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1  Tribology and ceramics

1.1 Introduction

Tribology relates to the study of wear, friction and lubrication of surfaces (of materials). In
every day life, tribological processes always occur whenever two materials are in some
way in moving contact with each other.

Examples of wear are generally accepted: people have to buy new clothes or shoes
every now and then and in the case of chalking on a blackboard it is even necessary that
wear takes place. Besides these examples we can think about normal polishing of stone
tiles or sanding of wood or paint layers. For industrial applications wear is not wanted in
all cases. Moving equipment parts, for example, should preferably last the lifetime of the
equipment itself to minimise maintenance costs.

Besides wear prevention, it is also necessary to minimise friction between contacting
surfaces. This creates a more efficient system, because friction always results in the for-
mation of heat. Both wear and friction of materials can be generally controlied in any of
two ways: by choosing proper materials or by using lubricants. The latter choice simply
changes the influence of parameters such as contact pressure, temperature, velocity and
roughness on the tribological behaviour. The right choice of materials depends on the
application demands. Engineering polymers, for instance, can only be used for moving
parts of applications working under mild conditions (e.g. low contact pressure, moderate
temperatures, etc.). At somewhat higher temperatures or loads metals may be needed.
In moving equipment parts, metals always need lubrication: greases and oils are used to
minimise the contact between two materials in moving parts. However, the use of these
lubricants may be undesirable for environmental reasons, but the absence of lubricants
implies that the materials used must be extremely wear resistant, since the intensity of
the contact becomes more severe, because the asperities of the rough surfaces are no
longer or only partly separated by a (thick) lubricating layer.

Besides the problem of the lubrication needed for the application, metals have disad-
vantages when working in a corrosive environment, at temperatures higher than 600°C,
at extremely high loads or without the presence of a lubricant. In those cases, it is neces-
sary to work with ceramics or ceramic coatings, since various properties of ceramics are
considered to be superior to those of metals. Some of these properties, e.g. hardness,
ability to withstand high temperatures, corrosion resistance and shape firmness, are im-
portant properties to obtain wear-resistant materials, specifically under dry sliding condi-
tions.

Structural ceramics have been part of an ever increasing field of research over the last
25 years. Starting from the goal of developing the “all ceramic” car engine for higher effi-
ciencies that has still not been reached, spin-offs from this research resulted in a broad




range of applications that showed the merits of using ceramic materials because of their
specific properties. Research on ceramics showed that they could be suitable for
wear-resistant applications, but practice showed that they were still not wear-resistant
enough.

At present we can find applications of ceramics in a broad variety of situations, as men-
tioned by Sibold [1]. Sibold describes that most applications of wear-resistant structural
ceramics are based on their extra-ordinary hardness and high corrosion resistance. Ap-
plications mentioned mainly involve pump components, all types of valves and seals, and
components of wire drawing machines and metal extrusion dies. Developments in ce-
ramic engineering have resulted in solving the major problems of practical use.

Oxide ceramics find increased application as head and joint components of total hip re-
placements. Willmann [2] showed that various combinations of either alumina or zirconia
with another material can be used in such applications. Especially the combination of
alumina against alumina shows low wear in clinical tests.

As far as the commercialisation of ceramics is concerned, Savitz [3] showed that ad-
vanced structural ceramics have a relatively long way to go from development to practical
implementation, compared to for instance the implementation of advanced materials and
their developments in semi-conductor industry. Savitz states that advanced ceramics are
mainly implemented as high-temperature materials, long-life materials and low-weight
materials. Still some other barriers, besides long development time, must be overcome
for suppliers and developers: cost price, process variability and dimensional capability.
On the other hand, users of ceramics have some other barriers to cross, like design reli-
ability, availability of materials, design guidelines and familiarity with ceramics. Savitz
also clearly states that the material's properties are no longer a barrier for current appli-
cations.

The research described in this thesis is focused on the tribological behaviour of ceramic
materials by studying dry sliding wear with pin-on-disc measurements. For wear meas-
urements various set-ups can be used. The use of pin-on-disc tests eliminates lining
problems and provides a rather easy set-up for wear measurements.

Special attention is paid to consolidation of the ceramic microstructure for the preparation
of dense, homogeneous ceramics, both composites and single-phase materials. For
composites it may include a hard, tough or lubricating second phase. A homogeneous
green ceramic microstructure is created by suspension/colloidal processing, resulting in a
dense homogeneous ceramic after sintering. By using these processes, ceramics can be
made with a controlled homogeneous microstructure that have a positive influence on the
wear resistance. Major goals of the research in this thesis are the development of better
wear-resistant materials and a better understanding of the relation between microstruc-
ture (intrinsic material properties) and wear behaviour.

The ceramics are also tested in practical situations to translate the test results to real-life
measurements and vice versa. The aim is translated into three specific objectives that
can be used for the test results. The major objectives can be partly formulated from gen-
erally recognised criteria for materials suitable for unlubricated applications:

 Prepare wear-resistant ceramics (k, << 10 mm%(N-m) [4,5], see equation (1.1)).
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e Obtain low friction (f< 0.2 [4] , see equation (1.2)).
¢ Relate ceramic microstructure to tribological properties.

Additionally, both the specific wear rate and the coefficient of friction should not depend
on the operating conditions, especially velocity and temperature [4].

1.2 Definitions

1.2.1 Wear and wear mechanisms

Wear resistance is not a property that can just be described for a material specifically. It
is influenced by many parameters determined by both the system and the material that
are used. Since wear is primarily a system property (also depending on load, velocity,
temperature), it is usually described in terms of a specific wear rate, k,:

3
kw=;—‘”[N’“ } (1.1)
- S ‘m

Here, V., is the wear volume of the examined sample [mm?®], F is the applied load on the
configuration [N] and s is the sliding distance [m]. All materials that are tested on their
tribological behaviour are characterised by this parameter. This parameter represents
wear as function of system conditions only.

A schematic picture of the development of the wear volume as function of sliding dis-
tance is given in Figure 1.1, where the slope of the graph (if divided by the applied nor-
mal force and with a linear increase in wear volume) is a representation of the specific
wear rate. In case of a non-linear increase in wear volume, the specific wear rate would
be defined by k., = (1/F)*(dVids).

Changing specific wear rate

Wear
volume

Constant specific wear rate

—

Time/ sliding distance

Figure 1.1:  Development of wear volume in time at a given applied normal force; the slope of the curve
(divided by the applied normal force) represents the specific wear rate.




For wear in general it is important to know the main mechanisms that cause wear. In
general, there are four mechanisms of wear that can take place in any kind of material.

Abrasive wear is defined as the removal or the displacement of material caused by the
presence of hard asperities on a counterface. Depending on the properties of the wear
surface, these hard asperities may result in scratching, grooving or ploughing. It is a
mechanism that also becomes important when during the wear process material is pulled
out of the original polished surface and is captured between the two contacting surfaces.
When hard particles are pulled out, they can act as an additional abrasive material,
causing wear of the softer contacting surface. Further wear causes more material loss
and this causes severely deformed surfaces. Hardness of a material is a very important
parameter for this wear mechanism, especially the difference in hardness between the
two contacting materials.

Adhesive wear occurs during the sliding process when solids in contact adhere and the
binding forces in the junction become stronger than those within one of the solids. Hard-
ness of the materials also influences the type of adhered layer that is formed (mainly
thickness), but in general any of three types are formed:

¢ a thin continuous film adhered to both contacting surfaces

e a thick continuous film adhered to both contacting surfaces or to one of them
¢ a thick discontinuous film adhered to both contacting surfaces.
Delamination wear (Figure 1.2) in ceram-
ics is mainly related to the nucleation of
subsurface cracks and their propagation
parallel to the surface. The process can oc-

cur by the following steps, taking place indi-
vidually or sequentially:

SR S
o %

.

%
N

. smoother‘ﬂng of the softer surface due tF) %&%
:ji::’)rmatlon and/or removal of asperi- //////////////
Figure 1.2: Example of stages in delamination
wear: (a) plastic deformation at local

¢ induction of plastic deformation on the
softer surface by the presence of harder

asperities, asperities, (b) formation of cracks in

¢ nucleation of cracks below the surface the bulk, (c) propagation of cracks
due to increasing subsurface deforma- parallel to  the  surface,
ti (d) delamination of cracked layer.
ion,

« delamination of long and thin wear sheets at places where the cracks are able to
propagate to the surface.

Corrosive or tribochemical wear is mainly caused by environmental effects that can be
divided into three types [6,7]:

« formation of adsorbed layers

¢ change of surface properties, followed by adsorption
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¢ formation of tribochemical products.

Under dry sliding conditions the influence of the environment on tribochemical wear pro-
cesses is mainly related to the presence of water in the air (relative humidity) or elevated
temperatures. Under lubricated conditions the presence of the lubricating phase in the
contact (e.g. water, oil, paraffin) can influence the tribochemistry of the wear process. All
this means that corrosive or tribochemical wear results from the formation and removal of
chemical reaction products at the contact surfaces. It is clear that the wear processes
that are influenced by corrosion, occur even faster at elevated temperatures.

The four mechanisms described, can cause either mild or severe wear, depending on
system parameters like load, velocity and humidity and material's properties like hard-
ness, toughness and thermal conductivity.

1.2.2 Wear in ceramics

For ceramics there are a couple of specific wear phenomena by which material removal
takes place during the previously described mechanisms. Ceramics show fracture proc-
esses during wear that are typical for brittle materials. Microcracking is the largest cause
of wear in ceramics, but plastic deformation can occur in fine-grained materials (on a
scale < 1 um) or when locally temperatures become extremely high. Zum Gahr [8] and
He [9] have given good summaries of the mechanisms and the accompanying wear phe-
nomena for ceramics.

Another important feature in wear of ceramics is the transition from mild to severe wear at
certain loads or velocities. In general, this transition is usually noticed by a change in the
way wear takes place; the wear phenomenon changes from plastic deformation to brittle
fracture and microcracking. In Figure 1.1, a schematic representation is already given of
how such a wear process develops during wear testing. The transition point is found
where the measured wear volume shows a sudden increase in time.

The main reason for this transition to occur, is the increased material pull-out at higher
loads or velocities (microcracking and delamination) or during prolonged sliding. This
material pull-out causes a larger contribution of abrasion to the wear process. The appli-
cation of ceramics under extreme loading or velocity conditions suffers from this transi-
tion, but under unlubricated conditions the value for the transition load for ceramics is
lower than for metals. Therefore, it is necessary to develop ceramic materials with higher
transition load. The transition phenomena for ceramics are well reported by researchers
of NIST [10,11] and other groups [12].

The wear (transition) mechanisms that occur are predominantly dependent on the tribo-
logical contact stress in the material (mainly resulting from the applied load). Low contact
stresses usually result in wear induced by plastic deformation. With increasing contact
stress cracks are formed and at a critical point these cracks develop to create severe
wear processes. This transition point is related to the point where the tribological stress
exceeds the critical crack or fracture stress. This can happen at both a local, microscopic
and macroscopic scale. Wang and Hsu [10,11] demonstrated the feasibility of various
models for wear volume predictions that were found in literature from 1962-1993. Most of
these models are based on the fact that when the maximum tensile strength, Gax, €x-




ceeds the value for the critical stress, op, in a material, cracks appear on the surface. For
wear volume predictions, the normalised threshold stress, (oma/0p), is of particular inter-
est. Theoretically this value should equal 1, but due to surface cracks present before
wear the value for o, is usually significantly lower in polycrystalline ceramics. Woydt ef al.
[12] reported transition phenomena for the self-mating wear of MgO-stabilised zirconia.
These transitions were defined as stress-induced surface fatigue transitions (in-
ter-granular microcracking), humidity-dependent protective physical and chemically in-
duced layer film formation, pressure-dependent phase transformations and tribo-
oxidation-induced wear-reducing or wear-accelerating transitions, mainly indicating the
extreme difficulty of tribological research in relation to material properties and operating
conditions.

Looking at the influence of system parameters, several authors have developed wear
maps over the last years. These maps are based on experimental results and describe
the influence of load, sliding velocity and temperature on the wear rate of materials.
Based on these wear maps it is also easy to predict wear transitions [5,13,14,15,16].
More recently new attempts were made to describe wear of ceramics by means of a new
parameter [17]. The authors describe a non-dimensional parameter to capture the influ-
ence of pressure, fracture toughness, crack length and coefficient of friction and the wear
rate is then expressed as a function of this parameter using different constants for differ-
ent materials .

1.2.3 Friction

The other important issue in tribological studies of materials, is friction. Friction, occurring
between two surfaces in contact with each other, can be the cause of several other fea-
tures influencing wear of materials. The coefficient of friction, f, is defined as the ratio
between the measured friction force, Fg, and the applied normal force, Fy:

_Ee 1.
f=5 (1.2)
Frictional heating is usually the most important feature influencing wear. Due to the rela-
tively low therma! conductivity of most oxide ceramics, the contacting materials will be
heated. The thermal aspects influence the performance or efficiency of the system. For
instance, the presence of temperature gradients, may propagate crack formation in the
contacting surfaces, which can cause severe wear. These thermal aspects in tribology
are important for the determination of [18]:

¢ magnitude and location of the maximum temperature
o effects of thermal gradients on the geometry of the contact, and
¢ heat flow to and from components of the system.

Ashby et al. [19] developed temperature maps for frictional heating during dry sliding.
These maps are applicable to all kinds of materials and can be used to predict tempera-
ture developments and wear mechanisms in ceramics during sliding. The model can also
predict local flash temperatures in the surfaces due to roughness asperities on the sur-
face, which is especially important for ceramics due to their relatively low thermal con-
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ductivity. This model was adjusted by Bos [18], whose corrections concern the descrip-
tion of the actual shape of the heat source (contact). Using his description, it is possible
to create a model, describing the severity of the thermal influences on the tribological
contact. Most of this work will be dealt with in chapter 5 where a general description of
the modelling of the wear tests is described.

1.2.4 Solid state lubrication

Friction reduction for ceramic couples is an important issue in ceramic engineering. For
the widest range of possible applications of ceramics, the ceramics must have low friction
at high temperatures and preferably under unlubricated conditions. Normally lubrication
can be performed using water, oils, greases and solids. Lubricated sliding processes are
numerously reported in literature, but it is clear that during lubricated processes, the
properties of the materials used are far less important than for unlubricated ones. The
intensity of the surface contact is lower when a lubricating layer is present.

If lubrication is necessary at high temperatures, the possibilities of available materials are
rapidly limited to solid state lubricants. Peterson et al. [20] already showed some 40
years ago that there is a wide variety of materials available for lubrication at temperatures
above 700°C. Lubricants are then applied as a third material to the tribosystem. This
makes that the lubricant has finite lifetime as a functional material, since it is consumed
during the process. When one is able to incorporate the lubricants in a ceramic matrix
material that is used in a tribosystem, one can possibly create a self-supplying lubricating
phase. Only little wear in the material then results in the presence of a small amount of
lubricant in the contact. This creates a system that is constantly lubricated. In this thesis,
lubrication issues will not be treated with the exception of the case of self-lubricating ce-
ramics, which is referred to as solid state lubrication.

An example of the use of solid state lubricants is given by Wang ef al. [21]. They describe
friction and wear of PSZ ceramics lubricated by copper or copper oxide. They succeed in
lowering the friction from 0.4 to 0.14 under varying loads (18-80 N) and velocities (0.01-
0.1 m/s). The accompanying wear they measure becomes significant only at loads above
40 N. Below this load the lubricated couples show no wear. They describe how the coef-
ficient of friction depends on the properties of the solid lubricating film. The coefficient of
friction is then defined as the ratio between the shear strength of the lubricant film, the
true contact area and the normal contact load. Thus low friction means that the contact
area at a given load should be small and the lubricant film must have low shear strength
(soft films, material with low melting point). The small contact area can be achieved by
creating thin films on hard substrates. The contact load is then largely supported by the
substrate, since the thin film reduces the roughness of the surface only by a small extent.
The best results were obtained using a CuO film, where friction was in steady-state at
0.14 and wear was negligible at a load of 37 N.




1.3 Wear resistant materials

1.3.1 Introduction

Materials related aspects can influ- Table 1.1:  Tribological characteristics in relation to ma-
ence the tribological behaviour sig- terial types [4].

nificantly. Czichos et al. [4] describe

B . Tribological characteristic Qualitative order
the use of “advanced materials” for
tribological applications. They make  Mass forces Fooymer< Feeramics< Fmetai
a general distinction between poly-
mers, metals and ceramics. Table Hertzian pressures Pooiymer< Pretar< Preramics
1.1 shows the tribological charac- ... heating Tonstar< Tyopmer< Toaramis

teristics in relation to the material's
properties of these three classes. Adhesion energy Adpolymer< Almetar< Alceramics
Combining the important properties

of each material specifically, pro- (surface tension)

vides a beneficial material for a Aprasion Abceramics< Abmetar< ABpotymor
broad variety of applications, though
in practice metals are the most Tribochemical activity Rpotymer, Reeramics< Rmetal

widely used. The use of ceramics

may be most suitable when compared to metals because of their lower mass forces,
better abrasion resistance, better temperature resistance and better corrosion resistance.
Problems encountered when using ceramics contacts are [4]:

¢ the high contact pressures resulting from their high Young’s modulus
o the shift of the shear stress maximum from bulk to the surface, and
¢ the large frictional heating.

Besides that, the lower fracture toughness may impose specific problems under impulse
loading.

Polymeric materials may be beneficial in use compared to metals with respect to their low
interfacial adhesion energy, leading to low friction. The limitation in operating temperature
is of course a major drawback in the use of polymers. Their large deformation at already
relatively low loads is also a disadvantage, since this seriously decreases the maximum
applicable contact pressures. Erdemir [22] describes wear and friction of the broad vari-
ety of materials that is available for engineering applications.

1.3.2 State-of-the-art wear-resistant ceramics

1.3.2.1 General

Important ceramics materials for all kind of structural applications are ZrO, (for instance
Y.0;-stabilised), Al,Os, SiC, SizNs and SIAION. Their use has been studied extensively
over the past few decades. Furthermore, there is a more specific class of borides and
nitrides like B4C, TiC, TiN, AIN and BN that are used for their extremely high hardness.
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These materials also receive a lot of attention, but have their high cost price and their
complicated tribochemistry as major drawbacks.

Nearly all single-phase ceramics have one or more specific beneficial properties, but
usually these are accompanied by one or more drawbacks. These drawbacks may be
overcome by the incorporation of a second ceramic phase with advantages in that re-
spect, while trying to retain the matrix properties as much as possible. Composites of all
kinds can be made in this way and their application seems unlimited. It is a separate
class of materials that received a lot of attention in research over the last 15 years.

As already mentioned, in practice several ceramic/ceramic couples for wear testing exist.
The most frequently applied ceramics are Al,O3, ZrO,-Y,03, SiC, and SisNs. The choice
for a specific couple primarily depends on the application in mind. Hardness, chemical
and thermal properties vary between the mentioned ceramics. Testing under practical
conditions for an application results in a choice for a specific material, as described by
Jahanmir [23]. The author gives general information on the basic principles of friction and
wear of all kind ceramic materials.

Hsu and Shen [16] give an overview of ceramic wear maps, studying the influence of op-
erating parameters. They study the four most important structural ceramics, Al;Os, ZrO,-
Y203, SiC, and SisNs. Wear maps are given for all four ceramics after self-mated sliding
under dry air, in paraffin oil or water. The wear maps are used to create wear transition
diagrams depending on load and velocity. They show that under dry sliding conditions
alumina is the most easily used material, showing the broadest variety in velocity and
load where wear is mild. Based on the wear maps, Hsu and Shen [16] treated a wear
model, in which fracture mechanics were used. The wear volume calculated from the
model is expressed by:
Omax F°8 .

V,=C Zmx
6, H

v

(1.3)

H, is the temperature dependent Vickers hardness and C is a constant. The authors use
the definition of Hamilton for the maximum tensile stress at the surface:

O =(+  ay | (1.4

where v is Poisson’s ratio and P, is the maximum Herizian pressure. They relate the criti-
cal stress, op, to the grain size and, using these equations, they could correlate the ex-
perimental data for SisNs well for the severe wear regime, where wear is dominated by
fracture processes. For mild wear the theory overestimated the wear data. The limitations
of the wear map concept are related to the amount and variety of wear experiments per-
formed and to the coexistence of various wear mechanisms during a single experiment.
Microstructural parameters as grain size and grain size distribution also have a notice-
able effect on the tribological behaviour. Besides that, no attention was paid to thermal or
tribochemical effects. Furthermore, there are many possible ways of lubricating tribosys-
tems. They all bring their unique tribochemistry to the materials couples used creating
many more problems to the wear map concept and their related models.
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1.3.2.2 Y-TZP and Y-TZP based composites

In recent years several wear tests have been performed on zirconia-based materials. The
wear behaviour of Y-TZP (yttria-stabilised tetragonal zirconia polycrystals) is strongly de-
pendent on the nature of the counterface. Usually self-mating wear tests are performed,
but the largest problem that is encountered is the low thermal conductivity of Y-TZP, of-
ten causing extremely high contact temperatures. This means that it is difficult to com-
pare results of tests using this tribosystem with others including a ceramic with a higher
thermal conductivity like SiC or Al,O3, because temperature effects (i.e. local melting) can
not be excluded in the case of Y-TZP. One has to take the thermal effects into account to
be able to make a meaningful comparison.

Breznak et al. [24] and Breval et al. [25] presented a full analysis of the wear behaviour
and wear debris life-cycle of Y-TZP and SiC at room temperature. They found steady-
state coefficients of friction of 0.4 for self-mating Y-TZP tests, which are app. 50% lower
than previously reported values. The wear they measured is extremely high compared to
wear measured for SiC couples [25]. Their general conclusion is that none of the exam-
ined material combinations would be suitable for application in a working engine without
lubrication [24]. They state that higher toughness of Y-TZP compared to SiC results in
wear dominated by intergranular fracture for Y-TZP and intragranular fracture for SiC.

The work of Libsch et al. [26] presents a strong sliding velocity dependence of the wear
behaviour of various stabilised zirconias. This was not found for alumina-based ceramics.
Libsch also presents results on a zirconia-alumina composite ceramics with a coarse
grain size and undefined microstructure. Wear of these composites was large due to
macroscale structural damage, which was not found for Y-TZP. Based on the experi-
ments, Libsch proposes a wear equation relating the wear rate (k,) to the normal load
(F), sliding velocity (v) and sliding time (f): '

k,=C-F* V. (1.5)

This model does not show a good relation with experimental data. The values for the
constants C, a, b, and ¢, show a large variation compared to the constants reported by
others [27]. Stachowiak et al. [28] tested a large quantity of partially stabilised zirconias
(PSZ) and Y-TZP samples under varying conditions. They measured coefficients of fric-
tion of 0.6 under dry sliding in air and wear rates in the order of 10° mm®(N-m) and con-
cluded that the wear behaviour is strongly dependent on the operating and environmental
conditions. Wang et al. [29] studied the specific abrasive wear resistance of Y-TZP ce-
ramics. Some were composites with a small addition of alumina to the Y-TZP matrix. The
transformation toughening mechanism in Y-TZP caused an increased abrasive wear re-
sistance. Various Mg-PSZ and Y-TZP ceramics were tested together with a composite of
Y-TZP and 20 wt% alumina by Medevielle et al. [30]. They found that the composite
showed the lowest wear loss compared to the zirconias.

Not only intrinsic mechanical properties can explain the differences between various
materials, but phenomena like dielectricity, polarisation energy and contact charges have
to be considered as well. Woydt et al. [31] show that Y-TZP ceramics already show se-
vere wear at sliding velocities between 0.04 and 0.14 m/s at loads of 10 N. The magni-
tude of wear depends on tribological stress and the possible reactions related to these
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stresses, e.g. point and cycling-contact-pressure, cyclic and thermal dilatation and phase
transitions. Woydt concludes that the transition from mild to severe wear can be shifted to
higher velocities by using materials with higher thermal conductivities. This may also im-
ply the use of counterfaces with higher thermal conductivity in all tribological cases.
Kong et al. [32] report steady-state coefficients of friction of 0.4-0.55 for dry sliding. Under
low loads Y-TZP shows a good wear behaviour, but the wear transition load is low indi-
cated by an abrupt increase of the wear rate (2 orders of magnitude). Lee ef al. [15] have
prepared wear maps for Y-TZP ceramic (grain size = 1 pm) under various conditions. An
example of such a wear map is given in Figure 1.3. Lee showed that for self-mating cou-
ples wear rates varied between 10® and 10 mm®.m™ depending on speed and load
condition combinations. Low wear rates were measured under low speed and load, while
the load was varied between 2 and 380 N and the velocities ranged between 10 and 0.5
m-s™. The transition from mild to severe wear is attributed to the change in wear mecha-
nism from plastic deformation to brittle fracture. Coefficients of friction vary between 0.45
and 0.7. Again, these values may be too high for practical applications. They can only be
lowered by application of a lubricant (either water or a solid state film), on the condition
that the roughness of the sliding surfaces is low (typically < 0.1 um).

