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Summary 
 

In certain applications, including high temperature or vacuum environments, liquid 
lubricants or greases are not stable or not desired. Therefore, solid lubricants are 
potentially suitable candidates for the reduction of friction and wear. Further, 
ceramic materials are a suitable candidate for harsh environments such as high 
temperatures and vacuum. Ceramic components are generally lubricated by thin 
solid films to achieve low friction and wear. The lifetime of such films is 
inevitably limited. By incorporating solid lubricant into a hard ceramic matrix, 
friction and wear can be decreased during sliding by realizing a gradual 
replenishment of the soft solid lubricant to the surface.  If the layer of solid 
lubricant is being restored by mechanical or thermal interaction by the two 
contacting bodies, the system is a self-lubricating tribosystem. Therefore, it is of 
great importance to study the self-lubricating ability of a ceramic contact and 
understand the layer formation mechanism in the contact. 
In this thesis, a copper oxide doped zirconia composite (CuO-TZP) has been 
chosen as a self-lubricating ceramic composite system. The tribological 
performance of the ceramic composite has been systematically investigated. To 
understand the self-lubricating ability of the composite, the friction behaviour has 
been studied at different temperature levels. First, dry sliding tests were conducted 
at room temperature using different loads and sliding velocities as well as 
countersurfaces. The wear mechanisms have been investigated using an 
interference microscope, SEM/EDS, XPS and micro-FTIR. At room temperature, 
5CuO-TZP only shows low friction and wear against an alumina countersurface. 
The low friction and wear are attributed to the formation of a soft aluminium 
hydroxide layer. Similar dry sliding tests have been carried out at elevated 
temperatures. A coefficient of friction of 0.35 and a specific wear rate less than 10-

6 mm3/Nm were obtained at 600 °C for CuO-TZP sliding against an alumina 
countersurface. It has been found that a soft copper rich (third body) layer is 
formed at the interface between the sliding components. The thickness of the soft 
layer has been measured using XPS. The formation of the soft layer as well as the 
wear mechanism has been explained. However, below 600 C, the aforementioned 
tribosystem reveals a high coefficient of friction and wear rate. The results of wear 
and friction are consolidated in a simple wear transition diagram. 
 A physically-based model has been developed which includes the processes 
responsible for maintaining the soft third body layer at the interface. The 
developed model includes a source flow and wear flow in balance for a stable thin 
soft layer in the contact. The model can predict the thickness of the third body 
layer under different tribological conditions in the mild wear regime. It can be 
concluded that the tribological performance of CuO-TZP under dry contact 
conditions strongly depends on the operational conditions. At room temperature, 
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CuO-TZP sliding against alumina shows mild wear if the contact pressure remains 
below a critical level. At intermediate temperature levels, 25 C < T < 600 C, 
CuO-TZP shows severe wear. At 600 C and 700 C, CuO-TZP shows mild wear 
up to a contact pressure of about 0.5 GPa. The low friction at 600 C and 700 C is 
attributed to the formation of a third body layer which is generated by squeezing 
out of the copper rich phase. The developed third body model has been used to 
predict the thickness of the soft layer on the ceramic substrate. It has been shown 
that the amount of squeezed soft phase is determined by soft phase concentration 
as well as the applied load while the wear model is influenced by the 
microgeometry of the countersurface.  
This thesis is divided into two parts: the first part presents an overview of 
experiments and modelling aspects. The second part presents the details of 
individual research papers. This form enables the reader initially to obtain a clear 
view of the overall aim of the research while the second part elaborates on the 
details. 
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Samenvatting 
  
