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1. INTRODUCTION

1.1 Tribology

The word tribology comes from the word tribos, which means rubbing in ancient Greek.

This defines the concept of tribology rather good, as it once was described as “the
science and technology of interacting surfaces in relative motion – and associated

subjects and practises” [1]. More to the point and in plain text it means the science of

friction, wear and lubrication. The science and technology of tribology aims at
improving the properties of materials by understanding how they behave under different

circumstances.

Today, we use large amounts of metals, ceramics and polymers and spend vast amounts

of energy to form them into all kinds of consumer products. Tribological considerations
give a more thoughtful and correct use of our most valuable natural resources in the

form of energy and materials. Lower coefficients of friction in e.g. machine elements

could decrease the amount of petrol or electricity consumed. Lower wear rates could
also result in longer service life of products and hence save material, which otherwise

would be needlessly spent. Therefore, tribology is one of the key sciences in
maintaining and improving a lifestyle based on the use of technology. Indeed, studies on

the subject estimate that tribological phenomena cost the industrialised society up to
10% of the gross national product (GNP) [1]. In addition, better implementation of

tribologically sound solutions, and continued research can result in annual savings of as

much as 2% of the GNP.

1.2 The concept of surface coatings in tribology

The perfect tribological material should be highly wear resistant, display excellent
friction properties in the application at hand, possess large fracture toughness, and

otherwise outstanding structural properties to a reasonable cost. Bulk materials that

fulfil all criteria above are, of course, not available. However, using a philosophy of
combining dedicated friction and wear properties of a thin coating with sufficiently

good structural properties of a substrate material, at least parts of this can be realised.
Essentially, the idea is that a well-tailored surface composite should maximally utilise

the beneficial properties of each constituent, while depressing the less beneficial, or out
right detrimental, properties.

Over the years a large number of techniques have been developed for deposition of thin

and thick functional coatings for tribological purposes. Physical vapour and chemical
vapour deposition (PVD and CVD) and electro-deposition are commonly used to

deposit thin coatings. Examples of thick, functional coating deposition coating
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techniques are thermal spraying, electro-deposition and, less common, explosive

welding. Of the mentioned techniques, only spraying and electro-deposition are cold

processes when properly controlled. It means that the substrate being deposited is kept
at a low temperature during the procedure, thus keeping heat-induced alterations of the

substrate at a minimum.

1.3 Thermal spray technology

The history of thermal spraying dates back to the late 19th century. A cock-and-bull

story told the author of this thesis a couple of years ago concerning the origins of

thermal spraying, is about a man playing with his son. They were cheerfully using a toy
cannon to shoot lead bullets on a brick wall with considerable force. When the man later

inspected the resulting blast points he found fragments of lead still sticking to the wall,
and decided to further look into the matter. Whether this is true or just an amusing story

is, however, probably better left to serious historians in the subject. The first patents

derive from the early 20th century and the metal spraying industry has its beginnings

when Dr. M. U. Schoop of Zürich, Switzerland, developed the first process for melting
and spraying metal. Subsequently, he also invented the first spraying equipment [2].

The early commercial applications for the “Schoop Process” or “metallising” took place
in Germany and France.

Thermal spraying is the common name for a vast gallery of techniques for coating

deposition, but the basic principle developed a century ago, i.e. spraying molten
material, is the same. These techniques are usually distinguished depending on the type

of heat source, the gases or fuels used, and the form of the precursor material fed into
the heat source (powder or wire). Common techniques are flame spraying by oxyfuel

wire or powder spray (OFW, OFP), which are used for deposition of metals and alloys
with comparably low melting temperature. In order to deposit materials with high

melting temperatures, other techniques must be utilised. Those are high velocity oxyfuel

spray (HVOF), electric arc wire spray (EAW) and plasma arc powder spray (PA) [2, 3],
which is the technique used to deposit the coatings described in this thesis. All these

techniques may be further divided into a number of sub-methods.