Tse et al. [33] reported on the influence of

1

aging in water of Y-TZP on wear. Samples
which were aged 5 times longer in humid air 10~2
(120°C) showed a 4 times larger dry wear E ' o i
rate due to the larger amount of monoclinic 7 107 i
phase present before wear testing. Other & “f:ﬂ?}:l::::,‘;::'{j'?f,’
authors also describe aging under the influ- f:: 1078 il
ence of environment [34,35]. g "

B 10

Wear tests performed by He ef al. [9], using
SiC balls or commercial Y-TZP material
against Y-TZP show similar features as re-
ported in other literature. Wear mechanisms
are typically the same (plastic deformation
under mild conditions and microcracking
under more severe conditions). A major ef-
fect of the grain size of the Y-TZP material
is found, resulting in a low wear rate, typically for fine-grained systems, of 10 mm?®/(Nm)
under mild conditions (see section 1.4.2). To the best of our knowledge no other exam-
ples are found about wear tests on Y-TZP materials with the same small grain size as
this material.

Figure 1.3:  Ceramic wear map for Y-TZP in dry

air conditions [15].

An example of combining the favourable properties of single-phase materials in compos-
ites is the addition of a certain amount of a harder phase like alumina to a Y-TZP matrix
for improvement of the wear resistance of the relatively soft Y-TZP material, so-called
alumina-dispersed zirconia (ADZ). This gives improved hardness to the composite and
when the added amount is large enough, an increased thermal conductivity may be
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reached as well. There is not much information at hand about wear behaviour of this type
of composite.

Sornakumar et al. [36] have studied steel cutting performance of various Y-TZP and
composite ceramics. They reported that an addition of 20% alumina causes improved
toughness, enhanced thermal shock resistance and hardness of partially stabilised zirco-
nia (Y-TZP). This was also reported by Shi et al. [37]. Because of these improved prop-
erties, the ADZ ceramic exhibits a better cutting perfformance than Y-TZP. Li ef al. [38]
have reported that an increasing amount of Al,O3 in PSZ results in a material with an in-
creased fracture toughness compared to monolithic PSZ, but still the values are lower
than for tetragonal Y-TZP, as expected. They also show that the fracture toughness is
more improved when larger alumina grains are dispersed in the Y-TZP matrix, but they
do not give a good explanation for this. The improved fracture toughness can be benefi-
cial, because the wear resistance is positively influenced by the toughness in case of
abrasive wear. The overall influence of toughness on wear resistance is not exactly
known. He et al. [9] show that ADZ composites have a better wear resistance compared
to pure Y-TZP ceramic, but no difference is found for the transition load. The enhanced
wear resistance is due to the higher hardness of the a-alumina phase.

1.3.2.3 Alumina and alumina-based composites

Considering the combination of cost and properties, alumina is the ceramic material to
use. Of most structural ceramics it is by far the cheapest. Its hardness is 9 on Moh’s
scale which ranks the hardness of diamond at 10 as the hardest existing material [39].
Alumina-based ceramics in general show better wear resistance than zirconia due to
their higher hardness. Also the larger thermal conductivity of alumina-based ceramics
contributes to better tribological properties. There are of course specific applications in
which zirconia-based ceramics show better behaviour. Especially in the area of cutting
tools, the better mechanical properties of zirconia are of major importance for practical
use. The main disadvantage of pure alumina is its lower toughness compared to zirconia,
resulting in brittle fracture occurring faster. One way to increase the toughness of alumina
is by addition of a certain amount of zirconia (ZTA composite). This gives a significant
increase of the fracture toughness and bending strength. Especially the abrasive wear
resistance of alumina is very good, but alumina is very susceptible to wear transitions
due to increasing load and sliding velocity. The load at which transition from mild to se-
vere wear occurs is higher for ZTA [9].

Dong et al. [40] describe the tribological characteristics of alumina at various loads, and
temperatures. Tests were performed at low sliding velocities to minimise the influence of
thermal effects. Wear of alumina was found to be mild (k, < 10 mm®*(N-m)) except in
those cases where the load was larger than 20 N in the temperature range between 200
and 800°C. Coefficients of friction ranged between 0.4 and 0.6 for mild wear and were
0.85 in cases of severe wear. The results are translated into a wear transition diagram,
shown in Figure 1.4. Four separate wear regions are indicated. At low temperatures tri-
bochemical reactions between the alumina surfaces and water vapour control the tribo-
logical performance (region 1). The contact load has the largest influence at intermediate
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temperatures (regions Il and IV) and at high temperatures impurities influence the sur-
face properties of the alumina resulting in a protective layer (region IlI).
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Figure 1.4:  Wear transition diagram for alumina (self-mating tests), showing four distinct regions. The fric-
tion coefficient, f, and the wear coefficient, denoted here as K, for each region are indicated in
the figure {40].

Zum Gabhr et al. [41] showed that alumina compared to Y-TZP and SiC has the lowest
wear in self-mating tests. Under more severe test conditions wear of alumina increased
because of its brittleness. Wang and Hsu [42] studied the influence of operating pa-
rameters and environment on the wear transition of alumina. They showed that transition
phenomena in alumina are inevitable and can be demonstrated in practically all cases by
a sudden increase in coefficient of friction. All the phenomena depend on environment,
operating parameters (load, velocity, temperature, lubrication) and microstructure of the
alumina used.

Blomberg et al. [44] stated that alumina sliding against itself shows a mild wear regime
with wear rates as low as 10”° mm%(Nm) and a severe wear regime with wear rates sev-
eral orders of magnitude higher. Friction coefficients were below and above 0.6, respec-
tively. The dominating wear mechanism changed from microfracture (polishing by plastic
deformation and weak abrasion) in the mild wear regime to macrofracture (strong abra-
sion by microcracking) in the severe wear regime. A similar description of wear in alu-
mina is given by Cho et al. [45]. They described the wear of alumina in two stages. Ini-
tially, there is mild wear involving “ductile” grooving (plastic deformation) of the surface,
followed by severe wear involving grain boundary cracking and grain pull-out after a criti-
cal time. They consider the wear transition to be a ductile to brittle transition (Figure 1.5).
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Wang et al. [43] demonstrate the occur-

rence of wear transition phenomena in alu-

mina and various ZTA ceramics. After the

transition, wear is dominated by microfrac-

ture and grain pull-out. Besides that, the

wear transition load of ZTA ceramics is

much higher than for monolithic alumina. it

was also found that the transition load in- T o o0

creased with higher zirconia content, which Sliding time (min)

was attributed to small and uniform grains in

the composite together with phase trans- Figure 1.5:  Wear vs. sliding time showing the

formation induced surface compression abrupt change in functional depend-
. . ence for each load, indicative of two

stress and the lower elastic modulus which stage wear behaviour [45].

results in larger Hertzian contact and hence

lower tensile stress. Modelling work showed that optimisation of the wear transition re-

sistance needs refinement of the grain size and avoidance of the introduction of internal

stresses.

Wear scar diameter ( um)

In the work of Cherif et al. [46] the main wear mechanisms in alumina and ZTA were
identified as abrasion and chipping by inter- and transgranular cracking. They achieved
the best possible wear resistance at the optimum amount of zirconia in alumina of
16 wt%. The presence of wear debris was found to be beneficial since it acted as a lubri-
cant by changing the load distribution over the surface and consuming energy when the
particles of the debris were ground and plastically deformed. The beneficial influence of
the presence of the debris was confirmed by studying the life cycle of the debris for ZTA.
In other work, Cherif [47] showed that debris is predominantly formed when contacting
asperities cause microcracking. The debris is ground to the point where cleaving requires
more energy then plastic deformation. Zirconia debris is more easily deformed while alu-
mina debris shows more chemical affinity with water from the air to form hydroxides.
When deformation is no longer possible, the debris is removed and new debris is formed
that undergoes the same life-cycle.

Esposito et al. [48] reported low coefficients of friction for alumina self-mating couples.
Values are as low as 0.2. This value increases somewhat with increasing sliding dis-
tance. Esposito ascribes this behaviour to the presence of a very fine compacted layer of
wear debris that acts as a solid lubricant. In other work [49] the author reports similar
measurements on zirconia-alumina composite ceramics. Again, coefficients of friction are
very low (0.15), but they are connected to high wear rates for all materials of at least
10°® mm*/(N-m). The low friction is again explained by the presence of a large amount of
debris acting as a bearing. The tribochemical film formed from the debris consists of alu-
minium hydroxide.

Trabelsi et al. [50] tried to relate the wear behaviour of ZTA ceramics to its mechanical
properties. They found that the wear resistance of ZTA is decreased compared to pure
alumina, but the fracture toughness and strength are improved. They showed that the
influence of the contact temperature is predominant, because of the strong temperature
dependence of toughening mechanisms. Tests performed under oil lubricated conditions
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by C. He et al. [51], clearly showed that the wear transition load is raised with increasing
zirconia content. The transition from mild to severe wear is typically accompanied by a
change of the wear mechanism from plastic deformation with some grain pull-out to a
fracture-dominated wear process. They state that the presence of zirconia can have at
least three possible effects, either positive or negative: refinement of alumina grain size
(smaller size and narrower size distribution), reduction in hardness and formation of a
compressive zone in the wear track.

1.4 ' Relation between ceramic properties and tribological behaviour

1.4.1 Influence of material properties

The previous section made clear that material (bulk) properties are strongly related to the
tribological behaviour of a material. Their influence on the various wear mechanisms is
different, so the absolute influence of a material property on the wear behaviour is difficult
to establish. In the various models that are described, relations are given between wear
volumes and some important mechanical and thermal properties. The most widely used
properties in modelling are hardness (H), fracture toughness (K ¢), bending strength (oy),
Young’s modulus (E), thermal conductivity (K) and thermal shock resistance (ATsnock)-
These properties all have a distinct influence on the various possible wear mechanisms.

An example of the influence of the differ-

i . 1000
ences in hardness of two materials on the

abrasive wear resistance is given in Figure 100
1.6. Here, the abrasive wear rate (in arbi-
trary units) is plotted as a function of the 0
ratio of hardness of the abrasive and hard-

ness of the wear surface. The figure clearly ' “ Hp/Hs
shows that, when the hardness of the abra-

sive is larger than the hardness of the wom Figure 1.6:  Abrasive wear as a function of the

surface, wear of the surface will be severe. ratio of hardness of the abrasive, Hp,
The influence of intrinsic material properties and hardness of the wear surface, Hs
like grain size, porosity and composition on (a: sharp abrasive particles; b:

. . : d abrasive particles). N
wear resistance in general, is not as well rounded abrasive particles). Numbers
along the y-axis give an impression of

documented in literature as the extrinsic the ratio of wear rates in various wear
ones (mechanical and thermal properties). regimes [52].

This is caused by the dominance of the

properties of the tribosystem over the properties of the materials used. The hardness of a
material has a large influence on wear behaviour. As shown in Figure 1.6, the wear rate
of a material increases with increasing hardness of abrasive particles. In general it is
clear that materials possessing a combination of high hardness and fracture toughness,
will be the most wear resistant.

The influence of the hardness can, however, be considered both positive and negative.
Materials with a high hardness are more wear resistant, but an increasing hardness low-
ers the threshold value for transition from mild to severe wear. The fracture toughness
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has a positive influence on the resistance against lateral crack propagation (if the tough-
ness is large), but its overall effect (considering all wear mechanisms) is not very clear
- yet. In Figure 1.7 the influence of transition loads (threshold values) and hardness on
wear rate is shown as a function of the normal force. From this figure it is obvious that a
high hardness can be beneficial for an enhanced wear resistance, but that the accompa-
nying decrease of the threshold force has a bad influence on wear performance.

Evans et al. [27] developed a model for ATERAL

combining hardness and wear rate. For this HoHy 7 EehANISM
model it is assumed that wear of a material raacTuRE

. THRESHOL
occurs by lateral fracture. This means that —

cracks in the material propagate perpen-
dicular to the moving direction of the

abrading particle. They derived the following pLasTiC
equation for the wear volume at high loads, WECHANISH
assuming that lateral fracture occurs when
the abrading or sliding particle exceeds the
fracture threshold force: v

F8 s
V,=a BT s (1.6) Figure 1.7:  Schematic indicating the wear rate as

w
,/K -H
le function of normal force in two mate-

Here, a is a material-dependent constant, F rials with a different hardness, H, but
similar levels of toughness, K, and of

is the applied normal force, Ki. is the frac- EIH[27).

ture toughness, H is the hardness, E is

Young’s modulus and s is the sliding distance. The authors state that the depth of the
lateral cracks defines the potential material removal zone. Beyond the lateral fracture
threshold, at lower loads, material is removed by another mechanism: plastic cutting.
Here, the material removal rate is predominantly related to the hardness, the normal
force and the particle geometry:
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Here, ¥ is the incoming angle of the penetrating particle. The predicted wear volume for
this mechanism is one order of magnitude smaller than for the lateral fracture mecha-
nism. It was found that the model corresponds reasonably well for a fracture-dominated
wear process, which usually occurs in brittle solids like ceramics.

The work of Trabelsi et al. [50] showed that for a wide variety of alumina-based compos-
ites with Y-TZP, the fracture toughness significantly improved with increasing Y-TZP
content, but that hardness values decreased. On the whole, the wear volume increased
as well, showing that the hardness has a larger influence on the wear behaviour than the
toughness. According to Trabelsi this is related to the fact that frictional heating during
dry sliding diminishes the increased toughening behaviour by the addition of Y-TZP.
Thermal properties become important in situations with high sliding velocities and the ab-
sence of a lubricant. The lubricant normally consumes a lot of the heat released by fric-
tion in the contact. The severity of the effect of thermal processes is usually related to the
thermal conductivity and thermal shock resistance of the materials.
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1.4.2 Influence of microstructure

The ceramic microstructure influences the material's properties, and with that, indirectly
the tribological properties as well. The grain size (and distribution) and porosity of a sin-
tered ceramic body directly influence some of the material properties like thermal shock
resistance and bending strength.

Hah et al. [53] showed that the relationship between hardness and alumina grain size
(pure alumina) follows a Hall-Petch-type equation, which implies an increasing hardness
with decreasing grain size. Alumina with the smallest grain size shows the lowest wear
rate, as expected. They also reported that, even under the mild conditions used, forma-
tion of relatively soft aluminium hydroxide in the wear debris occurs (measured by infra-
red spectrometry). This decreases the abrasive influence of the debris and therefore the
wear rate decreases. As reported by Wang et al. [42] a smaller grain size of alumina
causes lower wear at moderate loads and it shifts the wear transition load to a higher
level. This can be attributed to the presence of smaller grain boundaries and defects that
require higher stress to propagate the existing cracks and defects. Cho ef al. [45] show
that an increased grain size in alumina results in a shorter time before wear transition
takes place. This suggests that the critical stress for grain boundary cracking decreases
with increasing grain size. The influence of the grain boundaries on tribological behaviour
is not quite clear.

The importance of grain boundary strength was shown by Krefetz and Fischer [54]. They
~ showed that the weakening of grain boundaries of alumina by doping with yttria, leads to
a wear rate that is 10 times larger than for undoped alumina. This process is more pro-
nounced in the intermediate wear regime where wear occurs by grain boundary fatigue.
This is in conflict with the work of Terheci [55] and others [56] who state that coarser
grained alumina exhibits better wear behaviour because the relative influence of grain
boundaries is less. Krell and Klaffke [57] showed that fine-grained aluminas (grain size
0.4 um) have a fretting wear rate of at least one order of magnitude lower than for
coarse-grained alumina (grain size 3 um). The coefficient of friction was not influenced by
the microstructure. The influence of grain size on wear was not found for zirconia.

The work of Liang et al. [58] showed that for zirconia, the properties of the grain material
have a much larger influence on the mechanical and tribological properties than the grain
boundary purity and processing. This means that high purity and strong grain boundaries
do not necessary translate into superior tribological properties. Using low loads, for in-
stance, results mainly in transgranular wear while grain boundary effects are negligible.
Davidge and Riley [59] also showed that the wear rate of alumina increased in wet ero-
sive wear with grain size increasing from 1 to 13 pm. These results were translated to a
variety of other tests like ball-on-plate, sawing, dry erosion and grinding and they all
showed the same trend.

Zum Gabhr et al. [60] showed an important dependence of the wear performance on the
grain size. They showed that the value of the transition load, indicating the start of severe
wear, increased significantly with decreasing grain size. Similar relations between grain
size and wear resistance were found by He [9], who found a Hall-Petch-type relation for
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the wear resistance as function of grain size for Y-TZP ceramics with grain size varying
between 0.15 and 0.9 um (see section 1.3.2 as well).

1.5 Important aspects of ceramic processing

The main route to influence the ceramic microstructures is by controlling the ceramic
processing methods. Most of the issues that are important for these processes are ex-
tensively treated in several books [61,62,63].

In general, ceramics are prepared by using the following steps and the important pa-
rameters for ceramic processing are all discussed in relation to these steps:

¢ powder synthesis,

* consolidation,

¢ sintering,

¢ finishing.

Ceramic powder preparation can, for instance, be realised by using wet-chemical proc-
esses, involving the co-precipitation of metal salts that are washed with water and alco-

hol. Powder preparation is not much described in this thesis. Where possible, commer-
cially available powders were used.

The starting powders for ceramic process-
ing have special demands, for especially E3
particle size and momhology. These de-
mands depend on the chosen consolidation
route. A distinction can be made between
various consolidation routes:

e dry powder pressing

e suspension processing

¢ colloidal pressure filtration

. . Figure 1.8:  Typical example of a ceramic powder
0 slip casting with spherical granules (controlled
0 centrifugal casting agglomeration by spray-drying) [64].
0 tape casting
¢ gel casting

e paste processing
¢ extrusion
¢ injection moulding

These are not all the possibilities, but the most important ones are listed. Consolidation
by dry pressing is the most well-known method used for preparing ceramic pieces. For
this method the particle morphology is of extreme importance. Irregularly shaped parti-
cles cause a lot of internal friction during pressing and they may result in high intemal
stresses or crack formation. Besides that the irregular shape may also be a cause of bad
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stacking of the powder during filling of the pressing mould. Using powder particles with a
good morphology (preferably spherical and soft agglomerates) results in a good stacking
process for dry pressing and a good compaction during pressing. An example of such a
powder is given in Figure 1.8. The chance of creating defects by stacking faults or re-
mainders of hard agglomerates is significantly reduced. This is of course valid for com-
posite ceramics as well. The presence of defects and inhomogeneities has a large nega-
tive effect on the properties of the ceramics in general. Examples are the final sintered
density and mechanical properties such as hardness, toughness and strength.

For suspension processing the particle shape is of less importance, since in most of
these processes the powder particles are de-agglomerated before the consolidation step.
Usually suspensions are made based on water and powder with some kind of stabiliser.
Examples are electrostatic stabilisation and steric hindrance. The resulting suspensions
are stable in the sense that they show limited or very slow sedimentation. These suspen-
sions can be consolidated in various ways. The technique most frequently used in this
thesis is pressure filtration. Other possibilities are slip casting and centrifugal casting.

= S Paste processing methods are not de-

f o0 0 QOO scribed in this thesis. Usually they involve
a“op S not only stabilisers, but organic binders as
oq DO QQ well. The chosen consolidation route is of
major importance for the homogeneity of

e OO o < the ceramic microstructure. In the case of

- %\ o 9 composite materials (two or more separate

O 9 DO ceramic phases in one matrix), the suspen-

sion preparation is the suitable step to cre-
] ate a homogeneous system. Dispersing and
Figure 1.9:  Schematic representation of suspen- -
: . o stabilising the system well means that the
sion processing, where particles in a .
fluid are stacked by some means of WO phases are mixed properly and can be
either fluid removal or sedimentation.  stacked in a very homogeneous way during
the consolidation step. For both composites
and single-phase ceramics the entire process can be used to control the presence of
defects or large voids (Figure 1.9).

Sintering is used for strengthening and densification of the ceramic bodies. During sin-
tering usually three stages are identified. After consolidation, the powder particles are
bonded by neck growth to give the ceramic body strength. This is followed by densifica-
tion where all large voids are removed and finally the grain will grow. Usually, the prefer-
ence is for the lowest sintering temperature possible. This is done for cost effective rea-
sons and to keep the ceramic grain size as small as possible. Typical grain sizes for sin-
gle-phase alumina and Y-TZP are 2 and 0.4 pm, respectively. Sintered ceramics are
usually finished by machining and polishing to give them their finial surface properties. By
choosing a consolidation route that offers the possibility of near-net-shaping, it is possible
to minimise the costs of the expensive post-treatments.



20

1.6 Outline of the thesis

The work described in this thesis deals with tribological properties of alumina, zirconia
and composites of both materials. These tribological properties can be influenced by the
homogeneity of the microstructure. Preparation of ceramic composites with a homogene-
ous microstructure is described in chapter 2. The influence of the second phase of the
composites on the tribological properties is dealt with in chapter 3. The results of meas-
urements on some exceptionally wear-resistant materials are given in chapter 4. Model-
ling of the tribological results is described in chapter 5. Chapter 6 deals with friction re-
duction and in chapter 7, the relation between ceramic wear in practice and laboratory
results is described.

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Homogeneous zirconia-toughened alumina ceramics with high
dry-sliding wear-resistance (taken from a paper accepted for publication in
Journal American Ceramic Society). This chapter deals with preparation of
homogeneous composite ceramics. The tribological results are compared
with those for inhomogeneous composites.

Tribological properties of nanoscale zirconia-alumina composites
(taken from Wear, 225-229 (1999) 1293-1302). This chapter deals with the
general influence of a second phase on the tribological properties of alumina
and zirconia. Microstructural issues that are addressed here mainly concern
the improvement of density and the control of grain growth.

Dry sliding wear of self-mated couples of zirconia, alumina and zirco-
nia-alumina composites (taken from a paper accepted for publication in
Advanced Engineering Materials). Self-mating tests on ZTA reveal an excep-
tionally low wear rate for a self-mating couple which usually shows a very
bad wear performance due to the large cohesion and adhesion effects.- The
results are compared with those for other oxide ceramics. 4

Wear of ceramics due to thermal stress: a new thermal severity pa-
rameter (submitted for publication). The mode! of Adachi et al. [5] is adjusted
by implementing the work on frictional heating of Bos [17] as the thermal se-
verity of a tribological contact (TS), whereas the same mechanical severity
(MS), as described by Adachi, of the tribological contact is used. The devel-
oped model is verified by experiments and they show for most materials
combinations a unified transition from mild to severe wear.

Self-lubrication of alumina and zirconia ceramics by use of soft oxide
additives (taken from a paper to be submitted for publication). Besides the
work on manufacturing extremely wear resistant components, attention is
paid to the reduction of friction. Frictional heating is largely reduced by lubri-
cation, resulting in even lower wear. To avoid practical problems such as fi-
nite lifetime, low maximum applicable temperature, ceramic composites with
a self-supplying content of solid state lubricant are prepared. Their frictional
properties are compared to those for dry sliding unlubricated ceramic-
ceramic tribosystems.
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Chapter 7 Wear-resistant ceramics: two practical cases verified by ftribological

tests (taken from a paper submitted for publication). The translation of labo-
ratory tests to practical results is an issue for this chapter. Mainly results for
mechanical seals in a cogwheel pump are described. Not only tribological is-
sues are addressed, but manufacturing and engineering issues as well.
Since practice showed that actual operating conditions can vary a lot, it is
necessary to make the connection back to dedicated laboratory tests again.

Chapter 8 Evaluation and perspectives. Conclusions from the presented work and

recommendations for future research, development and production are
made.
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2 Homogeneous zirconia-toughened alumina ceramics
with high dry sliding wear resistance”

Abstract

The preparation of dense homogeneous zirconia-toughened alumina (ZTA) with high dry
sliding wear resistance is described. These ZTA ceramics are obtained by sintering green
compacts, made by colloidal filtration of well-defined ZrO,-Al,O3 particle suspensions, for
2 hours at 1400°C. The optimum solid and stabiliser concentrations for the filtration process
were determined. The sintered ZTA microstructure consists of a homogeneous distribution of
zirconia grains in an alumina matrix with grain sizes of 0.2 and 0.5 um, respectively. In
pin-on-disc tribological measurements at relatively high initial contact pressures (app. 1 GPa)
and sliding speeds (0.5 m/s) a very low specific wear rate (app. 10° mm®Nm) and a coeffi-
cient of friction of 0.5 were found. It is shown that, in this case, wear is dominated by abra-
sion and polishing.

2.1 Introduction

At present, lubricants are often used to reduce wear and friction in sliding contacts of moving
parts in equipment. The use of these lubricants, however, becomes more and more un-
wanted for environmental and other reasons. In practical unlubricated sliding contacts the
touching materials must be carefully chosen such that the specific wear rate is well below
10" mm*/Nm with a friction coefficient preferably lower than 0.2 [1,2]. The wear mechanism
should in any case be mild, meaning that the contacting materials preferably polish each
other, resulting in a very low specific wear rate. The unwanted opposite of mild wear is “se-
vere” wear in which contact-surface roughening takes places due to break-out of large pieces
of material. In many cases a transition takes place from mild to severe wear if the load is in-
creased [3]. In addition, the occurrence of fatigue at a constant load may trigger a rapid
transfer from mild wear to severe wear after a certain sliding time (or distance).