In bepaalde toepassingen is de toepassing van vloeibare smeermiddelen of vetten 
niet gewenst of zijn dergelijke smeermiddelen niet stabiel. Voorbeelden hiervan 
zijn hoge temperatuur of vacuüm toepassingen. Wel zijn in dergelijke toepassingen 
vaste smeermiddelen potentieel geschikte kandidaten voor de vermindering van 
wrijving en slijtage. Verder zijn technische keramieken geschikte materialen voor 
kritische toepassingen zoals hoge temperaturen omgevingen en vacuüm condities. 
In het algemeen kan een lage wrijving gecombineerd met een lage slijtage van 
keramische componenten worden gerealiseerd door de toepassing van dunne 
zachte oppervlaktelagen. De levensduur van dergelijke lagen is beperkt doordat de 
zachte oppervlaktelaag onderhevig is aan slijtage. De dunne zachte oppervlakelaag 
kan worden hersteld door een gecontroleerd transport van de zachte fase naar het 
oppervlak in het geval van technische keramieken voorzien van een zachte tweede 
fase. Indien de dunne zachte oppervlaktelaag wordt hersteld door mechanische of 
thermische interactie tussen de twee contactvlakken kan worden gesproken van 
een zelfsmerend tribosysteem. Voor een goed ontwerp van een zelfsmerend 
technisch keramiek is het van groot belang om de eigenschappen van een 
zelfsmerend tribocontact te onderzoeken en het mechanisme van opbouw en 
herstel van de dunne zachte zelfsmerende laag te modelleren. 
In dit proefschrift is een zirconia composiet (CuO-TZP) gekozen als een 
zelfsmerend technisch  keramiek. De tribologische eigenschappen van dit 
materiaal zijn systematisch onderzocht met behulp van experimenten.. Ten eerste 
zijn er ongesmeerde wrijvingsexperimenten uitgevoerd bij kamertemperatuur. 
Hierbij is de aangebrachte belasting, glijsnelheid en het tegenloopvlak gevarieerd. 
De slijtage mechanismen zijn onderzocht met behulp van een 
interferentiemicroscoop, SEM / EDS, XPS-en micro-FTIR. Bij kamertemperatuur 
vertoonde 5CuO-TZP alleen lage wrijving en slijtage tegen een aluminiumoxide 
tegenloopvlak. De lage wrijving en slijtage worden onder deze condities 
toegeschreven aan de vorming van een zachte aluminiumhydroxide laag. 
Soortgelijke wrijvingsexperimenten werden uitgevoerd bij verhoogde 
temperaturen. Er is bijvoorbeeld een wrijvingscoëfficiënt van 0.35 en een 
specifieke slijtagegraad van minder dan 10-6 mm3/Nm gevonden vanaf ongeveer 
600 °C in het geval van CuO-TZP tegen een alumina tegenloopvlak. Gebleken is 
dat een zachte koperrijke laag  (de ‘third body’) wordt gevormd aan het grensvlak 
tussen loopvlakken. Uit metingen is gebleken van de dikte van deze zelfsmerende 
zachte laag ongeveer 60 nm is. Ook onder deze condities zijn de mechanismen 
betrokken bij de vorming van de zachte laag onderzocht. Echter, bij temperaturen 
lager dan ongeveer 600 C is een hoge wrijvingscoëfficiënt en slijtage gevonden 
bij bovengenoemd tribosysteem. Tenslotte worden de resultaten van de wrijvings- 
en slijtageexperimenten samengevat in een eenvoudig diagram. 
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Verder is er een fysisch gebaseerd model ontwikkeld voor de processen die 
verantwoordelijk zijn voor de vorming en instandhouding van de dunne zachte 
oppervlaktelaag. Het ontwikkelde model omvat een model voor de transport van 
de zachte fase naar het oppervlak en een model voor de transport van materiaal van 
de dunne zachte laag naar de omgeving. Deze twee transportverschijnselen moet in 
evenwicht zijn voor de realisatie van een stabiele oppervlaktelaag. Het model is in 
staat om de dikte van de ‘third body’ te voorspellen in het milde slijtagegebied.  
Samenvattend kan uit het onderzoek worden geconcludeerd dat de tribologische 
prestaties van CuO-TZP onder droge contact condities sterk afhankelijk zijn van 
de operationele condities. Bij kamertemperatuur vertoont  CuO-TZP tegen alumina 
milde slijtage als de contactdruk onder een bepaald kritisch niveau blijft. Bij 
temperaturen tussen 25 C  en 600 C vertoont CuO-TZP ernstige slijtage. De lage 
wrijving bij temperaturen rond 600 C en 700 C  bij CuO-TZP treedt op tot een 
contactdruk van ongeveer 0.5 GPa. De lage wrijving 600 C en 700 C  wordt 
toegeschreven aan de vorming van een zacht zelfsmerende laag die wordt 
gegenereerd door het onder hydrostatische druk uitpersen van het koper rijke fase 
uit de keramische matrix. Het ontwikkelde model kan worden gebruikt om de dikte 
van de zachte laag op het keramische substraat te voorspellen. Gebleken is dat 
transport van materiaal naar de dunne zachte laag wordt bepaald door de 
concentratie van de zachte fase en de aangebrachte belasting. Materiaalverwijding 
van de dunne  zachte laag wordt beïnvloed door de microgeometrie van het 
tegenloopvlak. 
Dit proefschrift bestaat uit twee delen: het eerste deel geeft een overzicht van 
experimenten en modelleringsaspecten. Het tweede deel beschrijft de details van 
het onderzoek door papers. Op deze manier kan de lezer in eerste instantie een 
beeld krijgen van de algemene doelstelling van het onderzoek, terwijl het tweede 
deel dieper ingaat op de details. 
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Chapter 1: Introduction 
1.1 Introduction 
 
