is
deep when the indenter passes the areas containing mainly binder phases showing small ridges
at the sides, and it is shallow, if hitting large hard phase particles (marked by arrows in Fig. 5-
21b). There are almost no ridges visible beside the groove at the positions of large hard phase

particles.

Fig. 5-22 shows the morphologies obtained by AFM of the inner surfaces of the grooves
scratched by the Vickers indenter at 0.5 N. The inner surface of the groove in the
nanocrystalline coating is very uniform and the traces along the groove correspond to the
surface profile of the indenter tip (Fig. 5-22a). The inner surface of the groove in the
microcrystalline coating (Fig. 5-22b) is not as uniform as that of the nanocrystalline coating,

showing traces of cracks in a hard phase particle (indicated by the arrows in Fig. 5-22b).
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Fig. 5-21: 3-dimensional morphologies of grooves scratched by the Vickers indenter under the

load of 0.01 N in the nano- and microcrystalline VPS coatings as obtained by AFM analyses: (a)

Nanocrystalline coating, (b) microcrystalline coating. The arrows in Fig. (b) mark the positions

of large hard phase particles in the groove.
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Fig. 5-22: 3-dimensional morphologies in the centre of the grooves scratched by the Vickers
indenter under the load of 0.5 N as recorded by AFM in (a) nanocrystalline and (b)
microcrystalline VPS coatings. The arrows in Fig. (b) indicate the positions of cracks in a large

hard phase particle.
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Cross section profiles of grooves scratched by the Vickers indenter at the load of 0.5 N and 2.5
N in the nano- and microcrystalline coatings as recorded by AFM are shown in Fig. 5-23.
According to the geometry of the indenter, the ratio of depth to width of the grooves is 1:6. The
material removal ratio f,, (defined in equation 5.3, Chapter 5.2.1.1) is about 0.9 - 0.95 for the
grooves with smooth ridges (nano- and microcrystalline coatings at 0.5 N, and nanocrystalline
coatings at 2.5 N). It is difficult to estimate the f;; of microcrystalline coatings at 2.5 N due to
the irregular ridges, nevertheless, the f,, does not differ greatly compared to that of other
grooves according to SEM investigations. This ratio is slightly higher than that obtained by
scratching with a Rockwell indenter (Chapter 5.2.1.1) and can be attributed to the larger attack
angle of the Vickers indenter. The comparison of the profiles of the scratch grooves show that
the section area of the respective grooves in the nanocrystalline coating is about 30 — 50 %
smaller than that of the microcrystalline coating when scratched at the same load. This result is

similar to that obtained from the grooves scratched by the Rockwell indenter (Chapter 5.2.1.1).
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Fig. 5-23: AFM analysis of the cross section profiles of wear grooves in the nanocrystalline
(solid lines) and microcrystalline (dashed lines) VPS coatings. The wear grooves were
produced by the Vickers indenter under the load of 0.5 N and 2.5 N. The profiles are

determined as an average of 3 individual measurements.
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As the summary of scratch tests, Fig. 5-24 shows the comparison in volume wear per sliding
distance by a Vickers and a Rockwell indenter of the nano- and microcrystalline VPS coatings
as the function of the load on the indenter. As already demonstrated by the grinding wheel tests
(Fig. 5-7, Chapter 5.1.3), the wear by individual indenters also increases with the increasing
load on it. The increasing rate in wear by the Vickers indenter is higher than that by the
Rockwell indenter due to the higher attack angle of the former. Moreover, for both indenters,
the wear of the nanocrystalline coating is lower than that of the respective microcrystalline
coating. This demonstrates that the nanocrystalline coating is more scratch-resistant than the

microcrystalline coating at the given comparatively high load range.

—@— —0O— nanocrystalline VPS coating
5] - m-- -« [+ microcrystalline VPS coating ™

Vickers indenter

Wear / Indenter [mm°’/km]
T

O Rockwell indenter
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Load / Indenter [N]
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Fig. 5-24: Wear of the nano- and microcrystalline VPS coatings by the Vickers or the Rockwell
indenter as the function of the load on the indenter. The presented values are estimated from
the groove profiles recorded by AFM. The wear by both indenters increases with its load. The
nanocrystalline coating shows a lower wear than the microcrystalline coating by the same

indenter at the given load range (> 0.5 N).
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5.3 Summary of results of nano- and microcrystalline VPS coatings in two-body
wear

Whereas the standard grinding wheel test (JIS H8615) indicates a better wear resistance of the
microcrystalline coatings, the detailed analysis using the grinding wheel test equipment with
different abrasive papers and scratch tests reveal clear advantages of nanocrystalline coatings,
in particular under high loads. During the two-body abrasive wear, the nanocrystalline coating
material behaves mechanically like a homogeneous ductile material in which no individual
behaviour of the hard phase particles and binder phase can be distinguished due to the
extremely small grain dimensions. In contrast, in the microcrystalline coatings, the micron-
sized hard phase particles behave differently compared with the binder phase. When the
applied load applied is low, hard phase particles protrude at the worn surface due to their lower
wear rate compared to the surrounding binder phase, while they are fractured, if the load on

them is high.

In addition, compared to microcrystalline coatings the nanocrystalline coatings also have

advantages with respect to smoother worn surfaces and a lower fiction coefficient.
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6 Three-body abrasive wear of VPS coatings

In this chapter, three-body abrasive wear of the nano- and microcrystalline VPS coatings is
investigated by the rubber wheel abrasive wear tests (ASTM G65 test) and the micro-scale
abrasive wear tests (TE66 test). In the rubber wheel tests, large, round and relatively soft
abrasive particles are used, while in the micro-scale abrasive wear tests, fine and angular
abrasive particles of different hardness are applied. Moreover, an emulsion of paper filler is
also using as abrasive medium in the micro-scale abrasive wear tests, to imitate possible
applications of the coatings. Results of the rubber wheel abrasive wear tests (ASTM G65) and
micro-scale abrasive wear tests of the nano- and microcrystalline VPS coatings are presented

and then the morphologies of the worn surfaces of the coatings after the tests are shown.

6.1 Results of rubber wheel tests

The principle of the rubber wheel test is shown in Fig.3-4, Chapter 3.2.3. Loose SiO, particles
(mean particle size of about 300 pm) are used as abrasives in the rubber wheel tests. They are
about a factor of 100 larger in size than the hard phase particles in the microcrystalline coating
and have a spherical shape with only a few sharp tips. Moreover, the SiO, abrasive particles
have a hardness of only about a half of that of the (77, Mo)(C,N) hard phase particles but are

several times harder than the NiCo binder phase in the microcrystalline coating.

6.1.1 Wear resistance

The mass loss (in mg) and the wear coefficient w,, (in m”N™") of the nano- and microcrystalline

VPS coating in the rubber wheel tests are compared in Tab. 6-1. The wear coefficients of the

Tab. 6-1: Wear of the nano- and microcrystalline VPS coatings in the rubber wheel tests

(ASTM G65).

Mass loss Wear coefficient w,s
Coatings [mg/2000revs.] [10"° m*N7]
Nanocrystalline 29.0 224

Microcrystalline 23.0 17.8
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coatings in the three-body rubber wheel tests are only about 3 % of those in the two-body
grinding wheel tests (see Tab. 6-1, Chapter 6.1.1). In the rubber wheel test, the wear resistance

of the nanocrystalline coating is 21 % lower than that of the microcrystalline coating.

6.1.2 Morphologies of worn surfaces

The SEM micrographs of the worn surfaces of the nano- and microcrystalline coatings are
compared in Fig. 6-1. Fig. 6-1a illustrates that the nanocrystalline coating shows a more
homogeneous worn surface compared to the microcrystalline coating (Fig. 6-1b). The worn
surface of the nanocrystalline coating is relatively smooth and featureless. The passage of the
abrasive particles causes plastic deformation of the coating material, which results in the
formation of shallow grooves in the surface. No difference in the wear behaviour between the
binder phase and the hard phase in the nanocrystalline coating is observed (Fig. 6-1a). In the
microcrystalline coating (Fig. 6-1b), the binder phase seems to suffer more under the applied
wear conditions than the hard phases. A little penetration of the abrasive particles is observed
to lead to shallow grooves in the binder phase, while many hard phase particles are found to
protrude from the surface of the microcrystalline coating. SEM micrographs with a higher
magnification of the worn surface of the microcrystalline coating show that some of the
protruding hard phase particles, especially the larger ones, are fractured (Fig. 6-2a). Some holes
(indicated by the arrows in Fig. 6-2a) by their sizes and shapes also indicate the pull-out of

corresponding hard phase particles. Moreover, some of the hard phase particles appear to be

Fig. 6-1: SEM micrographs (SE mode) of worn surfaces of the nano- and microcrystalline VPS
coatings after rubber wheel tests (ASTM G65): (a) Nanocrystalline coating, (b) microcrystalline

coating. The direction of moving abrasive particles in the test is from right to left.
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separated from the binder phase at the leading sides against the direction of abrasive attack.
That can be attributed to the local deformation causing tensile stress at the leading side and
compressive stress behind the hard phase particle. As consequence, the binder phase at the
leading sides of the hard phase particles seems to undertake the observed higher wear

compared to that in the shades behind the particles (Fig. 6-2b).

Fig. 6-2: SEM micrographs (SE mode) of worn surfaces of the microcrystalline VPS coatings
after the rubber wheel test (ASTM G65). The arrows in Fig. (a) indicate holes that might be
produced by up-rooting of corresponding hard phase particles. Fig. (b) shows the close-up view
of the microstructure at the location marked in Fig. (a). The direction of moving abrasive

particles in the test is from right to left.

Tab. 6-2 shows the roughness of the worn surfaces of the nano- and microcrystalline coatings
after the rubber wheel test. Both R, and R, (according to ISO 4287/1-1997) of the worn surfaces
of the nanocrystalline coating are about 20 % higher than those of the microcrystalline coating.
The slightly higher surface roughness of the nanocrystalline coating might be a result of the
shallow grooves. For the microcrystalline coating, the size of grooves in the binder phase is
constrained by the hard phases. The scan tip of the surface roughness tester is too blunt to
detect the height difference in the binder phase close to hard phase particles. However, this
height difference can be detected by the AFM-analyses with a very sharp tip, as shown in Fig.
6-3. The surface morphology of the nanocrystalline coating shows a smooth transition from
grooves to plateaus (Fig. 6-3a), whereas there are abrupt peaks and valleys at the surface of the
microcrystalline coating (Fig. 6-3b). Therefore, the surface roughness of the nanocrystalline

coating is not necessarily higher compared to that of the microcrystalline coating.
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Tab. 6-2: Roughness of the worn surfaces of nano- and microcrystalline VPS coatings after the

rubber wheel test (ASTM G65). Each presented value is an average of 10 measurements.

Ra [um] R [um]
Nanocrystalline coating 10.10 56.93
Microcrystalline coating 8.01 40.61

wiu 005 |

Ly
5pum !* 5 pum

Fig. 6-3: Morphologies recorded by AFM of the worn surfaces of the nano- and

microcrystalline coatings after the rubber wheel tests (ASTM G65): (a) Nanocrystalline coating,

(b) microcrystalline coating. Different grey levels represent different heights.

6.2 Results of micro-scale abrasive tests with SiC or Al,O; abrasive slurry

The principle of the micro-scale abrasive wear test is shown in Fig. 3-6, Chapter 3.2.4. In the
micro-scale abrasive wear tests, abrasive particles of SiC or Al,O3; were dispersed in distilled
water and used as abrasive slurries. The SiC and Al,Oj; abrasive particles are very angular and

they are much smaller and harder than the SiO, particles used in the rubber wheel tests.
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6.2.1 Wear resistance

Fig. 6-4 shows the results of the micro-scale abrasive wear tests using the SiC F1200 (mean
particle size 5 pm), Al,O3 F1200 (mean particle size 5 um) and Al,O3; F400 (mean particle size
20 um) slurries as abrasive media. The wear coefficients obtained by the micro-scale abrasive
wear tests are more than two orders of magnitude higher than those of the rubber wheel tests
and even slightly higher than those under the two-body grinding wheel test conditions. The
respective wear coefficients of the nano- and microcrystalline coatings using harder abrasive
particles (SiC F1200) are higher than those using softer abrasive particles with the same mean
particle size (Al,O3 F1200). The wear coefficients of the coatings under conditions using larger
abrasive particles (Al,O3 F400) are higher than those by using smaller abrasive particles (SiC
1200 and Al,O3 F1200) regardless of their different hardness. It should be noted that the micro-
scale abrasive wear tests show a completely different ranking compared to the grinding wheel
and rubber wheel tests. The nanocrystalline coatings have a higher wear resistance than the
microcrystalline coatings regardless of the different abrasive particles and their sizes. Using the

SiC F1200 abrasive slurry, the wear resistance of the nanocrystalline coating is about 40 %
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Fig. 6-4: Wear coefficients of the nano- and microcrystalline VPS coatings using different
abrasive particles in the micro-scale abrasive wear tests. The presented values are averages of

the measurements of 3 individual wear scars.
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higher than that of the microcrystalline coating. Using the Al,Os; F1200 and Al,Os; F400
slurries as abrasive media, the respective wear resistance of the nanocrystalline coating is about

16 % and 35 % higher than that of the microcrystalline coating.