In literature it is suggested that for many cases, the “ideal” dry sliding couple has not yet
been found [4]. This may be connected with the fact that the materials investigated until now
did not fulfil the requirements mentioned above. One of the major problems is the fact that
the homogeneity of the available ceramic materials is insufficient for the applications in
mind [5]. The homogeneity may be expressed in terms of the occurrence of, for instance,
processing defects, unwanted second phases, oversized grains [6] and spatially correlated
porosity. Many investigators have given examples of tribological properties of oxide ceram-
ics, but not all use microstructural observations to identify the possible differences in wear
and friction.

" Taken from: B. Kerkwijk, A.J.A. Winnubst, E.J. Mulder, accepted for publication, J. Am. Ceram. Soc., 1999.
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Hsu and Shen [7] reported mild wear for dense alumina with 5 um grains at sliding speeds up
to 0.2 m/s. This alumina has a mild-to-severe wear transition pressure of 700 MPa. Using a
lower sliding speed of <0.01 m/s, mild wear was found at pressures up to 2 GPa. Since the
large grain size and low toughness of pure dense alumina are less favourable for dry sliding
applications, alternative materials compositions should be considered as well. Dense zirconia
ceramics can be obtained with much smaller grains and higher toughness than alumina. SiC
and SisN4 (ceramics with covalent bonding) are much harder and SiC has a higher thermal
conductivity than the oxides. However, wear studies [7] of yttria stabilised-tetragonal zirconia
(Y-TZP), SiC and Si3;N,4 ceramics showed a transition from mild to severe wear at much lower
sliding speed and at a lower contact pressure than for single-phase alumina. The most obvi-
ous disadvantages for the use of zirconia are the low hardness and low thermal conductivity.
The ceramics with covalent bonding are more difficult to process, generally leading to less
homogeneous microstructures. In addition, the non-oxides SiC and Si;N4 are easily oxidised
and form soft SiO; films at the surface that rapidly degrade. This process leads to unaccept-
able high wear rates [5]. As a consequence, developing high wear-resistant materials by
starting with dense alumina ceramics and reducing its less-favourable properties by proper
non-soluble additives seems to be a good strategy. Hence for the present study, work was
focused on preparation and properties of fine-grained composites with an alumina matrix in
which isolated small zirconia grains are present. Such a composite is well known in literature
as zirconia-toughened alumina (ZTA). In ZTA with 8-15 vol% zirconia the favourable proper-
ties of alumina can be maintained since ZTA is nearly as hard and as thermally conductive
as pure alumina. The zirconia may introduce extra toughening [8-10] and lead to a smaller
(sub-micron) grain size in the ceramics. The enhanced toughness of the alumina phase may
be caused by a latent possibility of martensitic phase transformation of the zirconia phase,
but toughening due to crack-deflection is also possible, especially because of the small grain
sizes used in the present study. A homogeneous distribution of small zirconia particles also
acts as an impediment for alumina grain growth during sintering [9,11].

C. He et al. [3] studied dry sliding wear of ZTA, amongst others. The authors showed that the

value of the mild-to-severe wear-transition load depends on:

e The Zzirconia content. An increase to 12 vol% results in an increase in wear-transition
load.

e The alumina matrix grain size: Increasing grain size results in a decreasing
wear-transition load.

Y.J. He et al. [8] observed mild wear with a very low wear rate of 210 mm*Nm for ZTA un-
der reciprocal dry sliding against a stainless steel plate. Test conditions were an initial mean
contact pressure of 300 MPa and an average sliding speed of 0.02 m/s. The wear mecha-
nism observed was mainly adhesive material transfer of a metallic layer on the ceramic sur-
face. An increase in wear resistance by the addition of zirconia to alumina has also been re-
ported by others [12-14]. Trabelsi et al. [10] stated that the addition of zirconia to alumina re-
sults in a material with a lower wear resistance due to the decrease in hardness. Most inves-
tigators conclude however [3,9] that an optimum amount of zirconia of 10-12 vol% exists, that
provides enough improvement in toughness and decreased grain size to compensate for the
lower hardness. Kamiya ef al. [15] performed collision tests (erosive wear) on alumina and
ZTA ceramics with ALL,O3 or SiC particles and showed that ZTA had the lowest wear rate.
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Unfortunately, detailed systematic studies on the effect of ZTA microstructure on wear-
resistance are not yet available, meaning that not much material for comparison is present.

To obtain fine-grained ZTA ceramics with optimum wear properties, it is important that:

e The green compact consists of a homogeneous, close packing of well-defined particles
with a narrow size distribution in the sub-micron range.

o The zirconia phase is homogeneously distributed in the matrix in the sintered alumina.

o The sintered material is defect-poor (low amount of faults and cracks).

During the consolidation or green forming step, several defects can be introduced, which re-
main or can even grow during the sintering step. Especially dry pressing of powders is known
as a technique where defects are easily introduced due to density variations and (remainders
of) powder agglomerates. It is generally accepted [16-23] that consolidation techniques
based on colloidal processing result in a more defect-poor green ceramic body. To achieve
this, it is necessary to prepare a homogeneous, stable suspension of well-defined non-
agglomerated particles with a narrow size distribution. Unstable suspensions are known to
result in an inhomogeneous green phase distribution due to flocculation/segregation ef-
fects [17,18,23]. Colloidal consolidation techniques such as pressure filtration, slip casting,
centrifugal casting or electrophoretic deposition may (easily) lead to homogeneous green
compacts with a close-packed particle stacking. The use of such a high-density homogene-
ous stacking may also lower sintering temperatures needed to obtain dense ceramics [20].

In this chapter the colloidal consolidation and tribological properties of ZTA ceramics are de-
scribed. The objective of the present study has been the investigation of possibilities for im-
provement of the tribological properties of ZTA materials by increasing the homogeneity of
the phase distribution. Therefore the preparation of very well defined microstructures is nec-
essary and hence colloidal processing is chosen as the consolidation method.

2.2 Experimental

2.2.1 Powder preparation

Undoped zirconia for colloidal processing was prepared by precipitation of a diluted ZrCl,
(Merck, Darmstadt, Germany) solution in an excess of ammonia. Further details of this
method can be found elsewhere [24]. After washing with water and ethanol and then drying,
the zirconium hydroxide precipitate was calcined at 500°C for 2 hours. This results in a 100%
tetragonal zirconia phase as confirmed by XRD, with an average crystallite size of about 10
nm, calculated from XRD line broadening using the (111) reflection at 30° 26. The BET sur-
face area of this powder is 100 m?%/g. The crystallite size of the o-alumina powder (AKP-50,
Sumitomo Chemical Co. Ltd, Osaka, Japan) was 0.1-0.3 um as specified by the manufac-
turer. The BET surface area of this powder is 10 m?/g.

2.2.2 Colloidal consolidation

Various single phase suspensions of alumina and zirconia were prepared by using HNO; as
stabilising agent and ball milling these systems with zirconia balls (& =2 mm) for at least 16
hours. Acid concentrations used were 0.05, 0.10 and 0.15 M, based on the pure water
phase. Acid concentrations lower than 0.05 M gave unstable suspensions. The alumina solid
concentration was varied between 33 and 75 wt%. The zirconia solid concentration was kept
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constant at 33 wt%. Appropriate volumes of each single-phase suspensions were mixed for
1 hour to obtain a suspension in which 15 wt% of the solid phase consists of ZrO, using the
above described milling equipment and then filtered over a membrane filter with a pore size
of 0.45 mm (ME25, Schleicher & Schuell, Dassel, Germany). The suspension surface re-
mained in contact with the atmosphere while the driving force for the filtration process was
created by a vacuum at the other side of the membrane filter. The disc-shaped green com-
pact (J = 42 mm) could easily be released from the membrane filter after ten hours of drying
in stagnant air at room temperature. The green compacts were sintered for 2 hours at 1350,
1400 or 1450°C (with heating and cooling at 2 and 4°C/min, respectively). Microstructural
investigation was performed using SEM on polished and thermally etched samples. Grain
sizes were determined using the linear intercept technique [25]. Cross-sectional SEM pic-
tures of the samples were used to study possible segregation effects during filtration.

2.2.3 (ebibiliFgm.rposes

Results of the tribological measurements of the colloidally processed ceramics were com-
pared with those for dense ceramics made with a commercially available, spray-dried 85 wt%
alumina and 15 wt% zirconia powder mixture. This material, further indicated as ZTACOM
(Zirconia Sales, Surrey, Great Britain), was made by conventional uniaxial pre-forming of
48 mm @ peliets at 30 MPa and isostatic pressing at 400 MPa. Sintering was done using an
initial heating rate of 1°C/min up to 400°C and 1 hour dwell for binder burn-out, followed by
heating at 2°C/min to 1600°C and a 2 hours dwell followed by cooling down at 4°C/min.

2.3 Weating

Dry-sliding wear tests on ceramic discs were performed at room temperature on pin-on-disc
tribometer (CSEM, Neuchatel, Switzerland). Commercially available 10 mm alumina bearing
balls (grade 10, Gimex Technical Ceramics BV, Geldermalsen, The Netherlands) were used
as pin material. The geometry of the test set-up is shown in Figure 2.1.

wear track

)

Figure 2.1:  Tribological test set-up.

The sliding velocity in the contact was set at 0.5 m/s. A constant force, F, of 15.5 N was ap-
plied resulting in an initial mean Hertzian contact pressure of 1130 MPa. Dry sliding wear
was measured in a controlled air atmosphere using a climate chamber (Heraeus HC4057,
Balingen, Germany). The temperature was set at 23°C and the relative humidity at 40%. The
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wear volume, V,,, was determined after a sliding distance, s, of 120 km. Wear is expressed in
a specific wear rate k,, (in mm*Nm), using:
Vw

F-s

The wear volume, V,, was determined by measuring the weight loss of the sample or by de-
termination of the wear volume from the wear track depth as measured by interference pro-
filing (ATOS micromap, Pfungstadt, Germany). Both measurements gave values of the same
order of magnitude. The friction force was measured continuously during the experiments
and is expressed as a coefficient of friction. The coefficient of friction is defined as the ratio
between the measured friction force and the applied normal force.

k, = 2.1)

Figure 2.2: Microstructure of ZTA/S after sintering at 1400°C; white phase represents zirconia and dark
phase represents alumina .

2.4 Preparation of ZTA by colloidal filtration

2.4.1 Results

In Figure 2.2 the microstructure is shown of ZTA obtained by colloidal filtration and subse-
quent sintering at 1400°C for 2 hours. This sample is 99% dense and the grain size is 0.5
and 0.2 ym for alumina and zirconia, respectively. SEM pictures of several parts of a
cross-section of this ceramic showed the same homogeneous microstructure with identical
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alumina and zirconia phase concentrations. The height of the disc-shaped samples was up
to 4 mm, depending on the solids loading during filtration.

Table 2.1: Compositions of the suspensions used for colloidal filtration of green compacts, their density in the
green state and after sintering at 1450°C for 2 hours, total suspension solid loading, ¢, and hin-
drance factor, h, calculated from equation 2.2 and the experimentally observed occurrence of col-
lective particle movement and flocculation. ’

Suspension  [HNO3] Al2Os  ZrO2  pgeen puasoc @ h Collective Flocculation
(mol-l“‘) (Wt%) (W%) (%) (%) - (-)  particle movement

ZTAN 0.05 33 33 61 97 0.15 0.38 No No
ZTA2 0.156 33 33 61 92 0.15 0.38 No Yes
ZTAI3 0.05 50 33 54 >899 024 024 Yes No
ZTA/4 0.10 50 33 59 98 024 024 Yes Yes
ZTA/S 0.05 66 33 67 >99 033 0.13 Yes No
ZTA/6 0.05 75 33 59 97 038 0.09 Yes No

The composition of the suspensions used, named ZTA/1-6, and the green and sintered den-
sities of the consolidated compacts are given in Table 2.1. The ceramics made from the sus-
pensions are indicated with the same designation code as the suspension. As can be seen in
Table 2.1, the alumina solid and nitric acid concentrations affect the density of the ceramics
after sintering at 1450°C. No consistent influence of both concentrations on the green densi-
ties of the consolidated cakes is found. However, ZTA/3 and ZTA/S ceramics are the only
ones that reach nearly full density.
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Figure 2.3:  Microstructure of ZTA/1 (with low solid content during colloidal filiration) after sintering at
1450°C.

In Figure 2.3, a SEM picture is shown of the microstructure of the top part of the ZTA/1 ce-
ramic disc. From this picture and in comparison with Figure 2.2 it is concluded that a low
concentration of alumina in the starting suspension results in a significantly lower zirconia
concentration in the top part of the ceramic disc; so no homogeneous distribution of the sec-
ond phase is obtained. This implies that in ZTA/1 ceramics, there is an increase in zirconia
content in the original filtration direction. Similar results were obtained with discs made with
ZTA/2.
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Figure 2.4: Microstructure of ZTA/4 (with high nitric acid concentration during colloidal filtration) after sin-
tering at 1450°C.

Figure 2.4 shows that a high HNO; concentration (in ZTA/4) results in clustering (by floccula-
tion) of the zirconia particles throughout the ceramic disc. In addition the top layer of the disc-
shaped samples pealed off in most cases if a high acid concentration was used. Hence, the
optimum solid and nitric acid concentration for obtaining a homogeneous ZTA compact,
within the scope of the used materials and stabilisation route, is regarded to be the composi-
tion of ZTA/5, because of the higher solids loading and green density compared to ZTA/3.
Details on ceramic microstructure (density, grain size) of ZTA/5 are given in Table 2.2.
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Figure 2.5: Microstructure of ZTACOM.

A SEM picture of ZTACOM is given in Figure 2.5 which shows a rather coarse structure while
the homogeneity of the phase distribution is inferior to that of the colloidal-processed ce-
ramic. Especially the grain boundaries of the ZTACOM are not well defined. When the mate-
rial is sintered at 1450°C for 2 hours, a density of 90% is obtained, so a high sintering tem-
perature is necessary. A density of 98% is reached only after sintering at 1600°C for 2 hours,
resulting in grain sizes of 3.1 um and 0.9 um for alumina and zirconia, respectively.

Table 2.2: Microstructural characteristics of ZTA/5 after sintering at 1350, 1400 and 1450°C.

Sintering Density Grain size (and phase) Grain size (and phase)
T(°C) (%) Al203 (um) ZrO2 (um)
1350 91 * (corundum) *
1400 >99 0.51 (corundumy) 0.16 (tetragonal & monoclinic)

1450 >99 0.7 (corundum) 0.3 (tetragonal & monoclinic)
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2.4.2 Discussion

The alumina powder concentration in the single-phase suspension and the nitric acid con-
centration prior to mixing influence the zirconia-alumina phase distribution after consolidation
(Figure 2.2 to Figure 2.4). The influence of these concentrations can be explained by two
phenomena: sedimentation (possibly resulting in segregation) and flocculation. The influence
of the experimental conditions on the occurrence of these phenomena is also shown in Table
2.1.

In the zirconia-alumina suspensions sedimentation will occur during the consolidation step. In
a sufficiently stable suspension this sedimentation will be very limited. In a non-stable sus-
pension, sedimentation occurs more rapidly. This sedimentation may be either a collective
movement of both types of particles (no segregation) or a separate movement of both
phases (segregation). From the results it is found that if the alumina concentration is too low,
the zirconia can easily move independently from the alumina particles and settle more rap-
idly. This means that sedimentation by gravitation takes place [26,27]. Concha and Almen-
dra [28] describe sedimentation velocities of suspensions of spherical particles. They de-
scribe the sedimentation velocity of the particles according to Stokes’ law, but the velocity is
corrected for the influence of the solid concentration of the suspension. This correction is ex-
pressed as the hindrance factor, h. h is given by [29] for particle volume fractions, ¢, up to
0.59 and a very low Reynolds number:

h(q)) = (1 - ¢)(1 - 1_45¢)L83

1-0.75¢%%

If his close to unity there is no hindrance (particles sediment according to Stokes’ law) and if
h << 0.5 there is a significant amount of mutual particle hindrance [29]. In Table 2.1, h-values
are given, calculated with equation 2.2 and the assumption that both alumina and zirconia
phases contribute to ¢. In Table 2.1 an indication is given that the transition from individual
particle movement to collective particle movement takes place at ¢ = 0.2 and h = 0.3; these
values are extrapolated from the values between 0.38 and 0.24 for the hindrance factor, h.
This would correspond to an alumina solid loading of about 40 wt%. As a consequence, a
minimum of 50 wt% alumina is used in the single phase suspension to minimise zirconia
sedimentation after mixing, processing and sintering. Suspensions with larger concentrations
of alumina (ZTA/5 and ZTA/6) do not have a visible segregation effect.

2.2)

The large solid concentration does not only slow down the sedimentation of zirconia, but it
also influences the amount of collisions between the particles in suspension. Because the
number of collisions is higher, reversible flocculation of particles of both types will be more
pronounced. This flocculation may prevent sedimentation from occurring [30,31]. Besides
that, Williams ef al. [31] state that when the particles in suspension are bi-disperse, this floc-
culating effect is enhanced. However, the use of solid concentrations of 75wt% in suspension
ZTA/6, caused handling problems during consolidation because the viscosity of the suspen-
sion became too high.

The ¢-value where transition from individual to collective particle behaviour is found is signifi-
cantly lower than:
¢ The value of 0.4, reported by Locket et al. [32] for a bimodal particle system.
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o The value of 0.5, reported by Velamakanni et al. [17] based on interparticle potential ar-
guments. '

The discrepancy is probably related to the fact that the systems investigated in [17,32] use
powders that have a smaller BET surface area. Especially the zirconia powders used in this
study have a very large surface area, meaning that particle interactions will be very strong.
Thus, flocculation without segregation can take place at lower solid concentrations.

Separate flocculation of zirconia in the sintered ceramics is observed when too high nitric
acid concentrations are used. This flocculation is caused by the classical “salt™-effect, ex-
plained by the DLVO-theory. This means that the stabilising effect of the acid is diminished
by the increased concentration of counter-ions and the particles will flocculate and form
clusters in the suspension structure. It is not known if these clusters are formed during re-
moval of water from the binary suspension or that they are already formed in the single-
phase suspension. The latter is more likely, because the very small zirconia particles show a
natural tendency towards rapid agglomeration.

The optimisation of processing parameters for colloidal processing shows that suspensions
should be stabilised using 0.05 M HNO3 with a zirconia concentration of 33 wt% and an alu-
mina concentration of 66 wt% in the single-phase starting suspensions (ZTA/5). ZTA/5 is
chosen because the material already reaches near full density at 1400°C. The results show
that by using the described consolidation technique (with the proper experimental parame-
ters), a high green density of 66 vol% is obtained, resulting in dense sintered ceramics with a
homogeneous phase distribution. In addition, the grain sizes for both phases in ZTA/5 are
relatively small. Because both particle types tend to impede each other’s grain growth proc-
ess during sintering, it can be assumed that a limited grain growth of alumina in the colloi-
dally processed compact is an indication for an initially homogeneous stacking of the alumina
particles in the matrix. It is found that in the ZTA/5-based ceramics, alumina grains grew from
0.23 um slightly agglomerated particles to 0.51 um grains. In the same way zirconia grew
from 10 nm highly agglomerated particles to 0.16 um grains after sintering at 1400°C.

The mutual grain-growth impediment effect is clearly demonstrated if one looks at the final
alumina grain size obtained with inhomogeneous green compacts. In ceramics made from
the suspension with low solid loading and those made with a too high acid concentration, the
alumina grain size is much larger: 1.6 and 1.1 um, respectively.

2.5 Tribological properties

2.5.1 Resulis

Under relatively extreme conditions (initial mean contact pressure 1130 MPa, sliding speed
0.5 m/s), the wear of ZTA/5 remains in the mild regime until failure of the alumina test
sphere. The specific wear rate, k,, was 5:10° mm*Nm, for the entire measurement (120 km
sliding distance), while k., for ZTACOM was as high as 2:10° mm%Nm. In all cases the coef-
ficient of friction was between 0.45 and 0.55. Microstructural observations were used to gain
insight in the wear mechanisms. Figure 2.6 and Figure 2.7 show wear tracks for both materi-
als. In Figure 2.6a the wear track of ZTACOM reveals a grooved pattern. Figure 2.6b shows
a similar pattern for ZTA/5, but the distance between the grooves in the wear track of
ZTACOM is smaller than that for ZTA/5.
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Figure 2.6: (a) Wear track (overview) of ZTACOM and (b) wear track (overview) of ZTA/5.

Figure 2.7a shows wear track details for ZTACOM. It is found that material in these grooves
is fractured and smeared in the sliding direction. ZTA/5 (Figure 2.7b) shows the same fea-
tures for wear inside the grooves as ZTACOM, but with a significantly smaller amount of
grooves. The wear scar on the alumina pin is shown in Figure 2.8, revealing large “asperi-
ties” of about 10 um. These “asperities” are likely to be caused by the microstructural inho-
mogeneities in the alumina ball.
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polishing

6 um

b
Figure 2.7:  (a) Details of wear track of ZTACOM and (b) details of wear track of ZTA/5.
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2.5.2 Discussion

The grooves in the wear tracks of the ceramic discs are caused by the asperities in the wear
scars of the alumina pin because the size of the asperities are of the same size (app. 10 um)
as the groove widths. It is found that in the surface of the material next to the grooves, grain
puli-out takes place for ZTACOM, whereas for ZTA/5 only a mild polishing/deformation effect
takes place. This difference in wear mechanism is the main reason for the difference in the
specific wear rate. The more homogeneous microstructure of the colloida!l processed ZTA
composite leads to a significant improvement in wear resistance compared to that of a com-
mercially available, dry-pressed material.

Er

Figure 2.8:  Wear scar of alumina pin.

2.6 Conclusion

Colloidal processing of zirconia-toughened alumina results in defect-poor, dense composites.
A homogeneous composite ceramic could be obtained by colloidal filtration of an agueous
suspension stabilised using 0.05 M HNOj;. The suspension contained a mixture of fine-
grained uniformly sized alumina (66 wt% solid in single-phase suspension) and zirconia
(33 wt% solid in single-phase suspension). The ceramic, formed by colloidal processing and
sintering, showed a more homogeneous phase distribution and also smaller average grain
sizes than a ceramic processed and sintered from commercial material, used as comparison.
The colloidal processed material sintered at 1400°C had grain sizes as small as 0.5 um for
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alumina and 0.2 um for zirconia. During sintering, mutual grain-growth inhibition of alumina
and zirconia grains in the colloidal processed ceramic is caused by a uniform distribution of
the particles in the green compact.

The ZTA ceramics investigated, show mild wear under dry sliding testing conditions (initial
contact pressure 1130 MPa, velocity 0.5 m/s). The specific wear rate is 5-10® mm?/(Nm) for
the colloidal processed material and 2:10°° mm®Nm for the reference materials made by dry
pressing. The differences in wear rates are caused by grain pull-out in specific regions of the
reference material, whereas the colloidal-processed material shows only polishing and de-
formation in these regions. These specific wear features are directly related to the micro-
structure of the material. It can therefore be concluded that the improved microstructure of
the colloidal processed material leads to an improved wear resistance compared to the more
coarse-structured and irregular reference material.
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3  Tribological properties of nanoscale alumina-
zirconia composites

Abstract

The tribological properties of zirconia (Y-TZP), alumina and their composites, alumina dis-
persed in zirconia (ADZ) and zirconia-toughened alumina (ZTA), were investigated. These
ceramics are made by colloidal processing methods such that well-defined, homogeneous
microstructures with sub-micron grains and few defects are obtained.

Dry sliding tests against alumina balls were performed on a pin-on-disc tribometer using
varying test conditions. It was shown that, with initial Hertzian contact pressures up to
1 GPa and sliding velocities up to 0.5 m/s, the specific wear rate was the highest for Y-
TZP, 10® mm®*(N'm), and the lowest for ZTA, 10 mm%(N-m). For both single-phase zir-
conia and alumina ceramics it was found that addition of a harder (alumina) or a tougher
(zirconia) phase, respectively, leads to an improved wear resistance. Depending on the
test conditions the wear mechanisms are abrasion, delamination and polishing. The coef-
ficients of friction were as high as 0.8 for Y-TZP and as low as 0.45 for ZTA.

The main conclusion of this work is that ZTA composites manufactured and tested in this
study have a superior wear resistance and a relatively low coefficient of friction under dry
sliding conditions.

3.1 Introduction

During the last ten years quite a number of papers on tribology of ceramics have been
published. Industrial interest has risen as well, taking into account the broad array of ce-
ramic products that is available for wear resistant applications - bearings of all types, cut-
ting tools, thermal and erosion-resistant coatings. Especially for tribological applications,
ceramics have a number of beneficial properties. In general, ceramics have high hardness
and cannot easily be deformed. Besides this, ceramics are also known to maintain their
mechanical properties at elevated temperatures better than metals.