     Ceramic materials are attractive for engineers and scientists due to the unique 
properties as compared to metals and polymers. Typical properties for ceramics 
include a high hardness, low density, high strength at high temperature conditions, 
exceptional electrical, thermal and magnetic properties as well as a good wear and 
corrosion resistance at high temperatures. Structural ceramics have been currently 
used as tribomaterials for both dry and lubricated conditions. It is well known that 
water and oils can be used for ceramic contacts to obtain low friction and wear at 
ambient temperatures [1]. Ceramic materials are a suitable candidate for harsh 
environments like high temperatures and vacuum where lubrication with oils and 
greases is not possible because mineral or synthetic oils are not stable in these 
conditions. Solid lubricants are widely used in ceramic contacts at high 
temperature conditions to achieve low friction and wear. One of the main issues 
with solid lubricants is their short lifetime since the solid lubricant tends to be 
removed from the contact area. By incorporating solid lubricant reservoirs into a 
hard ceramic matrix, friction and wear can be decreased. Over longer sliding time, 
a gradual replenishment of the soft solid lubricant to the surface can be realized.  If 
the layer of solid lubricant is being restored by mechanical or thermal interaction 
by the two contacting bodies, the system could be called a self-lubricating 
tribosystem. 
The following section summarizes the tribological aspects, like friction and wear, 
of two contacting ceramic bodies. In section 1.3 current structural ceramics, which 
are used as tribomaterials, will be briefly introduced. In section 1.4, a short 
introduction on self-healing materials, and more specifically on self-healing 
surface layers, will be given. Finally, the research objectives as well as an 
overview of the thesis will be given in sections 1.5 and 1.6 respectively.  
  
1.2 Tribology; friction and wear 
 
      Tribology deals with contacting surfaces under relative motion [2]. Figure 1.1 
shows a schematic representation of the tribosystem. It is composed of two bodies 
in contact (1 and 2), with a lubricant (3) in between and operating in a certain 
environment (4).  
In a tribosystem, operating conditions play an important role and include: normal 
force, sliding velocity, type of motion, contact time or sliding distance and 
temperature. The conditions strongly interact with the structural parameters of the 
tribosystem. These structural parameters are properties related to the mechanical 
and thermal behaviour of the material in the tribosystem and include: composition, 
roughness, elastic modulus, hardness and reactivity of the surfaces. Due to the 
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operating conditions and structural parameters, the tribosystem leads to interaction 
parameters like: contact stresses, friction, heat generation, wear [3]. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1 Schematic illustrating a tribological system as a function of different 
parameters. 