6.2.2 Morphologies of worn surfaces

6.2.2.1 Tests with SiC F1200 slurry as abrasive medium

Fig. 6-5 shows SEM micrographs of the morphologies in the wear scars in the nano- and
microcrystalline coatings after the micro-scale abrasive wear tests. The worn surfaces are
characterized by a heavily deformed, frequently indented morphology with little directionality.
Mostly, indentation pits rather than grooves are observed in the nano- and microcrystalline
coatings. The indentation pits and their sizes are arbitrarily distributed in the coatings. However,
there is also some difference in worn morphologies between the nano- and microcrystalline
coatings. The wear morphology of the nanocrystalline coating (Fig. 6-5a) seems to be more
uniform compared to that of the microcrystalline coating (Fig. 6-5b). The indentation pits in the
nanocrystalline coating seem to be slightly smaller compared to those in the microcrystalline
coating. Close-up views of the worn surfaces show that the different phases in the
nanocrystalline coating material are homogeneously abraded and no difference in wear
between the hard phase and the binder phase can be distinguished (Fig. 6-5c). In the case of
microcrystalline coating, the abrasives attack a part of the metallic material by deforming the

matrix, while they can fracture carbides and remove them from the matrix (Fig. 6-5d).

Fig. 6-6 shows the AFM 3-dimensional micrographs of the worn coatings. As already observed
from the SEM micrographs, the indentation pits in the nanocrystalline coating (Fig. 6-6a) seem
to be smaller, shallower and more homogeneously distributed compared to those in the
microcrystalline coating (Fig. 6-6b). Apart from a few large ones, most indentation pits in the
nanocrystalline coating have sizes below 1 um, while larger pits are more frequently observed
in the microcrystalline coating. The sharp peaks in Fig. 6-6b are attributed to instrumental
disturbances in AFM analyses due to the abrupt height rises on the surface of the

microcrystalline coating.



nanocrystalline coating microcrystalline coating

Fig. 6-5: SEM (SE mode) micrographs of the surface morphologies in the wear scars in the
nano- and microcrystalline VPS coatings after the micro-scale abrasive wear tests with the SiC
F1200 slurry (S5pm SiC particles in water) as abrasive medium: (a and c¢) Nanocrystalline
coating, (b and d) microcrystalline coating. The moving direction of the abrasive particles is

from top to bottom. The arrow in Fig. (d) indicates the fracture of a larger hard phase particle.
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Fig. 6-6: 3-dimensional micrographs recorded by AFM of the worn surfaces of the nano- and
microcrystalline VPS coatings after micro-scale abrasive wear tests with the SiC F1200 slurry

as abrasive medium: (a) Nanocrystalline coating, (b) microcrystalline coating.
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6.2.2.2 Tests with Al,O; slurries as abrasive media

Fig. 6-7 shows the worn surface morphologies of the nano- and microcrystalline coatings after
the micro-scale abrasive wear tests by using the Al,O3; F1200 slurry as abrasive medium. As for
the case of using SiC F1200 as the abrasive medium, there are also mainly indentation pits in
the coatings. As well similar to the wear morphologies by using the SiC F1200 abrasive slurry,
the wear morphology of the nanocrystalline coating (Fig. 6-7a) appears to smoother and more
uniform than that of the microcrystalline coating (Fig. 6-7b) if Al,O3; F1200 slurry is used as
abrasive medium. The close-up view of the worn surface of the nanocrystalline coating by the
AlO; F1200 abrasive slurry (Fig. 6-7¢) seems also similar but reveals a slightly less angular
morphology as compared to that worn by the SiC F1200 abrasive slurry. The worn surface of

the microcrystalline coating indicates some directionality and shows some sparsely distributed

nanocrystalline coating microcrystalline coating

Fig. 6-7: SEM micrographs (SE mode) of the surface morphologies in the wear scars of the
nano- and microcrystalline VPS coatings after the micro-scale abrasive wear tests with the
ALO; F1200 slurry as abrasive medium: (a and c¢) Nanocrystalline coating, (b and d)

microcrystalline coating. The moving direction of the abrasive particles is from top to bottom.
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protrusions (marked by the arrows in Fig. 6-7b), which were rarely observed when using SiC
F1200 as abrasive slurry (Fig. 6-5b). Such protrusions are hard phases according to EDS
analysis. Examples of these protruding hard phase particles are presented in Fig. 6-7d.

nanocrystalline coating

Fig. 6-8: SEM micrographs (SE mode) of the surface morphologies in the wear scars of the
nano- and VPS microcrystalline coatings after the micro-scale abrasive wear test with the
ALLOs; F400 slurry as abrasive medium: (a and c¢) Nanocrystalline coating, (b and d)

microcrystalline coating. The moving direction of the abrasive particles is from top to bottom.

Fig. 6-8 shows the wear morphologies of the nano- and microcrystalline coatings by using the
Al,O3 F400 slurry as abrasive medium. The worn surfaces are also made up of indentation pits
(Fig. 6-8a and 6-8b). However, the indentation pits in both coatings are much larger compared
to those worn by smaller Al,O3 abrasive particles, and no protrusions of hard phase particles
can be seen on the microcrystalline coating (Fig. 6-8b and 6-8d). The abrasive attack even

appears to be more severe than by using the SiC F1200 slurry. Moreover, there is almost no
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visible difference between the morphologies of the worn surfaces of the nanocrystalline (Fig. 6-
8a and 6-8c) and microcrystalline (Fig. 6-8b and 6-8d) coatings. For both coating materials, the
different phases are almost homogeneously abraded and the difference in the hard phase

particle size seems to have no influence on the worn microstructure of the coatings.

6.3 Results of micro-scale abrasive tests with emulsion of paper filler as
abrasive slurry

6.3.1 Wear resistance

The wear coefficients w., (in m*N™") of the nano- and microcrystalline VPS coating in the
micro-scale abrasive wear tests with the emulsion of paper filler as abrasive medium are
compared in Tab. 6-3. These wear coefficients are about three orders of magnitude lower than
those obtained in the micro-scale abrasive wear tests by using SiC or Al,Os abrasive particles
(see Fig 6-4, Chapter 6.2.1) and are only about 4 — 7 % of those determined by the rubber
wheel tests (see Tab. 6-1, Chapter 6.1.1). Moreover, in the micro-scale abrasive wear tests with
the emulsion of paper filler as abrasive medium, the wear resistance of the nanocrystalline

coating is 55 % lower than that of the microcrystalline coating.

Tab. 6-3: Wear coefficient of the nano- and microcrystalline VPS coatings in the micro-scale
abrasive wear tests with emulsion of paper filler as abrasive medium after 10,000 revolutions

of the counterbody

Coatings Nanocrystalline Microcrystalline

Wear coefficient wyr [10° m* N'] 1.68 0.76

6.3.2 Morphologies of worn surfaces

Fig. 6-9 shows SEM micrographs of the morphologies in the wear scars in the nano- and
microcrystalline coatings after the micro-scale abrasive wear tests using the emulsion of paper
filler as abrasive medium after 10,000 revolutions of the steel ball counterbody. The
morphologies are different from those obtained by using the SiC or Al,O;3 abrasive particles in
the micro-scale abrasive wear tests (Fig. 6-5, 6-7, and 6-8, Chapter 6.2.2). The worn surface of

the nanocrystalline coating is characterized by continuous grooves and no indentation pits are
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visible (Fig. 6-9a). The grooves are parallel to the direction of the abrasive attack and appear to
be very narrow and shallow and homogeneously distributed. The micrograph with a high
magnification shows that the nanocrystalline coating material is homogeneously abraded and
only few larger hard phase particles (with size of about 0.5 um) are protruding from the surface
(Fig. 6-9c). However, the wear morphology of the microcrystalline coating is quite different
(Fig. 6-9b). While some very small discontinuous grooves in the binder phase can be observed,
almost all the hard phase particles are protruding at the surface. The height difference between
the protruding hard phases and the binder phase appears to be larger than those obtained by the
wear of the Al,O; F1200 abrasive particles in the micro-scale abrasive wear test (Fig. 6-7b,
Chapter 6.2.2.2) and by the SiO, abrasive particle in the rubber wheel test (Fig. 6-1b, Chapter
6.1.2). The close-up view of the worn surface of the microcrystalline coating shows that the
protruding hard phase particles are very angular and no traces of cracks or fractures are
observed (Fig. 6-9d). The binder phase between the hard phases seems to be washed away
during wear. The binder phase behind the hard phase particles seems to bear less attack than
that at the front or aside the particles. The interface between the hard and binder phase seems to
be quite well-bonded and no separations can be observed there. Moreover, a few holes
(indicated by the arrow in Fig. 6-9d) appear to be produced by the pull-out of corresponding

hard phase particles. However, such holes are quite rare in the worn surface.

Fig. 6-10 shows the AFM 3-dimensional micrographs of the worn surfaces of the nano- and
microcrystalline coatings. As already observed from the SEM micrographs, there are mainly
continuous grooves in the nanocrystalline coating (Fig. 6-10a) and hard phase particles are
protruding at the surface of the microcrystalline coating (Fig. 6-10b). As characterized from the
micrographs, the maximum depth of the grooves in the nanocrystalline coating and the
maximum height difference between the protruding hard phase particles and the binder phase
in the microcrystalline coating seem to be similar. This indicates that roughness of both
coatings in the direction perpendicular to the abrasive attack is similar. However, in the
direction parallel to the abrasive attack, the roughness of the worn surface of the

nanocrystalline coating is much lower than that of the microcrystalline coating.

6.4 Summary of results of nano- and microcrystalline VPS coating in three-
body wear

The rubber wheel tests and the micro-scale abrasive wear tests using the emulsion of paper

filler as abrasive media show that the wear resistance of the nanocrystalline coating is lower
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than that of the microcrystalline coating, in case where low stresses are introduced. However,
the results from micro-scale abrasive wear tests using SiC or Al,O3 abrasive particles show that
the wear resistance of the nanocrystalline coating is higher than that of the microcrystalline
coating regardless of their different particle sizes. These, on the first view, contradictory results
are apparently due to the different tests conditions, such as the normal load carried by
individual abrasive particles, the size, angularity and hardness of the abrasive particles,

employed in the different tests.

nanocrystalline coating microcrystalline coating

Fig. 6-9: SEM micrographs (SE mode) of the surface morphologies in the wear scars of the
nano- and microcrystalline VPS coatings in the micro-scale abrasive wear test with the
emulsion of paper filler as abrasive medium applied for 10,000 revolutions: (a and c)
Nanocrystalline coating, (b and d) microcrystalline coating. The arrow in Fig. (d) indicates a
hole that might be produced by up-rooting of a corresponding hard phase particle. The moving

direction of the abrasive particles is from top to bottom.
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Fig. 6-10: 3-dimensional micrographs recorded by AFM of the worn surfaces of the nano- and
microcrystalline VPS coatings after micro-scale abrasive wear tests with the emulsion of paper

filler as abrasive medium applied for 10,000 revolutions: (a) Nanocrystalline coating, (b)

microcrystalline coating.



90

7 Abrasive wear of HVOF coatings

As shown in chapter 4.1, the main microstructural difference of the HVOF coatings as
compared to the VPS coatings is the presence of oxide in the former. Oxide layers are
preferably located at the splat boundaries in the HVOF coatings and should seriously affect
their wear behaviour. In this chapter, the results of different two-body and three-body abrasive
wear tests of the nano- and microcrystalline HVOF coatings and respective morphologies of

the worn surfaces are presented and compared with those of the VPS coatings.