Materials can also be characterised by some specific properties. Carbide- and ni-
tride-based ceramics (e.g. SiC, SisN4) have a very high hardness. This means that, for
example, SisNy is a very suitable material for ball bearing applications. A problem with
these materials is that they can undergo oxidation. Oxide ceramics like alumina and zirco-
nia do not suffer from oxidation, but these ceramics have a lower hardness. The main ad-
vantage of the use of alumina in practice is the low cost compared to the other technical
ceramics. Like the nitrides and carbides, alumina is a brittle material. This means that

" Taken from: B. Kerkwijk, A.J.A. Winnubst, H. Verweij, H.S.C. Metselaar, E.J. Mulder and D.J. Schipper,
Wear, 225-229, (1999) 1293-1302.
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alumina ceramics can have problems in structural applications where high strength and
reliability are important. Here the enhanced toughness of stabilised zirconia is useful. By
the addition of yttria, a meta-stable tetragonal phase (Y-TZP) is retained in zirconia after
sintering, resulting in a ceramic, that has a high toughness connected with the presence of
a stress-induced martensitic phase transition to the monoclinic phase.

However, zirconia has a disadvantage in its low thermal conductivity. In a tribological
contact, frictional heating occurs, and this low thermal conductivity causes thermally in-
duced crack formation, followed by severe wear processes. [1-6]. Alumina has a thermal
conductivity that is at least 3 times higher than that of zirconia.

Given the properties of alumina and zirconia, it is interesting to combine the favourable
properties of both ceramics (alumina and zirconia). This means that addition of a second
phase of alumina to a zirconia matrix or vice versa may lead to ceramics with interesting
properties. Addition of alumina to Y-TZP (alumina dispersed zirconia, ADZ) can improve
the hardness of the ceramic and, if a percolative system can be made, the thermal con-
ductivity. Addition of zirconia to alumina (zirconia-toughened alumina, ZTA) can improve
the toughness of the matrix ceramic. If a homogeneous distribution of the zirconia phase
is obtained, it must be possible to inhibit the grain growth of the alumina phase during
sintering. Several investigations showed that a smaller grain size in alumina ceramics
leads to improved wear-resistance and mechanical properties [7-9].

Previous investigations showed the importance and benefit of the use of alumina-zirconia
composite systems for tribological purposes [10-15]. Especially for ZTA it is found that the
transition from a mild wear process to a severe one can be shifted to more extreme oper-
ating conditions, for instance higher loads and higher velocities [10,11,13].

In the present investigation the results of pin-on-disc sliding wear measurements are
shown for composites of alumina added to a Y-TZP matrix and undoped zirconia added to
an alumina matrix. These materials were prepared to improve the tribological properties of
both the single-phase ceramics. Tribological properties are measured using alumina pins
at various high loads and velocities to find the limits of application of the ceramics men-
tioned. Wear was monitored on-line to gain insight in possible non-linear wear behaviour.

3.2 Experimental

Four types of ceramics, starting with various powders, were used for wear testing. Alu-
mina ceramics were made from commercially available, high-purity a-alumina powder
[AKP50, Sumitomo, Japan]. Yttria-stabilised tetragonal zirconia (Y-TZP) powder was pre-
pared by a co-precipitation method of the metal-chlorides in an excess of ammonia. Alu-
mina-dispersed zirconia (ADZ) composite powder was prepared by a modification of the
previously mentioned precipitation method. In this case the precipitation of yttrium chloride
and zirconium chloride (for ADZ) was performed in a suspension of AKP50-alumina pow-
der in ammonia. All these powders were consolidated using dry pressing in a steel mould
at 40 MPa, followed by isostatic pressing at 400 MPa. Zirconia-toughened alumina (ZTA)
ceramics were made by colloidal filtration of the mixed suspension of AKP50-alumina and
undoped precipitated ZrO, powder. The description of this process can be found else-
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where [16]. The green bodies were sintered to relative densities of at least 95%. The
properties of the sintered ceramics are given in Table 3.1.

Table 3.1: Properties of the ceramics used.

Material Density v E Hy Grain size ZrO; Grain size Al203
[kgmi -] [GPa]’ [GPa] [um] [um]

Y-TZP 5700 0.3 210 14 0.18 -—

ADZ 5530 0.32 253 15 0.5 0.4

Alumina 3970 023 392 22 — 1.8*

ZTA 4210 0.23 370 20 0.2 0.5

¥ Taken from [10]

3.2.1 Wear testing and characterisation

In traditional wear measurements the geometry of the specimen before and after testing is
compared or the weight loss is measured. These measurements result in an average spe-
cific wear rate, ky, using the following definition:

k, =2 [mm3] | 3.1)

* " F.s|N-m

The wear volume, V,, is often measured by means of surface height profiling. When di-
viding the wear volume by the applied force, F, and the sliding distance, s, the specific
wear rate can be calculated. The value of k, is set to a limit of 10 mm?®/(N-m) for unlubri-
cated tribological applications, above which a material is no longer considered wear-
resistant [17,18].

Several investigators [19-21] have used the method of on-line system wear measurement
based on height displacement, in order to detect non-linear wear behaviour (as function of
sliding distance). This method is applied here as well. A laser displacement sensor meas-
ures the vertical displacement of the load arm toward the rotating disc. In the case of
equal specific wear rates for the ball and the disc, the height displacement can be mainly
accounted for as ball wear (95%). This is due to the area effect, since assuming equal
wear volume means that the height displacement of the womn ball must be higher than of
the disc. For calculation of wear volumes, it is assumed that the wear scar of the ball is flat
and circular. The wear volume for the ball, Viwpan, is then directly calculated from the
height displacement:

Vi batt ='§'7"h2'(3R_h) (3.2)

" ASTM G99-90 standard test method for wear testing on a pin-on-disc apparatus
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where R the ball radius and h the height of the worn ball segment. If h is measured on-line
in time, the wear volume as a function of the sliding distance can be monitored as well. If
the specific wear rate is constant, the resulting graph of V., ,as against the sliding distance
should be a straight line. Deviations from the straight line are due to changes in specific
wear rate.

Dry sliding wear tests are performed using a pin-on-disc tribometer [CSEM], placed in a
climate chamber at 23°C and 40% relative humidity. As pin material, alumina balls of 6 or
10 mm diameter were used [grade 10, Gimex Technical Ceramics]. The investigated ce-
ramics (alumina, Y-TZP, ADZ and ZTA) were cut to discs. The diameter of the discs was
about 36.5 mm and the thickness varied between 2.5 and 4 mm. After cutting, the discs
were polished to a final average roughness < 50 nm. A picture of the set-up is given in
Figure 3.1.

Pin arm

Laser sensor

Ceramic disc

Figure 3.1: Pin-on-disc set-up with the on-line wear displacement laser sensor.

The two main test conditions, sliding velocity and applied load, were varied for each spe-
cific test between 0.1 and 0.5 m/s and 3 and 17.5 N, respectively. With the given geome-
try and properties of the materials used this leads to mean initial Hertzian contact pres-
sures of 500 up to 1700 MPa. These values are calculated from the equations for the
mean Hertzian contact pressure, Prer,:

1
1 (3-F-E*)3
PHertz = ( . J (33)

3-n\ R?

where F is the applied normal force, E; is the reduced elastic modulus, R; is the reduced
. radius. E; and R; are defined by:
2

o S—
1—v,2+1—v§
E] EZ

(3.4)
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where E; and E; the elastic moduli and v4 and v, Poisson’s ratios of pin and disc material,

respectively.
R
R == 3.5
") (3.5) |

where R the radius of curvature of the pin.

The sliding distance of the tests was varied for each specific measurement to obtain sig-
nificant wear and to detect possible fatigue. The coefficient of friction was also measured
on-line.

All wear tracks (disc) and wear scars (pin) were characterised by means of SEM. Cross-
sectional characterisation of the tracks was performed as well. To determine phase distri-
bution and the presence of impurities (or any strange phases) energy dispersive X-ray
analysis (EDX) was used.

3.3 Results

3.3.1 Specific wear rates and coefficients of friction

Y-TZP and ADZ

Table 3.2 shows k and f for Y-TZP tested at sliding velocities between 0.1 and 0.5 m/s
under initial contact pressure of 512 MPa (3 N). Because the thermal conductivity of zir-
conia ceramics is very low, tests were performed at various sliding velocities. In this way
the thermal influence on the wear behaviour can be tested. The results show that up to a
sliding velocity between 0.2 and 0.3 m/s, the specific wear rate is still below the limiting
value of 10® mm*/(N-m). Above this velocity wear becomes severe. The coefficient of fric-
tion has no apparent relation with the sliding velocity at moderate values. At higher sliding
velocities (when wear is also high) the coefficient of friction is larger (0.8 instead of 0.6).
Lee et al. [23] also reported transition behaviour of zirconia ceramics as function of veloc-
ity and load.

Table 3.2: Specific wear rate and coefficient of friction for Y-TZP disc at varying velocity and initial mean
PHertz of 512 MPa (3N); kw based upon wear track measurements.

Sliding velocity Specific wear rate, kv Coefficient of friction, f
[m/s] [mm*N-m]
0.1 2.4-107 0.6
0.15 6.0-107 0.6
0.2 2.8107 0.6
0.3 2.010° 0.6
0.4 1.0-10 0.8

0.5 2.410* 0.8




46

An example of the development of the wear volume as a function of the sliding distance is
given in Figure 3.2. It is clear that the wear volume increases linearly (except during a
short initial period), meaning that the specific wear rate is constant during the test. For
ADZ the same behaviour as for Y-TZP is found with respect to the development of the
wear volume as a function of sliding distance.

0.008

0.007

0.006 1

0.005

0.004 1

0.003

Wear volume [a.u.]

0.002

0.001 -

] 5000 10000 15000 20000 25000 30000 35000 40000 45000
Sliding distance [m]

Figure 3.2:  System wear measured for alumina ball against Y-TZP disc, wear volume was directly con-
verted from height displacement; (F = 3 N, PinitHertz = 512 MPa, v = 0.1 m/s, dsan = 10 mm).

At lower sliding velocities, the specific wear rates for ADZ are the same as for Y-TZP, but
at higher velocities the specific wear rate is lower than for Y-TZP (Table 3.3). It can also
be seen that for ADZ the coefficient of friction does not increase at higher sliding veloci-
ties.

Table 3.3: Specific wear rate and coefficient of friction for ADZ disc at with varying velocity and initial
mean Puerz of 920 MPa (12N); kw based upon wear track measurements.

Sliding velocity Specific wear rate, kw Coefficient of friction,
[m/s] [mm%N-m] f
0.1 3.8-107 0.65
0.2 1.6:107 0.6
0.3 3.1-107 0.57
0.4 4.810° 0.64
0.5 2.6:10° 0.68

The positive influence of the alumina phase, besides the higher velocity before the limiting
value of 10° mm*/(N-m) is reached, can also be demonstrated when looking at tests per-
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formed at a low sliding velocity (0.1 m/s) and increasing loads. At this velocity ADZ ce-
ramics can be tested up to 1000 MPa (16 N) and show a specific wear rate of
1.3-107 mm%(N-m). Y-TZP shows a specific wear rate that is already well above that
value (1.8-10"° mm®/(N-m)) at even lower initial pressures of 800 MPa (12 N).

Alumina and ZTA

For alumina it is found (Table 3.4) that at 0.5 m/s the overall specific wear rate does not
change significantly up to initial contact pressures of 1200 MPa (17.5 N). If tests are per-
formed, however, at a given pressure and the velocity is varied, alumina shows, similar to
Y-TZP and ADZ, a specific wear rate that increases with increasing velocity (Table 3.5).
The coefficient of friction in all the experiments is about 0.5-0.6. No dependence on veloc-
ity and load was measured for £. Only at 17.5 N (0.5 m/s) and at 0.7 m/s (10N) f shows
deviations.

Table 3.4: Specific wear rate and coefficient of friction for alumina disc at equal velocity of 0.5 m/s and
varying loads (10 mm alumina balls); kw based upon wear track measurements.

Mean contact pressure Specific wear rate, kw ~ Coefficient of friction

[MPa] (Load [N])

fmm?N-m] f
819 (5.5) 2.510® 0.54
1000 (10) 3.9-10° 0.55
1205 (17.5) 3.910° 0.55-0.68
Table 3.5: Specific wear rate and coefficient of friction for alumina disc at equal load and varying velocity;

kw based upon wear track measurements.

Sliding velocity [m/s] Specific wear rate, kw  Coefficient of friction
PHertzinitiat 1000 MPa (10 N) [mmalN-m] f
0.1 << 107 0.55
0.3 1.910° 0.58
0.5 3.9-10° 0.55
0.7 6.5107 0.65

Figure 3.3, in which the on-line measurement of the wear volume at 1000 MPa (10 N) and
0.5 m/s is given, shows that after about 90 km of sliding distance a sudden increase of
wear volume occurs. In the initial stage the wear volume increases very slowly, but after a
certain sliding distance, suddenly a lot of wear takes place. After this short period of in-
creased specific wear rate, it decreases again, probably due to the considerable decrease
in average contact pressure. Previous investigations [24,25] also showed such a transition
to severe wear, followed by a decrease in specific wear rate due to the decreased contact
pressure. This type of measurements indicates the added value of on-line wear monitoring
with respect to the measurement of the overall specific wear rate, k,. Stopping this test
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before 90 km would also mean that hardly any wear is measured, but in fact the system
had not reached a steady state at that point.
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0.03 1
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Figure 3.3:  System wear measured for alumina ball against alumina disc, wear volume was directly con-
verted from height displacement; (F = 10 N, Pinitetz = 1000 MPa, v = 0.5 m/s, dgai = 10 mm).

Measurements on ZTA were performed to see the influence of the addition of zirconia to
an alumina matrix. Previous work [10] showed that ZTA ceramics could withstand a high
contact pressure and still have a good wear resistance. ZTA ceramics were all tested at
0.5 m/s and varying loads.

Table 3.6: Specific wear rate and coefficient of friction for ZTA disc at sliding velocity of 0.5 m/s and vary-
ing loads (6 mm alumina balls); kw based upon wear track measurements.

Mean contact pressure  Specific wear rate, k, ~ Coefficient of friction

[MPa] (Load [N]) [mm3/N-m] f
1175 (6) 4.510° 0.46
1393 (10) 1.710° 0.43
1480 (12) 7.810° 0.45
1594 (15) 2.3107 0.48

From Table 3.6 it can be seen that even at initial pressures up to 1600 MPa the specific
wear rate is still below 10° mm¥%(N-m). The average coefficient of friction is 0.45 for all
tests up to 15 N. For all dry sliding experiments, on the various ceramic materials against
alumina as counter material, this is the lowest coefficient of friction that was measured. If
the on-line wear measurements are examined (Figure 3.4), it is found that at an initial
mean contact pressure of 920 MPa (8 N), the specific wear rate does not show any sig-
nificant changes.
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Figure 3.4:  System wear measured for alumina ball against ZTA disc, wear volume was directly converted
from height displacement; (F = 8 N, PinitHertz = 920 MPa, v = 0.5 m/s, dgai = 10 mm).

The wear volume increases slowly, but not linearly. This indicates that the specific wear
rate is not totally constant over the test period. Looking at a similar measurement at
11560 MPa (15.5 N), it is found that a sudden increase in wear takes place after about
16 km of sliding distance (Figure 3.5). Such a sudden failure was measured for alumina
as well, where the increase occurred after 90 km. The sudden failure indicates that the
failure of the alumina ball determines the behaviour of the tribological system. As for alu-
mina, the specific wear rate for ZTA after the short failure period is small.
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Figure 3.5: System wear measured for alumina ball against ZTA disc, wear volume was directly converted
from height displacement; (F = 15.5 N, PinitHerz = 1150 MPa, v = 0.5 m/s, dgan = 10 mm).
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3.3.2 Wear mechanisms

SEM analysis of the wear tracks of Y-TZP shows that, when testing at 0.5 m/s and
512 MPa (3 N), wear takes place by abrasion, severe micro-fracture and grain pull-out (an
extremely grooved wear track is found at low magnifications, not included). Figure 3.6a
shows a detail of such a grooved part from the wear track where smeared-out wear debris
is found as well. The amount of grooves caused by abrasion is decreasing at lower sliding
velocities, resulting in a decreased specific wear rate. Wear most frequently takes place
by fracture and grain pull-out. However, after testing at low sliding velocities it is found that
a part of the wear track consists of grooves (formed by abrasion by the pin surface) and
deposited wear debris at the edges of the track (Figure 3.6b).

(b)
Figure 3.6:  Wear track of Y-TZP after sliding against alumina at 512 MPa (3 N; 10 mm ball); (a) v = 0.5 m/s

(b) v = 0.1 m/s (arrow indicates relative movement of ball over disc).

For ADZ materials, it is found that in principle the same wear mechanisms as for Y-TZP
take place. Here too it is found that at low sliding velocities, part of the wear tracks consist
of grooves (formed by abrasion by the pin surface) and polished parts (Figure 3.7).

Figure 3.7:  Wear track of ADZ after sliding against alumina at 900 MPa (12 N; 10 mm ball);
(a) v=0.5m/s (b} v= 0.1 m/s (arrow indicates relative movement of ball over disc).
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For alumina a grooved pattern is found as well. Analysis of the wear tracks with interfer-
ence microscopy shows that the grooves in the track are less deep than in ADZ. Analysis
of the grooves reveals that wear takes place mainly by grain pull-out (Figure 3.8a) and
abrasion (Figure 3.8b).

i (b)

Figure 3.8:  Wear track of AKP50-alumina after sliding against alumina at 1000 MPa (10N, 10 mm ball); (a)
detail next to groove (b) detail inside groove (arrow indicates relative movement of ball over
disc).

SEM pictures of wear tracks of ZTA, from tests performed at 0.5 m/s, show the same
grooved patterns, caused by abrasion of the asperities on the ball wear scar (Figure 3.9a).
A detail of such a groove, where smeared-out wear debris can be found inside these
grooves is given in Figure 3.9b. In more detail, polished parts were found next to these
grooves in Figure 3.9c¢.
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Figure 3.9:

Wear track of ZTA after sliding against alumina at 1150 MPa (15.5 N, 10 mm ball); (a) double
overview of wear track, showing the grooved pattern formed by abrasion by the ball (b) detail of
grooved pattern from abrasion, showing smeared out debris in the groove (arrow indicating
abrasion shows relative movement of ball over disc indicates sliding direction) (c) detail of pol-
ished surface next to groove.
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3.4 Discussion

3.4.1 Y-TZP

The sliding velocity is a very critical parameter for the wear behaviour of Y-TZP. Above
sliding velocities of 0.2 m/s wear becomes severe. As suggested before, this is related to
the low thermal conductivity of Y-TZP ceramics and wear is dominated by thermally in-
duced micro-cracking. Metselaar ef al. [22] use a model in which these well-known ther-
mally induced fracture processes by means of mechanical and thermal severity of the
contact are described. They use this thermal severity to predict in what regime (velocity,
load) wear will become severe. The sliding velocity in combination with the thermal con-
ductivity mainly influences this thermal severity.

At low sliding velocities the load can be increased, but it also has a limit (contact pres-
sures up to 700 MPa), which is related to micro-cracking due to mechanical stresses [18].
The final density (94%) of the material is not the most important limiting property, because
tests on commercially available, 100% dense, Y-TZP ceramics (not included in this chap-
ter) show the same limitations.

3.4.2 ADZ

Compared to Y-TZP, ADZ has a specific wear rate that is approximately a factor 10 lower.
However, at high velocities both ceramics suffer from thermally induced micro-cracking,
because of their relatively bad thermal properties (ADZ has zirconia as main phase). The
real difference is found at lower velocities and increased load. ADZ can take higher loads,
showing that the thermally induced processes are less dominant at lower velocities.
Above a certain velocity, these thermally induced processes dominate the mechanical
ones.

For ADZ the transition from mild to severe wear occurs at a higher sliding velocity (be-
tween 0.3 and 0.4 m/s). This transition also takes place at even higher contact pressures
(920 MPa instead of 512 MPa for Y-TZP). Both the increased density (> 98% instead of
94%) and the presence of 20 wt% harder alumina play a role in this improved wear resis-
tance. This influence is also described by He et al. [10]. it is unlikely that the presence of
20 wt% alumina in ADZ results in an improved thermal conductivity. The amount of alu-
mina (app. 27 vol%) is not likely to result in a percolative system, when the second phase
is homogeneously distributed. It is possible, however, that the alumina phase has some
influence on the thermal properties of the surface, but this is very difficult to determine.
Hence, the main effect of the improved hardness by the presence of the alumina must ac-
count for the improved tribological properties. This is also deduced from the occurring
wear mechanisms. At 0.5 m/s, microstructural observations show no differences in wear
mechanism between Y-TZP and ADZ. Wear takes place by severe abrasion and wear de-
bris is smeared out in the contact. At lower velocities wear takes place by the same
mechanisms but to a smaller extent. For ADZ the amount of abrasion is smaller than for
Y-TZP. This means that the sliding velocity and the contact pressure do not influence the
type of wear that takes place.
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3.4.3 Alumina

For alumina a dependence on the sliding velocity is found as well, but wear remains in the
mild regime at velocities up to 0.3-0.4 m/s. The main critical wear parameter is the load
that can be used for the alumina pins. Table 3.4 shows that no apparent changes in spe-
cific wear rate are found with increasing load. From on-line measurements it is found that
in the initial stage of the wear test very little wear is found and most of the wear takes
place in a very short period of sliding (Figure 3.3). This may be explained by failure of the
alumina balls that are used, since ball wear determines 95% of the height displacement
that is measured. The phenomena found for alumina are not new [24,25], but they are
necessary to show in relation with the results found for the composite (ZTA).

3.44 ZTA

The same failure effect for the alumina ball, which was also found in tests against alu-
mina, is found for testing alumina against a ZTA disc. ZTA has a lower specific wear rate
than alumina, even at higher initial mean contact pressures. Looking at wear mechanisms
it is found that the grooved pattem is also found for alumina and ZTA and again, depend-
ing on the load, the morphology of the surface of the pin is the main cause for the abra-
sion that is found in the wear tracks. The main difference between alumina and ZTA is
that the parts of the surface besides the grooves suffer less from wear for ZTA (polishing)
than for alumina (fracture).

Wear for the alumina-alumina couple is very low, but failure of the pins and non-linear
wear behaviour are found at more severe test conditions. The ZTA ceramics show ex-
tremely low specific wear rate, because the disc material has a very fine, homogeneous
microstructure due to the colloidal filtration process used. It is reported by Kerkwijk et al.
[16] that the improved microstructure of such a composite ceramic (compared to a com-
mercially available composite) improves the wear resistance by two orders of magnitude.
Besides this, the toughening character of the zirconia phase contributes to the occurrence
of polishing rather than fracture for ZTA [10].

3.5 Conclusions

The addition of a second phase to either a zirconia or an alumina matrix improves the tri-
bological properties. For Y-TZP ceramics, the addition of 20 wt% (app. 27 vol%) alumina
results in the possibility of applying the ADZ-ceramic can be applied at higher velocities
and contact pressures. Thermally induced fracture processes are not prevented by the
presence of alumina, since the second phase does not create a percolative system.

Alumina shows low specific wear rates at all test conditions. However, the specific wear
rate does increase significantly with increasing sliding velocity. The load dependence (i.e.,
the sudden change in wear rate for a short period of time) is not necessarily accounted for
in the overall specific wear rate (average value for entire test length). On-line wear meas-
urements show that after a short period of severe failure of the ball, the low specific wear
rate is achieved again.
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The addition of alumina as second phase decreases the load dependence of Y-TZP. The
material can be tested at higher contact pressures and also higher velocities before tran-
sition to severe wear takes place. The addition of zirconia as second phase improves the
wear resistance in all cases. Moreover, the materials can still be tested up fo initial contact
pressures of 1600 MPa, without showing significant wear. In this case, the overall specific
wear rate of the ZTA discs is still below the limiting value of 10° mm®/(N-m).
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4 Dry sliding wear of self-mated couples of
zirconia, alumina and zirconia-alumina composites”

Abstract

Homogeneously structured, dense and fine-grained ceramic composites consisting of
11 vol% ZrO, and 89 vol% a-alumina were prepared by controlled packing of colloidal
particles followed by sintering. These zirconia-toughened alumina (ZTA) ceramics show
an improvement in wear resistance of >3 orders of magnitude under the most severe
testing conditions compared to less homogeneous ZTA (prepared by conventional proc-
essing of commercial powders). Dry sliding wear tests with self-mating couples at contact
pressures up to 1.7 GPa revealed low coefficients of friction (0.43), while wear only oc-
curred by polishing. The composite ceramics also show superior tribological behaviour
compared to o-alumina and yttria-stabilised zirconia.

4.1 Introduction

Wear and friction at sliding contacts in moving parts are often minimised by the use of lu-
bricants. The use of these lubricants is undesirable for environmental and maintenance
reasons. This causes an increased interest in the development of materials with stable
sliding contacts under unlubricated conditions. Hence, the development of engineering
ceramics has received a lot of attention in research over the last 20 years. In most of this
work, a specific test set-up (with typical conditions) or a specific material combination is
chosen to characterise the tribological conditions of the developed materials. This usually
results in a judgement on the tribological behaviour over a limited range of parameters. If
many studies like these are combined, one can usually find some kind of application limit
as function of system properties like load and sliding velocity or properties of the materials
used, like hardness, strength or corrosion resistance. These limitations are usually char-
acterised by a transition from mild to severe wear in the investigated ceramics, i.e. the on-
set of this transition imposes the practical limit for use of the material.