The formation principle of the coating is, however, similar between all thermal spraying

techniques. The coating material is molten by the heat source and propelled towards the
surface being coated, where they impact, flatten and solidify. More specifically for the

PA method, gases are fed into a compartment where the plasma is made and maintained

by a continuous electric discharge, see Fig. 1a. The transition of the precursor gases into
the plasma state is accompanied by a large increase in temperature and pressure, which

facilitates a rapid expansion of the plasma through an aperture of the compartment, i.e.
the spray nozzle. The plasma temperature can be as high as 17000 K. Outside the

nozzle, powder particles are radially injected into the plasma torch where they melt and,
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because of the large velocity of the plasma, also become accelerated towards the surface

being coated. The particle impact velocity can be varied between 200 and 1200 m/s [2,

3]. Recently, a technique has emerged that also allows axial injection of the powder
particles in the plasma compartment itself, see Fig. 1b. As the molten particles impact

on the substrate, they flatten and solidify to form a protective coating [2, 4]. The
flattened, lamellar particles are commonly called splats. A coating is built as the

substrate and spray gun is scanned relative to each other, thickness growth occurring by

depositing several layers of splats.

 

Fig. 1. The operating principle of a conventional radial (a) and an axial (b) powder

injection plasma spray gun.

The OFW and EAW techniques are not used for deposition of ceramic materials since

ceramic wires are not readily available. For ceramic materials, and other materials with
high melting temperature, the PA and HVOF techniques are used since they are able to

melt the powder particles, which flame spraying with OFP is incapable of.

All the above described techniques are most often used in air at atmospheric pressure.

When depositing materials that are sensitive to oxidation, it is possible to deposit

coatings using PA in a chamber at reduced pressure. This technique is usually referred
to as vacuum plasma spray (VPS). Air entrapped between the individual splats is

markedly reduced in this technique, thus reducing the porosity. Also, it is possible to
reduce oxidation of melted powder particles by using inert gas shrouds, shielding the

torch from the surrounding atmosphere.

1.4 Thermal spray coatings and their applications

A broad diversity of materials can be deposited as coatings using thermal spray

technology. All metals, alloys, polymers and ceramics that form stable molten phases
when heated, and has a significant difference between melting and boiling temperatures
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can be deposited. The fields of application, and possible applications, are equally

diverse. The overwhelming majority of spray materials are metals and alloys. A large

number of steel grades are used, as well as zinc, nickel, aluminium, copper and their
alloys for a wide variety of tribological and corrosion applications, both on structural

and machine components.

The most common ceramic spray materials are various grades of alumina,

alumina/titania, chromia and zirconia. The three former are used foremost as wear

resistant coatings, and zirconia as a thermal transport barrier. Also, cemented carbide
and other metal-ceramic mixtures are common in reducing wear and corrosion. The

currently most economically successful applications can be found in the aviation and
combustion turbine industry, where wear-in coatings and thermal barrier coatings are

deposited using thermal spraying to enhance engine performance and efficiency.
However, non-aviation applications for wear protection are very numerous. Internal

combustion engine parts and other automotive details are also increasingly being coated

using thermal spray techniques [4].

Apart from conventional industrial applications there are also a number of special

coatings available for narrow niche applications, e.g. the superconducting YBa2Cu3O7

[2]. Near net shape deposition of SmCo permanent magnets for possible electronics

applications has also been performed [5, 6].

1.5 Typical microstructure and properties of thermal sprayed

ceramic coatings

Although the sprayed coating is built from ceramic particles, the resulting micro-
structure is unlike that of a dense sintered monolithic ceramic from the same material,

since the coating is built-up from layers of lamellar splats, see Fig. 2a. Because of the
coating formation process the coating is characterised by inter-lamellar pores (≤ 0.1

µm), formed by air entrapped between the individual lamellae. In addition, larger scale

porosity (1 – 10 µm) is present due e.g. to the covering of cavities by splats or
insufficient melting of the precursor powder [1]. The porosity can be influenced by the

spraying parameters, e.g. the grit size distribution of the precursor powder, the gas
mixture used for spraying and the distance between substrate and spray gun.

Also, numerous cracks are formed, especially for brittle ceramic coatings, by stress
relaxation during cooling of recently flattened particles. Such cracks traverse the splats

in a web-like pattern, see Fig. 2b, and together with inter-splat pores they effectively

form a three-dimensional connected network of voids. Also, a difference in thermal
expansion coefficients between substrate and coating can cause large cracks that extend

through the entire thickness of the deposit. The splats themselves are built-up by
columnar grains, oriented in the direction of the heat flow during cooling. In addition,
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the rapid cooling rate (105 – 108 K/s) may cause formation of meta-stable phases in the

deposit, the best known being the γ-phase of alumina, which is widely believed to

possess mechanical properties inferior to those of the stable α–phase [7, 8].