7.1 Comparison of wear resistance of HVOF and VPS coatings

The wear coefficients (defined in equation 5.1, Chapter 5.1.1) of the nano- and microcrystalline
VPS and HVOF coatings after two-body grinding wheel tests are shown in Fig. 7-1. The graph
reveals a significant difference between the VPS and HVOF coatings. The wear coefficients of
the HVOF coatings are about 2 — 3 times higher than those of the respective VPS coatings.
Like in the case of the VPS coatings, the nanocrystalline HVOF coating also shows a higher
wear than the microcrystalline HVOF coating. However, the difference in wear between the
nanocrystalline HVOF and VPS coatings is higher than that between the respective

microcrystalline coatings.

A similar trend but with less pronounced differences in wear between the HVOF and VPS
coatings is obtained from the results of the three-body rubber wheel tests (Fig. 7-2). Also these
tests reveal that the HVOF coatings have a lower wear resistance than VPS coatings, and that
the difference in wear between the nanocrystalline HVOF and VPS coatings is higher than that

between the microcrystalline coatings.

However, different results are obtained from the three-body micro-scale abrasive wear tests.
Fig. 7-3 and Fig. 7-4 show the results of the micro-scale abrasive wear tests using the SiC
F1200 and the Al,O3; F1200 abrasive slurry, respectively. The wear coefficients of the HVOF
coatings are only slightly higher than those of the respective VPS coatings. Moreover, for all
cases, the nanocrystalline coatings show a slightly lower wear than the microcrystalline
coatings regardless of the different abrasive slurry used. It is worth noting that the use of SiC
F1200 abrasive slurry results in higher wear coefficients than the use of Al,O3; F1200 abrasive
slurry. In order to achieve a better understanding of the above trends, the morphologies of the

worn coating surfaces after different wear tests are investigated.
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7.2 Surface morphologies of HVOF coatings after wear tests

Fig. 7-5 shows the SEM micrographs of the grooves generated by scratching with a Vickers
indenter on the VPS and HVOF coatings at a load of 1 N. A larger width of the grooves
correlates well with a smaller hardness of the respective coatings. While the groove in the
nanocrystalline VPS coating is almost perfect in shape (Fig. 7-5a), there are cracks at the side
of the groove in the microcrystalline VPS coating (Fig. 7-5b). In the nanocrystalline HVOF
coating, severe defects with irregular shapes at the sides of the groove are observed (indicated
by the arrow in Fig. 7-5c¢), which correspond to material delamination caused by the applied
stress from the indenter. Such material delamination is also found at sides of the groove in the
microcrystalline HVOF coating (indicated by the arrow in Fig. 7-5d). As analysed by OM and
SEM, material delaminations occur less frequently in the microcrystalline HVOF coating than
in the nanocrystalline HVOF coating. The wear debris observed in the grooves of VPS and
HVOF coatings is distinctly different. The more ductile debris from the nanocrystalline VPS
coating is long and curved (Fig. 7-5¢), while the brittle debris from the nanocrystalline HVOF
coating has the shape of isometric polygons (Fig. 7-5f).

Material delaminations can also be observed in cross sections of the HVOF coating. The
example shown in Fig. 7-6 was prepared from a nanocrystalline HVOF coating with a surface
that had been ground with SiC abrasive papers and polished sequently with 3 pm, 1 um and
0.25 pm diamond pastes. It can be observed in this figure that two pieces of the coating
material with the size and shape of a splat (indicated by the arrows marked by ‘A’ in Fig. 7-6)
are separated from the coating along the boundaries of the splats. Other sites on the surface
show unexpected small holes or grooves which as well must be due to removed material at the
oxide-rich zones (indicated by the arrows marked by ‘B’ in Fig. 7-6). Both types of
delaminations may be attributed to the grinding and polishing procedure during specimen
preparation. Nevertheless, this confirms that inter-splat layers of oxides are highly subjected to

mechanical failure of the HVOF coatings.

Fig. 7-7 shows the morphologies of the worn surfaces of the nano- and the microcrystalline
HVOF coatings after the grinding wheel tests. In both coatings, there are grooves parallel to the
direction of the abrasive strokes. Beside the grooves, material delaminations in the coatings can
be observed (indicated by the arrows in Fig. 7-7a and 7-7b). However, the material
delaminations are usually larger in size and occur more frequently in the nanocrystalline HVOF

coating (Fig. 7-7a) than in the microcrystalline HVOF coating (Fig. 7-7b).
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Fig. 7-5: SEM micrographs (SE mode) of single scratch grooves in the nano- and
microcrystalline VPS and HVOF coatings: (a) Nanocrystalline VPS coating, (b)
microcrystalline VPS coating, (¢) nanocrystalline HVOF coating, (d) microcrystalline HVOF
coating, (e) debris from nanocrystalline VPS coating, (f) debris from nanocrystalline HVOF
coating. The grooves were produced by the Vickers indenter under the load of 1 N on the

polished coating surfaces. The scratch direction is from bottom to top.
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Fig. 7-6: Optical micrograph of the cross section microstructure with delaminated material
(indicated by arrows) at the polished surface of a nanocrystalline HVOF coating. The arrows

indicate sites of delaminations.

Fig. 7-7: SEM micrographs (SE mode) of the worn surface of the nano- and microcrystalline
HVOF coatings after the grinding wheel tests: (a) Nanocrystalline HVOF coating, (b)

microcrystalline HVOF coating. The arrows indicate sites of delaminations.

SEM micrographs of grooves produced by 1 DS test using the grinding wheel tests equipment
on the polished surface of the nanocrystalline HVOF coating are shown in Fig. 7-8. Comparing
Fig 7-8a with Fig. 5-4a (Chapter 5.1.2), both HVOF and VPS coatings show about the same
amount of grooves, which are arbitrarily distributed like the abrasive particles on the grinding
paper. The comparison of typical groove morphologies of the nanocrystalline HVOF coating
(Fig. 7-8b) and VPS coatings (Fig. 5-4b, Chapter 5.1.2), reveals that the grooves in the HVOF
coating have less plastically deformed material piled at the ridges than the grooves in the VPS
coating. Additionally, there are many defects (an example is indicated by ‘¢’ in Fig. 7-8a)
located predominantly along the grooves in the HVOF coating. The close-up view of the
indicated defect, depicted in Fig. 7-8c, shows the lack of material at the groove, i.e. a material

delamination.



Fig. 7-8: SEM (SE mode) micrographs of the morphologies of wear traces produced by the
grinding wheel test equipment (abrasive particle size 45 um, normal load 30 N, 1 DS) on a
polished surface of the nanocrystalline HVOF coating. Fig. (b) and Fig. (c) show the close-up
microstructures at the places marked by ‘b’ and ‘c’ respectively in Fig. (a). The delamination
indicated by the arrow in Fig. (a) is apparently due to the grinding and polishing procedure of

the coating surface.

Morphologies of typical wear grooves obtained by 1 double stroke of the grinding wheel tester
in the nanocrystalline HVOF and VPS coatings and the corresponding cross section profiles
recorded by AFM are shown in Fig. 7-9. The different width and depth of the grooves can be
attributed to the locally different load and shape of the abrasive particles. There are protruding
ridges beside the grooves of the VPS and HVOF coatings. By analyses of the profiles, the
material removal ratio f,, (defined by equation 5.3, Chapter 5.2.1.1 ) of the groove in
nanocrystalline the HVOF coating is more than 95 %, while the f;, value is less than 50 % for
the groove in the VPS coating. This demonstrates that far more material is removed from the
groove in the HVOF coatings compared to that in the VPS coating already during a single

scratch in abrasive wear.
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Fig. 7-9: AFM analyses of single groove morphologies in the nanocrystalline VPS and HVOF
coatings: (a) Nanocrystalline VPS coating, (b) nanocrystalline HVOF coating. The white lines
in the micrographs (top) indicate the places where the profiles (bottom) are located. The wear
traces were produced by the grinding wheel tester (abrasive particle size 45 pm, normal load 30

N, 1 DS) on the polished coating surfaces.

Fig. 7-10 shows the morphologies of the worn surfaces of the nano- and microcrystalline
HVOF coatings after the rubber wheel tests as obtained by SEM. To a certain extend, material
delaminations can be observed on the surfaces of both coatings, though they occur more rarely
compared to those after the grinding wheel tests. The material delaminations seem to be larger
and occur more often in the nanocrystalline coating (Fig. 7-10a) than in the microcrystalline
coating (Fig. 7-10b). As shown earlier in Fig. 6-1, Chapter 6.1, however, such material
delaminations cannot be detected on the worn surface of the VPS coating prepared with the

same feedstock powders and investigated under the same wear conditions.
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Fig. 7-10: SEM micrographs (SE mode) of the morphologies of worn surfaces of HVOF
coatings after the rubber wheel tests: (a) Nanocrystalline HVOF coating, (b) microcrystalline
HVOF coating.

Fig. 7-11: SEM micrographs (SE mode) of the worn surfaces of the HVOF coatings after the
micro-scale abrasive wear tests with SiC F1200 abrasive slurry: (a) Nanocrystalline HVOF
coating, (b) microcrystalline HVOF coating. The moving direction of the abrasive particles is

from top to bottom.

However, from the micro-scale abrasive wear tests, different results are obtained compared to
the former two tests. Fig. 7-11 shows the morphologies of the worn surfaces of the nano- and
microcrystalline HVOF coatings after the micro-scale abrasive wear tests with SiC F1200
abrasive slurry. The general appearance of the worn surfaces of the nanocrystalline HVOF
coating (Fig. 7-11a) and the microcrystalline HVOF coating (Fig. 7-11b) is quite similar to
those of the respective VPS coatings (Fig. 6-5a and 6-5b, Chapter 6.2.2.1). No sign of preferred
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wear by material delamination is observed on the wear scars of nano- and microcrystalline
HVOF coatings. In addition, no visible difference can be observed between the worn surface of

the nanocrystalline HVOF coating and the microcrystalline HVOF coating.

7.3 Summary of results of HVOF coatings in abrasive wear
The results which were obtained from the scratch tests, grinding wheel tests and rubber wheel
tests of the HVOF coatings compared to the VPS coatings can be summarized as follows.

1. The wear loss of the HVOF coatings is considerably higher than that of the respective

VPS coatings tested under the same conditions;

2. Material delaminations are observed in the worn surfaces of nano- and microcrystalline

HVOF coatings, while they are not seen in the worn surfaces of the VPS coatings;

3. The material delaminations in the nanocrystalline HVOF coating occur more frequently

than those in the microcrystalline HVOF coating.

However, some different results are attained from the micro-scale abrasive wear tests by using

SiC and Al,O5 abrasive slurries:

1. The wear loss of the HVOF coatings is only slightly higher than that of the respective
VPS coatings;

2. The nanocrystalline coating show a superior wear resistance;

3. No visible differences are found between the worn surfaces of the nano- and

microcrystalline coatings after the micro-scale abrasive wear tests.

Possible reasons of the differences and the respective wear mechanisms of the nano- and
microcrystalline VPS and HVOF coatings in the applied different wear tests are discussed and

reported in the next chapter.
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8 Abrasive wear mechanisms of nano- and microcrystalline thermal

spray coatings

In the previous chapters, it was shown that the wear resistance of the nano- and
microcrystalline thermal spray coatings differs greatly with respect to the coating techniques

and the wear test conditions.

Compared to the microcrystalline VPS coating, the nanocrystalline VPS coating shows a lower
wear resistance under lower stress conditions, such as in the grinding wheel tests by using fine
abrasive particles and in the rubber wheel tests, while it shows a higher wear resistance under
higher stress conditions, such as in the grinding wheel tests by using coarse abrasive particles,

in scratch tests and in the micro-scale abrasive wear tests.

The nano- and microcrystalline HVOF coatings generally show a lower wear resistance
compared to the respective VPS coatings. Under certain test conditions, i.e. grinding wheel test
and rubber wheel tests, the nanocrystalline HVOF coating shows a lower wear resistance than
the microcrystalline HVOF coating. However, in the micro-scale abrasive wear test by using
SiC and Al,O3 abrasive particles, the nanocrystalline HVOF coating shows a slightly higher

wear resistance than the microcrystalline HVOF coating.

In this chapter, possible trends are discussed on the basis of wear morphologies and related

wear mechanisms of nano- and microcrystalline VPS and HVOF coatings.