Normally, severe wear is caused by local contact-surface roughening from the break-out
of pieces of material and is affected by:

e Microstructural inhomogeneities,

e The presence of a high surface roughness,

s The presence of third body patrticles,

¢ Alow intrinsic material toughness,

s The occurrence of local “flash heating” at microscopic contact points [1], and

" Taken from: B. Kerkwijk, E.J. Mulder, H. Verweij, accepted for publication, Adv. Eng. Mater., 1999.
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¢ Transfer of material from one surface to the other if the materials show some (chemi-
cal or physical) affinity with each other.

If the contacting materials of wear-resistant dry sliding couples only polish each other, this
may result in low specific wear rates (mild wear) and possibly low coefficients of friction.
Most probably, the use of inert [2], hard and preferably tough [3] ceramic materials with a
high thermal conductivity [4] is the only option for unlubricated sliding contacts, especially
when load and sliding speed are high.

The choice for suitable and cheap single-phase materials becomes limited to dense
o-ALO3 ceramics. Alumina is relatively inert in normal atmospheres, non-toxic, hard,
cheap to produce and it has a high thermal conductivity. However, most state-of-the-art
alumina ceramics have a poor homogeneity with respect to grain size and a low tough-
ness.

The poor homogeneity of most state-of-the-art alumina materials is connected with the
high temperatures needed for sintering of particle compacts. This results in growth of alu-
mina grains to a size much larger than 1 um [5] during sintering together with the occur-
rence of anomalous grain growth. The physical properties of the hexagonal a-Al,O; grains
are anisotropic, meaning that hardness and stress across the ceramic microstructure vary
from grain to grain.

Hence, a promising strategy for developing highly wear-resistant materials is to obtain a
fine-grained, homogeneous o-Al,O; matrix phase with a tough zirconia (ZrO,) second
phase, so called “zirconia-toughened alumina” (ZTA) [3,6-8]. The role of the insoluble
ZrO; is to increase toughness [6-8] and to avoid the development of a coarse and, hence,
inhomogeneous microstructure of the alumina phase [9] during sintering. On the other
hand, the presence of the connected o-Al,O3 phase in ZTA makes certain that the favour-
able hardness and thermal conductivity of pure a-Al,O; are maintained. The ZrO, phase
itself is known as a tough engineering ceramic in its tetragonal stabilised phase.

At present, few ZTA composites are commercially available. These composites are usu-
ally processed by conventional methods, such as dry pressing. They show a poor micro-
structural homogeneity, particularly with respect to grain size and the dispersion of the
second phase (ZrO). In order to obtain the finest grain size in combination with a micro-
structure that is as homogeneous as possible, a ceramic processing route must be se-
lected that starts with a colloidal suspension and consolidation process. In the colloidal
consolidation process, nanoscale particles with an isometric shape and a relatively narrow
particle size distribution are random-close-packed to compacts. This process is then fol-
lowed by sintering at high temperatures to a dense microstructure [10].

Since engineering ceramics are to be applied in a wide variety of operating conditions, it is
necessary to test these materials under extreme tribological conditions. This means that
tests have to be performed not only under unlubricated conditions with a high velocity and
load. The materials combination in a system influences the severity of the tribological
conditions as well. In a so-called “self-mated” test, only one specific material is tested.
Generally dry sliding contacts of identical materials lead to high specific wear rates and
coefficients of friction [11-18]. This is ascribed to the occurrence of naturally strong cohe-
sion forces between similar materials. This chapter describes the unlubricated self-mated
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wear behaviour of ZTA composite ceramics under high loads and at high sliding velocities.
Their behaviour is compared to that of the singe-phase engineering ceramics Y-TZP and
o-alumina that are the basic constituents of the composite ceramic. Furthermore, com-
mercially available ZTA ceramics are used as well.

4.2 Experimental

Al,O; ceramics were made by dry pressing and sintering of a commercially available
o-Al,0O3 powder (AKP-50, Sumitomo Chemical Co. Ltd, Osaka, Japan) with a BET-surface
area of 11 m%g. These ceramics were sintered at 1500°C for 2 hours.

Y-TZP powder was made by co-precipitation of YCl; and ZrCl, in ammonia. The resulting
powder was washed with water and ethanol and subsequently calcined at 500°C. The
crystalline phase is tetragonal and the BET-surface area is 100 m?g. Details of this proc-
ess can be found elsewhere [19]. After dry isostatic pressing, the material was sintered at
1150°C for 10 hours to obtain a dense material with the smallest possible grain size.

ZTA-CF was made by colloidal filtration from a mixed suspension in 0.05 M HNO; of
AKP-50 (85 wt% of total solid phase) and undoped ZrO, (15 wt% of total solid phase). The
ZrO, particles were made by the same precipitation process as used for Y-TZP. After con-
solidation, the green bodies were sintered to relative densities of >98% at 1400°C for 2
hours. This process is described in detail in another study [22]. Wear tests on similar ZTA
composites prepared by conventional ceramic processing were performed, to study the .
influence of microstructural parameters such as homogeneity and grain size. Therefore,
commercially available spray-dried ZTA-SD powder (Daichii, Zirconia Sales, Surrey, Great
Britain) was used to prepare compacts by dry isostatic pressing. The compacts were sin-
tered at 1575°C for 2 hours.

All sintered ceramics were cut into discs or machined to rounded pins. The diameter of the
discs was about 36.5 mm and their thickness up to 4 mm. The pins were made at a length
up to 10 mm with a one-end radius of curvature of 5.2 mm. The samples were polished to
a final average surface roughness, R,, of < 0.1 um.

Wear and friction of the self-mating sliding couples were tested under extreme tribological
conditions. This means high loads and high velocities were used and both contacts were
made of the same material. Dry sliding wear tests were performed using a pin-on-disc tri-
bometer [CSEM, Neuchatel, Switzerland] placed in a climate chamber at 23°C and 40%
relative humidity. The sliding velocity was 0.1 m/s for Y-TZP and 0.5 m/s for the other two
ceramics. These conditions were chosen such that a meaningful comparison between the
various ceramics was possible, since using 0.5 m/s for Y-TZP would cause extremely se-
vere wear processes solely by thermally induced fracture [20]. The applied load was var-
ied up to 15 N for each specific test. This was done to find the limitation in practical use
and to explore the wear transition load of the various ceramics. The given geometry and
properties of the materials used allowed initial Hertzian contact pressures, Puer,, up to 1.7
GPa. In the wear tests the average specific wear rate, k,, was determined by:

3
ko= [N‘“’“ ] @.1)
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in which V,, is the measured wear volume, F the applied normal force and s the sliding
distance. The wear volume was determined from either weight loss measurements or by
means of surface height profiling of the wear track. Furthermore, overall wear was also
monitored on-line by means of a nano-displacement sensor that was mounted at the back
of the pin arm. The measured height difference from the laser is converted into a wear
volume. The coefficient of friction, f, i.e. the ratio between the measured friction force and
the applied normal force, and the wear volume were monitored on-line during the entire
test.

4.3 Material properties

The properties of the tested materials are listed in Table 4.1. The grain size of both alu-
mina and zirconia in the ZTA-CF ceramic are small (0.5 and 0.2 um, respectively). The
grain size of zirconia is similar to the grain size of normal Y-TZP ceramics, although the
ZTA-CF is sintered at a higher temperature (1400°C compared to 1150°C for Y-TZP). The
commercial ZTA ceramic has the largest grain size due to the high sintering temperature
necessary to obtain full density. The most important mechanical properties are also listed
in Table 4.1. Alumina and ZTA have a Vickers hardness that is significantly higher than
that of Y-TZP. This difference should be reflected in the results from the self-mating wear
tests.

Table 4.1: Properties of the four ceramics used in this study.

Material  Density Grain size Hardness E-modulus Strength“ Fracturetoughness5

[kg/m] [em] [GPa] [GPa] [MPa] [MPa-Vm]
Y-TZP 5700 0.18 13! 210° 570 8
Al,03 3900 1.5 20' 400° 350 4.5
ZTA-CF 4200 A:0.5;Z:0.2 18’ 380° 420 5.2
ZTA-SD 4200 A:3.1;Z:1.0 187 380 420 5.2

! Vickers hardness; 2 values from supplier; ® [23]; ¢ 4-point bending tests; * SENB-method.

4.4 Tribological characterisation

4.4.1 Specific wear rates

Table 4.2 shows the results for Y-TZP. The material always shows high wear in a self-
mating set-up, even when the velocity is lowered to 0.1 m/s at moderate contact
loads/pressures. We find that Y-TZP cannot be tested at velocities of 0.5 m/s and pres-
sures more than 700 MPa, where wear is always severe due to thermally induced fracture
processes [20,21]. At 0.1 m/s, the wear volume of Y-TZP appears to increase linearly with
time, from which it may be concluded that no changes in wear mechanism can be found
during the entire length of the test.
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Table 4.2: Wear and friction of Y-TZP from self-mating tests under
varying conditions.

0.7 GPa; 0.5m/s 0.8 GPa; 0.1 m/s

Wear rate disc, kv Failure 2.910°
[mm¥(N-m)]

Wear rate pin, K Failure 3.1110"
[mm%(N-m)]

Coefficient of friction, f 0.8 0.8

Alumina has a low specific wear rate, even at high contact pressures (Table 4.3). The
main disadvantage in the use of alumina is that the measurements with loads of 10 N
(1 GPa) and higher show failure with increasing sliding distance. Even though the overall
specific wear rates are still at an acceptable level, wear does not increase linearly in time.
In principal this means that transition from mild to severe wear occurs repeatedly. For
alumina, a constant increase of the wear volume was only found when the applied load
was 10 N maximum. The average specific wear rate in this case was 10 mm%(N-m).
Similar behaviour was found in a previous study where commercially availale alumina
balls were used [21].

Table 4.3: Wear and friction of alumina from self-mating

tests at 0.5 m/s at different initial Hertzian con-
tact pressures.

1.0 GPa 1.2 GPa
Wear rate disc, ku 47108 2.3-10°8
[mm¥(N'm)]
Wear rate pin, kw 1.6-10° 3.0-10%
[mm®(N-m)]
Coefficient of friction, f 0.55 0.55

Some results on self-mating ZTA couples are given in Table 4.4. Tests with commercial
ZTA-SD gave irreproducible resuits, similar to those found for alumina. Wear remained
mild in some tests at 1.3 GPa (app. 10® mm%(N-m), while during others severe wear
(>10* mm*/(N-m)) and catastrophic failure occurred. Tests performed at higher pressures
(1.6 GPa) always revealed severe wear. Therefore, the material cannot be regarded as
reliable under these tribological conditions.
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Table 4.4: Wear and friction of ZTA ceramics from self-mating tests at 0.5 m/s.

ZTA-CF ZTA-SD ZTA-SD
(1.6 GPa) (1.3 GPa) (1.6 GPa)
Wear rate disc, kw 2.0-107 ~10? if no failure >>10*
fmm3(N-m)]
Wear rate pin, ks  2010"  <10°%ifnofailure  >>10"
[mm(N-m)]
Coefficient of friction, f 0.43 0.45 if no failure -

Self-mated tests under the most extreme testing conditions for ZTA-CF made by colloidal
filtration show the best wear resistance of all tested materials (Table 4.4). Even at an ex-
tremely high initial contact pressure of 1.6 GPa (12 N), ZTA-CF showed that wear is
dominated by polishing. The coefficient of friction, £, is low (0.43), while the specific wear
rate, ky, of 2.010°"° mm?*/(N-m) is at least 3 orders of magnitude lower than previously re-
ported literature values [11-17]. Even at 1.7 GPa (14 N) the material still has a specific
wear rate as low as 6.3*10"° mm?*/(N-m), while this contact pressure immediately resulted
in severe wear for the other ceramic materials. Figure 4.1 shows a typical on-line meas-
urement of the wear volume of ZTA-CF (at 1.3 GPa) using the nano-displacement sensor.
The figure reveals a linear increase of the measured wear volume with distance and this
indicates a constant specific wear rate. This also implies that there are no significant
changes in the dominant wear mechanism. Particularly noteworthy is a sliding distance of
160 km (about 140 hours of testing), which is significantly higher than typically reported
values of up to 40 km [11-17]. In fact, these large test lengths were needed to be able to
detect any significant wear at all.
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Figure 4.1:  On-line analysis of the wear volume and coefficient of friction of the tribo-system measured for
ZTA pin against ZTA disc made by colloidal filtration (Test conditions: F = 6 N, Puenz= 1.3 GPa,
v=0.5m/s, reuv. = 5.2 mm, total sliding distance = 162 km).
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4.4 2 Wear behaviour

Comparing the self-mating wear behaviour of the investigated ceramics, it is clear that
ZTA-CF made by colloidal filtration is the material with superior tribological behaviour
(both low specific wear rate and coefficient of friction). The ZTA-SD made from commer-
cially available powder shows similar wear behaviour, but the application is limited to a
maximum load that is lower than can be applied for ZTA-CF. Alumina also shows good
wear behaviour, but here too, the load where transition from mild to severe wear occurs, is
low. Compared to alumina and ZTA, Y-TZP has very poor wear behaviour. This is mainly
related to both the relatively low hardness and low thermal conductivity. Even at low load
and velocity, the material shows severe type wear processes, even though the specific
wear rate is in the order of 107 mm%(N-m). The fact that a very bad wear behaviour is
measured, stresses the importance of self-mating tests, since a previous study [21] on
these Y-TZP ceramics against alumina balls showed that at low velocities and moderate
pressures the material has an acceptable wear rate of app. 107 mm®%(N-m). The differ-
ences in wear behaviour can be characterised by looking at the microstructural charac-
terisation of the wear tracks.

Characterisation of the wear tracks for Y-TZP by means of SEM shows that severe frac-
ture and smeared out wear debris are always found (Figure 4.2). The overview shows that
after testing at 0.5 m/s, the edges of the track are really clear, since the surface inside the
track is very rough compared to the polished surface. The pins are ploughing in the disc
surface causing a lot of deformation, delamination and material removal besides creating
a rough surface with a lot of smeared-out debris deposited inside the track.
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(b)

Figure 4.2 SEM micrographs of the wear track of Y-TZP disc after sliding at 0.5 m/s and 0.7 GPa (6 N) for
30 km; (a) overview of the edge of the wear track showing the differences between the pol-
ished and the worn surface, and (b) detail of the worn surface, where extreme smear-out of
wear debris is found (arrow indicates sliding direction).

For alumina, typical wear tracks are found, showing wear by microfracture along grain
boundaries of alumina. This is an indication of weak grain boundaries in the material.
Characteristic features of failure behaviour are shown in Figure 4.3. In Figure 4.3a an
overview is shown of the entire track just before failure. Part of the wear track shows a
relatively smooth morphology, whereas in some parts grain pull-out (by micro-fracture) is
visible. The edges of the wear track are not very clear. The picture was made after 78 km
of sliding. A picture of the wear track after failure is shown Figure 4.3b, where the edges
of the track are clearly visible. Here the wear track shows fracture (resulting in grooving)
over the entire surface after 180 km of sliding. This grooving is caused by partial failure of
both disc and pin. Here, no more roughening takes place, but direct material removal oc-
curs by the rubbing of two rough surfaces. This also results in a much wider wear track
(app. 850 um instead of 200 um).
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(b)

Figure 4.3:  SEM micrographs of overviews of the wear tracks of alumina discs after sliding at 0.5 m/s and
1.0 GPa (10 N): (a) after 78 km of sliding just before failure, showing some material removal,
and (b) after 180 km of sliding after failure, showing groove formation by partial failure of both
ball and disc (arrow indicates sliding direction).

Microstructural investigations of the wear track of ZTA-CF (Figure 4.4) showed that wear
solely occurs by polishing for all pressures. The wear track shows no features of ceramic
wear, such as abrasion, grain pull-out or fracture. The mild wear track has a very smooth
morphology; it even has a lower surface roughness than before testing. The detailed pic-
ture also shows the homogenéous phase dispersion of zirconia (white phase) in alumina
(dark phase). Analysis by surface profiling also indicates a low surface roughness (Figure
4.5). The polishing scars in the wear track are partly removed after 160 km of sliding. A
very shallow and smooth wear track of 80 nm depth is found with an average surface
roughness, Rs, in the wear track of < 2 nm, in the sliding direction. This is very low, com-
pared to the average surface roughness of the polished material (app. 10 nm). If the mor-
phology of these tracks is compared to those for ZTA-SD, no real differences are found
when wear is mild (polishing).
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¥ (1)

Figure 4.4:  SEM micrographs of wear tracks of disc of ZTA-CF after sliding at 0.5 m/s and 1.3 GPa (6 N)
for 162 km: (a) wear track overview, and (b) detail of the wear track, showing no features of
typical ceramic wear processes (arrow indicates sliding direction). The detailed picture also
gives an indication of the very homogeneous distribution of the zirconia (white) in the alumina
(dark) created by colloidal filtration consolidation followed by sintering.

The main reason for the better wear resistance of the ZTA-CF composite compared to the
commercially available ZTA-SD is found in the improved microstructural homogeneity for
ZTA-CF (both the smaller grain size and the better dispersion of the second phase). This
influence of homogeneity was also found for tests against alumina [22]. Both the smaller
grain size and the more homogeneous dispersion of the second phase zirconia in the ma-
trix phase alumina contribute to the improved wear behaviour. Compared to alumina, an
improvement in wear resistance is found together with a lower coefficient of friction. Here
too, the zirconia phase in ZTA acts a stabiliser of the microstructure of the alumina phase,
since grain growth was inhibited. The presence of the second phase diminishes the
amount of material removed by microfracture, as is typical for alumina. The coefficients of
friction are the lowest for the ZTA ceramics. In this case, it must be directly related to the
low wear, since no evidence is found that surface roughening takes place.
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Figure 4.5  Wear track roughness mapping of ZTA by colloidal filtration; the track depth is only about
80 nm (note that the height axis is exiremely enlarged!!l). (Test conditions: F=6 N,
Prertzi = 1.3 GPa, v=0.5 m/s, ran. = 5.2 mm, total sliding distance = 162 km). The pictures
were made using interferometric surface height profiling (ATOS micromap, Pfungstadt, Ger-
many).

45 Conclusions

The results from this study show that ZTA ceramics have a self-mating, dry sliding specific
wear rate of 6.3-10""® mm?®/(N-m) under extreme pressures (1.7 GPa, 14 N). This is signifi-
cantly lower than values reported so far in literature [11-18]. Self-mating tests with Y-TZP
and Al;O; show that Y-TZP has an extremely high wear rate and Al,O; has similar wear
behaviour as found for ZTA. However, alumina has more limitations in practical use, since
the maximum applicable load before a wear transition occurs is lower than for ZTA com-
posite ceramics. From these results it is found that ZTA is extremely wear-resistant,
keeping in mind the generally noted upper limit of acceptable wear-rates:
ky=10° mm%(N-m) [15,18]. Wear occurs mainly by polishing, giving a strong indication
that cohesion does not play an important role for the ZTA materials. This finding further
supports the use of homogeneous and fine-grained ceramic materials to extend the life-
time of dry-sliding contacts in moving equipment parts.
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B Wear of ceramics due to thermal stresses: a new
thermal severity parameter

Abstract

The objective of this study is to introduce a wear map of ceramics which shows the different
regimes of dominant wear modes observed for a wide range of material properties and op-
erational conditions. Furthermore, from the wear map, common demanding conditions for the
application of various ceramics as wear-resistant materials in a wide range of operational
conditions are discussed. For this purpose, friction and wear tests are carried out using two
types of tetragonal zirconia discs sliding against various pin materials under various contact
pressures and sliding velocities. Sliding wear phenomena of ceramics observed in all tests
can be classified into two types: "mild wear" and "severe wear". If the specific wear rate ex-
ceeds the value of 3-10° mm%(N-m), wear is indicated as "severe". This criterion is closely
related to the criterion based on the ratio of process surface roughness over mean grain size
as described by Adachi et al. [1]. The mild wear region is supposed to be necessary for the
application of ceramics as wear-resistant materials. The critical condition for transition from
mild to severe wear is analysed with an intergranular fracture model from the view points of
both mechanical and thermal aspects. A wear map of ceramics, in which the regimes of mild
and severe wear can be distinguished, is introduced using two dimensionless parameters,
namely an existing mechanical severity of contact (MS) and a newly developed thermal se-
verity of contact (7S). The availability of the wear map constructed by this method is proven
by the experimental results observed for a wide range of test material properties and opera-
tional conditions.

5.1 Introduction

Advanced ceramics are promising wear-resistant engineering materials because of their high
hardness and chemical inertness as compared to the widely used engineering materials such
as metals and polymers. In fact, their superior wear resistance over metals in the mild wear
regime has been proven in many applications [2,3]. However, transitions to the unfavourable
severe wear regime are frequently reported to be dependent on operational conditions and
test-material characteristics such as, for example, normal load [4], sliding velocity [5], tem-
perature [6], sliding distance [7], porosity and grain size [8] and microstructural homogeneity

9.

In order to apply advanced ceramics as wear-resistant engineering materials, it is essential
to be able to predict the transition from mild to severe wear. The tribological reliability of ce-
ramics will be determined by this necessary condition.

" H.S.C. Metselaar, B. Kerkwijk, E.J. Mulder, H. Verweij, D.J. Schipper, submitted for publication, 1999.
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On the other hand, the concept of wear mapping has been popular in tribology, see e.g. [10].

A wear map can be considered as one of the better methods to ¢ larify comprehensively the

common demanding conditions for tribological use of various materials under the wide range
of operational conditions. Wear maps can be classified into two types, based on the dimen-

sions of parameters used along the axes.

The first type is a wear map using experimental parameters along the axes, such as no rmal
load, sliding velocity, temperature, sliding distance, etc. The "wear map" [11], the "tribomap-
ping" technique [12], the "wear transition diagram" [13,14] and the "wear mode diagram" [15]
belong to this first type of wear map. These wear maps are uses systematic methods

for understanding the height of wear rate and the effects of operational conditions on tribo-
logical performance of a given material. However, because of the different mechanical and
thermal properties of different materials, these wear maps are only valid for a specific mate-
rials combination, necessitating a wear map for each material combination of interest.

In contrast, a second type of wear map uses dimensionless parameters along the axes. The
"wear-mechanism map" [10], "flow regime map" [16], "deformation map" [17] and "a brasive
wear mode diagram" [18] have been proposed for widely used materials such as metals and
polymers . These maps using dimensionless parameters are useful for a unified under-
standing of wear phenomena obtained under a wide range of operational conditions. In par-
ticular, in the case of a wear map [1] using dimensionless parameters which dominate wear
modes, it is possible to give the unified critical condition(s) for each wear mode caused by
individual factors such as material properties and operational conditions. Furthermore, these
kinds of wear maps can provide guides for improving wear resistance, because the genera-
tion of each wear mode can be correlated with dimensionless parameters which include ma-
terial properties and operating parameters.

In the case of ceramics, four kinds of wear maps have been proposed using dimensionless
parameters. The "wear-mechanism map" proposed by Kong and Ashby [19] showed char-
acteristic wear transition boundaries of seven kinds of wear modes of alumina using normal-
ised pressure and normalised velocity as proposed by Lim and Ashby [10]. Although this type
of wear map is useful for unified understanding of wear phenomena of each material ob-
tained over a wide range of operational conditions, it cannot be syn thetically used to evaluate
the critical conditions of each wear mode obtained in various materials.

Ting and Winer [20] constructed a "thermomechanical wear map" from theoretical considera-
tions which showed a region for thermomechanical wear of PSZ using dimensionless pa-
rameters which included the effect of frictional heating based on a yielding criterion. This
map can give unified understanding of thermomechanical wear obtained under a wide range
of operational conditions and various materials.

On the other hand, Hokkirigawa [21] proposed a "wear mode map" of ceramics using dimen-
sionless parameters of severity of contd4,, S.:and the coefficient of frictiathased on
fracture mechanics. In these analyses, it had been considered that wear of ceramics was
caused by crack propagation due to its brittleness [22]. Therefore, a critical condition of each
wear mode had been discussed from the viewpoint of fracture mechanics, wh ose suitability
had been proven in some earlier works, [e.g 19].
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These maps could predict three wear modes of ceramics, such as flake-formation mode,
powder-formation mode and ploughing mode. Furthermore, their suitability had been proven
by experimental results from tests with various ceramic materials. However, they are useful
only when experimental results are obtained under certain conditions in which effects of
sliding velocity or atmospheric temperature on stress distribution, and changes of material
properties or chemical reactions are negligible.

Acknowledging the influence of sliding velocity [23] and temperature [e.g. 13] on wear transi-
tions, it is clear that it is essential to construct a wear map which comprehensively evaluates
wear behaviour obtained under widely varied operational conditions, including high sliding
velocity and temperature.