 

Fig. 2. Typical morphologies of sprayed alumina in cross-section (a) and on the top
surface (b). (SEM, from Paper II)

Because of the relatively high porosity and the imperfect contact between splats, and in
the case of alumina also the presence of the γ-phase, the hardness and Young’s modulus

is lower than for a dense monolith from the same material [9-11]. Moreover, many

researchers have found that these defects adversely affect the wear properties [12-14].
In addition, the open void network allows penetration of corrosive substances all the

way to the substrate, which can cause detachment of the entire coating.

A very important property of thermally sprayed coatings is the adhesion to the substrate.

Often, diffusion and the creation of a chemical bonding between substrate and coating

do not take place. Instead, the adhesion is mainly of mechanical nature, and the
individual splats are shrink fitted onto protrusions in the surface where they have

flattened, thereby offering a mechanical interlocking to the substrate, and also to other
splats [15]. Therefore, sprayed coatings often adhere better to a rough, grit blasted

surface than on smooth surfaces. The deposition of metallic, adhesion enhancing layers,
so-called bond coatings, beneath the main coating is also frequently used both for

metallic and ceramic coating systems [4].

Generally, complete melting of the particles during deposition increases the amount of
real bonding between splats, and reduces the porosity of the coatings [16]. This is

accomplished by an optimised gas composition (often argon-hydrogen mixtures) for the
plasma, which improves powder melting and increases the thermal energy input in the

particles. In addition, high particle velocity upon impact on the substrate is important
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for splat flattening, which is also considered beneficial. The particle speed, and thereby

the time the particles are exposed to the plasma heat, is also influenced by the design of

the spray nozzle.

1.6 Sealing of thermal spray coatings

Since the pores and cracks negatively affect most properties of sprayed ceramics, large
efforts have been made to reduce their numbers and size by optimisation of the

deposition parameters. However, full densification cannot be obtained in this way and

therefore the field of sealing of sprayed coatings has been developed. By definition,
sealing is a post-spraying treatment which means the filling or closing of near-surface

pores and cracks, and a wide variety of methods have been put forth. One such method
is laser remelting of the top surface, which has been successfully used [17-19].

However, problems arise when applied on ceramics because of cracking of the remelted
zone during cooling, and precipitation of very coarse microstructures. Other methods

are infiltration of the coating by molten metals, plastic resins, or aluminium phosphate

from which solid materials can be precipitated [20-24]. Also, deposition of additional
coatings on top of the sprayed layer is a way of sealing its’ pores. Such techniques, e.g.

PVD, have also given improvements of the tribological properties [25]. One major
limitation with all these techniques is that they normally do not allow complete sealing

of the pores all the way to the substrate.

Sealing of sprayed ceramics by electro-deposition has previously been undertaken to

improve microstructural studies of alumina, but has not been investigated before in a

tribological context. The major advantage with this technique is that the open void
network can be completely sealed all the way to the substrate, where the thickness

growth of the electro-deposit starts (Papers IV-VII).
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2. SYNTHESIS OF COATINGS IN THE PRESENT
WORK

2.1 Coatings for evaluation of spray parameters (Papers I-III)

An axial injection plasma spray equipment was used to deposit coatings from single

crystal powders and a polycrystalline powder for a variety of different spraying
conditions. The parameters varied were nozzle size, plasma composition and precursor

powder type. Several types of alumina powders were used for the deposition,

comprising spherically shaped single crystal particles with very narrow size
distributions, and conventional angular polycrystalline powders of much wider size

distributions. In addition, a coating was made using a conventional radial injection
plasma spray equipment. All coupons were grit blasted before spraying to improve

adhesion of the spray deposit.

2.2 Coatings to be sealed (Papers IV-VII)

A conventional radial injection plasma spray equipment was used to spray two different

alumina powders, with the grit sizes in the range of 20-45 µm and 45-90 µm,
respectively. Both the resulting coatings had around 10 vol.% porosity. In order to

improve adhesion, all coupons were grit blasted, and a metallic bond coating was spray
deposited, prior to ceramic deposition.

2.3 Sealing of sprayed coatings (Papers IV-VII)

In the present work, the tribological properties of plasma sprayed alumina sealed with
three basically different sealing methods have been studied. These are electro-

deposition from aqueous solutions, immersion of the coating in a sealant, and
superficial PVD coating deposition.