 
In order to focus further on the characteristics of a tribosystem, two types of 
tribological contacts can be distinguished based on the shape of the contacting 
bodies: conformal and counterformal contacts. Together with a certain specific 
geometry of the bodies e.g. cylinder or sphere, this will result in line, circular or 
elliptical contacts. Furthermore, the type of motion is important, e.g. rolling and/or 
sliding motion; continuous or reciprocating motion [3]. In this thesis only 
concentrated sliding contacts are considered. 
 
1.2.1 Surfaces in contact  
 
 Surfaces contain roughness, i.e. deviations from the mean line, as schematically 
shown in figure 1.2, and can be characterized by an arrangement of individual 
asperities with a different shape and size. As can be seen in figure 1.2, when two 
surfaces are brought into contact, the contact takes place on a micro-level.  
 

          
Figure 1.2 Apparent and real contact area (arrows show the real contact area). 
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The contact area is called the real contact area and depends on load, roughness, 
material properties (hardness, elastic modulus, etc.) and type of material 
deformation (elastic, plastic). For random rough surfaces, the real contact area is 
proportional to the applied load [4]. 
Since real engineering surfaces contain asperities, the real contact area (Ar) can be 
expressed as the summation of individual contact areas (Ai) of such asperities: 
 

            
n

i ir AA
1

                                                         (1.1) 

 
whereas (n) is the number of  micro contacts. 
The question which remains is; what is the size of the real contact area. There have 
been many attempts to model and estimate the real contact area. This will be 
further described in the next chapter using contact models. It is shown that the real 
contact area is about 20% of the nominal or apparent contact area (An) for 
materials with a high modulus of elasticity such as many engineering ceramics [1].  
 
1.2.2 Friction 
 
         Friction generated in the real contact area is a complex phenomenon 
associated with a variety of different physical, mechanical, and chemical processes.  
The friction force can be defined as the tangential force that takes place at the 
surface between two contacting bodies and is directed opposite to the relative 
velocity between those interacting bodies. The coefficient of friction (COF) is 
expressed as follows [5]:  

                                                           
N

F
                                                        (1.2) 

 
whereas  is the coefficient of friction, (F) the friction force, (N ) the normal force. 
 Generally, friction obeys the following three empirical laws [5]: 

1. The friction force is proportional to the normal load.                                                 
2. The friction force is not dependent on the apparent contact area. 
3. The friction force is nearly independent of the sliding velocity, temperature 

and roughness as soon as motion has begun. 
Although polymer materials might not obey the third friction law due to 
temperature dependency of the mechanical properties, many metals and other 
materials do show a good approximation of these friction laws [5]. Friction is 
normally dependent on many factors such as surface properties, material properties 
as well as the environment [6]. It is well known that the environment (humidity) 
has a pronounced influence on the friction and wear of ceramics. In certain cases, 
it could result in very smooth and low friction tribochemical layers, while in other 
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cases it may cause hydrothermal transformation (for instance zirconia) and surface 
fracture accompanied by high friction [1].  
Ceramics are inherently brittle due to the nature of their atomic bonding. They 
show a limited amount of plastic deformation under certain circumstances and 
most frequently micro fracture at the surface in sliding contacts [1]. The latter can 
result in a high coefficient of friction for ceramic pairs in dry contact or it could be 
accompanied by chemical interaction with the environment (such as an alumina 
tribopair in high humidity) and results in a low coefficient of friction [1, 7]. One 
can conclude that friction is a complex phenomenon which is hard to predict by 
knowing only some material properties and operating conditions. 
There are many applications, specifically in sliding and rotating components such 
as bearings and seals, where friction is undesirable and needs to be minimized in 
order to avoid loss of energy and material. Hence, it is of great interest to design 
surfaces with low friction for those applications. Bowden and Tabor [2], modelled 
friction and wear in metallic systems by a ploughing and an adhesive term. 
Considering that shear takes place on the asperity junction or within a third body 
(soft layer), the shear strength of the interfacial layer (S) multiplied by the contact 
area (A) gives the adhesive component of the friction force (F) and the hardness of 
the softer body (H) multiplied by frontal contact area (Af) gives the ploughing 
component of the friction force (see figure 1.3). The friction force then simply can 
be written as:  
       