Therefore, the purpose of this paper is to introduce a wear map of ceramics by using dimen-
sionless parameters, which shows the regions of dominant wear modes observed in a wide
range of material properties and operational conditions.

5.2 Transition from mild to severe wear

5.2.1 Critical condition for severe wear

In this paper the critical condition is analysed from the viewpoint of inter—gvranular fracture,
which will cause removal of grains.

Here, we assumed the following two points for this analysis:

e Micro-cracks are present at the grain boundaries. Their length is directly proportional to
the grain size [24], and is smaller than the length of the contact area.

e Fracture is caused by the propagation of these microcracks, which may be enhanced by
the tensile stress induced by friction.

These assumptions and wear models have been employed by many researchers [21] in or-
der to explain the transition mechanism in the mechanical wear of ceramics. Based on linear
elastic fracture mechanics, the critical condition for crack growth can be expressed by the
following equation:

BGmax vrd 2 ch (51)
where omax is the maximum tensile stress at the tip of the crack, d the pre-existing crack
length, K the fracture toughness of the material, and B a constant, taken here as 1.12 [25].

Normally, two kinds of tensile stresses are introduced in 6, in equation 5.1. They are based
on mechanical and thermal aspects of the system.

5.2.2 Tensile stress induced by mechanical contact

In a sliding contact a friction force is generated as a result of normal and shear stresses in
the contact. The maximum tensile stress on.« induced by these stresses is expressed in the
following equation [26] in the case of a contact between a sphere and a flat surface:

1-2v 44v
O max = Pmax(—T—-FTﬂf) (52)
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where P, is the maximum Hertzian contact pressure, v the Poisson ratio and f the coeffi-

cient of friction. Noting that the exact value of v does not significantly influence 6.y, this can

be simplified by taking v as 0.25;
: P o (1+10f)

max —
6

(5.3)

Substituting equation 5.3 into equation 5.1, the critical condition for the onset of severe wear
can be expressed as:

(1+10f)P,Jd _ 6
<
Kie B/

If we define the left hand side of equation 5.4 as the mechanical severity of contact, MS
(equation 5.5), and noting that the right hand side should ideally be a constant, then mild
wear will occur as long as MS is smaller than a critical value and severe wear will occur
when MS is larger than that value.

(1+10f)P,, Jd
Kie

(5.4)

MS = (5.5)

5.2.3 Tensile stress induced by thermal strain

A sliding contact generates heat pulses by frictional heating, which in turn causes thermal
strain at the contact surface. The thermal stress, which is introduced by the thermal strain,
applied to the crack tip as a tensile stress oy, is defined by the following equation:

Ea

max= l—V

AT (5.6)

where E is the Young’s modulus, o the coefficient of thermal expansion and AT the tem-
perature rise relative to the bulk temperature.

Bos [27] derived an equation for the temperature rise in an elliptic contact with an elliptic heat
source, taking into account the partition of the heat across the bodies due to different thermal
properties and different Péclet numbers:
wv 1
AT=————7 (5.7)
Jab K, K
6, ©

1 2
in which fis the coefficient of friction, W the contact load, V the velocity, a and b are the half
widths of the elliptic contact in the direction of sliding and perpendicular to this direction, re-
spectively, K is the thermal conductivity and 8 is a dimensionless contact number, where in-
dices 1 and 2 denote the bodies in contact.

For a configuration with a moving (mov) and a stationary(stat) body, 6., is given by:
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where x is defined by Ki(p-c) (p is the density and c is the specific heat of a material).

Osat is given by:
Ot =9, (5.9)

8, and 6, are numerically derived constants for the case of a semi-elliptical heat source distri-
bution. They have values of 0.375 and 0.589, respectively [27] and combined with equations
5.8 and 5.9 this gives: '

1

Omov = av
‘/7.1 11+ 2.878

Kmav

and estat =0.375 (5. 1 0)

A circular contact will be considered. This means b=a and Vab in equation 5.7 can be re-
placed by a. Combining equations 5.10 and 5.7 yields the following:
AT = iddd

aKeff

(5.11)

In WhiCh Keff= 2.667'(Kstat + V{Kmovz +0.4 Vapmovaovaav}).

Note that while K¢ has the dimension of thermal conductivity, it is dependent on the contact
conditions. ‘

Combining equations 5.11 and 5.6 gives the maximum stress:
_ Eo wWv
T 1-v aK,

(5.12)

Finally this equation, combined with equation 5.1 means that crack growth will be possible
when:

Eo WV :

d— >K :
BJn_l—vaKeﬁ e (5.13)
or.

WV Eovrd _ 1 (5.14)

aKeff (1_ V)ch - B

It has been argued that the material properties in equation 5.14 can be related to the thermal
shock resistance of the material, with the following linear relation [1]:

(1-v)Ke
Eo/nd

In which cis a proportionality constant and AT is an offset value.

AT,=AT, +c (5.15)

When equations 5.14 and 5.15 are combined, the thermal severity of contact (TS) is now de-

fined as:

78 =7
AT.aK 5z

(5.16)
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5.3 Experimental procedure

For the evaluation of the thermal severity number (TS), pin-on-disc experiments were per-
formed using a pin-on-disc tribometer shown in Figure 5.1. In order to obtain constant test
conditions the tribometer was placed in a climate chamber with the temperature set at 23°C
and the relative humidity at 40%.

5 3

4 \’!

Figure 5.1: Picture of the pin-on-disc tribometer used; (1) rotating sample, (2) stationary sample, (3) dead
weight providing the contact load, (4) two transducers measuring the friction force from the deflec-
tion of the arm, and (5) a laser for performing on-line wear measurements.

To obtain wear data for different TS values, experiments were performed at different loads
and velocities. The ranges of velocity and load are shown in Table 5.1.These were chosen in
such a way that TS was close to the expected transition, depending on the material proper-
ties of the various pin materials, Table 5.2.

Table 5.1: Velocities and loads used in the experiments.

Pin materials Velocity [m/s] Load [N]

Al2Os3 0.1-0.5 3-12
SiC 0.1-0.6 5-15
SiaNa 0.05-0.4 5-15

Y-TZP 0.02-0.08 5-10
2Y5 0.02-0.07 5

The discs had a diameter of 36 mm and a thickness of 4 mm. The discs were polished to an
RMS roughness of < 0.1 um. The commercial pins were balls with a radius of 5 mm and were
mirror polished, whereas the ZY5 pins were cylinders with a spherical cap with a radius of
2.6 mm. Both discs and pins were ultrasonically cleaned in water and ethanol for 30 minutes,



5  Wear of ceramics due to thermal stresses: a new thermal severity parameter 75

then dried at 120°C prior to use. To clarify the general validity of the model, various pin mate-
rials were used, namely alumina, silicon carbide, silicon nitride, and two types of zirconia. All
pins, except the home made zirconia pins, were commercially available. The home-made
zirconia pins were processed to give a material with submicron grains.

Table 5.2: Properties of materials used.

Property 73500°  zY5%*  Ai203 sic’ SisNe®  Y-TZP?
Grain size d [um] 0.6 0.18 6 n.a. n.a. 4
Strength c [MPa] 1400 454 214 400 650 1000
Fracture

toughness Kic [MPavm] 10 7 35 4 8 10
Young's

Modulus E [GPq] 205 210 390 430 320 ‘ 210
Poisson’s ratio v [ 0.3 0.3 0.23 0.17 0.24 0.31
Density p [10°kgm¥  6.05 5.7 3.9 3.2 3.1 6.05

Thermal expansion

coefficient a  [10°K" 10 9 8 n.a. 3 9.8
Thermal

conductivity K [W/(mK)] 2 2.5 29 110 ‘ 35 3
Specific heat c [IkgK)] 400 400 600 1000 800 400

Thermal shock

resistance ATs [K] 250 280 200 380 600 250

4 disc materials; P pin materials; n.a. not available.

5.3.1 Microstructures of ZY5 and Z3500

As disc material a tetragonal zirconia was chosen, because of the low thermal conductivity,
which allows high thermal stresses at low loads. Two types of zirconia were used: a com-
mercial material, Z3500, and a home-made material with controlled, submicron grains, ZY5.
Z3500 discs were sawn from a bar whereas ZY5 was pressed and sintered in disc shape. It
is thought that the difference in microstructure between these materials significantly influ-
ences the wear behaviour.

Both materials are yttria-stabilised zirconia ceramics. They are made from powders contain-
ing Y,0j3 as stabilising agent. Major differences between the materials can be found in initial
powder properties, chosen processing route and sintering temperature.
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ZYS ceramics are made from co-precipitated zirconia-yttria salts that were dry pressed in
disc shapes to a "green" density of 40%. These discs were then sintered at 1150°C for
10 hours to a relative density of 94%. Z3500 ceramics are made by dry-pressing powder into
large cylinders that are given a heat treatment under isostatic gas pressure (so-called HIP
treatment). This HIP-process is conducted at 1420°C for 2 hours under 40 MPa nitrogen gas
pressure leading to full theoretical density. The HIP treatment improves the mechanical
properties compared to the ZY5 ceramic as can be seen in Table 5.2.

T

0.6 um - 1.5 um I
(@) (b)

Figure 5.2:  Microstructures of the two Y-TZP materials; (a) ZY5 and (b) Z3500.

Figure 5.2 shows the microstructure of the materials. The average grain size of the ZY5 ce-
ramics is 0.18 um and for 23500 ceramics a grain size of 0.6 um is measured using the lin-
ear intercept method [28]. It is also found that not only the grain size of ZY5 is smaller, but
the grain size distribution (visual inspection) as well.

5.4 Results

5.4.1 Specific wear rates

In order to make the distinction between mild and severe wear, several criteria can be used.
In this work, "severe" wear is characterised by the specific wear rate exceeding
3-10° mm*/(N-m). Adachi et al. [1] based the difference between mild and severe wear on the
ratio of worn surface roughness R, to the mean grain size D,. For the present work and the
results presented by Adachi et al. [1], it is found that the specific wear rate is generally less
than 3-10"® mm?®(N-m) when the worn surface roughness is lower than half the grain size. On
the other hand, a worn surface roughness larger than half the grain size indicates severe
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wear and generally gives a wear rate higher than 3-10"° mm?®(N-m). The criteria as described
by Adachi et al. [1] were compared to the values for the specific wear rate by a visual inspec-
tion of the wear tracks, indicating whether a "polishing" (mild type) or severe-type wear
mechanism occurred.

The experiments using Al,O3 pins have been described before by Metselaar et al. [29]. In
Figure 5.3 the results from that work are summarised.
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Figure 5.3:  Specific wear rates of Z3500 and ZY5 discs sliding against an alumina pin at different
TS-values [adapted from 29], open markers: mild wear and solid markers: severe wear.

Results from the present experiments are represented in Figure 5.4 to Figure 5.7. In these
figures the specific wear rate is plotted against the TS-value of each experiment.




78

4
1
4.5 1 1
»
|
M !
B 59 !
S *
2554 ______ '
[* 2 5 et i

o
o t
CA 1
g © o :
|
6.5 ° © © '
6.5 - o '
o o Oo ]
o :
'7 ) T L) LS T
0 0.5 1 15 2 25 3
TS

Figure 5.4:  Specific wear rates of a Z3500 disc sliding against SiC pins at different TS-values; open mark-
ers: mild wear and solid markers: severe wear.

As can be seen from these figures, for all material combinations that have been tested, there
is a transition at a specific TS-value. This transition occurs at TS = 2.5 (+ 0.3) for SiC, Si3Ns,
Y-TZP and ZY5 pins. From Metselaar et al. [29] it is found that the transition, using Al,Oj,
pins occurred at TS = 1.5, see Figure 5.3.
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Figure 5.5: Specific wear rates of a Z3500 disc sliding against SisN4 pins at different TS-values: open
markers: mild wear and solid markers: severe wear.
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When comparing the results obtained with Z3500 discs and ZY5 discs in Figure 5.6, it can be
seen that these materials behave very similarly, even though their mechanical properties are
different. This is because of the smaller grain sizes and narrower grain size distribution in
ZY5, which both contribute to the similar wear behaviour of ZY5 compared to Z3500 in spite
of the lower density and the worse mechanical properties of the first material. This is ex-
plained by He et al. [8], who reported that such a small grain size has a positive influence on
the wear resistance. The resulting grain pull-out has a less detrimental influence, but also the
amount of transformation from tetragonal to monoclinic phase is less. This transformation is
not beneficial for the wear behaviour of the monolithic Y-TZP ceramics. It creates a lot of
stress in the surface, resulting in easier delamination type wear processes under these cir-
cumstances.
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Figure 5.6:  Specific wear rates of Z3500 and ZY5 discs sliding against Y-TZP pins at different TS-values;
open markers: mild wear and solid markers; severe wear.

Thus, while the transition for each material combination is clear from these results, the tran-
sition occurs at slightly different values of TS for different material combinations.
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Figure 5.7:  Specific wear rates of ZY5 discs against ZY5 pins at different TS-values; open markers: mild
wear and solid markers: severe wear.

In Figure 5.8 all present results for the specific wear rate as function of the TS-parameter are
represented. This figure indicates the transition value of app. 2.5 is valid for all material com-
binations presented.
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Figure 5.8:  Overview of results of all present experiments; open markers: mild wear and solid markers:
severe wear.
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5.4.2 Wear tracks

Depending on the test conditions and material used for the counterface for ZY5, mild or se-
vere wear was found. Wear track investigations clearly showed the presence of very small
grains in the wear track of ZY5 after sliding against Y-TZP pins at 0.07 m/s and 5 N (Figure
5.9a), which is an indication of wear taking place by grain pull-out, followed by deformation
and smear-out of the worn material. The cases of mild wear were characterised by some
grain pull-out in the track accompanied by mild plastic deformation of the surface. Only very
little grooving was found after sliding against ZY5 pins at 0.04 m/s and 5 N (Figure 5.9b).
This also indicates that the properties (grain size, homogeneity) of the counterface are im-
portant. ZY5 pins have a very small grain size compared to the commercial Y-TZP pins that
are used. So, in spite of a very small difference in the low sliding velocity, we find an ex-
tremely great difference in wear behaviour that is related to the microstructural properties of
the zirconia counterface material that is used. Previously reported measurements on these
materials [29] showed that after sliding against Al,O3; usually severe wear was found, caused
by micro-fracture.

-

Figure 5.9:  Wear tracks on ZY5 discs after sliding against two zirconia pins. Both tests were performed at
5 N. (a) Y-TZP pin at 0.07 m/s, showing severe wear, (b) ZY5 pin at 0.04 m/s, showing mild
polishing.

As can be seen in Figure 5.10a for Z3500, we find clear evidence of severe wear after sliding
against a Y-TZP pin, similar to what was found for ZY5 (5 N, 0.08 m/s). After sliding against
both non-oxide ceramics, grooved wear patterns are found, caused by the hard asperities on
the ceramic pins. The wear track of Z3500 after sliding against SiC is shown in Figure 5.10b.
Here we find clear evidence of extreme grain pull-out, corresponding to the reported grain

size. Figure 5.10c shows the wear track of Z3500 after sliding against SisNs. Tests against

SiC could be performed at much higher sliding velocities and loads without showing cata-
strophic wear (example after sliding at 15 N and 0.5 m/s). Z3500 ceramics show severe wear
behaviour typical for Y-TZP materials at the given conditions.

No real differences in wear behaviour are found between ZY5 and Z3500, in spite of the dif-
ferences in density (in favour of Z3500) and grain size (in favour of ZY5). The better micro-
structural properties of ZY5 apparently compensate for the worse mechanical properties
compared to Z3500 commercial material.
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Figure 5.10: Wear tracks of Z3500 all showing severe wear after sliding against various pins; (a) Y-TZP,
(b) SiC and (c) SisNa.

Examples of mild wear processes are found after sliding Z3500 against SiC. In Figure 5.11a,
an example of the wear track shows that polishing occurs with some grain pull-out after slid-
ing at 0.4 m/s and 5 N. Larger holes are also found when grain pull-out has occurred, again
indicating the influence of the grain size on the wear behaviour. At even milder conditions
(0.1 m/s), the investigation shows that the surface is hardly worn. Only some minor polishing
is found [Figure 5.11b]. Closer investigations show, however, that there is evidence of the
onset of severe wear. Figure 5.11c shows that there is evidence of delamination wear in the
track. Although this is a severe-type wear process, which was found locally, the overall wear
process is still mild.
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Figure 5.11: Wear tracks of Z3500 showing mild wear after sliding against SiC at mild er testing conditions
than given in Figure 5.10; (a) 0.4 m/s, 5N, (b) general view (0.1 m/s, 5N and (c) typical example
of start of severe wear insid e a wear track from the mild region.

5.5 Dhimmdicsion

A new thermal severity parameter was introduced in this work. This parameter is developed
on the basis of crack growth induced by thermal stress. In literature some numbers are
given, as summarised in paragraph 5.1. A promising parameter was introduced by Ad-
achi ef al. [1]. Besides the fact that this parameter is not dimensionless, the major drawback

of this parameter is found in the use of an estimated parameter that accounts for the partition
of heat in the contact. They as sumed in most of their work that the heat flows equally to both
materials in contact. In fact, this may be doubted, since frequently material combinations are
used with different thermal properties and types of motion (operational conditions). There-
fore, Adachiet al. [1] conducted only self-mating tests to verify their model. This partition
problem is solved by using the model developed by Bbsl. [27], describing the heat parti-

tion ratio that accounts for the varying thermal properties of material combinations and op-
erational conditions. Using this heat partitioning, it is possible to develop a thermal severity
parameter that should be valid for all materials.
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Figure 5.12:  Overall picture of the wear measurements on both ZY5 and Z3500; open markers: mild wear
and solid markers: severe wear.

In this work we initially performed experiments to verify the validity of the newly introduced
thermal severity parameter. Adachi et al. [1] introduced the wear map including the mechani-
cal severity as given in paragraph 5.2.2. With the results from the experiments presented in
this paper, a similar wear map is created, making use of the existing MS and the new TS. In
Figure 5.12 results of present experiments and results adapted from Adachi et al. [1] are
given to show the validity of the thermal severity parameter in an overall valid wear map. The
transition line from mild to severe wear on the thermal side is clearly defined. The validity of
the MS transition value at low TS values is under investigation.

In general the modelling seems to be improved by introducing a thermal severity parameter,
accounting for varying thermal properties of the materials in contact.
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6 Self-lubrication of alumina and zirconia ceramics
by use of soft oxide additives

Abstract

This chapter describes the preparation and frictional properties of alumina and yt-
tria-stabilised tetragonal zirconia (Y-TZP) ceramic composites with small amounts of soft
oxide additives. The concentration of additive was kept low to preserve the mechanical
properties of the matrix ceramics. Powder mixing was performed by wet milling in etha-
nol. In most cases, composite ceramics with a relative density > 92% were easily pro-
duced. Various single oxide additives (ZnO, MgO, CuO, B,0Os; and MnO,) were used to
establish which oxides could result in a significant friction reduction in dry sliding pin-on-
disc experiments against alumina or Y-TZP balls. All additives resulted in medium friction
(app. 0.5) for dry sliding of ceramics with alumina and high friction (> 0.65) for ceramics
with Y-TZP. The addition of CuO in alumina or Y-TZP reduced the coefficient of friction
from 0.65 to 0.45.

6.1 Introduction

Dry sliding wear of ceramics has been extensively studied over the last 15 years. Most
studies focused on the development of wear-resistant materials and with little attention
for coefficients of friction. The development of wear-resistant ceramics has been quite
successful lately, leading to materials with an extended lifetime in practical applications.
Materials like alumina, Y-TZP, ZTA, SiC and SizN4 have been extensively studied. These
materials all have their specific advantages and disadvantages under dry sliding condi-
tions. Y-TZP is not recommended for situations with high sliding velocities. Alumina al-
ways shows transition behaviour from mild to severe wear at increasing contact load. SiC
and SizN, are known to suffer from excessive wear due to oxidation.

In dry sliding wear, the minimum coefficient of friction obtained in ceramic couples is 0.4,
when at least one sliding partner with a high thermal conductivity (e.g. SiC) is present
[1,2). To avoid large energy losses, the coefficient of friction value should be < 0.2 for
practical situations [3]. This low friction is necessary to minimise heating that leads to
temperature gradients in the contacting materials, which in turn result in wear created by
fatigue processes. A high coefficient of friction can be related to a high surface rough-
ness. This results in an increased intensity of the contacting asperities, creating large
stresses in the contacting surfaces.

" Taken from: B. Kerkwijk, H.S.C. Metselaar, M.M.L. Garcia-Curiel, E.J. Mulder and H. Verweij, to be submit-
ted for publication, 1999.
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In practice, the use of a wide variety of lubricants is suitable for friction reduction [1-3].
There are, however, several reasons why their use should be avoided:

¢ detrimental influence on the environment,
e contamination of products in production equipment,

+ finite lifetime causing increased equipment maintenance to ensure continuous opera-
tion.

In addition, when ceramics are applied at high temperatures or under vacuum, these lu-
bricants, mainly based on organic materials, will not function properly anymore. This calls
for the need of lubrication by means of solid state lubricants or low friction surfaces that
can be used under extreme loads and velocities, at high temperatures or under vacuum.

Several authors have described the use of solid state lubricants, mainly based on materi-
als like graphite, MoS, and CF,. Nice examples can be found in the work of Bau-
mann et al. [1] and Woydt et al. [2], who described the use of materials-based concepts
for ceramic lubrication, since the development of new wear-resistant materials leads to
new demands on lubrication techniques. In the work of Peterson ef al. [4,5] similar solid
state lubricants were described for use at high temperatures. Bridgeman [6] and Hensley
[7] as well, used a variety of oxide materials as solid state lubricants, either in powder
form or as a coating/film. Others described the use of TiB, and TizN4 as hard coatings [8],
or low friction surfaces [9] but these are mainly intended to protect materials from wear or
corrosion and not specifically for friction reduction.

To overcome the problems described above, it may be interesting to create a self-
lubricating system. In this route a specific solid state lubricant is incorporated in a ce-
ramic matrix. Slight wear of such a material results in the presence of a soft phase at the
surface and, consequently, in the contact between the opposing surfaces. This soft
phase overcomes the difference in sliding velocity between the surfaces and shear takes
place in this layer resulting in a low coefficient of friction.

Self-lubricating composites are known in literature for metals [10], but are not often de-
scribed for ceramics. Ideas proposed for ceramics are described by Gangophadyan et al.
[11}. An example is given in the work of Wang et al. [12], in which the preparation of
Y-TZP ceramics with a wide variety of volume fractions of graphite is described. The ad-
dition of large volume fractions (up to 30 vol%) of graphite lowered friction of Y-TZP, but
significantly increased wear.

Many investigators [13-17] describe the preparation of alumina and Y-TZP ceramics with
various types of oxide added in small amounts. Incorporation of these oxides, however,
was not intended for friction reduction. These materials were used to study their influence
on a variety of properties (e.g. strength, chemical stability) of the matrix ceramic phase.
Addition of CuO to Y-TZP for superplastic deformation is a well-known example [13,14].
The same goes for the addition of MgO to alumina and Y-TZP for improvement of the
homogeneity. In alumina, MgO acts as a grain growth inhibitor [15] and in Y-TZP it acts
as a stabiliser of the tetragonal phase.

In previous work, the preparation of ceramic composites with an extremely high
dry-sliding wear-resistance (obtained by controlling the microstructural homogeneity of
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these materials), was described [18]. The resulting low wear rates were accompanied by
a relatively low coefficient of friction of 0.43. Here, no attention was paid to friction reduc-
tion. In this chapter, a description is given of the preparation and tribological properties of
alumina and Y-TZP ceramics with solid lubricating soft oxides as additives to provide the
materials with a self-lubricating mechanism. Small amounts are used to preserve the me-
chanical properties of the matrix phase so that the specific wear rate is not increased. In
this stage of the investigation, limited attention was paid to control the dispersion homo-
geneity of the additive, which may significantly influence the final properties. The frictional
properties are monitored on-line and microstructural investigations show the influence of
the additives on the wear tracks of the single-phase materials and their tribological prop-
erties.

6.2 Experimental

6.2.1 Materials

Commercially available powders were used to prepare the matrix materials:
e o-alumina (AKP50, Sumitomo, Japan) with a crystallite size of 0.23 um,

e zirconia powder (TZ3Y, Tosoh, Japan), stabilised in the tetragonal phase by the addi-
tion of 3 mol% Y03, with a crystallite size of 40 nm (Y-TZP).

Their respective BET-surface areas are 10 and 16 m?/g. Up to 5 wt% of other commer-
cially available oxide powders, CuO, ZnO, TiO,, MnO, or B,O; (Alfa Chemicals, Ger-
many) were added to the matrix powders. All these oxides have a lower hardness and
melting point than alumina and Y-TZP. Properties of the additive materials are given in
Table 6.1.