2.3.1 Sealing by electro-deposition (Papers IV-VII)

Electro-deposition was used to seal the open void network of sprayed alumina. Different

electrolytes for deposition of Cu, Ni, Sn and Pb were included. In order to obtain
sealing of voids, the electrically insulating coating material must first be infiltrated with

an electrically conducting liquid. In all cases, low concentration aqueous solutions were
used for this purpose. Since all electrolytes were acid and therefore could cause

corrosion of the metallic substrate, neutral solutions were used if possible. In the case of
sealing with Cu, an aqueous solution containing 1 wt% Na2SO4, and for the Ni and Sn, a

1 wt% NaCl aqueous solution was used. An aqueous solution containing 0.5 vol.% of

Pb-electrolyte was employed for Pb.
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The most critical part in the sealing procedure proved to be to fill all pores with the

infiltration electrolyte. A special working procedure had to be developed. A wire is

soldered to the coated substrate, which is positioned vertically in a cup and placed in a
low pressure chamber, see Fig. 3a. The pressure is then decreased to around 150 hPa.

Subsequently, the infiltration electrolyte is allowed to fill the cup very slowly via a
hose. As the electrolyte level rises to reach the porous coating, the capillary pressure

thus exerted by the liquid will force it into all pores and cracks and, hence, press the

residual air out of the coating. This process can be seen as a slight change of nuance of
the coating caused by the rising column of electrolyte. Of course, this procedure works

only if the coating material is wetted by the infiltration electrolyte. Also, by placing the
coupon into a plastic resin, which is subsequently solidified, covering all non-sprayed

areas, selective electro-deposition of metals into the pores and cracks of the ceramic can
be achieved, see Fig. 3b.

Fig. 3. The principle of infiltration of the sprayed coating (a), and the typical appearance

of a selectively Pb-sealed sprayed alumina (b).

Since a metallic bond coating was deposited prior to ceramic deposition, galvanic
corrosion of the substrate may occur when the infiltration electrolyte is introduced

through the void network into the interface between bond coating and substrate. In order
to minimise such damage, the infiltrated coupon was instantly placed in the electro-

deposition set-up. Galvanostatic deposition was used in all experiments, keeping the
current constant, varying the applied voltage. A conventional three-electrode set-up was

used, with a piece of suitable metal used as anode, the infiltrated coupon being cathode

and Ag/AgCl or calomel reference electrodes for control of the applied voltage. The
applied voltage and current was supplied by a computer controlled potentiostat.

2.3.2 Sealing by immersion and PVD (Papers VI and VII)

Sealing of alumina was performed by means of immersion into solutions from which
teflon (PTFE) or boric acid crystals could be precipitated (Paper VI). In particular
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PTFE, but also boric acid [26], are known to provide easily sheared interlayers between

mating surfaces, thus giving a low friction.

Instead of sealing the pores with solids, the direct paths between substrate and
surrounding atmosphere can be closed by depositing a dense coating on top of the

sprayed ceramic. In these studies sealing with a commercially available low friction
diamond like carbon (DLC) coating was examined (Paper VI and VII).

3. MICROSTRUCTURAL AND MECHANICAL

PROPERTIES

3.1 Micro-structure

The coating microstructures were examined by optical and scanning electron
microscopy (SEM). The porosity was estimated by image analysis on SEM pictures

from polished cross-sections.

3.1.1 Alumina sprayed with different parameters (Papers I-III)

All sprayed coatings contain pores, typically between 2 and 8 vol.% for the alumina
coatings and between 1 and 4 vol.% for the chromia and alumina-titania coatings. All

coatings showed a lamellar splat structure, more pronounced for coatings with higher
porosity. Also, the splats of all coatings were traversed by microcracks, cf. Fig. 2b. The

larger the precursor powder, the larger the resulting splats in the coatings. The coatings

with larger splats contained larger numbers of cracks than those with small splats. It was
found that the porosity tended to decrease when the energy input in the plasma torch

increased.

3.1.2 Sealed coatings (Papers IV-VII)

By means of sealing with electro-deposition the original open porosity could be

eliminated, leaving only the closed pores in the ceramic coating, see Fig. 4a. For
electro-deposition it was found that the deposition parameters affected the sealing

efficiency. In particular, the apparent current density plays an important role, a too large

current density promoting formation of sealing artefacts, such as pockets of unsealed
material in a surrounding of sealed, and preferential growth of the sealant from hillocks

in the bond coating (Paper IV), see Fig. 4b. Also when sealing took place using Sn,
artefact formation occurred in the entire coating, resulting in very poor sealing (Paper