                                        F = Fadhesion + Fploughing   = S. A + H. Af                                     (1.3) 
 
 
 
 

 
 
 
 
 
 
 

 
Figure 1.3 Schematic representing resistance to motion according to Bowden and 

Tabor [2]. 
 
 
 
 

A 

Af 

P 

V 
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Dividing equation (1.3) by the normal load (N) to obtain the friction coefficient 
and ignoring the ploughing term, (in practice equal hardness of the bodies in 
contact is used and as a result ploughing term is avoided) results in: 
 

                                                        
P

S
                                                           (1.4) 

 
whereas (P) is the average contact pressure. When considering soft layers with a 
low thickness, the pressure is still dominated by the properties of the substrate and 
the shear strength is determined by the properties of that layer. Based on equation 
(1.4), the presence of a thin soft film on a hard substrate results in a low COF 
tribosystem. When a soft layer is formed at the interface of the ceramic contacting 
bodies, either by a tribochemical reaction or by a solid lubricant, it provides a low 
friction and wear resistant tribosystem.  
 
1.2.3 Wear 
 
         Wear is damage to a solid surface, generally including progressive loss of 
material, due to relative motion between two surfaces [5, 8]. Although wear can 
often be reduced by liquid lubrication, there are certain applications in which 
liquid lubricants are not stable and a dry contact is used. 
Since the 1970s, wear research increased significantly in response to a 
technological demand for new materials with longer lifetimes and enhanced 
performance levels in harsh environments. Furthermore, a negative consequence of 
wear is not just the need to replace some mechanical parts and the cost this entail; 
one of the most important negative effects of wear is the cost associated with the 
maintenance of production processes. Many materials have been evaluated for 
wear resistance under dry wear conditions, and the successful candidate materials 
have been tested in simulators and through component testing under field 
conditions [9]. 
The wear behaviour of ceramics is generally divided into “mild” and “severe” 
indicating two extreme behaviours [6]. Most ceramics show a transition from mild 
to severe wear which limits their application. Basically, mild wear is recognized 
when the specific wear rate is lower than   10-6 mm3N-1m-1 [7]. A specific wear rate 
above this value refers to severe wear. The specific wear rate is defined by the 
following equation according to Archard: 
 

                                               
NX

w
k

.
  Nm

mm 3

                                             (1.5) 
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whereas (w) is the measured wear volume, (X): the sliding distance and (N): the 
applied load [10]. A unit of mm3.N-1.m-1 is normally used for this parameter. The 
wear volume is proportional to the applied load and sliding distance. This linear 
relationship does not generally hold for most ceramics under a wide range of 
contact conditions [1]. Nevertheless, the specific wear rate serves as a universal 
parameter for comparison of wear data obtained under different test conditions.  
It is noteworthy to mention that a correlation between friction and wear properties 
for a given tribosystem is not always present; very often high friction and high 
wear coincide. However, a tribosystem can experience low friction but high wear 
rate or vice versa, high friction combined with a low wear rate [1]. 
 
1.2.4 Wear mechanisms 
 
            Understanding of wear mechanisms is very important in order to design 
materials which are suitable for wear reduction. Typically, the following four basic 
wear mechanisms are recognized [8]: adhesive wear, abrasive wear, fatigue wear 
and oxidation or tribochemical wear.  
 