8.1 Comparison with properties of some engineering materials

Tab. 8-1 lists values of hardness and wear of some structural materials, functional materials,
functional coatings and possible abrasives which are interesting for the present work or as
references. It should be noted that the precise values of hardness and wear depend on the
composition and microstructure of the materials, for example on grain size, level of cold work
and the state of heat treatment [2]. In addition, the wear resistance can be greatly changed if
different wear tests are employed. The values of wear given here were measured under
identical conditions and are part of a more general exploration of wear. The respective

references are [2,10,90,91,98,131-137].
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Tab. 8-1: Hardness and wear of selected structural materials, functional materials, functional

coatings and materials involved in the present work [2,10,90,91,98,131-137].

Hardness Wear Wear
Structural materials HV(0.1-0.5) Grinding wheel Rubber wheel
(kg/mm'z) (mg/1200DS) (mg/2000U)
Ferritic steel 130-170 90 -130
Austenitic steel 180 —-190 65
Stainless steel 316L 280 90
Spring steel 35-40
Aluminium 25-170 120-130
Aluminium alloys 70-120 70 -100 650 — 950
Copper 120 250
Titanium 120 70
Zinc 30-35 160 - 170
Functional materials
Al,Os, sintered 1800 — 2300 7-10
WC-Co and related sintered hard metals 1600 — 1700 1.5-3 12-20
(Ti,Mo)(C,N)-NiCo-based sintered hard metal 1500 — 1800 4-6 13-16
Functional coatings
Hard chromium, electro plated 900 — 1000 10-20
Ni-1.7P, electroless plated 700 50 -60
Ni-5.4P, electroless plated 600 80-90
Al,03, HVOF sprayed 1400 — 1500 10-15
WC - Co, HVOF sprayed 1100 — 1400 3.0-3.5 30-45
WC - CoCr, HVOF sprayed 1250 — 1350 35-55 20 —45
Cr3C,-NiCr 75-25, HVOF sprayed 1000 — 1250 22 -35 35-42
TiC-NiCo based, HVOF sprayed 900 - 1110 9-45 25-50
Ceramic and abrasive materials
Diamond 6000 — 10000
Alumina, Al,04 1800 — 2000
Silica, SiO, 750 — 1200
Silicon carbide, SiC 2100 —2600
Tungsten carbide, WC 2000 — 2400
Chromium carbide, Cr;C, 1300
Titanium Carbide, TiC 2000 — 3000
Titanium Nitride, TiN 1200 — 2000
Coatings in the present work, (Ti,Mo)(C,N) — 45 vol. % (Ni— 20 wt. % Co)
Nanocrystalline VPS coating 970 12 29
Microcrystalline VPS coating 870 10 23
Nanocrystalline HVOF coating 930 46 49
Microcrystalline HVOF coating 900 31 35
(Ti,Mo0)(C,N) hard phase
in the microcrystalline VPS coating 2200
Ni — 20 wt. % Co binder phase
in the microcrystalline VPS coating 300
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Tab. 8-1 demonstrates the wide range of hardness and wear resistance attainable by the proper
choice of materials. Comparing the hardness and wear of ferritic and austenitic steel, the lower
wear of the later indicates that a higher hardness contributes to a higher wear resistance. That
toughness significantly influences wear resistance is indicated by comparing sintered Al,O;
and WC-Co. Despite the lower hardness, the sintered WC-Co hard metal is showing a more
than two times higher wear resistance. The examples for thermal spray coatings reveal that a
wear resistance almost similar to that of sintered hard metals can be obtained by WC-Co-based
composites, while the Cr;C,-NiCr cermets tend to have significantly higher wear. TiC-Ni-
based coatings can show about a factor of two lower wear than Cr;C,-NiCr coatings at
comparable or lower hardness. Compared to functional materials and functional coatings,
typical abrasives show higher hardnesses, indicating the ability to cause surface damage. The
micro- and nanocrystalline coatings used in the present investigation have a higher metallic
matrix content than conventional cermet coatings, and nevertheless, show comparable hardness

and wear.

8.2 Abrasive wear mechanisms of VPS coatings

8.2.1 Model for abrasive wear of VPS coatings

8.2.1.1 Wear under low stress conditions

As stated earlier, the nanocrystalline coating material behaves like a homogeneous material
during abrasive wear. Under low stress conditions, according to the general model (equation
2.1, Chapter 2.1.3.2) for wear that involves the removal of material by microcutting or/and
microploughing by hard abrasives [1,2,57,58], the total volume removed per unit sliding
distance under low stress conditions of the nanocrystalline coating Oy, (unit m*/m) can be given

by
w, .
0, =k, H—’n equation 8.1,

where W, is the total applied normal load. The constant &; depends on the fraction of displaced
material actually removed, and on the geometry of the abrasive particles (i.e. on the attack
angle). H, is the hardness of the nanocrystalline coating. According to equation 5.2 (Chapter

5.1.1), the wear resistance of the nanocrystalline coating under low stress condition Ry, is
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_W _H4,

Rln -5
an kl

equation 8.2.

H, is measured to be 9.94 GPa. Therefore, the wear resistance is

R, =—— equation 8.3.

previous surface

current surface

previous surface

current surface

Fig. 8-1: Schematic showing the wear processes of the microcrystalline VPS coating at
different stress levels under steady state conditions, with b as binder phase and /4 as hard phase:

(a) Under low stress conditions, (b) under high stress conditions.

For the microcrystalline coating, a wear surface profile, in which the hard phases slightly
protrude from the binder phase, is usually retained under steady state conditions, as
schematically illustrated in Fig. 8-1a. Under such steady state conditions, the wear rate must be
the same for the two phases, regardless of their difference in individual abrasion characteristics.
In this case, the total volume wear per unit sliding distance of the microcrystalline coating

material Oy, 1s

Om = O + On equation 8.4,

where Oy, is the wear of the binder phase and Q; is the wear of the hard phase, which can be

given by:
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w
=k equation 8.5,
Oy sz q
0, =k H—’h equation 8.6.

h

Here the constant k; for the nano- and microcrystalline coatings and different phases under the
same wear test conditions is assumed to be similar. The influence to &; by other factors such as
toughness will be discussed later in Chapter 8.1.1.3. H, and H, are the hardness of the binder
and hard phase. W), and W), are the normal loads carried by the binder and hard phase. With the

volume fractions x and (7-x) respectively for the binder and hard phase contents, follows

O = xQm equation 8.7,
Om = (1-x)Oim equation 8.8,
Wi=Wp+ Wiy equation 8.9,

where W is the total normal load of the abrasive counterbody, which is similar to that of the
nanocrystalline coating under the same test conditions. According to equation 8.4 to 8.9, W,
and W), are

_ xH, W
(-x)H,+xH,

w, equation 8.10,

_ (I_X)Hh
(1-x)H, +xH,

Ih W, equation 8.11.

Therefore, the wear O;,, and the wear resistance Ry, are

le = (I—X)I‘Il +xH k]VVl equation 812,
h b

_ (1-x)H, +xH,

R
Im kl

equation 8.13.

Here (I — x)H, + xH), can be considered as the effective hardness of the microcrystalline
coating under low stress conditions. According to equation 8.13, higher hardness of the hard
phase and the binder phase, as well as a higher volume fraction of the hard phase, should
increase the wear resistance of microcrystalline coatings. For the present microcrystalline VPS
coating, H;, and H, are estimated according to the data in ref. [138] to be about 22 GPa and 3

GPa respectively and the volume fraction of the binder phase x is 0.45, which lead to

Wi =090 W, equation 8.14,
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Wi, =0.10 W, equation 8.15.

This demonstrates that the hard phases carry 90 % of the total normal load, while the binder

phase carries only 10 % of the normal load. According to equation 8.13, Ry, is

R, = 1345 equation 8.16.

Therefore, comparing equation 8.16 to equation 8.3, the wear resistance of the nanocrystalline

VPS coating should be 26 % lower than that of the microcrystalline coating if the stress is low

and fracture and uprooting of the hard phases in the microcrystalline VPS coating do not occur.

8.2.1.2 Wear under high stress conditions

Under high stress conditions, the nanocrystalline coating material is also homogeneously
removed like a rather ductile material. Thus, the wear resistance of the nanocrystalline coating

Rhn 1S

R, =—" equation 8.17,

where the constant &, is assumed to depend only on the abrasive conditions. The value of &;
should be higher than 4; (equation 8.1) due to the increase in attack angle of the abrasive

particles with increasing load. The experimentally determined coating hardness H,, supplies

. 9.94

R equation 8.18.

n

In the microcrystalline coating, under high stress conditions, the hard phases are fractured and
simultaneously removed with the binder phase, as illustrated schematically in Fig. 8-1b. Then
the bulk hardness of the composite determines the wear rate of the microcrystalline coating.

Therefore, the wear resistance of the microcrystalline coating R, is given by

R, =—" equation 8.19.

With the hardness H,, of 8.92 GPa for the microcrystalline coating material, Oy, is

R, = 892 equation 8.20.

hm
k h



106

Therefore, according to equation 8.18 and equation 8.20, the wear resistance R of the
nanocrystalline VPS coating should be about 11 % higher than that of the microcrystalline VPS

coating under the high stress conditions.

The above model demonstrates that the nanocrystalline coating shows a lower wear resistance
under low stress conditions and a higher wear resistance under high stress conditions, as
compared to the microcrystalline coating. This trend agrees well with the experimental results

shown in the previous chapters.

8.2.1.3 Fracture toughness of the coatings

The above model only considers the influence of hardness on the wear resistance of the
coatings. However, fracture toughness is another important factor in determining wear.
Fracture toughness can be considered a material property which describes the inherent
resistance of the material to fracture failure [139]. The critical stress that cause crack
propagation is higher for a material with a higher fracture toughness. Moreover, a higher
toughness may lead to a lower proportion of displaced material from a groove, which is

removed by microcracking or microcutting, rather than microploughing, during wear [2].

The scratch tests with progressive load in the present study (Fig. 5-17, Chapter 5.2.1.2)
demonstrate that large cracks perpendicular to the grooves occur due to the tensile stress behind
the indenter, if the load is increased above the critical limit for fracture of the coatings (= F,). It
is evident that the fragmented coating material would be easily removed by repeated scratches,
causing failure of the coatings. The experimental results clearly show the advantage of the
nanocrystalline coating over the microcrystalline coating with respect to an about 3 times
higher fracture toughness (Chapter 5.2.1.2), making the nanocrystalline cermet coating more

reliable during applications.

The higher fracture toughness of the nanocrystalline coating can be attributed to different
microstructural features compared to those of the microcrystalline coating. Being surrounded
by a relative ductile matrix, the nanoscale hard phase particles are exposed to smaller local
stress concentrations than larger ones. Moreover, even under high local loads, breaking of the
hard phase particles is very unlikely because of the high strength of very fine ceramic particles
[140]. In addition, a higher toughness of the nanocrystalline coating is also attributed to the
higher strength of the thinner binder ligaments between the hard phase particles which can be

obtained by decreasing the carbide sizes. These bridging ligaments impose a closure of traction
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forces on the crack surfaces at both ends of the crack, against its opening [3,141,142], which

prohibits the growth of the crack.

8.2.1.4 Comparison of experimental results and expected wear resistance according to the

model

Fig. 8-2 summarizes the experimental results in ratios of wear resistances of the nanocrystalline
coating to those of the microcrystalline coating obtained from different tests. The results of
micro-scale abrasive wear tests using emulsion of paper filler as abrasive media are not
included in Fig. 8-2. The lines at 0.74 and 1.11 indicate the ratios at a low stress and a high
stress, which should be obtained with respect to the hardness of the coatings, the embedded
hard phases and the binder, as gained from the analytical model. According to the model, all
the experimental data should be located between these two lines. The experimental results
agree well with the lower ratio of 0.74. A 26 % lower wear resistance of the nanocrystalline
coating compared to that of the microcrystalline coating is the smallest value, obtained under
abrasive wear conditions with low stress. However, the 11 % higher wear resistance compared
to the microcrystalline coating according to the model is far below the best result that can be
achieved experimentally by the nanocrystalline coating under abrasive wear at high stress
conditions. The wear resistance of the nanocrystalline coating can be up to 2 or more times

higher than that of the microcrystalline coating under the same test conditions.