VI). However, it is likely that optimisation of the electro-deposition parameters not only

could result in improved sealing, also with Sn, but also improved properties of the
electro-deposit. Of course, when sealing was performed by superficial thin film

deposition with PVD the microstructure of the sprayed ceramic was not affected.
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Fig. 4. Typical polished cross-section of a successfully sealed coating (a) and a cross-
section with sealing artefacts (b). (SEM, from Paper IV)
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A problem encountered when estimating the sealing efficiency on ground and polished

coating cross-sections is that the ductile sealant smears. This could screen the presence

of residual gaps between sealant and ceramic, and other small imperfections not
properly sealed. To allay this suspicion a focused ion beam (FIB) unit was used to mill

away parts of a polished cross-section. No gaps could be observed at a resolution of
about 30 nm, see Fig. 5.

Fig. 5. In a pit made by FIB milling, viewed here by SEM, it can be seen that no gaps

are present between the ceramic and the Ni-sealant.

3.2 Hardness

Hardness measurements have been performed either by using Vickers indentation on

polished coating cross-sections at various loads, and by nano-indentation on tribo-films
resulting from wear in sliding contact. Using the Oliver and Pharr procedure, the

hardness was calculated from load-displacement curves in nano-indentation (Papers VI
and VII) [27].

3.2.1 Coatings sprayed with different parameters (Paper I)

As expected, the hardness tended to increase with the density of the alumina coating. A
13% addition of titania increased the hardness substantially, and chromia was the

hardest of the tested sprayed materials.

3.2.2 Sealed coatings (Papers IV-VII)

The Vickers hardness increased somewhat when Ni or Cu were used to seal the coating
electrolytically (Papers IV and V). However, when soft sealants like Pb, Sn, PTFE or

boric acid were used for sealing, the hardness decreased (Paper VI). It is believed that
part of the resistance to indentation is due to the intrinsic hardness of the alumina, and

part is due to internal friction between alumina particles caused by relative movement
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and re-orientation of the individual lamellae, which are frequently crushed. The final

impression size is believed to be reached when the shear force between the re-arranged

lamellae balance that supplied by the indentation load. The reason for the decreased
hardness of coatings sealed with soft sealants is thus that the internal friction between

the individual lamellae is decreased. The Cu and Ni used for sealing, on the other hand,
provide a larger resistance to shear during indentation than the friction between self

mated alumina, thus giving a higher hardness. This is further supported by the fact that

Ni and Cu have considerably higher yield strengths, 60-70 MPa, than Pb, Sn and PTFE,
which typically have yield strengths between 5 and 20 MPa.

3.3 Indentation testing (Papers V and VII)

Impressions were made on the top surfaces of unsealed and Ni-sealed materials, with a

Vickers indentor at a load of 10 kg (Paper V). Also, an unsealed and a Ni-sealed
alumina with superficial, PVD deposited DLC coatings were tested using a Rockwell C

diamond tip with loads of 30 and 60 N (Paper VII). A number of metallic materials

were evaluated as substrates for the DLC coating as well.

The length of the cracks originating from the Vickers impression corners on the

unsealed material was about twice as long as those on the sealed. Also, polished cross-
sections through the impressions gave that crack propagation was much impeded in the

sealed material, compared to the unsealed, see Fig. 6. This indicates that the cohesion
and fracture toughness had increased as a result of the sealing treatment.
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Fig. 6. Representative SEM images of polished cross-sections of Vickers indentations

(10 kgf) made on unsealed alumina (a), and alumina sealed with Ni (b). (Paper V)

Rockwell indentation on materials coated with a DLC layer gave fewer and smaller
cracks in the DLC coating as the hardness of the sub-surface material increased, see Fig.

7. Of the tested materials, sprayed alumina sealed with Ni was the best while mild
carbon steel was the worst.
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Fig. 7. Representative surface appearance of the DLC coating on an electro-deposited,

170 µm thick Ni-layer (a) and on Ni-sealed alumina (b) after indentation with 60N.
(SEM, from Paper VII)

3.4 Bend testing (Papers I-III)

A four point bending device was employed to perform detailed studies of the fracture

properties of coatings. Crack propagation was monitored during the bending process by
means of acoustic emission detection. A detailed description of the bend test method is

given in [28].

In contrast to the erosion and abrasion results, the coatings made from sapphire powders
showed lower critical strain values than coatings made from polycrystalline alumina

powders in the bend test. An addition of titania to alumina resulted in a high resistance
to fracture by bending, while the chromia coatings withstood less bending (Papers I and

III).