Table 6.1: Properties of various additives (applied as solid state lubricant) used in the preparation of the
composites; hardness (Moh) values for alumina and Y-TZP are 9 and 8, respectively.
Additive  Density Hardness Tmeit [°C] Crystal structure  Lowest friction
kgm’]  (Moh) value reported
CuO 6400 4 1326 Monoclinic 0.14 [4,5,7,12]
MgO 3580 6-7 2852 Cubic 0.14 [6]
MnO2 5026 * reduction, 535 Rhombohedral *
Zn0 5606 4-5 1975 Hexagonal 0.22[6,7]
B20s 2460 4 1860 Rhombohedral 0.25-0.3[17]

* not known.
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The composite powders are made by wet-milling and mixing in ethanol for 24 hours using
2 mm Y-TZP milling balls. The mixtures are dried in air at 80 to 120°C for 16 hours to re-
move the ethanol. The powders are dry-milled and subsequently sieved through a
180 um sieve. Consolidation is performed by dry pressing uniaxially at 30 MPa, followed
by isostatic pressing at 400 MPa. All ceramics were sintered to relative densities larger
than 92% at temperatures and dwell times normally used for Y-TZP and alumina without
additives (1400°C for 4 hours and 1500°C for 2 hours, respectively).

6.2.2 Testing procedure and tribological characterisation

The investigated ceramics were cut into discs. The diameter of the discs was about 36.5
mm and their thickness varied between 2.5 and 4 mm. Finally, the discs were polished to
an average surface roughness of 0.1 um. Dry sliding wear tests were performed using a
pin-on-disc tribometer [CSEM], placed in a climate chamber at 23°C and 40% relative
humidity. As pin material, polished alumina or Y-TZP balls of 6 or 10 mm diameter [Gi-
mex Technical Ceramics, Geldermalsen, The Netherlands] were used. A picture of the
set-up is given in Figure 6.1.

The sliding velocity for the Y-TZP ceramics

5 3 was set at 0.1 m/s to avoid the occurrence of
l any severe thermally induced fracture proc-
4 / esses [19]. The load was varied between 3 and
- J 8 10 N. In this way, a meaningful comparison

J - between all investigated ceramics could be
made. With the given geometry and materials
properties the loads mentioned lead to mean
initial Hertzian contact pressures between 300
and 1000 MPa. For alumina ceramics, a sliding
velocity of 0.5 m/s was used. The applied load
1 was 10 N, resulting in an initial contact pres-
. sure, for alumina without additive, of

Figure 6.1:  Pin-on-disc set-up. (1) Rotating 1000 MPa.

ceramic sample, (2) stationary ce- All testing conditions were chosen in such a
ramic ball, (3) dead weight pro- yay that the results from the measurements
viding contact load, (4) two in- .
ductors measuring friction force could be compared to similar ones performed
from the deflection of the arm, (5) fOr ceramics without friction-reducing additives.
laser sensor for on-ine wear The sliding distance of the tests was adapted
measurement. for each specific measurement to obtain sig-
nificant wear and to detect possible fatigue.
Typically, a measurement for alumina composites took 32 km of sliding distance and for
Y-TZP 16 km. Longer sliding distances were used in tests for identification of possible
fatigue processes. The coefficient of friction was measured on-line. This was done by
monitoring the ratio between the measured shear force and the applied normal force by
measuring the deflection of the pin-arm with two inductors.
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Analysis of the crystal structure was performed by XRD (Philips PW3710). Furthermore,
microstructures and wear tracks were characterised by means of SEM (Hitachi S800). To
determine phase distribution and the presence of impurities energy-dispersive X-ray
analysis (EDX, Kevex) was used together with SEM.

6.3 Materials characterisation

Properties of the composites with Y-TZP and alumina are presented in Table 6.2. Some
of the materials could not be mirror-polished, in spite of sufficient density. On the other
hand, an average surface roughness after polishing of < 0.1 um was obtained for these
samples which is similar to roughness values obtained for dense materials. Hence, the
poor polishing appearance of these samples could be explained by the fact that the pol-
ished surfaces were not dense. This is also demonstrated by SEM micrographs of the
microstructures which will be discussed later.

Table 6.2: Physical properties of composites of Y-TZP and alumina with various additives sintered at
1400°C for 4 hours and 1500°C for 2 hours, respectively.

Matrix ~ Additive =~ Maximum density ~ Crystal structure*  Grain size

[kg/m’] [um]

Y-TZP none 6050 Tetragonal . 04
CuO 5551 Tetragonal 2.6

MnO2 5856 Tetragonal, A

Monoclinic, cubic

MgO 5917 Cubic, tetragonal 8.2
B203 5445 Cubic, tetragonal A
Al203 none 3970 Hexagonal 2
CuO 3732 Hexagonal A
MnO> 3930 Hexagonal 4.8
MgO 3930 Hexagonal 23
ZnO 397 Hexagonal 3.7
B203 3891 Hexagonal 4.3

* Qualitative analysis, major phase detected is mentioned first.

A Not measured.
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Generally, the preparation of the composites with Y-TZP was more problematic than with
alumina, since more difficulties were met to obtain dense materials. This is probably due
to phase transitions of Y-TZP during sintering. The chosen preparation route with MgO
as an additive did not result in a homogeneous distribution of two phases. For Y-TZP,
MgO is a known stabilising agent dissolved in the matrix phase. All Y-TZP ceramics with
additives reached relative densities of 92-94% based on the theoretical density for sin-
gle-phase Y-TZP". All additives resulted in Y-TZP ceramics with larger grains than in the
pure Y-TZP material. The addition of ZnO resulted in serious crack formation and no
suitable disc material could be made for wear testing. Some examples of microstructures
of Y-TZP material with additives before wear testing are shown in Figure 6.2.

- Tum

Figure 6.2: Microstructures of Y-TZP with addition of (a) MnO2, (b) B203, (c) CuO and (d) MgO.

The addition of MnO; (Figure 6.2a) resulted in dense ceramics with a grain size between
0.4 and 1 um and the microstructure clearly shows two phases with different grain sizes.
This is probably related to the presence of both monoclinic and tetragonal zirconia, as
was indicated by XRD-analysis. For B,O; additions (Figure 6.2b) clear evidence of liquid
phase sintering was found which caused enhanced grain growth, resulting in grain

This density value was used, since it was not sure what the effect of the various additives is on the theo-
retical density. In this way, the same theoretical density was obtained for all materials.
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sizes > 1 pm. Addition of CuO resulted in problems to obtain a fully dense material, but
by increasing the sintering temperature (to 1600°C) satisfactory densities were reached.
Also for the material with CuO (Figure 6.2c) a larger grain size compared to Y-TZP with-
out the addition of CuO (typically 0.4 um) was found. The SEM micrographs of the micro-
structure show clear boundaries of Y-TZP grains. XRD measurements revealed that the
tetragonal zirconia phase is always present in combination with traces of cubic and
monoclinic phase. In the case of MgO addition (Figure 6.2d) a strong presence of the cu-
bic phase is revealed. Here, grain growth was considerable due to the fact that this cubic
phase was formed because the addition of 5 wt% MgO resulted in extra stabilisation.

(d)

Figure 6.3:  Microstructures of Al203 with addition of (a) CuO, (b) MnO, (c) MgO, (d) ZnO and (e) B20s.
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All alumina composite discs could be made with densities > 94%. Again, the addition of
CuO did not result in a fully dense system (94%, based on the theoretical density of
a-alumina). For all other additives near full densities were reached by sintering at 1500°C
for 2 hours, which are normal conditions to obtain dense alumina without additives. The
presence of additives in the matrix resulted in significant colour changes in the material.
The MnO,-containing alumina sample had a red/magenta colour after sintering. This col-
our indicates that Mn** from the initial MnO, had been reduced to Mn2*. Most probably a
spinel-type structure like MnAl,O, is formed, since this material is known to have a
red/magenta colour. Another possibility is the reduction to Mn**, since this oxidation state
is also known to result in red-coloured materials. From EDX measurements it is found
that a phase is present containing indeed aluminium and manganese. Figure 6.3 shows
the microstructure of some of the alumina materials. The grain size of alumina ceramics
with MgO (Figure 6.3c) and ZnO (Figure 6.3d) is comparable to the values measured for
alumina without additives. Normally the alumina used in this study shows a grain size of
2-3 um, whereas the materials with the other additives have grain sizes up to almost 5
um. The fact that MgO inhibits grain growth for alumina is well known in literature [15].

6.4 Tribological characterisation

6.4.1 Coefficients of friction

Tribological measurements were performed to determine the steady-state coefficient of
friction for the various composites against either alumina or Y-TZP pins. An overview of
all measured coefficients of friction is given in Table 6.3.
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Table 6.3: Tribological properties of all investigated materials, after sliding against 10 mm ceramic balls
(Al203 or Y-TZP).

Al203 ball Y-TZP ball

Disc  Additve f[-]  ke[mm¥(Nm)]  fl-]  Kke[mm (N-m)]

Y-TZP none 0.7 >10°® 09 failure
CuO 0.43 =107 0.8 failure
MnO2 0.77 =107 * *
MgO 0.85 =107 * *
B203 0.75 =107 * *

Al203 none 0.55 10 0.7 failure
CuO 0.65 ~10° 0.43 107
MnO, 0.47 =107° * *
MgO 048 =10° * *
ZnO 0.49 ~10° 0.9 *
B203 0.48 =10° * *

* not measured

Generally, addition of soft metal oxides did not result in a significant friction reduction for
most Y-TZP materials except for the one with CuO. Figure 6.4 shows a typical plot of the
coefficient of friction versus sliding distance measured for Y-TZP with 5 wt% CuO sliding
against alumina. The same is shown for Y-TZP without additive. The coefficient of friction
reduces from about 0.62 down to 0.47. The steady-state value is reached after a short
running-in period starting at an initial value of about 0.2. The values reported in Table 6.3
are the extreme values found in all tests.
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Figure 6.4:  Plot of coefficient of friction versus sliding distance measured for Y-TZP with and without CuO
sliding against alumina.

Several conclusions can be drawn:

e The effect of the addition of CuO is dependent on the combination of materials in the
friction couple.

¢ Wear is similar to what is found for the combination without additive and is very low.
Compared to results found in literature it is especially striking that this result is found
after such a long sliding test. Typically, measurements reported up to now have been
performed for a couple of hundreds of meters [12], so that it is not always sure if the
steady-state was already reached or that a material can have the same performance
for a longer period of time.

¢ The friction decrease together with a low wear rate indicates that the CuO additive
behaves as a “lubricating phase”. The exact mechanism behind this friction reduction
is not yet clear.

e The development of friction with distance showed that friction gradually increased
from a low initial value. If second phase release would be the reason for friction re-
duction to occur, the coefficient of friction would have been higher in the initial stage
than in the steady-state.

e For Y-TZP with CuO sliding against Y-TZP balls, no friction reduction is found.

For alumina with MnO, sliding against alumina the coefficient of friction is plotted in
Figure 6.5, where is given. Here, a friction reduction from 0.55 to 0.47 is found, which is
similar to the results found for most of the other additives. When alumina containing CuO
is tested against an alumina ball, however, no friction reduction is found, but friction in-
creases from 0.55 to 0.65. Tests with alumina containing CuO against Y-TZP balls re-
vealed that the coefficient of friction is again reduced from about 0.7 to 0.43. For
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CuO-containing ceramics, it seems that only Y-TZP/alumina couples show a friction re-
duction regardless of the material used for disc and pin and vice versa. If similar tests
with, for instance, ZnO in alumina and Y-TZP balls are performed, the coefficient of fric-
tion is increased to app. 0.9. '
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Figure 6.5:  Plot of coefficient of friction versus sliding distance measured for alumina containing MnOz,
sliding against alumina.

Besides CuO, the use of all other additives to alumina when sliding against alumina balls,
results in low coefficients of friction, mostly in the order of 0.5. Besides lower friction val-
ues, the ceramics also show low specific wear rates (app. 10° mm®(N-m)). Normally val-
ues in the order of 10”° to 10°® mm?®/(N-m) are measured. This indicates that only very little
material is worn off and is actually present in the contact. This again raises the question
what the reason is for the low friction that is measured. It is not likely that an actual sec-
ond phase is present in the matrix, given the small amounts of additive. It is, however
possible that some kind of lubricating solid film is created. If this would be the case fric-
tion would be high at the start of the experiment and this was not measured so far.

6.4.2 Wear mechanisms

The wear track of Y-TZP with MnO, shows the presence of a manganese- and alu-
mina-containing compound after sliding against alumina. Wear debris of the alumina
testing balls reacts with the Mn-containing phases present in the matrix, as indicated by
EDX-measurements of the darker phase in the wear track (Figure 6.6).
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Figure 6.6:  Special cases found in wear tracks of (a) Y-TZP with MnO2, black phase consists of an oxide
phase containing Mn and Al.

Inspection of all wear tracks of the Y-TZP ceramics showed that deformation of grains
has occurred (Figure 6.7). Especially along the edges clear evidence for deformation is
present whereas the middle of the track shows extreme material pull-out. This severe
wear is one of the reasons for the high coefficient of friction that is found. Hence, even
though no significant friction reduction was found, the preparation of these materials re-
sulted in ceramics with structural changes that cannot be accounted for, so far. For the
addition of MgO to Y-TZP, these changes can be explained by the stabilising effect of
MgO on the cubic or tetragonal structure. MnO, shows the presence of a distinct second
phase. This may be explained in terms of the presence of zirconia with a different struc-
ture (the monoclinic phase was found together with the tetragonal phase from XRD
analysis), since no significant amounts of Mn-containing compounds were found.
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| (d)

Figure 6.7:  Wear tracks of Y-TZP with the addition of (a) CuQO, (b) MnO2, (c) MgO and (d) B203, after slid-
ing against alumina balls.

(© 10um

Contrary to what was the case for Y-TZP, alumina was present in its most stable
a-phase. For alumina it is well-known that MgO acts as a grain growth inhibitor. In addi-
tion, MgO may have lubricating properties when applied as a solid state lubricant [1]. In
our alumina ceramics, however, MgO does not seem to act as a lubricant, but it plays a
significant role in the microstructural improvement and this, in turn, causes a reduction in
both friction and wear. For the alumina ceramics, a friction reduction for all materials is
measured, except for the CuO additive. After sintering the material with MnO,, the colour
of the discs had changed from black to red. This can be explained by a reduction from
Mn** to Mn** or Mn?*, as was found for Y-TZP. This reduction is probably caused by the
formation of a MnAl,O4-phase. This phase could not be detected in the wear track with
XRD, since only small amounts of additives are used. It is obvious that friction reduction
occurs but the exact mechanisms could not be revealed. Unlike what is found for the
Y-TZP materials, no evidence is obtained for any film formation due to the presence of a
softer phase (Figure 6.8).
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Figure 6.8:  Wear tracks of Al203; with the addition of (a) CuO, (b) MnO2, (c) MgO, (d) ZnO and (e) B20s,
after sliding against alumina balls.
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The other additives probably have a positive influence on the improvement of the alumina
microstructures. This is supported by the fact that the accompanying specific wear rates
are in the order of 10° mm?®(N-m), which is lower than the values found for alumina slid-
ing against pure alumina without any additive. Obviously, this low wear is indirectly re-
lated to the lower friction. On the other hand, for the case of Y-TZP with CuO sliding
against alumina, a coefficient of friction of 0.43 is measured, with a specific wear rate in
the order of 10”7 mm?®(N-m), indicating that wear and friction do not automatically go hand
in hand. Here, a high wear rate (compared to the value of 10° mm?/(N-m) for the undo-
ped compound) was found in combination with a low coefficient of friction.

CuO-containing alumina material showed a significantly lower friction compared to undo-
ped material when sliding against a Y-TZP ball: 0.43 instead of 0.7. This is similar to what
was found for a CuO-containing Y-TZP disc sliding against an alumina ball. So, CuO
lowers friction in heterogeneous wear couples with both alumina and Y-TZP. The expla-
nation may be the fact that alumina always reacts with CuO to form CuAlO,, which is a
softer compound with possibly good friction-reducing properties in the specific combina-
tion. Such a CuAlQ,-compound was detected in XRD measurements of materials con-
taining larger fractions of CuO [21]. Another possibility may be that, due to the presence
of both Y-TZP and CuQ, the superplastic deformation behaviour of Y-TZP is improved
[13,14] which, in turn, may be the reason for an important friction reduction. This differ-
ence in deformation behaviour may ease shear in the contact to a considerable extent
and thus decrease friction. The deformation behaviour may also explain the fact that in
most of the cases, during sliding less grain pull-out occurs which usually is the on-set of
severe wear of alumina ceramics.

6.5 Conclusion

This study shows the possibility of preparation and use of alumina and Y-TZP ceramics
with soft metal oxide additives (as second phase) intended to lower friction in dry-sliding
couples. All oxide additives had a relatively low melting point and hardness. The contents
of additives were low (1 to 5 wt%) to preserve the mechanical properties of the sin-
gle-phase ceramics. All materials could be made with sufficient densities, but some mate-
rials that showed liquid-phase sintering were more difficult to densify. The frictional prop-
erties of the materials are diverse.

For most of the Y-TZP ceramics no significant friction reduction is found. The CuO con-
taining materials, however, showed a friction reduction of almost 40% (0.7 to 0.43), when
sliding against alumina balls. For alumina, it is found that the use of additives resulted for
most of the materials in a friction reduction from 0.55 to about 0.47. The addition of CuO
results in the same friction reduction as described before, but only in wear couples in
which the alumina disc is tested against Y-TZP balls. The grain size of the alumina is
similar to that of materials without additive. This makes sure that it does not contribute to
differences in the specific wear rates.

From the preparation point of view, it is interesting to use more advanced processing
methods like colloidal filtration. Previous studies with colloidal-processed composite ma-
terials revealed improved tribological behaviour (low wear and friction), because of the
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enhanced microstructural homogeneity [18]. Colloidal filtration may yield a better homo-
geneity of the ceramic microstructure when compared to dry-pressing, e.g. a better dis-
persion of the additive through the ceramic matrix. With a better dispersion of the lubri-
cating phase it may also be possible to introduce larger or smaller amounts of additives
while still retaining the favourable mechanical properties of the matrix. The preparation of
more complicated systems (non-oxides, graphite) may be considered as well, but their
processing may be more difficult.
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7 Wear resistant ceramics: two practical cases
verified by tribological tests”

7.1  Introduction

Development and properties of wear-resistant ceramics have received increasing interest
in recent years. Particular attention is paid to wear-resistance and friction of dry sliding
contacts under harsh conditions such as high temperatures, contact pressures and slid-
ing velocities and chemically aggressive environments. Tribological laboratory studies of
ceramic materials at such conditions revealed wear rate values ranging from nearly un-
detectable up to unacceptably high. '

Hard and dense ceramics with a homogeneous microstructure can be good candidate
materials for stable dry sliding contacts. Additional requirements are: sufficient chemical
inertness with respect to the opposite material and the operating environment and a
thermal conductivity that is high enough to avoid local thermal flash phenomena [1].
Thermal conductivity becomes less important if wear-resistant ceramic materials can be
applied as a thin coating on other, thermally conductive materials. Dry sliding friction val-
ues can be improved further by making use of solid lubricants present in the material
matrix that are supplied to the contact surface during operation [2]. The requirements
mentioned make that ceramics of mainly alumina, zirconia and mixtures of these come
readily into scope. The optimum ceramic material depends largely on the actual applica-
tion. If chemical inertness is more important than thermal conductivity, fine-grained zirco-
nia may be the material of choice. At very high sliding speeds and contact pressures zir-
conia-toughened alumina might be the best material [3]. If requirements are less severe,
cheaper but more coarse-grained alumina ceramics can be the best solution.

Development of ceramics can be done in a synthesis/properties program with a focus on
microstructure control in which feed-back is provided by tribological tests performed at
standardised conditions in the laboratory. In that case one may encounter the problem,
that in such tests the practical circumstances can never be simulated. If, on the other
hand, promising materials are directly tested in practice, it is usually difficult to define (or
retrieve afterwards) exactly the actual tribological conditions that the materials have been
subjected to. This makes that systematic studies based on feed-back from practical tests
are nearly impossible. Hence one needs a significant number of practice tests to be sure
that the materials choice made sense at all while systematic development of promising
materials should be done in a parallel program with lab tests using fully defined tribologi-
cal tests that approach the practical situation as closely as possible.

" Taken from: B. Kerkwijk, J.J.C. Buizert, E.J. Mulder and H. Verweij, submitted for publication, 1999.




104

The rather formal statements of the above paragraph can be made more explicit with re-
cently obtained tests of the application of wear-resistant ceramics in axial bearings (in
pumps) and in high-definition cutting blades. For both applications particularly promising
results were obtained with fine-grained zirconia-toughened alumina (ZTA) composite
material and yttria-stabilised tetragonal zirconia (Y-TZP), respectively. The objective of
this chapter is to present these results and to compare them critically with the most rele-
vant tribological tests performed under standardised laboratory conditions.

7.2 Materials

' Fine grained zirconia powder was prepared by co-precipitation of YCI; and ZrCls in con-

centrated ammonia. After washing and drying, the powder was calcined at 500°C and the
resulting Y-TZP (5 at% Y) powder had a crystallite size of 8 nm as obtained from X-ray
line broadening and BET measurements (surface area of 100 m%g). To obtain a ZTA
powder with 85 wt% o-Al,Os;, ZrCly was precipitated in a suspension of a-Al,O; powder
(AKP50, Sumitomo Chemical Ltd., Tokyo, Japan) in ammonia. After washing and drying,
the powder was calcined at 550°C. Both Y-TZP and ZTA powders were consolidated by
dry pressing the powders into disc shapes. After consolidation, the Y-TZP and ZTA ce-
ramics were sintered to 94% and 99% of their theoretical density at 1150°C for 10 hrs
and 1450°C for 2 hrs, respectively.

To establish the ultimate limits in wear-resistance, ZTA ceramics were also made with an ex-

tremely fine-grained and homogeneous microstructure via a (more elaborate and expen-
sive) colloidal filtration route. For this process undoped zirconia powder was used, made
by the Y-TZP route and AKP50 alumina powder again. These powders were first ball-
milled separately in a 0.05 M HNO3; aqueous solution. Consolidation was performed by
colloidal filtration of the thoroughly mixed suspensions under vacuum. The resulting
green body was dried in air and sintered to full density at 1400°C for 2 hrs. All preparation
procedures were described more extensively in a previous study [4].

The following commercially available materials (provided by Dynamic Ceramic, England
and Gimex Technical Ceramics, The Netherlands) were tested as well:

e ZY-C, hot isostatic pressed high-strength Y-TZP, Technox Z3500,
¢ A100, alumina, Dynalox,

e ZTA-C, zirconia-toughened alumina, made from Daichii powder,

e ZTAC-HIP, hot isostatic pressed ZTA-C,

¢ SisNy, hot pressed silicon nitride.
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Table 7.1: Material and tribological properties of the various home-made and commercially available ce-
ramics used for practical tests; tribological properties are based on the maximum values
measured. Below the line values are given obtained with laboratory measurements of a ZTA
pin dry sliding against a colloidal processed ZTA disc.

Material Density Grainsize  Counterface  Running time Max. kw Max. track depth
[kgm’  [um] [hrs] [mm?/(N-m)] [um]
Y-TZP 5700 0.18 ZY-C 1120 3107 6
zy-c' 6100 0.35 ZY-C 375 1-107 13
A100’ 3970 2 ZY-C 1095 7-10° 24
SisNs' 3300 800 zZY-C 1082 1-107 56
ZTA 4200  Al0s1.0 ZY-C 575 4-10° 18
Zr02: 0.3
ZTAC' 4120  A103: 3.0 ZY-C 253 1-10° 650
Zr0O7: 0.7
ZTA-HIP? 4200 ALO3: 05  ZTAC-HIP® 317 1-10° 0.5
Zr02: 0.2
ZTAC-HIP? 4200  Al;03:3.0  ZTAC-HIP® 481 1:10° 0.7
Zr02: 0.7
ZTA-CF 4200  A1O30.5 ZTA 140 610" 0.08
ZrO2: 0.2

"supplied by Dynamic Ceramic, Great Britain; “ HIP performed by Dynamic Ceramic, Great Britain; ° HIP
performed by ECN, Petten, The Netherlands.

The performance under practical conditions of these materials was tested by using them
for an axial bearing in a gear wheel pump and by using them as cutting materials for bio-
logical tissue. For the former application a combination is desired of high hardness and
strength, whereas for the latter strength and minimisation of material break-out are of
major importance. Using these demands, a choice was made for ZTA and Y-TZP for the
pump application and Y-TZP only for the cutting applications because of its better tough-
ness and smaller grain size.

7.3  Axial bearings

The axial bearings studied are used in gear wheel pumps for chemically aggressive fluid
surroundings with varying viscosities. The bearings primarily act as seals, to prevent
leakage of process fluids to other pump parts. Typical operating conditions are: a linear
sliding velocity of 0.03 to 0.06 m/s, a temperature between 80 a 85°C and a pressure
varying between 1 and 5 MPa that is created on the axial bearing through a driving spin-
dle. This pressure depends on other properties like pressure and viscosity of the process
fluids and resistance in the pipes. Pump operation is frequently interrupted during testing
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and there is an acid-resistant grease present as an extra aid to avoid leakage. The con-
ditions mentioned make that the bearing material should have sufficient wear resistance
in combination with a good corrosion resistance at poorly defined tribological conditions.
Engineering metals for pump parts do not meet the requirements of corrosion resistance,
so that the use of ceramic materials was explored.