 Adhesive wear is caused by the surface interaction and welding of the 
asperities junctions at the sliding contact [1]. This wear mechanism is 
affected by the bonding type (ionic, covalent, metallic and van der Waals) 
in the contact junction. The weaker part of the materials in contact is 
removed and transferred to the countersurface, if the bond in the junction is 
stronger than the bond in the bulk. Surface removal results in a rough 
appearance and a large volume of worn material, hence severe wear.  

 Abrasive wear is the removal of material when hard asperities or particles 
slide over/between two surfaces in relative motion. If a hard asperity or 
particle moves against a softer surface, the surface deforms plastically and 
grooves are produced in the surface. Accordingly, wear debris can be 
generated by microcutting. 

 Fatigue wear: wear debris is generated by cyclic loading of the contact. 
Fatigue wear can be characterized by crack formation and flaking of 
surface material.  

 Tribochemical wear results from the removal of reaction products/layers 
formed in situ from the contacting surface. 

The main wear mechanism in ceramic tribopairs is microfracture when the load is 
beyond a threshold [11]. While severe wear is associated with contact fracture, 
mild wear is associated with localized plastic flow and tribochemical wear. For 
further information on the wear mechanisms in ceramic contacts, the reader is 
referred to [1, 8]. 
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1.3 Advanced structural ceramics  
 
Basically, ceramics are defined as inorganic nonmetallic solid materials. This 
definition includes not only traditional ceramic materials such as pottery, 
porcelains, refractories, cements, abrasives, and glass, but also nonmetallic 
electroceramics and a variety of other new materials [7].  
The use of ceramics in several disciplines has led to the following classifications 
of ceramics: advanced structural ceramics, and electronic and optical ceramics [12]. 
Structural ceramics are currently used in diverse applications as tribomaterials [7, 
11] due to their unique properties that include resistance to wear and corrosion at 
elevated temperatures, low density, and remarkable electrical, thermal, and 
magnetic properties. Applications include precision instrument bearings, cutting 
tool inserts, prosthetic articulating joints, and engine components. 
In this section, the structure and properties of commonly used structural ceramics 
are reviewed. Typical properties of different types of structural ceramics are listed 
in Table 1.1. 
 
Table 1.1-Typical mechanical and physical properties of ceramics [7] . 
 
Material Density 

 
[g/cm3] 

Fracture 
strength 
[MPa] 

Fracture 
toughness 
[MPa m1/2] 

Elastic 
modulus 

[GPa] 

Poisson’s 
ratio 

[-] 

Hardness 
 

[GPa] 

Thermal 
expansion 
[10-6 K-1] 

Thermal 
conductivity    
[W m-1 K-1] 

Alumina         
99.8 3.9 550 4.5 386 0.22 15 6.7 30 
96 3.7 350 4.5 303 0.21 12 8.2 20 
90 3.6 340 3.5 276 0.22 10.4 8.1 17 

85 3.4 300 3.5 221 0.22 9.4 7.2 16 
Zirconia         

Cubic 5.8 245 2.4 150 0.25 11 8 1.7 

PSZ 6 750 8.1 205 0.23 12 7.3 2.1 
TZP 6.1 1150 12 210 0.24 13 10.6 3 

Silicon 
Nitride 

        

Sintered 3.2 550 4.5 276 0.24 14 3.4 28 

Hot 
pressed 

3.2 800 5 317 0.28 15 3.2 30 

Reaction 
bonded 

2.5 250 3.6 165 0.24 10 2.8 12 

Sintered-
reaction-
bonded 

3.3 825 5.8 310 0.28 19 3.5 35 

HIP’ed 3.3 1000 6 310 0.28 20 3.5 32 
Silicon 

Carbide 
        

Reaction- 
bonded 

3 350 3.5 385 0.2 25 4.4 125 

Hot-
pressed 

3.2 550 3.9 449 0.19 25 4.5 115 

Sintered 3.1 400 2.8 427 0.21 27 4.8 150 
CVD 3.2 500 3.1 450 0.31 30 5.5 121 
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1.3.1 Alumina 
  