The maximum strain imposed on the coating at detrimental fracture is of course a
function of the material type. However, also the coating microstructure, in particular the

size of the crack free parts of splats, influence on the critical strain. Such crack-free
parts constitute the smallest cohesive volumes of a splat. It was found that the alumina

coating with the largest crack-free parts of splats also had the highest critical strain. It
also had the longest detrimental cracks, since they had to navigate around larger

obstacles, and thus more energy was needed to propagate the crack. This is probably

because linking of pre-existing cracks is energetically much more favourable than
initiating new cracks straight through the splats. In materials with more densely

occurring micro-cracks, less energy is spent in the crack linking process, leading to
lower critical strains before failure [29, 30].
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4. TRIBOLOGICAL PROPERTIES

4.1 Abrasion

A two-body abrasion tribometer of the block-on-cylinder geometry was used [31]

(Papers I-III). The cylinder was covered with silicon carbide abrasive papers with grit
sizes of about 20 or 200 µm. The samples, in the form of coated beams, were loaded

against the abrasive paper.

Micro-abrasion tests have been performed using a dimple grinder method developed at
Uppsala University [32] (Papers IV and V). A normal load of 20 g and a diamond

abrasive slurry with a grit size of 2.5 µm were employed in all experiments.

4.1.1 Alumina sprayed with different parameters (Papers I-III)

In coarse particle two-body abrasion, the wear rate showed a four-fold increase when

the abrasive particle size was increased from 20 to 200 µm. Coatings made from

sapphire particles showed small mutual differences, but much better results than
alumina coatings sprayed from poly-crystalline powders. Chromia gave the best

abrasion resistance of the coatings in coarse abrasion.

In coarse particle two-body abrasion, all sprayed surfaces were plastically grooved.

Microfractures were, however, also commonly observed, especially for the coarsely
worn alumina coatings. It was concluded that coarse abrasion can be used to rank the

cohesion of sprayed coatings.

4.1.2 Sealed coatings (Papers IV and V)

Sealing was found to lower the wear rates, and profoundly affect the dominant wear
mechanism of sprayed alumina in micro-abrasion. When Cu was used for sealing a 25%

decrease in wear rate was obtained, while Ni resulted in at least 40% lower wear rate.
This decrease was accompanied by a transition from coarse brittle fracture to a milder

micro-chipping wear mechanism, see Fig. 8. It was concluded that this transition comes

from an improved inter-splat cohesion, and also improved cohesion between the crack-
free parts that build-up the splats themselves.
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Fig. 8. Representative appearance of micro-abraded alumina in unsealed (a) and Ni-

sealed (b) condition. (SEM, from Paper V)

4.2 Scratch testing

Three types of scratch tests were performed. First, the coating top surfaces were

scratched with a Rockwell C diamond (Papers I, IV, V and VII). The crack propagation
was detected by means of acoustic emission. Second, polished cross-sections of the

coatings were scratched from the substrate towards the coating top with a Vickers

diamond indentor in a low-load scratch tester (Paper I), see Fig. 9. The dimension of the
resulting cone-shaped fracture was taken as a qualitative measure of the coating

cohesion [33]. Third, in order to estimate the quality of the tribo-films formed during
sliding tests on Ni-sealed alumina, a Vickers tip was used to scratch across the sliding

track at a constant load of 1 N.

Coating

Substrate

Fig. 9. The cone shaped fracture obtained when scratching across the coating thickness

on polished cross-sections.

4.2.1 Alumina sprayed with different parameters (Paper I)

The coatings behaved very differently in both types of scratch tests. All coatings,

however, were inferior to the sintered alumina reference. Scratch tests on the top-

surfaces of the coatings resulted in very different scratch hardnesses, with conventional
alumina coatings exhibiting much lower values than the sapphire coatings, indicating

easier relative movement of individual lamellae. Chromia and alumina-titania were
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comparable to the sapphire coatings. Also for scratch tests on polished cross-sections

the coatings gave clearly distinguishable results. This appears to be a promising

technique for the evaluation of the cohesion of plasma sprayed coatings.

4.2.2 Sealed coatings (Papers IV, V and VII)

Sealing of the plasma sprayed ceramic with Cu and Ni showed a large influence on their

behaviour in scratching (Papers IV and V). The acoustic emission generated was much
higher for the unsealed materials than for the sealed, indicating that crack propagation,

which generates acoustic signals, was much more extensive in the unsealed coatings.