However, in the analyses given is Chapters 8.2.1.1 and 8.2.1.2, only the influence of hardness
was considered. The values of k; (equation 8.1, 8.5, 8.6 and 8.12, Chapter 8.2.1.1) and &,
(equation 8.17 and 8.19, Chapter 8.2.1.2) are assumed to be dependent only on wear test
conditions, i.e. the attack angle of the abrasive particles. However, k; and k;, depend also on the
toughness of the worn material which was neglected in the above model. Under low stress
conditions, the influence of fracture toughness might be not significant for the wear resistance
of the coatings since limits for crack initiation and propagation are not exceeded. In this case,
the experimental results agree well with the theoretical model. However, under high stress
conditions, the fracture of hard phases should lead to crack propagation in the bulk
microcrystalline coating material even bridging the ductile binder [141], which greatly reduces
the wear resistance of the microcrystalline coating. Therefore, the difference in wear resistance
between the nano- and microcrystalline coatings at high stress conditions can be much higher

than that suggested by the model, as shown in Fig. §-2.
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Fig. 8-2: Comparison of wear resistance ratios between the nano- and microcrystalline VPS
coatings as obtained by different tests. The lines at 0.74 and 1.11 indicate the respective ratios
at low and high stress conditions considering hardness in analytical expressions according to

the model.

8.2.2 Transitions in wear resistance

Fig. 8-3 shows the comparison in two-body abrasive wear of the nano- and microcrystalline
VPS coatings by an average abrasive particle or an indenter as the function of the load on the
particle or indenter. The wear by the Vickers indenter is higher than that by the Rockwell
indenter due to the higher attack angle of the former. The wear by an abrasive particle lies
between the two indenters and closer to that caused by the Rockwell indenter. At least, for the
wear caused by the grinding wheel tester and by the Rockwell indenter, a change in trend can
be obtained, indicating a transition in wear mechanisms. Fig. 8-4 shows the comparison in
three-body abrasive wear. The level of load per abrasive particle in different three-body wear
test conditions is estimated according to the hardness and angularity of the abrasive particles. It
is shown in Fig. 8-3 and Fig. 8-4 that in both, two-body and three-body, abrasive wear
conditions, the wear of the nano- and microcrystalline coatings by an abrasive particle or an
indenter increases with increasing load on it. Under lower stress conditions, the nanocrystalline
coating shows a higher wear than the microcrystalline coating. This is due to the higher

effective hardness (equation 8.12, Chapter 8.2.1.1) of the latter. Under higher stress conditions,
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the nanocrystalline coating shows a lower wear than the microcrystalline coating. This is due to

the higher overall hardness and toughness of the former.

8.2.3 Two-body abrasive wear mechanisms of VPS coatings

Abrasive particles on a grit paper in two-body abrasive wear, like those used in the grinding
wheel tests, behave similar as single bodies. This is due to the fact that they are rigidly
embedded in a paper which is fixed on a metallic wheel held against the specimen. Thus, they
cannot freely move, deflect or change their position on the paper in which they are fixed. Since

they protrude at different height levels out of the glue, only some of them contribute to wear.
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Fig. 8-3: Summary of two-body abrasive wear of the nano- and microcrystalline VPS coatings
by an average abrasive particle (grinding wheel tests, normal load 30 N, 1200 DS, different grit
abrasive papers) or an indenter (Vickers and Rockwell) as the function of the load on the
particle or the indenter. The wear by an average particle or an indenter increases with its load.
The nanocrystalline coating shows a higher wear at lower loads (< about 0.2 N) and a lower
wear when the loads on the particle are high (> about 0.2 N), as compared to the

microcrystalline coating.
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Fig. 8-4: Qualitative comparison of three-body abrasive wear of the nano- and microcrystalline
VPS coatings by an average abrasive particle as the function of the load on the particle in
different wear test conditions. The wear by an average particle increases with its load. The
nanocrystalline coating shows a higher wear at lower loads and shows a lower wear at higher

loads, as compared to the microcrystalline coating.

As long as the adhesive they are glued to is strong enough and they do not break, these active
abrasive particles should penetrate into the specimen surface within a range of depth levels.
The depth of penetration is the function of factors like the load, the local hardness of the
specimen surface subjected to wear, the local stress level, as well as the attack angle and the
hardness of the abrasive particles. Nevertheless, the results from conventional wear tests, like
the grinding wheel tests, should allow some correlation with those obtained by single scratch

tests, if it is assumed that a single abrasive particle on the grit paper acts like an indenter.

It is illustrated in Fig. 8-3 that, in two-body abrasive wear, the nanocrystalline VPS coating
shows a higher wear resistance than the microcrystalline coating, with the exception of low
load on individual abrasive particles, such as in the grinding wheel tests using small abrasive
particles (Fig. 5-6, Chapter 5.1.3) and in the scratch tests at very low loads (Fig. 5-12, Chapter
5.2.1.1). In the following section, possible reasons considering different wear rates and wear
morphologies of the nano- and microcrystalline coatings at different load conditions are

discussed.
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8.2.3.1 Wear mechanisms of the nanocrystalline coating

In metallic materials, the deformation mechanisms at normal laboratory temperatures are
known to be slip and twinning [139,143]. Both deformation mechanisms do not work for
ceramic material making the deformation to be very difficult at least at normal temperatures.
The deformation in a composite material mainly occurs in the binder phase and this
deformation is constrained by the presence of hard phase particles. Therefore, composite
materials show high hardness and high strength. The deformation behaviour of composite
materials can be adjusted by well designed microstructures. In the nanocrystalline coating
material, as hard phase particle sizes are reduced to nanometres, for a constant volume of
binder content, the binder mean free path is reduced and the interfacial area between the hard
phase particles and the binder phase is greatly increased. This results in increasing constraints
for the motion of dislocations and shear in the binder phase. Consequently, the very localized
deformation in the binder phase can be effectively suppressed by the finely distributed hard
phase particles. In addition, by reducing the hard phase size, the strength of a single hard phase
particle is increased and the local stress concentration on the single hard phase particle is
reduced due to the more uniform stress distribution in a nanocrystalline composite material.
Therefore, the hard phases in nanocrystalline cermets should not fracture even under a high
load on the material. These mechanisms have the effect of strengthening the cermet without
decreasing significantly the toughness. Therefore, the nanocrystalline coatings have higher

hardness and still show a tougher behaviour as compared to the microcrystalline coatings.

The abrasive wear mechanisms of the nanocrystalline coatings depend also on the load on
individual abrasive particles. As sketched in Fig. 8-5a, when the load on an abrasive particle is
low, the degree of penetration is also low, which results in microploughing to be the dominant
wear mechanism [1,2]. The wear of the nanocrystalline coating under a low load occurs mainly
in the form of microfatigue by repeated microploughing by abrasive particles. Moreover,
microcutting by abrasive particles with large attack angles [1,2] is also possible even under low

load conditions.

As the applied load is increased, the degree of penetration of an individual abrasive particle
also increases, which causes microploughing to become less important while microcutting is

getting more prominent [1,2], as sketched in Fig. 8-5b.

As shown in the previous chapters, no individual behaviour of the (77, Mo)(C,N) hard phases
and the NiCo binder was distinguished by investigating the morphologies of the worn surfaces

of the nanocrystalline coating. The hard phase particles in the nanocrystalline coating are much
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smaller than the scales of damage made by individual abrasive particles in the tests. The
nanocrystalline coating behaves like a homogeneous rather ductile material during the tests and
the wear results from the loss of small volumes of the nanocrystalline composite material. The
wear debris therefore has the same composition as the coating and consists of hard phases

embedded in the binder phase.

8.2.3.2 Wear mechanisms of the microcrystalline coating

Under low stress conditions, an abrasive particle or an indenter cannot break the hard phase
particles in the microcrystalline coatings. This results in a heterogeneous surface damage on a
length scale smaller than the size of the hard phases (Fig. 5-5b, Chapter 5.1.3, Fig. 5-12b,
Chapter 5.2.1.1, Fig. 5-19a, Fig. 5-21b, Chapter 5.2.2). Therefore, the abrasive particles attack
the binder phase and the hard phases individually.

The wear mechanisms of the binder phase are microploughing and microcutting according to
the attack angle or degree of penetration of the respective abrasive particles, similar to the
normal wear process of a metallic material. The wear mechanism of hard phases at a low load
is microcutting (Fig. 5-19a and 5-21b, Chapter 5.2.2). There is almost no microploughing due
to their poor deformation ability. Attributable to the high hardness of the hard phases, the
groove depths in the hard phases are significantly smaller than those in the binder phase, as
shown in Fig. 5-12b, Chapter 5.2.1.1, Fig. 5-21b, Chapter 5.2.2, and sketched in Fig. 8-5c.
Therefore, the wear rate of the binder phase is higher than that of the hard phases in the

microcrystalline coating at the early stage during wear under low stress conditions.

In fact, the binder phase is preferentially removed and the hard phase particles become
protruding, and thus, the hard phases are more exposed to the abrasion than the binder phases.
Further attack of abrasive particles is mainly carried by the hard phases in the microcrystalline
coating. It has been analyzed in Chapter 8.2.1 that the hard phases carry 90 % of the total
normal load. In this case, the microcrystalline coating behaves like a ceramic one and its wear
rate should be low due to the high wear resistance of hard ceramic material under low stress

conditions [61].

From the SEM micrographs (Fig. 5-5b, Chapter 5.1.3, Fig. 5-19, Chapter 5.2.2), it can be seen
that with increasing applied load on an individual abrasive particle, the predominant wear
mechanisms of the microcrystalline coatings change from microploughing and microcutting of
the binder phase and microcutting of the hard phase to wear involving brittle fracture of the

hard phases. Fracture of the hard phase particles occurs when the applied load by individual
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abrasive particles exceeds a critical value [2]. The critical load by individual abrasive particles
that causes fracture of the hard phase particles depends also on the geometrical shape of the
abrasive tip. For instance, the sharp Vickers indenter results in a higher local stress and the
fracture of hard phase particles occurs at a load of about 0.02 N (Fig. 5-19b, Chapter 5.2.2).
However, if a blunt Rockwell indenter is used, this load can increase to about 0.5 N (Fig. 5-8b,

Chapter 5.2.1.1).

The fragmented hard phase particles are removed together with the binder phase, as sketched in
Fig. 8-5d. In the case of wear involving hard phase fracture, toughness and hardness of the
overall composite material determine the mass loss during wear like for a homogeneous
material. Due to the lower overall hardness, the microcrystalline coating cannot resist the
penetration of abrasive particles as effectively as the nanocrystalline coating. Wear grooves in
the microcrystalline coating are deeper than that in the nanocrystalline coating under the same
high load conditions. Additionally, the local toughness of the microcrystalline coating is lower
because crack initiation and penetration is easier. Therefore, the microcrystalline coating shows
a lower wear resistance compared to the nanocrystalline coating when fracture of the hard
phase particles in the microcrystalline coating occurs. As argued by Hutchings [43], the wear
resistance of a conventional cermet material may be not different from that of the unreinforced

alloy if widespread fracture of the reinforcing hard phase occurs.

This can explain why the microcrystalline coating shows lower wear resistance than the
nanocrystalline coating in the grinding wheel tests if the loads on individual abrasive particles
are high, as shown in Fig. 5-7 (Chapter 5.1.2). This is consistent with the results from the
scratch tests at relative high loads. As shown in Fig. 5-14 (Chapter 5.2.1.1), Fig. 5-23 and Fig.
5-24 (Chapter 5.2.2), the scratch resistance of the microcrystalline coating is lower than that of
the nanocrystalline coating because the applied loads on the indenter in these cases are
sufficiently high and the removal of the microcrystalline coating involves the fracture of hard

phase particles.

Further increased loads lead to a groove larger than the hard phase particle size in the
microcrystalline coating. For such large grooves, the micro-scale hard phase particles can be
removed simultaneously with the binder phase, and form large debris with fractured hard phase
particles embedded in the matrix, shown in Fig. 5-20, Chapter 5.2.2. Hence the
microcrystalline coating can also be treated as a homogeneous material, like the nanocrystalline
coating. In this case, the microcrystalline coating should show a lower wear resistance than the

nanocrystalline coating due to its lower hardness and toughness.
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Fig. 8-5: Principles of two-body abrasive wear mechanisms of the nano- and microcrystalline
VPS coatings under different loads. The nanocrystalline coating material behaves like a
homogeneous comparably ductile material and the main wear mechanisms are microploughing
and microcutting. Microploughing combined with microfatigue is the dominant wear process at
a lower load, while microcutting is the dominant wear process at a higher load. For the
microcrystalline coating, the dominant wear mechanisms at a lower load is the preferentially
removal of the binder phase leading to the exposure of the hard phases, while the wear at a
higher load involves fracture of hard phase particles and simultaneously microcutting of the

hard phases and binder phase.
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8.2.4 Three-body abrasive wear mechanisms of VPS coatings

In three-body wear, abrasive particles are free to roll and to slide between the coating surface
and the counterbody. As shown in the previous chapters, wear rates due to three-body abrasion
differ greatly with respect to the wear conditions. For instance, in the rubber wheel tests, the
wear coefficient is quite low and the nanocrystalline coating shows a lower wear resistance
than the microcrystalline coating (Tab. 6-1, Chapter 6.1.1). In the micro-scale abrasive tests
micro-scale abrasive wear using SiC or 4/;,0; abrasive particles, the wear coefficient is very
high and the nanocrystalline coating shows a higher wear resistance than the microcrystalline
coating (Fig. 6-4, Chapter 6.2.1). However, in the micro-scale abrasive wear tests using
emulsion of paper filler as abrasive medium, the wear coefficients are about 1000 times lower
as compared to those using hard abrasive particles and the nanocrystalline coating show a
pronounced higher wear coefficient than the microcrystalline coating. The wear mechanisms of
the nano- and microcrystalline VPS coatings under different three-body wear test conditions

are discussed in this section.