7.3.1 Practical tests

Before testing the average surface roughness of the materials was between 30 and
50 nm and the flatness of the opposing surfaces within 1 um. Since the materials had lit-
tle elasticity while minimal wear was expected, it was very important to obtain a system
lining in the mechanical seal that was as exact as possible. After testing, the worn sur-
faces were inspected by surface profiling and the materials were regarded as suitable for
gear wheel pump operation if the following criteria were met:

¢ Most important was that the wear track should not be deeper than <2 um after
200 hrs of testing.

e Additional wear had to remain <1 um in depth for every other 100 hrs of prolonged

testing.
Since in practice the materials should last for >8000 hrs (equivalent to 1 year of opera-
tion), the criteria as mentioned correspond to a wear track of no deeper than 80 um at the
end of the operational lifetime. To obtain more systematic data for materials characteri-
sation, the specific wear rate, kv, was determined using the actual operating conditions:

|2
=¥ 7.1
T (7.1)

in which Ww is the wear volume, F the applied force and s the sliding distance. (A material
is generally considered wear-resistant if k,<10° mm*N-m.)

Ceramic axial bearings, made from the materials as mentioned, were mounted in a gear-
wheel pump and tested for at least 150 hrs. Most of the samples were tested for longer
times with commercially available ZY-C counter-face (HIPed Y-TZP) material. These
tests showed that Y-TZP and ZTA, all made on lab scale, had an extremely good wear
resistance with wear rates in the order of 10° mm®N-m. The fact that zirconia- and alu-
mina-based material showed similar wear behaviour can be explained by the low sliding
velocities that are present in the specific pump that was used for testing. If velocities
larger than 0.2 m/s would be present, the zirconia material (Y-TZP) would suffer from
thermally induced fracture [1] and not be suitable for this application.

The commercial material ZTA-C showed a very poor wear behaviour, but when this mate-
rial was isostatic hot-pressed (ZTAC-HIP), the wear behaviour became similar to that of
the pressureless sintered ZTA material. The wear behaviour of the laboratory-made ZTA
material, however, was not significantly improved by the same post treatment. The poor
wear resistance of ZTA-C can be explained by the less homogeneous microstructure of
this material. This is particularly the case for the dispersion of the second phase (zirco-
nia) in the main phase (alumina): large clusters of zirconia material were found to be pre-
sent, resulting in easy material removal.
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Figure 7.1:  Two axial bearings showing clearly differences in wear behaviour after 575 hrs of operation. a:
laboratory-made ZTA material where a wear track is hardly visible. b: commercially available
ZTA-C material showing severe wear. Both materials have run against a ZY-C driving plug.

For pure alumina ceramics, a wear behaviour is found that is initially similar to that of the
ZTA materials but increasing dramatically after a certain time. Besides this it should be
taken into account that the materials must have a strength such that reliable designs of
all kinds of pump parts can be realised. Hence ZTA materials are most suitable for this
application because they have a higher toughness and strength than alumina and suffer
less from fatigue processes that may initiate severe wear. SizN4 ceramics were also
tested against the zirconia counterfaces and showed severe wear after less than 200 hrs
of testing.
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Figure 7.2: SEM details of the wear tracks of Figure 7.1. a: the laboratory-made material only shows slight
grooving of the surface caused by the incorporation of broken-out alumina particles in the ZY-C
counterface. b: the commercial material shows severe fracture and large portions of smeared-
out debris. Note the scale difference between a and b.

The results obtained for ceramic parts were compared to those obtained with stellite-20,
which is the most suitable engineering metal for the pump application considered. At the
given conditions stellite-20 components all showed severe wear, with a track depth of
>100 um, after 200 hrs of testing.
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Figure 7.3:  Wear track of a laboratory ZTA material. No grooving is found; the material wears by grain re-
moval only. This micrograph shows the influence of the counterface, since the ZTA counterface
does not allow incorporation of hard broken-out particles.

In a previous study, involving laboratory tests only, it was revealed that tribological sys-
tems made only from ZTA materials may show extremely low wear rates [7]. Hence a
limited number of tests were conducted with a commercially available ZTA counterface of
the type ZTAC-HIP. For that case, extremely good wear behaviour was found for both the
commercial and the laboratory-made ZTA ceramics. Similar to what was found in the
laboratory tests, wear took mainly place by polishing with some grain pull-out. Slight
grooving was occasionally found and probably caused by minor deviations from the ideal
system lining.

7.3.2 Laboratory tests

There is a significant spread in the experimental k, values obtained with the practical
gear-wheel pump tests. This large spread can partly be assigned to uncontrollable varia-
tions in the force that is applied to the axial bearing and to lack of control of the chemical
nature of the compounds present between the counterparts. Yet it is possible to use the
ks values to obtain a qualitative ranking of the various materials operated at practical
conditions. “Pin-on-disc” measurements performed in the laboratory with colloidal proc-
essed ZTA discs sliding against pins made from the same material without any lubrica-
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tion revealed extremely low wear rates [7], solely taking place by polishing. If these
measurements were performed under mild conditions similar to those of the gear wheel
pump tests, no ZTA wear was found at all. To obtain a quantitative ranking of the materi-
als performance, measurements were made under more extreme tribological conditions
with higher initial pressures up to 1.7 GPa and sliding velocities of 0.5 m/s. At such con-
ditions, reproducible specific wear rates could be obtained, for colloidal processed ZTA of
the order of 107" mm®%N-m. Other materials like SizNs, alumina and ZTA-C showed de-
structive failure at these extreme conditions. We did not obtain convincing support for the
use of (expensive) HIP post-treatments. All this indicates that ZTA is the best choice for
this application. Colloidal processed ZTA is more expensive to produce but has an even
better homogeneity than the normal ZTA produced by dry pressing.

7.4 (Cutting edges

Cutting applications require materials that can be machined with very sharp and well-
defined cutting edges. Besides that, the cutting edge should have an extended useful
lifetime and it should be able to withstand cleaning treatments such as high-temperature
sterilisation for medical applications, which generally leads to deterioration of the proper-
ties of the material. The use of ceramics is then the logical choice. The major problem
with ceramics, however, is that brittle fracture of the material in the cutting edge is more
likely to occur.

The cutting materials used in this study were made from Y-TZP ceramics. Such ceramics
are less brittle than conventional ceramics and can be easily made with a small grain
size. The latter makes that cutting edges can be produced with a better definition and
that break-out of single grains does not immediately have a catastrophic effect on cutting
performance. Since ceramic materials for cutting applications are envisaged to replace
hard metals (WC-Co), the quality of ceramic cutting edges should be comparable to hard
metals. In such a comparison both initial sharpness and usable lifetime of the cutting
edges are of major importance. The initial sharpness can easily be determined from opti-
cal microscopy. Pictures of the cutting edges at magnifications of 500 up to 1000 times
should reveal very limited or, preferably, no break-out of the cutting edge material. The
cutting properties of the ceramic materials are determined best by examining the quality
of the most critical biological microtome specimens. Too much friction in the knife speci-
men couple will result in superficial distortion and hence the quality of the sample will not
be good enough for further processing.

Ceramic cutting edges made on laboratory scale produced test samples were first ex-
amined on the quality of the cutting edges, which should at least be equal to hard metal
cutting edges. For Y-TZP ceramics with small grain sizes (<0.2 um) this was possible,
even though the density of the ceramics was not 100%. In addition the quality of those
cutting edges was at least equal to that of commercially available ceramics. Examination
at a 500-times magnification of the cutting edges made from similar Y-TZP ceramics with
>0.4 um grains revealed the presence of “craters” The occurrence of these craters pro-
vides an indication of significant material remova! at the cutting edge taking place by
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break-out of a large portion of grains at once. Cutting edges with craters could no longer
be used.

T,

60 pm

(b)

Figure 7.4: Optical micrographs of a: coarse-grained Y-TZP cutting edge of a, showing a large break-out
crater; b: cutting edge of fine-grained Y-TZP material with a quality similar to that of hard metal.

Cutting experiments were performed on organic material and it was found that the quality
of the specimens made with fine-grained Y-TZP ceramic cutting edges were of a quality
equal to those made with a state-of-the-art hard metal knife. The long term performance
of the ceramic cutting materials was superior to that of the metals. This result can be ex-
plained by the fact that corrosion and wear resistance of the ceramics were better than
those of hard metal. '
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7.5 Conclusions

Practical tests were performed with various ZTA and Y-TZP ceramics as seal plates of an
axial bearing in a gear wheel pump. These tests showed qualitatively that both ZTA and
Y-TZP may have sufficient wear resistance under the specific circumstances used. A
more quantitative ranking of the relevant properties of the materials used could only be
made in a series of laboratory tests with standardised conditions that approached the
practical situation as much as possible. In these tests a clear influence was found of mi-
crostructural homogeneity on wear resistance. Hence this aspect can be taken as a
guideline for making choices between chemically similar materials. Wear rate values of
10" mm*/(N-m) were measured for ZTA dry sliding against ZTA in laboratory pin-on-disc
measurements, whereas similar values could be obtained in practical tests with ZTA
materials sliding against materials of the same nature. The fact that ZTA is the preferable
material for mechanical seals is further supported by its favourable mechanical strength.
A detailed choice of the most suitable ZTA material largely depends on ultimate quality
versus cost-price considerations.

Fine-grained Y-TZP ceramics (grain size <0.2 um) can be very suitable to manufacture
edges for cutting organic specimens. The ceramics studied were not yet fully optimised
for this application, so further improvements may be expected, particularly in usable life-
time.
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8 Evaluation

8.1 Introduction

The work described in this thesis has been carried out in the framework of the project
TST.3418 “Nanoscale zirconia ceramics with extremely high wear-resistance”, financed
by the Dutch Technology Foundation STW. This project was preceded by the
IOP-ceramics project elaborated by He [1], who performed a study on the tribological and
mechanical properties of fine-grained zirconia and zirconia-alumina ceramics. The IOP-
ceramics project offered perspectives for much improved tribological performance of
fine-grained ceramics. This thesis presents subsequent research on the tribological be-
haviour of nanostructured zirconia and alumina ceramics and composites. Advanced
processing routes were used to manufacture nanostructured homogeneous ceramics
with extremely good wear resistance and low friction. A qualitative description of the rela-
tion between ceramic microstructure and tribological behaviour was given.

8.2 1Influence of second-phase addition on wear-resistance

The results from chapter 3 showed that the addition of a second phase fo either a zirco-
nia or an alumina matrix ceramic improves the tribological properties. Addition of alumina
to zirconia does not create a percolative system, since thermally induced fracture proc-
esses are still found at higher sliding velocities. In addition, the material can be tested at
higher contact pressures and also higher velocities before transition to severe wear takes
place. Addition of the second phase close to the percolation limit may improve the tribo-

" logical behaviour, but the preparation of such a material will be more difficult, since

two-phase sintering will be a problem then.

Alumina shows low specific wear rates at all test conditions. The specific wear rate, how-
ever, does increase significantly with increasing sliding velocity. The load dependence of
wear transition is not necessarily accounted for in the overall specific wear rate. From
on-line wear measurements it is found that after a short period of severe failure of the
ball, a low specific wear rate can be achieved again. The addition of a zirconia second
phase improves the wear resistance in all cases. Moreover, these zirconia toughened
alumina (ZTA) materials can still be tested up to initial contact pressures of 1600 MPa,
without showing significant wear. In this case, the alumina balls show failure again, but
the overall specific wear rate of the ZTA discs is still below the limiting value of
10° mm?¥(N-m).
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8.3 Influence of microstructural homogeneity on wear-resistance

He [1] showed that ceramic grain size is one of the most important microstructural prop-
erties that needs to be controlled to increase the wear-resistance of ceramics. Resulting
from this understanding, mainly fine-grained ceramics were used in the work described in
this thesis. One of the recommendations made by Y.J. He was that attention had to be
paid to the production of dense, defect-free and homogeneous ceramics. The results
from this thesis show that homogeneously structured composite ceramics of zirconia and
alumina show extremely good wear behaviour indeed.

Colloidal processing of zirconia-toughened alumina (ZTA) results in defect-poor, dense
composites [2]. The ceramic formed by colloidal processing and sintering, as was de-
scribed in chapter 2, showed a very homogeneous phase distribution and also smaller
average grain sizes than for dry-pressed ceramics, sintered from both home-made and
commercial powders. The colloidal processed material sintered at 1400°C had grain

sizes as low as 0.5 um for alumina and 0.2 pm for zirconia. During sintering of colloi-
dal-processed ceramics, considerable mutual grain-growth inhibition of alumina and zir-
conia grains was caused by a uniform distribution of the particles in the green compact.
An option to improve the properties of these composite materials and their processing,
may be the use of even finer-grained alumina powders to obtain a smaller grain size.
Furthermore, the question arises if it will then still be possible to create such a homoge-
neous dispersion. If the particle size distribution of the alumina powder will be very
“sharp”, this may be a possibility.

Tribological investigations performed on these ZTA ceramics, showed mild wear under
dry sliding testing conditions against alumina balls (initial contact pressure 1130 MPa
(10 N), velocity 0.5 m/s). The specific wear rate was 5:10® mm®%(N-m) for the colloidal
processed material and 2-10° mm*Nm for the reference materials made by dry pressing,
as described in chapter 3. The differences in wear rates are caused by grain pullout in
regions of the reference material that were not affected by abrasive wear, whereas the
colloidal-processed material shows only polishing and deformation in these regions. It
can therefore be concluded that the improved microstructure of the colloidal processed
material leads to an improved wear resistance compared to the more coarse-structured
and irregular reference material. This improvement is mainly seen from the fact that less
grain pull-out occurs during sliding. This means that the materials have a good stacking
of the particles after consolidation, resulting in stronger grain boundaries and an im-
proved grain boundary morphology.

These ZTA ceramics also have a self-mating, dry sliding specific wear rate as low as
6.3-107"® mm%(N-m) under extreme pressures (1.7 GPa, 14 N). These values, reported in
chapter 4, are significantly lower than values reported in literature [3,4]. The use of pins
of this homogeneously structured ZTA ceramic shows that no transition from mild to se-
vere wear occurred. Compared to the use of alumina, where the transition did occur, this
also shows the importance of microstructural homogeneity with respect to transition phe-
nomena. In addition, alumina has more limitations in practical use, since its maximum
applicable load before a wear transition occurs is lower than for ZTA composite ceramics.
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This finding supports the use of colloidal processing routes to obtain homogeneously
structured ceramic materials, in particular for composite ceramics.

8.4 Wear modelling

Considerable experimental work was done to verify the model that was initiated by Met-
selaar et al. [5]. The main basis of this model work described in chapter 5, is to create a
wear map based on dimensionless numbers for the description and prediction of wear
behaviour for a variety of ceramics under a wide range of operating conditions. These
dimensionless numbers are representative for the mechanical severity (MS) of the sliding
contact, as described by Adachi et al. [3], and the thermal severity (TS) of the sliding
contact. The TS parameter is developed using the work of Bos [6], who describes the
temperature rise in an elliptic contact with an elliptic heat source. Results from the verifi-
cation experiments were divided in the categories mild (k, < 10° mm*(N-m)) and severe
(k> 10 mm*/(N-m)) wear. Using the characterisation in mild and severe wear in combi-
nation with the MS and TS parameters, clearly shows the on-set of the transition from
mild to severe wear for several material combinations. So far, the problem is that the
model does not give a unified number for TS where the on-set of this transition occurs.
For Al,Oj3 this value is 1, whereas it is 1.5 for SizNs4, 2 for SiC and 3 for Y-TZP. Based on
the model description the prediction is that the value for TS should have the same value,
regardless of the materials and test parameters used. Up to now, there is no under-
standing for these differences, but the model maps the transition behaviour well for the
materials separately.

Further work in this subject may focus on the understanding of the influence of micro-
structural properties on the transition behaviour. Also the amount of materials combina-
tions needs to be expanded to be able to explain the differences in transition values for
TS. The development of the model may result in a unified wear map, where both me-
chanical (MS) and thermal influences on the tribological behaviour may be included.

- 8.5 Friction reduction

In most practical applications coefficients of friction should be below 0.2 to minimise en-
ergy loss. Since even the most wear-resistant materials found in this study showed a co-
efficient of friction of no less than 0.43, an experimental study was performed on materi-
als with solid state lubricating additives [7]. The study, described in chapter 6, showed
the possibility of preparation and use of alumina and Y-TZP ceramics with soft. metal ox-
ide additives intended to lower friction. Low contents of additives were used to preserve
the mechanical properties of the single-phase ceramics. The addition of CuO occasion-
ally resulted in a friction reduction of 40% in a number of experiments, indicating that the
approach may be successful. In Y-TZP ceramics the additives mainly influence the prop-
erties of the grain boundaries since practically no grain pull-out was found, but only de-
formation of grains and some evidence of film formation. The same counts for the alu-
mina-based materials, only here, no film formation takes place. The presence of a friction
reducing distinct separate phase in both matrix materials was not proved yet.
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The minimum coefficient of friction found was 0.41, a value that is still too high. Evidence
was found that improvement of the dispersion homogeneity might result in even lower
values for the coefficient of friction. This means that it is interesting to use methods like
colloidal filtration. As was shown in chapter 2 and 4, colloidal processed composite mate-
rials revealed improved tribological behaviour (low wear and friction), because of the im-
proved microstructural homogeneity. Since all results up to now were obtained from
dry-pressed materials, colloidal filtration can be used to obtain a better homogeneity of
the ceramic microstructure, e.g. a better dispersion of the additive through the ceramic
matrix. With a better dispersion of the lubricating phase it may also be possible to intro-
duce larger or smaller amounts of additives while still retaining the favourable mechanical
properties of the matrix. The preparation by this method, of more complicated systems
(non-oxides, graphite) may be considered as well, but such a preparation may be more
complicated. The characterisation of the materials microstructure needs to be performed
with other techniques like TEM or AES. This is necessary since the small amounts of ad-
ditive are very difficult to trace in the bulk. This may contribute to a better understanding
of the operative wear and friction reducing mechanisms as well.

8.6 Practical relevance

To demonstrate the use of the nanostructured zirconia and alumina ceramics and com-
posites, practical tests were performed with various ZTA and Y-TZP ceramics. Tests
performed on ceramic seal plates of an axial bearing in a gear wheel pump, showed
qualitatively that both ZTA and Y-TZP may have sufficient wear resistance under the
specific circumstances used. Hence, this similarity between laboratory and practice re-
sults can be taken as a guideline for making choices between chemically similar materi-
als. As mentioned, specific wear rates of 10™'° mm®/(N-m) were measured for ZTA dry
sliding against ZTA in laboratory pin-on-disc measurements, whereas similar values
could be obtained in practical tests with ZTA materials sliding against materials of the
same nature. The fact that ZTA is the preferable material for mechanical seals is further
supported by its favourable mechanical strength. A detailed choice of the most suitable
ZTA material largely depends on ultimate quality versus cost-price considerations.

Fine-grained Y-TZP ceramics (grain size <0.2 um) were found to be suitable to manu-
facture edges for cutting organic specimens. The ceramics studied were not yet fully op-
timised for this application, so that we may expect further improvements, particularly in
usable lifetime. It is expected that further development of nanostructured Y-TZP ceramics
will result in even better defined ceramic cutting edges, because of extremely small grain
sizes. The resulting homogeneity of the microstructure may improve the lifetime, because
of diminished grain removal.

To increase the number of future applications, it may be necessary to translate the prop-
erties of the bulk ceramic materials to applied coatings of these materials. It should be
possible to apply such coatings on "cheap" substrates as engineering polymers or met-
als. This means that these could coatings should be sintered dense at extremely low
temperatures (max. 600°C). Resulting from this demand, nanometer-sized particles
should be made for these coatings. This may be possible by the use of emulsion-
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precipitatio'n techniques. When the same homogeneity of, for instance, the ZTA ceramics
made by colloidal filtration, can be reached with extremely small grains, it may be possi-
ble to obtain wear-resistant, low friction coatings, made from relatively cheap material.
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Summary

The work described in this thesis is about wear and friction of zirconia and alumina
ceramics and composites of zirconia and alumina. Tribological properties are system
properties that can only be studied for given combinations of materials and operating
conditions. The tribological properties of ceramics, however, are particularly influenced
by the homogeneity of the ceramic microstructure. Important parameters of that are
porosity, grain size and possibly phase dispersion homogeneity of composites.

In this thesis mainly attention was paid to the preparation of ceramic systems, as
homogeneous as possible and the influence of homogeneity on tribological properties.
The preparation of homogeneously structured composite material was mostly done by
conventional processing but occasionally extreme homogeneity was achieved by
colloidal processing. The preparation of dense homogeneous zirconia-toughened
alumina (ZTA) with high dry sliding wear resistance is described in chapter 2. These ZTA
ceramics were sintered for 2 hours at 1400°C and consists of a homogeneous
distribution of zirconia grains in an alumina matrix with grain sizes of 0.2 and 0.5 um,
respectively. Tribological measurements revealed for these materials a very low specific
wear rate (app. 10° mm*Nm) and a coefficient of friction of 0.5 with alumina as the
counter material. It is shown that, in this case, wear is dominated by abrasion and
polishing.

The influence of the second phase of alumina or zirconia on the tribological properties of
zirconia and alumina, respectively, is dealt with in chapter 3. It was shown that, with
initial Hertzian contact pressures up to 1 GPa and sliding velocities up to 0.5 m/s, the
specific wear rate was the highest for Y-TZP, 10 mm®%(N-m), and the lowest for ZTA,
10° mm®/(N-m). For both single-phase zirconia and alumina ceramics it was found that
addition of a harder (alumina) or a tougher (zirconia) phase, respectively, leads to an
improved wear resistance. Depending on the test conditions the wear mechanisms are
abrasion, delamination and polishing. The main conclusion of this work is that ZTA
composites manufactured and tested in this study have a superior wear resistance and a
relatively low coefficient of friction under dry sliding conditions.

The results of measurements on some exceptionally wear-resistant materials are given
in chapter 4. ZTA ceramics, prepared by colloidal processing, show an improvement in
wear resistance of >3 orders of magnitude in dry-sliding self-mating tests compared to
less homogeneous ZTA, prepared by conventional processing of commercial powders.
The composite ceramics also show superior tribological behaviour compared to
self-mating a-alumina and yttria-stabilised zirconia couples.

Modelling of the tribological results is described in chapter 5. The objective of this study
is to introduce a wear map of ceramics which shows the different regimes of dominant
wear modes observed for a wide range of material properties and operational conditions.
For this purpose, friction and wear tests are carried out with tetragonal zirconia discs
sliding against various pin materials under various contact pressures and sliding




velocities. The sliding wear phenomena observed in all tests can be classified into two
types: "mild wear" and "severe wear". If the specific wear rate exceeds the value of
3-10"° mm*/(N-m), wear is indicated as "severe". The critical condition for transition from
mild to severe wear is obtained with an intergranular fracture model that considers both
mechanical and thermal properties. A wear map of ceramics, in which the mild and
severe wear regimes can be distinguished, is introduced using two dimensionless
parameters, namely an existing mechanical severity of contact (MS) and a newly
developed thermal severity of contact (7S). The availability of the wear map constructed
by this method is proven by the experimental results observed for a wide range of test
material properties and operational conditions.

Chapter 6 describes the preparation and frictional properties of alumina and Y-TZP
ceramic composites with small amounts of soft oxide additives. The concentration of
additive was kept low to preserve the mechanical properties of the matrix ceramics.
Various single oxide additives (ZnO, MgO, CuO, B,O3; and MnO,) were used to establish
which oxides could result in a significant friction reduction in dry sliding pin-on-disc
experiments against alumina or Y-TZP balls. All additives resulted in medium friction
(app. 0.5) for dry sliding of ceramics with alumina and high friction (> 0.65) for ceramics
‘with Y-TZP. The addition of CuO in alumina or Y-TZP reduced the coefficient of friction
from 0.65 to 0.45.

In chapter 7, the relation is described between ceramic wear in practice and laboratory
test results. The practical case study focuses on mechanical seals in a cogwheel pump.
Besides tribological issues, manufacturing and engineering issues are addressed as
well. The results show that a good prediction can be made of the performance of
ceramic materials classes under practical conditions on basis of tribological laboratory
tests. In addition it was found that practical operational conditions showed significant
variation. This led to the conclusion that a materials selection narrowed down by practice
test must again be followed by accurate and reproducible laboratory test again.

In chapter 8 an evaluation of the presented work is given together with
recommendations for future research, development and production. First, it is necessary
to look for more applications in which the advantageous properties of ceramic materials
fully justify their use. Second, the reduction of friction is should receive more attention
because the use of ceramic materials in tribosystems may be further promoted when
friction is low. Finally, it may be important to obtain the bulk materials with favourable
tribological properties in the form of well-defined coatings on "cheap" substrates. This
will significantly reduce cost-price and hence open perspectives for a wide range of
applications including consumer products.