One must also keep in mind that acoustic signals are more subdued in the porous
structure of the unsealed coating, compared to that of the sealed. Sealed materials were

predominantly plastically grooved in the bottom of the scratches. Both unsealed and
sealed materials exhibited brittle fracture damage at the rim of the scratches, and the

unsealed materials also at the bottom of the scratches. In addition, the numbers and size

of the individual fracture damage were larger on the unsealed materials, see Fig. 10.
This is because the sealing treatment probably impedes crack propagation by crack

deflection or crack arresting at the Ni/alumina boundaries, indicating that the cohesion
has been improved by the sealing treatment, cf. Fig. 6.

 

Fig. 10. Representative SEM appearance of the scratched surface of an unsealed coating

(a) and a coating sealed with Cu (b). (Paper IV)

When scratching took place on the PVD coated surfaces, it was seen that the unsealed

alumina coating failed by brittle fracture at comparatively low loads, without showing
any prior fracture damage of the PVD coating (Paper VII). The PVD coated and sealed

alumina withstood considerably higher load, the same as hardened ball bearing steel,

before displaying brittle fracture damage. Thin PVD coatings had been deposited also
on softer metallic substrates, where the PVD coating failed by brittle cohesive fracture,

because of plastic deformation of the substrate.
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4.3 Particle erosion

Dry particle erosion was performed in a centrifugal erosion tester where all specimens

could be tested simultaneously under identical conditions [34]. In Papers I-III silicon
carbide powders (≈2500 HV) with mean grit diameters of 75, 200 and 600 µm were

used as erodents. The impact angles were 45˚ and 90˚ and the particle velocity was 70
m/s. In Papers IV and V olivine particles (≈650 HV) with grit diameters distributed

between 200 and 250 µm were used, the impact angle and velocity being 90˚and 70 m/s,

respectively.

4.3.1 Alumina sprayed with different parameters (Papers I-III)

The erosion rates increased strongly with the size of the erodents (Papers I-III). Also,

the wear rate was significantly lower for 45˚ than normal impact erosion. The sapphire
coatings were much more wear resistant than the other alumina coatings, but the

different sapphire coatings were very similar to each other. In erosion, the alumina

coatings made from the conventional alumina powder showed the lowest wear
resistance and the chromia coatings the highest. No coating was, however, as good as

the sintered alumina reference material.

The coatings were primarily worn as a result of micro-fracture. For coarse particle

erosion, the worn surfaces showed signs of brittle fracture and splat debonding. The
appearance of the fracture surfaces indicates that the cracks have linked to inter-splat

porosity and micro-cracks in the splats. Plastic deformation from individual particle

impacts was observed for 45˚ erosion conditions and also for normal impact with the
smallest erodents.

4.3.2 Sealed coatings (Papers IV and V)

Among the tribological tests performed, particle erosion demonstrated the best results
when sealing with Cu or Ni. At least 40% lower wear rate resulted from the sealing

treatment, see Fig. 11. Several mechanisms contribute to this improved behaviour. The

appearance of the worn surfaces indicate that each individual particle impact remove
smaller fragments from the sealed materials than from the unsealed. Again, this is

certainly because the sealing treatment improves the coating cohesion by impeding
crack propagation, cf. Fig. 6. In addition, when individual erosive particles impact on

the sealed coating, splats are crushed and the fragments show a tendency to be pressed
into the sealant, delaying their removal. In order to produce wear, several consecutive

erosive particle impacts are needed, thus contributing to a decreased wear rate.
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Fig. 11. Erosion rates of two different alumina coatings in unsealed and Cu-sealed
condition. (Paper IV)

4.4 Tribology in sliding contact (Papers IV-VII)

All sliding tests were performed in a pin-on-disc equipment with spherical counter-
surface made from dense, sintered alumina. The ball diameters and sliding speeds were

either 9 mm and 0.05 m/s (Papers IV-VI), or 6 mm and 0.1 m/s (Paper VII). The tests
were performed either at constant load (Papers IV-VII), or continuously increasing load

(Paper VII). Also, intermittently interrupted tests were performed, for wear debris
removal from the sliding track before sliding was restarted (Paper VI).

4.4.1 Sliding friction

Unexpectedly, the coefficient of friction increased for all sealing treatments compared

to unsealed material, sealing by means of PVD coating deposition being the only
exception. The reason to this is believed to stem from differences in the tribo-film

properties, evidenced in the case of sealing with Pb, Sn and PTFE by a low tribo-film
hardness. As the film becomes softer, the real contact area between the mating surfaces

increases, resulting in higher shear forces needed to break asperity contacts, and thus

also higher friction coefficients.