8.2.4.1 Three-body abrasive wear mechanisms in rubber wheel tests

8.2.4.1.1 Wear mechanisms of the nanocrystalline coating

Fig. 8-6a shows schematically the three-body abrasive wear of the nanocrystalline VPS coating
in the rubber wheel test. Because the hard phase particles in the coating are much smaller than
the scales of damage by the abrasive particles, the nanocrystalline coating material behaves like
a homogeneous material in this test. Since the rubber counterbody is much softer than the
abrasive particles and the coatings, the abrasive particles are partially embedded into the rubber
counterbody and get more or less similar effective loads. For the conditions of partially fixed
abrasives, two-body abrasion takes place and the main wear mechanism is microploughing,
thus short shallow grooves are produced in the coating surface (Fig. 6-1a, Chapter 6.1.2). The
nanocrystalline coating material can be removed by microfatigue due to repeated deformation.
Microcutting may occur as well, but may play only a minor role due to the low hardness and
low attack angle of the round SiO, abrasive particles. During sliding of loosely held abrasive
particles on the coating, the frictional forces between surface and abrasives and counterbody
and abrasives result in a torque to rotate the abrasives. During rotation, edges or tips of the
abrasive particles can indent into the coating and produce pits, also causing deformation of the

surface material. The low wear coefficient (Tab. 6-1, Chapter 6.1.1) as compared to two-body
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wear (Tab. 5-1, Chapter 5.1.1) indicates the microfatigue is the dominating mechanism for the

nanocrystalline coating, rather than direct microcutting.

8.2.4.1.2 Wear mechanisms of the microcrystalline coating

The principle of the wear process of the microcrystalline coating in the rubber wheel test is
shown in Fig. 8-6b. The softer SiO, abrasive particles cannot produce grooves or pits in the
harder carbide particles of the microcrystalline coatings, but they cause abrasive wear of the
metallic binder by plastic deformation, namely microploughing, microfatigue and microcutting,
leaving a quite heterogeneous surface morphology with protruding hard phases (Fig. 6-1b,
Chapter 6.1.2). Moreover, the normal and tangential forces applied on the hard phase particles
are transferred to the surrounding metallic matrix, which can cause additionally plastic
deformation of the binder and cause these hard phase particles to move slightly. These repeated
small displacements of the hard phase particles cause gradual extrusion of the metallic binder
phase between the hard phase particles to the coating surface. Such extruded binder phase
material then can be removed by the following abrasive particles. The additional removal of
binder phase by extrusion enhances the protrusion of hard phase particles at the coating surface.
The protruding hard phase particles can be fractured if they are attacked by the abrasive
particles at high stress levels (Fig. 6-2a and 6-2b, Chapter 6.1.2). It should be noted here, that
fracture of hard phases is less prominent, since the soft counterbody supplies quite uniform
loads to the individual abrasives, regardless their size and shape, and thus prevents the
occurrence of high local stress conditions. However, the directionally repeated compressive
and tensile stress at the carbide — matrix interface can separate the hard phase particles from the
binder matrix at the leading side to the abrasive attack (Fig. 6-2a and 6-2b, Chapter 6.1.2). It is
evident that the, possibly fractured and not anymore well-bonded, hard phase particles can be
pulled-out by further repeated attacks of the following abrasive particles. Therefore, the wear
mechanisms of the microcrystalline coating during the rubber wheel test are mainly governed
by preferential removal of the binder phase followed by microfatigue of the interface between
hard phase particles and binder and uprooting of the hard phase particles. However, due to their
higher hardness, the carbide particles can blunt the SiO, abrasive particles, thus reducing the
wear efficiency of the abrasive particles. Previous investigation [144] showed that under
standard rubber wheel test conditions (ASTM G65), a considerable amount of abrasives

particles is fractured during the test.
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Fig. 8-6: Principle of the three-body abrasive wear mechanisms of the nano- and
microcrystalline VPS coatings in the rubber wheel tests: (a) Nanocrystalline coating, (b)
microcrystalline coating. The nanocrystalline coating material behaves like a homogeneous
rather ductile material in which the hard phase particles and the binder phase are
simultaneously deformed and removed mainly by microfatigue. In the microcrystalline coating,
the preferential wear of the binder phase leads to protrusions of the hard phases. Repeated
slight motion of hard phases in the binder results in fatigue of the respective interface and pull-
out of the hard phase particles, and sometimes fracture of the hard phases. The protruding hard
phase particles can support the abrasive particles and protect the binder phase against further

direct attack of abrasives, until they are pulled-out.
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The results that the microcrystalline VPS coatings have a better wear resistance than the
nanocrystalline coatings in the rubber wheel tests can be attributed to the fact that the
protruding hard phases in the microcrystalline coating can protect the binder phase against
further direct attack of abrasives, whereas the nanocrystalline material is abraded continuously.
Since the abrasives with typical diameter of 125 to 250 um are much larger than the hard phase
particle or binder mean free path in the microcrystalline coating and have few sharp edges and
tips, the protruding hard phase particles in the microcrystalline coating prevent the abrasive
particles from indenting and grooving of the softer binder material, as sketched in Fig. 8-6b.
Most of the abrasive attack is carried by a number of protruding hard phase particles which by
their own are very wear resistant against the softer SiO, abrasive particles used in the rubber
wheel test. Moreover, the displacement of the hard phases, the extrusion of the binder material,
and in consequence the failure of the interface between the hard phase particles and the binder
will need a large number of stress cycles. These mechanisms lead to a lower wear coefficient of
the microcrystalline coatings, even lower than that of the nanocrystalline coating. It is worth
noting that wear mechanisms will be significantly different and more severe, if smaller, more
angular and probably harder abrasives and a harder counterbody would be used to supply

locally higher stress to the binder and hard phases in the microcrystalline coating.

As shown earlier, the wear coefficients of the nano- and microcrystalline coatings in the rubber
wheel tests are several ten times lower than those in the grind wheel (two-body) tests. This
result is in agreement with refs. [48,49,80,145,146] which reported that the wear coefficient
according to rubber wheel test is about one to two orders of magnitude smaller than that of
two-body abrasion. This can be attributed to the fact that, besides the difference in hardness
and angularity of abrasive particles used in the two tests, the abrasive particles spend most of
the time in the contact zone by rolling rather than by grooving during three-body abrasion. The
free rolling abrasive particles cause much less wear loss than rigidly embedded particles due to
the different types of stress applied. Whereas rigid abrasive particles in two-body wear account
for compressive and shear stress and also for locally high stress concentrations, free rolling
particles in three-body wear apply mainly compressive stress to the coating surfaces. The latter
can be easily handled by the ceramic hard phases, in particular if possible stress concentrations
are compensated by the displacement of hard phase particles into the surrounding softer
metallic matrix. For such conditions, wear coefficients might be minimized by an optimum
tuning of possible hard phase displacements, means hardness of the binder, and the adhesion of

hard phases to the surrounding binder.
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8.2.4.2 Three-body wear mechanisms in micro-scale abrasive wear tests using SiC or Al,O;

abrasive slurry

Although a very low load (0.25 N) is used in the micro-scale abrasive wear tests, the stress
applied to the coating is very high due to the small contact area (0 to about 2 mm?”) between the
ball counterbody and the coatings. Moreover, by using smaller, more angular and harder
abrasives, the local stress in the micro-scale abrasive wear tests is significantly higher than that
applied in the rubber wheel tests. In addition, even the especially prepared spherical 100 Cr 6
steel counterbody used in the micro-scale abrasive wear test should not be able to transfer
abrasive particles to the contact region as efficiently as the flat rubber wheel, thus reducing the
contact area. Furthermore, the more rigid steel ball counterbody compared to a thick rubber
layer would be less deformed and allow locally higher stress concentrations. All together, the
average load carried by each abrasive particle in the micro-scale abrasive wear tests should be
much higher than that in the rubber wheel tests. Therefore, the wear coefficients of the nano-
and microcrystalline VPS coatings obtained in the three-body micro-scale abrasive wear tests

are even slightly higher than those in the two-body grinding wheel tests.

8.2.4.2.1 Wear mechanisms of the nanocrystalline coating

As shown earlier in Fig. 6-5a, Fig. 6-7a and Fig. 6-8a, Chapter 6.2, the indentation pits by the
TE 66 tests are larger than the hard phase particles in the nanocrystalline coating and no
individual behaviour of hard phases and binder phase is distinguished. Thus, the
nanocrystalline coating can be regarded as a homogeneous material. Fig. 8-7 shows
schematically the three-body abrasive wear mechanisms of the nanocrystalline coating during
the micro-scale abrasive wear tests. In Fig. 8-7a, an abrasive particle which carries part of the
normal load is shown. Since the abrasive particle is harder than the nanocrystalline coating and
the counterbody, sharp tips of the particle can indent into the coating surface and into the
counterbody. Although the indentation depth in the steel counterbody may be higher than that
in the nanocrystalline coating and there are also initial pits in the surface of the counterbody,
the counterbody cannot hold the abrasive particle firmly probably due to the presence of water
as lubricant. The abrasive particle therefore can hardly produce grooves in the coating, instead,
it rolls under the tangential forces (Fig. 8-7, a — b — c) leaving indentation pits in the coating
and in the counterbody. At the stage shown in Fig. 8-7c, the abrasive particle can pass through
the gap between the coating and the counterbody and further abrasion is carried out by other

abrasive particles.
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The wear of the nanocrystalline coating in the micro-scale abrasive wear tests occurs by
indentation of the abrasive particles, which involves plastic deformation and, with the particles
rotating within the contact, resulting in small-scale microcutting and microploughing on a scale
comparable with the abrasive particle size (Fig. 8-7b). With these mechanisms, only
indentation pits are produced in the nanocrystalline coating, as shown in Fig. 6-5a, Fig. 6-7a
and Fig. 6-8a, Chapter 6.2. The size of the indentation pits is varying due to the different shape
and load carried by each abrasive particle. Due to the higher hardness and sufficient toughness,
the nanocrystalline coating shows a higher wear resistance than the respective microcrystalline

coating.

8.2.4.2.2 Wear mechanisms of the microcrystalline coating

The principle of the wear process of the microcrystalline coatings is sketched in Fig. 8-8. It is
known from Fig. 6-5b, Fig. 6-7b and Fig. 6-8b, Chapter 6.2, that the size of most indentation
pits by abrasive particles in the micro-scale abrasive wear tests is smaller than the hard phase
particles and binder mean free path in the microcrystalline coating. Therefore, individual types
of indentations of abrasive particles into the binder phase and into the hard phase have to be
distinguished. The wear process of the binder phase by indentation of abrasive particles in
principle is similar to that in the case of the nanocrystalline material. Nevertheless, due to
lower hardness of the binder, the wear must be more severe than that of the nanocrystalline
coating. An abrasive particle can produce a comparatively larger indentation pit in the binder
phase. The binder material will be removed by small-scale microcutting and by microfatigue
due to repeated deformation. The wear mechanism of the hard phases is microcracking, as
shown in Fig. 6-5c, Chapter 6.2.2. At a high stress level, the wear rate of ceramic material by
microcracking is higher than that of metallic material [47,61,147,148]. Respectively, in the
microcrystalline coatings, the wear mechanisms of the binder phase and the hard phase appear
to be superimposed, which both attribute to the high wear rate. Moreover, the difference in
wear resistance between the nano and microcrystalline coatings might be enhanced by the fact
that the abrasive particles are sharp enough for a preferential attack of the binder phase and

digging out the hard phases in the microcrystalline coating, leading to additional wear loss.
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Fig. 8-7: Principle of the abrasive wear mechanisms of nanocrystalline VPS coatings in the
micro-scale abrasive wear tests. Rotation of the abrasive particle produces debris by small-
scale microcutting and microploughing and leaves indentation pits in the surfaces of the

coating and the counterbody.
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The Al,O; F1200 abrasive particles have comparatively lower hardness and cannot crack the
hard phase particles as effectively as the SiC F1200 abrasive particles. Thus, compared to wear
scars produced by using SiC F1200 abrasive particles (Fig. 6-5b, Chapter 6.2.2), slightly more
protruding hard phases on the wear scars are observed by using the Al,O3 F1200 abrasives (Fig.
6-7b, Chapter 6.2.2). However, these sparsely distributed protruding hard phases cannot protect
the microcrystalline coating material. Therefore, if using the Al,O; F1200 abrasive slurry, the
wear resistance of the nanocrystalline coating is still about 13 % higher than that of the
microcrystalline coating. This difference is not so pronounced as that using the SiC F1200

abrasive slurry (about 30 %).
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Fig. 8-8: Principle of the abrasive wear mechanisms of the microcrystalline VPS coating in the
micro-scale abrasive wear tests. Rotation of the abrasive particles causes small-scale

microcutting and microploughing in the binder phase and microcracking in the hard phases.