          Ceramics based on aluminium oxide or alumina have been used in 
commercial applications due to their availability and low cost. Pure aluminium 
oxide, Al2O3, has one thermodynamically stable phase at room temperature, 
designated as the alpha phase. Often the term corundum is used for the alpha 
alumina. Commercial aluminas are densified by pressureless sintering, using MgO 
sintering aid for high purity (> 95 %) aluminas or silicates for less expensive, low 
purity grades. The thermal shock resistance of aluminas is low compared to other 
structural ceramics, because of the highly anisotropic properties that depend on the 
crystallographic orientation of  the alumina grains [7]. 
 
1.3.2 Silicon Nitride 
 
               Silicon nitride has emerged as an important tribological material, 
especially in rolling bearings applications. It has a high elastic modulus, high 
strength, and outstanding fatigue resistance, excellent oxidation resistance due to a 
protective surface oxide layer, and very good thermal shock resistance because of 
its low thermal expansion coefficient. In oxidizing environments, silicon nitride is 
stable only at very low partial pressures of oxygen; in air, it rapidly forms a silicon 
oxide surface layer. This layer protects against further oxidation; if it is removed, 
for example by wear, oxidation occurs rapidly.  
Pure silicon nitride, Si3N4, exists in two crystallographic forms designated as alpha 
and beta. Since the beta phase is thermodynamically more stable, silicon nitride 
materials are primarily in the beta phase; but the starting powder is usually in the 
alpha phase [13]. Commercial silicon nitride materials are processed with various 
oxide sintering aids. 
 
1.3.3 Silicon Carbide 
 
         Silicon carbide ceramics are widely used in applications requiring wear 
resistance, high hardness, retention of mechanical properties at elevated 
temperatures, and resistance to corrosion and oxidation. The oxidation resistance is 
due to a protective silicon oxide layer, as with silicon nitride. The thermal shock 
resistance is lower than that of silicon nitride. There are several methods used for 
processing SiC which is explained elsewhere [7]. 
 
1.3.4 Zirconia 
 
         Zirconia ceramics are characterized by high strength and toughness at room 
temperature. Their major limitation in tribological service is the low thermal 
conductivity, which causes wear by thermal shock at high sliding velocities. Pure 
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zirconia exists in three crystal structures: monoclinic, tetragonal and cubic [14]. At 
room temperature zirconia shows a monoclinic structure which is stable up to 
about 1170 C. At this temperature it transforms into the tetragonal structure. Upon 
further heating it transforms to the cubic structure at 2370 C. By doping a certain 
amount of metallic oxides, such as Y2O3 and CeO2, the cubic structure can be 
stabilized to room temperature. An often quoted phase diagram of the  Y2O3-ZrO2 
system is given in [15]. Zirconia ceramics used in engineering applications are 
classified into three main types: cubic, partially stabilized, and tetragonal zirconia.  
Cubic zirconia is obtained by fully stabilizing the high temperature cubic phase by 
the addition of about 10 mol % oxides. However, the relatively low fracture 
toughness and strength limits its use in tribological applications.  
Partially stabilized zirconia, PSZ, has a two-phase microstructure consisting of 
cubic grains with tetragonal and/or monoclinic precipitates, depending on the 
thermal processing history. It exhibits an increased fracture toughness over the 
cubic zirconia, and is therefore of importance in structural and tribological 
applications. The compressive stress associated with an increase in volume due to 
the transformation of metastable tetragonal precipitates to the monoclinic phase at 
an advancing crack tip results in a high strength and toughness. Typical 
commercial PSZ materials contain about 8 mol % MgO or CaO and have a 
composition of about 58% cubic, 37% tetragonal and 5% monoclinic phase.  
Tetragonal zirconia polycrystal, TZP, is made by the addition of about 2 to 3 
mol % Y2O3 or CeO2 to stabilize the tetragonal phase. This material is nearly 
100% tetragonal at room temperature and exhibits the highest toughness and 
strength among the zirconia ceramics and other monolithic structural ceramics. 
The toughening mechanism is similar to that for PSZ, namely, a tetragonal to 
monoclinic transformation under stress. TZP ceramics are only suitable for 
tribological applications at room temperature because of phase transformations and 
a decrease in strength above 200 °C. 
 