4.4.2 Sliding wear

Typically, the wear rate of the sealed materials increased considerably compared to

unsealed. The only exceptions were materials sealed with Ni or a superficial PVD
coating, which gave decreased wear rates. The higher wear is believed to stem partly

from an increased friction coefficient.

In addition, the internal friction between individual lamellae in most sealed materials
had decreased as a result of the sealing treatment. An increased shear force between the

sintered alumina ball and the sprayed alumina can thus easier detach fragments from the
tribo-films or individual splats from the sealed ceramic. In combination with a low



20

strength tribo-film covering the sliding track, this could contribute to an increased wear

rate. Since all pore-filling sealants, except Ni, have low strength, it is reasonable to

assume that also the resulting tribo-films are weak, since they were found to contain a
homogenous dispersion of alumina particles and sealant. All materials with pore-filling

sealants, except Ni, were primarily worn by detachment of fragments from the thick
tribo-film, but sometimes also by removal of fragments of splats from underneath the

film, see Fig. 12.

The hardest sealant, Ni, resulted in thin tribo-films that were firmly attached to the
unaffected subsurface material. Also, hardness measurements indicate that the internal

friction in the sealed coating had increased, making detachment of splats or crack free
parts of splats less likely.

 

Fig. 12. (a) Typical example of tribo-film detachment from a Pb-sealed alumina. (b)
Bottom side of a detached wear fragment, collected from the same Pb-sealed alumina.

Mostly finer crushed particles, but also parts of splats, can be seen (at A). (SEM)

5 FUTURE WORK

In order to gain larger understanding of the mechanisms responsible for friction and

wear of thermally sprayed ceramic coatings, more detailed knowledge about their

structural and mechanical properties must be obtained. This is particularly the case for
γ-alumina, which can not be made by conventional manufacturing.

It is likely that the concept of electrolytical sealing can be further improved in every
step of the process, particularly the electro-deposition process. Although most of the

attempts to obtain low friction with electrolytical sealing have been unsuccessful, the

sealing with Pb and Sn could probably be substantially improved. Also, an electrolytic
sealing procedure with the deposition of Cr could be beneficial, because of the large

hardness and ductility typical of such deposits [35]. In addition, the influence of
porosity of the sprayed ceramic on the properties of the sealed coating should be

investigated.
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In this thesis, the application field for plasma sprayed ceramic coatings has been

successfully expanded to include also load carrying substrates for low friction PVD

coatings. Here, the choice of e.g. sprayed and sealed chromia should be even more
suitable. This is because it is harder, and has proven to perform well in other sliding

contacts, e.g. face seals.

The sealing treatment should also have a potential to positively affect the adhesion of

the sprayed ceramic to the substrate. On the present materials, however, galvanic

corrosion occurred between the metallic bond coating and the substrate, during
infiltration of the electrolyte. Sprayed ceramics specifically intended for sealing by

electro-deposition should therefore not include a metallic bond coating, unless it is
completely impervious.

6. CONCLUSIONS

The micro-structure of a sprayed ceramic coating depends heavily on the deposition

parameters. The higher the thermal and mechanical energy spent on each precursor
powder particle, the better the microstructure becomes. Also, the type of spraying

powder has a large influence. Tribological testing can be used not only to investigate
and rank sprayed ceramic coatings as to their tribological properties, but also to assess

their cohesion. Depending on the tribological load applied, different aspects of cohesion
are promoted.

The measured hardness of a sprayed ceramic coating depends not only on the materials

inherent ability to deform plastically, but also on the internal friction between the
individual constituents of the material. This is because splats tend to move relative each

other to accommodate to the shape of the impression.

Electro-deposition can be used to obtain superior sealing of the open void network in

sprayed ceramic coatings. The harder the sealant, the better the tribological properties
become. Essentially, the combination of spraying and electrolysis constitutes a

philosophy to produce an entirely new family of materials for tribological applications.

Sprayed alumina sealed with Ni provides excellent support for thin, superficial PVD
coatings. Although the present sealed material already proved superior to hardened ball

bearing steel, a material often used as substrate for low friction PVD coatings, a
multitude of simple optimisation possibilities remain, to further advance the load

carrying properties of sealed ceramic coatings.
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