The wear coefficient is higher if the coarser Al,O3; F400 abrasive particles are used due to the
higher stress introduced by individual abrasive particles. Therefore, the size of some
indentation pits is quite large, ranging up to 10 um (Fig. 6-8, Chapter 6.2.2.2), which allows
removing even the microcrystalline coating as a homogeneous material. Therefore, as shown in
Fig. 6-8, Chapter 6.2.2.2, no visible difference is shown in the worn morphologies between the
nano- and microcrystalline coatings after micro-scale abrasive wear tests with 4/;,03 F400

particles as abrasive slurry. The wear rate is then mainly determined by the overall hardness
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and toughness of the coatings, and thus, the nanocrystalline coating shows an about 20 %

higher wear resistance than the microcrystalline coating.

8.2.4.3 Three-body wear mechanisms in micro-scale abrasive wear tests using emulsion of

paper filler as abrasive medium

The compositions in the emulsion of paper filler are very complex and the detailed phase
contents of the emulsion of paper filler used in the present work are not clearly known.
However, according to the extremely low wear coefficient (about 1000 times lower than that by
using SiC or Al,O; abrasive particles) shown in Tab. 6-3 (Chapter 6.3.1), the main component
AlSi;05(OH), in the emulsion of paper filler must be very soft.

8.2.4.3.1 Wear mechanisms of the nanocrystalline coating

The wear mechanism of the nanocrystalline coating is the gradually homogeneous loss of the
surface material by microfatigue or adhesive wear. Although many narrow grooves in the worn
surface can be seen (Fig. 6-9a, Chapter 6.3.1), grooving wear (microcutting or microploughing)
appears not to play an important role, due to the low wear coefficient. The grooves might be
produce by a few hard particles in the emulsion (if it has), the wear debris or the uprooted large
hard phase particles from the coating. The grooves are difficult to be worn away once they are
produced, due to the low wear coefficient of the emulsion. In addition, corrosion might be

another mechanism for the material loss.

8.2.4.3.2 Wear mechanisms of the microcrystalline coating

According to the wear morphologies (Fig. 6-9b and 8-7d, Chapter 6.3.1), the wear mechanism
of the microcrystalline coating is the preferential wear of the binder phase, followed by
uprooting of the hard phase particles. Compared to the wear process of the rubber wheel tests,
the stress introduced by the emulsion of paper filler must be substantially lower. Especially the
wear of the hard phases is remarkably lower. The top sides of the hard phases seem to be
slowly and gradually worn layer by layer and no cracking occurs. The hard phase particles can
be pulled-out only when most of the around binder phase is worn out, due to their good
bounding to the binder and the low stress induced by the emulsion. The wear rate of the binder
is also very low due to the protection of the protruding hard phases. In addition, part of the

binder might also be removed by corrosion.
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It is shown in Tab. 6-3 (Chapter 6.3.1), the wear of the nanocrystalline coating is much higher
than that of the microcrystalline coating. The reduction in wear resistance is higher than that
obtained from the theoretical consideration under low stress conditions, as shown in Chapter
8.2.1.1. This might be attributed to the difference in corrosion by the emulsion of paper filler
between the two coatings. The larder surface area in the nanocrystalline coating results in
higher corrosion rate compared to the microcrystalline coating. Therefore, compared to the
microcrystalline coating, more material might be removed by corrosion from the
nanocrystalline coating. However, it is not clear how important the role played by corrosion is

for the nano- and microcrystalline coatings.

It should be noted that, though the nanocrystalline coating shows a lower wear resistance
against the paper emulsion, it shows the advantage of having a lower surface roughness parallel
to the direction of the abrasive attack over the microcrystalline coating. In the applications, a
low surface roughness might be more essential than the amount of material loss with respect to

the good surface quality of the paper product.

8.3 Abrasive wear mechanisms of HVOF coatings

The results from chapter 8 show that the wear rates of the HVOF coatings, to a certain extent,
are higher than those of the respective VPS coatings in the wear tests involved in the present
work. For example, the wear rate of the HVOF coatings is considerably higher in the grinding
wheel and rubber wheel tests while slightly higher in the micro-scale abrasive wear tests as
compared to that of the VPS coatings (Fig. 7-1 to Fig. 7-4, Chapter 7.1). The results also
indicate that the nanocrystalline HVOF coatings show an inferior or superior wear resistance
compared to the microcrystalline HVOF coatings under different test conditions. The reasons

are analysed as follows.

8.3.1 Reasons for material delaminations during abrasive wear of HVOF coatings

Material delaminations of HVOF coatings occur during some abrasive wear tests (Fig. 7-5¢ and
7-5d, Fig. 7-6, Fig. 7-7, Fig. 7-8 and Fig. 7-9, Chapter 7.2), which cause additional material
loss besides other mechanisms. In order to imagine how the material delaminations are formed,
it is important to know how the coatings are formed. In HVOF spraying, oxygen is present in
the combustion gas mixture and in the ambient air. Therefore, carbon is partially lost and

titanium oxide layers are formed on the surface of the spray particles. During impingement of
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the spray particles on the substrate, the oxides remain at the boundaries between the spray
splats. During wear, cracks can be generated and grow through the brittle oxides at the splat
boundaries. These cracks can finally lead to the removal of parts of splats or even the whole
splats, causing material delaminations. However, in the VPS process, oxidation of the material
can be avoided by using inert plasma gases and operating in a vacuum chamber, thus avoiding

the occurrence of material delamination of the VPS coatings under abrasive wear conditions.

The material delaminations are caused by a sufficiently high shear stress applied by abrasive
particles to the coating surface. In two-body wear tests, such as the scratch tests and the
grinding wheel tests, the abrasive particles are rigidly bonded to the counterbody and introduce
mostly shear stress besides compressive stress to the coatings. Therefore, material
delaminations occur more frequently in these tests. The free rolling abrasive particles in the
rubber wheel tests provide a relatively low shear stress and mainly compressive stress to the
coatings, thus making material delaminations less easy to take place. However, in the micro-
scale abrasive wear test, mostly compressive stress is introduced by the rolling abrasive
particles. The sharp edges of the abrasive particles cause damage on a scale less than their size.

This stress is not sufficient enough to cause delamination of whole splats from the coatings.

8.3.2 Brittleness of HVOF coatings

The presence of oxides reduces the toughness of the HVOF cermet coatings and toughness of a
composite is mainly attributed to the metallic matrix. If the dispersed oxides obstruct the
gliding of dislocations in the binder matrix, thus the deformation ability of the whole composite
is affected. As noted earlier, the debris produced by scratching (Fig. 7-5f, Chapter 7.2) has
shown the brittle wear behaviour of the HVOF coatings compared to the VPS coatings.
According to Hutchings [2,149], decreasing the ductility of a material increases the proportion
of the material actually removed from the grooves during wear (i.e. f,», defined in equation 5.3,
Chapter 5.2.1.1). As shown in Fig. 7-9, Chapter 7.2, the higher f; of a typical abrasive groove
in the nanocrystalline HVOF coating (f,, = 95 %), compared with that in the VPS coating (fz» =
50 %), is mainly due to the lower ductility and toughness of the HVOF coating, besides other
factors such as different attack angles of the respective abrasive particles. Therefore, the higher
proportion of removed material from single wear grooves is another reason, besides material
delaminations, for the higher wear rates of the HVOF coatings as compared to that of VPS

coatings.
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8.3.3 Difference between nano- and microcrystalline HVOF coatings

It should be noted that the nanocrystalline HVOF coating shows a remarkably lower wear
resistance than the microcrystalline HVOF coatings in some wear tests, as the grinding wheel
tests, in which material delamination is an important wear mechanism. The difference in oxide
distribution is responsible for the difference in wear resistance between the nano- and
microcrystalline coatings. During HVOF spraying of nanocrystalline coatings, oxidation
predominantly occurs at the surfaces of the feedstock powders, while the dense unmolten cores
of the spray particles are rarely oxidized. Therefore, after impingement the oxygen-rich zones
are generally located between splats in the nanocrystalline coating (Fig. 4-1¢ and 4-2¢, Chapter
4.1). These oxygen-rich zones are larger due to the larger surface area and smaller particle size
of the nanocrystalline powders compared to the coarser microcrystalline powders. In the
microcrystalline HVOF coatings, however, the oxygen-rich zones are thinner and more
homogeneously distributed (Fig. 4-1d and 4-2d, Chapter 4.1). This can be attributed to the high
porosity of the agglomerated and sintered microcrystalline feedstock powders where oxidation
occurs both at the surfaces and inside the powders. The thicker oxygen-rich zones in the
nanocrystalline coating are more affected by crack generation and crack propagation at the
splat boundaries. Therefore, under the same wear conditions more and larger material
delaminations occur in the nanocrystalline HVOF coating than in the microcrystalline HVOF
coating (Fig. 7-5, 7-7 and 7-10, Chapter 7.2), which lead to the higher material loss of the

nanocrystalline coating.

However, under micro-scale abrasive wear test conditions, in which material delamination
hardly occurs, the wear resistance of nanocrystalline HVOF coatings is slightly higher than that
of the microcrystalline HVOF coatings. This can be attributed to the slightly higher hardness of

the former coatings.

8.4 Application potential

8.4.1 Suitable application fields of the nano- and microcrystalline coatings

According to the above discussion, it is clear that the nanocrystalline VPS coating has a higher
wear resistance in severe wear conditions compared to the VPS microcrystalline coating. In
contrast, the microcrystalline coating might be favourable in applications with mild wear. Tab.

8-2 summarizes the suitable application fields for the nano- and microcrystalline coatings.
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Tab. 8-2: Recommended application fields of the nano- or microcrystalline VPS coatings.

Requirements of applications Nanocrystalline coating  Microcrystalline coating

Wear resistance
under two-body conditions

High loads (> 0.2 N / abrasive particle)

o +
+

Low loads (< 0.2 N / abrasive particle)
Hard abrasives

Soft abrasives

o +
+

Large abrasives + -

Small abrasives 0 +
Wear resistance
under three-body conditions

High stresses + -

Low stresses - +

Hard abrasives + -

Soft abrasives - +

Angular abrasives + -

Round abrasives 0

Hard counterbodies +

Soft counterbodies 0 +
Hardness + 0
Toughness + —
Low surface roughness + 0
Low friction coefficient + 0

+: good; 0: medium; —: bad.

The comparison of the nano- and microcrystalline VPS coatings demonstrates several
advantages of the nanocrystalline VPS coating. When the coatings are used under high stress
conditions, the nanocrystalline coatings show reduced wear and they are more reliable due to
the higher fracture toughness compared to the microcrystalline coatings. However, when the
coatings are applied under low stress conditions, the nanocrystalline coating still has a very
high wear resistance, and shows a homogeneous material loss, low friction coefficient and
smooth worn surface, which might be more essential than the amount of material loss with
respect to the surface quality of the products or the lifespan of the mating components.

Moreover, for some applications even under low stress conditions, locally high stresses may
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also be introduced by foreign objects between the two sliding surfaces. The foreign objects can
be attributed to fallen-out hard phases, wear debris, contaminations in lubricants or other
possibly inserted materials. The severe local damage by the high stress introduced by the
foreign objects could be more dangerous for the lifespan of a coated part than the uniform
volume loss. Therefore, with respect to the higher resistance to local damage, the

nanocrystalline VPS coatings show advantages over the microcrystalline coatings.

8.4.2 Conclusions and outlooks

According to the results from the present work, the ceramic hard phases in composite materials
play a very important role in determining the wear resistance of the overall materials under low
stress conditions. The nano-sized hard phases have the effect to strengthen the metallic matrix
and to increase the overall hardness of the nanocrystalline composite materials. However, the
nano-size hard phases alone cannot resist the penetrations of abrasive particles. In contrast, also
under low stress conditions, the micron-sized hard phases in the microcrystalline composite
materials can act as real barriers against the penetrations of abrasives. Thus, the
microcrystalline composites show enhanced wear resistance compared to the nanocrystalline
composites in cases where only low stresses are introduced. Moreover, according to the model
shown in Chapter 8.1.1.1, higher hardness of hard phases and matrix and higher volume
fraction of the hard phases should increase the wear resistance of microcrystalline coatings,
from which it can be deduced that pure hard ceramics might be the ideal coating materials
under low stress conditions. Therefore, in situations in which only low stresses are introduced
with the absence of additional forces, such as those induced by local high stresses, vibrations,
collisions between components and etc., pure hard ceramic coatings are the proper solution
against wear. However, in some applications, the presence of these additional forces is
inevitable. In these cases, composite coatings should show advantage over ceramic coatings
due to the higher toughness of the former. In addition, it worth noting that the coating processes
and grinding processes of ceramic coatings might be more difficult than those of composite
coatings. Depending on the intensity of the additional forces and the requirement of surface
quality, either the nanocrystalline or the microcrystalline composite coatings are suitable to be
used in these applications. Nevertheless, as shown in the present work, there is no doubt that
the nanocrystalline composite coatings are more favourable in applications in which high

stresses are often present.
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The present work shows that to improve hardness is a very important method to improve wear
resistance of the nanocrystalline coatings under both low and high stress conditions. Several
routes can enhance the hardness of nanocrystalline coatings, e.g. further decreasing the hard
phase particle size, using harder ceramic particles und harder metallic matrix, alloying the
matrix, and/or decreasing the volume fraction of the matrix. However, decreasing the fraction
of the matrix or alloying the matrix might cause the risk of decreasing the fracture toughness of
the composite coatings. Therefore, further decreasing the hard phase particle size and using
harder initial materials are favourable to increase the harness and might not decrease the
toughness, and thus, to increase the wear resistance of the nanocrystalline composite materials,

and of the microcrystalline composite materials as well.

Moreover, it is also shown in the present work, although oxidation of the hard phases can be
avoided by the VPS coating method, there is a need to achieve the same performance with the
much simpler, less expensive, more versatile and much more widely used flame and plasma
spraying methods, which are operated in an ambient air environment. To accomplish this
desirable objective, new HVOF techniques might be used [90], in which substantially higher
gas pressures can provide higher powder velocities and reduce the operating temperature down
below the melting point of the respective feedstock powders. Thus, oxidation might be limited
to a minimum. Moreover, according to the calculations for HVOF spraying [6], larger spray
particles can remain cooler than smaller ones. Carefully tuning of particle sizes might allow to
limit maximum temperatures and thus the kinetics of oxidation. Other attempts to limit
oxidation suggested using additives in the powders [150]. Some additives, such as carbon and
aluminium, were applied to the feedstock powders, which were expected to shift the direction
of the chemical reaction during the spray process towards the reduction of TiO,. Other
additives (Mo, W, Ta and N) can reduce diffusion and hopefully the oxidation rate. These

approaches look promising, but are far from being optimized.

Nevertheless, according to the results of the present work, the nanocrystalline VPS coatings
can be applied instead of microcrystalline coatings on components which require low surface
roughness and homogeneous material loss to avoid the failure caused by local damage, such as

rollers in paper processing industries.
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9 Summary

The aim of the present work is to evaluate the wear resistances and to study the abrasive wear
mechanisms of TiC-Ni-based VPS and HVOF sprayed nano- and microcrystalline composite

coatings under different conditions.

The HVOF coatings generally show a lower wear resistance than the VPS coatings. The
presence of oxides can reduce the ductility of the overall HVOF composite. Therefore, the
HVOF coatings exhibit a more brittle wear behaviour which leads to a higher wear rate, as
compared to the VPS coatings. Moreover, the oxides at the splat boundaries weaken the
cohesion between adjoining splats. Delaminations of the splats occur during the wear processes,
such as the scratch tests, the grinding wheel tests and the rubber wheel tests, in which sufficient
shear stresses are introduced. However, in the micro-scale abrasive wear tests, the shear
stresses are not sufficient enough to cause material delaminations. Therefore, compared to the
former tests, in the micro-scale abrasive wear tests the HVOF coatings do not show a

substantial reduction in wear resistance as compared to the VPS coatings.

The material delamination depends also on the oxide distribution in the HVOF coatings. Since
the oxide-rich zones are more concentrated at the splat interfaces in the nanocrystalline HVOF
coatings, more and larger material delaminations can occur, as compared to the
microcrystalline HVOF coatings. Therefore, the nanocrystalline HVOF coating is less wear
resistant in tests, e.g. in the grinding wheel tests and rubber wheel tests, in which material
delamination is an important wear mechanism, while it shows a higher resistance in the micro-

scale abrasive wear tests, as compared to the microcrystalline HVOF coating.

The investigations of the VPS and HVOF coatings clearly demonstrate that these composite
coatings can only show optimum performances in the absence of oxides. The VPS techniques
could reveal the advantages of nanocrystalline composite coatings, while in the case of HVOF

coatings, this advantages are compensated by the presence of oxides.

The nano- and the microcrystalline VPS coatings benefit from the combination of properties
like toughness of the metallic matrix and hardness of the ceramic hard phase. The
nanocrystalline coating material is additionally strengthened due to the fact that the motion of
dislocations in the binder phase is highly constrained at the interfaces between the hard phase
particles and the binder phase. Moreover, by reducing hard phase sizes, the strength of the

individual particles is increased and local stress concentration at the hard phase particles is
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decreased. Hence, the nanoscale hard phase particles are not fractured even under a high load
on the nanocrystalline composite coatings. Therefore, the nanocrystalline VPS coating shows

high hardness with sufficient toughness, which is very important for reducing wear.

The grain sizes of the hard phase particles in the nanocrystalline VPS coating are much smaller
than the scales of damage by the individual abrasive particles in the wear tests involved in the
present work. Therefore, the nanocrystalline VPS coating behaves as a homogeneous and rather
ductile material, in which the individual behaviour of the nanoscale hard phase particles and
the binder phase can not be distinguished. The wear is caused from the loss of small volumes of
the composite material. The abrasive wear mechanisms of the nanocrystalline VPS coatings are
mainly microploughing, microfatigue and microcutting. However, the significance of active
mechanisms differs according to the various wear processes. Under low stress conditions or by
using abrasive particles with small attack angles, microploughing and microfatigue, rather than
microcutting, are the important wear mechanisms for the nanocrystalline VPS coating.
Whereas under high stress conditions or by using abrasive particles with large attack angles,

microcutting becomes the most important wear mechanism for the nanocrystalline VPS coating.

The wear resistance of microcrystalline VPS coatings to a great extent depends on the
behaviour of the hard phase particles. Under low stress conditions, the hard phase particles
cannot be fractured and thus the wear resistance of the hard phases is high. This allows the hard
phase particles to act as real barriers instead of only reducing the plastic deformation in the
overall material at the surface. In this case, the wear resistance of the microcrystalline coating
is mainly determined by the hard phase particles, and thus is higher than that of the
nanocrystalline coating. However, on the other hand, if the applied stress on the hard phase
particles is sufficiently high, the hard phases will be fractured. In this case, the wear resistance
of the microcrystalline coating is mainly determined by the binder phase and the overall

hardness, and therefore, is lower than that of the nanocrystalline coating.

In the present work, different stress levels are introduced by the abrasive tests. In the two-body
tests, the stress levels are varied by different abrasive sizes in the grinding wheel tests and by a
wide range of loads in the scratch tests. In the three-body tests, the rubber wheel test and the
micro-scale abrasive wear test using the emulsion of paper filler as abrasive medium lead to
low stresses, while the micro-scale abrasive wear tests using SiC and Al,Os abrasive particles
lead to high stresses to the coatings. Therefore, the nanocrystalline VPS coating shows a lower
wear resistance in the grinding wheel tests using small abrasive particles, in the rubber wheel
test and in the micro-scale abrasive wear test using emulsion of paper filler as abrasive medium.

In contrast, it shows a higher wear resistance in the grinding wheel tests using large abrasive
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particles, in the scratch tests and in the micro-scale abrasive wear tests using SiC and Al,Os

abrasive particles, as compared to the microcrystalline coating.

According to the theoretical models (Chapter 8.1) and experimental results (shown in Fig. 8-2,
Chapter 8.1), the lowest abrasive wear resistance that is obtained by the nanocrystalline VPS
coating is about 26 % lower than that of the microcrystalline coating with the same
composition and testing under the same low stress conditions. However, under the high stress
conditions, the wear resistance of the nanocrystalline VPS coating can be up to 2 or more times
higher than that of the microcrystalline coating, due to the combination of higher hardness and
toughness. Thus, the nanocrystalline VPS coatings are more suitable in applications in which

severe abrasive wear is involved.

In addition, the nanocrystalline VPS coatings have the advantages over the microcrystalline
coatings with respect to showing lower surface roughness, lower friction coefficient and higher

resistance against local damage even if being applied under lower stress conditions.
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11 Abbreviations index

AFM Atomic force microscopy

ASTM G65 The three-body rubber wheel abrasion test
BSE Back scattered electron

EDS Energy dispersive spectrum

DS Double stroke(s)

FSSS Fischer SubSieve Sizer

HVOF High velocity oxy-fuel

JIS H8615 The two-body grinding wheel abrasive wear test
OM Optical microscopy

TE66 The three-body micro-scale abrasive wear test
SE Secondary electron

SEM Scanning electron microscopy

VPS Vacuum plasma spray
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12 Symbols index

Aar

Aa

Jab

ki
k>
ki
ki
Kic

Kice

th

th

On

Cross section area of wear groove below surface level, m’
Cross section area of one ridge above surface level, m’
Cross section area of the other ridge above surface level, m’
Length of initial small cracks, m

Material removal ratio
Proportion of material displaced from a groove that actually removed during wear

Critical fracture load, N

Hardness, GPa

Hardness of the binder phase in the microcrystalline VPS coating, GPa
Hardness of the hard phase in the microcrystalline VPS coating, GPa
Hardness of the microcrystalline VPS coating, GPa

Hardness of the nanocrystalline VPS coating, GPa

Constant

Constant

Constant, under low stress conditions

Constant, under high stress conditions

Fracture toughness, MPa m'”?

Critical fracture toughness, MPa m'”?
Total volume wear per unit sliding distance, m’

Total volume wear per unit sliding distance of the microcrystalline VPS coating
under high stress conditions, m’

Total volume wear per unit sliding distance of the nanocrystalline VPS coating under
high stress conditions, m’

Total volume wear per unit sliding distance of the binder phase in the
microcrystalline VPS coating under low stress conditions, m’



le

an

R

Wer

Wi
14

Wi

Wi
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Total volume wear per unit sliding distance of the microcrystalline VPS coating
under low stress conditions, m’

Total volume wear per unit sliding distance of the nanocrystalline VPS coating under
low stress conditions, n’

Wear resistance, m?

Wear resistance of the microcrystalline VPS coating under high stress conditions, m™
Wear resistance of the nanocrystalline VPS coating under high stress conditions, 7

Wear resistance of the microcrystalline VPS coating under low stress conditions, 7

Wear resistance of the nanocrystalline VPS coating under low stress conditions, m~

Surface roughness, um
Arithmetic mean deviation of surface height from the mean line through the profile

Surface roughness, um

Vertical distance from the deepest valley to the highest peak in the profile over the
evaluation length

Friction coefficient

Total volume wear, m

Average load carried by each abrasive particle, N

Wear coefficient, m’ N/

Total applied normal load by the counterbody, N

Total applied normal load by the counterbody under high stress conditions, N

Total applied normal load by the counterbody under low stress conditions, N

Total applied normal load carried by the binder phase in the microcrystalline VPS
coating under low stress conditions, N

Total applied normal load carried by the hard phase in the microcrystalline VPS
coating under low stress conditions, N
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