1.3.5 Application of structural ceramics in tribological contacts 
 
         There is a high demand from industry for new materials that will improve the 
performance and lifespan of tools and machine elements operating, for instance, in 
a corrosive environment or vacuum conditions such as seals, bearings, valves and 
gears.  The main materials traditionally used in these applications are hardened 
steel and WC-based metallic materials with or without a coating. In several 
tribological applications, ceramics are accepted as a promising tribomaterial for 
moving components to replace existing materials in seal rings, valve seats, cutting 
tools, bearings and cylinder liners [1]. Figure 1.4 shows some applications of 
ceramics as a tribomaterial. The advancement in new tribomaterials is 
accompanied by two aspects: 1) as a surface coating on conventional metal 
surfaces and 2) as a bulk material (monolithic or ceramic matrix composites). 
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Figure 1.4 Applications of structural ceramics in components: a) ceramic ball 
bearings b) ceramic gears c) SiC seals d) zirconia dental bridge. 

 
In fact, most ceramics including zirconia show a high COF during sliding. The 
high COF imposes tensile stress to the ceramic surface and results in surface 
damage as well as wear. To achieve low friction in ceramic systems, solid 
lubricants are used for ceramic either as a thin film on a ceramic substrate or as a 
second phase into a ceramic composite material. The former can resist for short 
time, and the surface will be damaged as soon as the film is removed. To have a 
continuous solid lubricant film at the interface, an effective approach is to 
incorporate solid lubricants into the ceramic matrix as a second phase. The second 
phase generates a soft layer at the surface which can restore itself during sliding 
and is called a self-lubricating composite. Kerkwijk [17] used several oxide solid 
lubricants as a second phase in Y-TZP and alumina ceramics in order to achieve a 
self-lubricating composite. Among those composites, the addition of CuO to Y-
TZP exhibits the lowest friction. In fact, the presence of a solid lubricant prevents 
further damage to the surface. The solid lubricant can be formed by a self-healing 
mechanism which will be explained in the next section. 
 
1.4 Self-healing materials 
 
      All engineering materials are susceptible to degradation and deteriorate 
irreversibly with time. For structural materials the long-time degradation such as 
wear, fatigue, creep and other modes of degradation can result in the formation of 
microcracks which eventually cause the failure of the component. It is of great 

d 

b 

c
 b

a
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interest to repair the damage and enhance the reliability and lifetime of materials. 
This repairing phenomenon attracts the attention of many scientists who are 
inspired by the natural process of blood clotting or repairing of fractured bones by 
regeneration of bone material. Although this same concept is being incorporated 
into engineering materials, it must be emphasized that biological systems are far 
more sophisticated and can not be mimicked exactly in the form of materials [18-
19].  
Self-healing materials is a class of ‘smart’ materials which is able to repair damage 
autonomously (without human intervention) or nonautonomously [20]. The 
inspiration for self-healing materials comes from biological systems. Several 
research efforts have been made to understand the different healing mechanisms of 
biological systems and have attempted to mimic these techniques in state-of-the-art 
material systems [21-22]. For instance, bone healing is an example showing that, 
after significant damage, not only the human biological systems can return to full 
functionality, but also that the initial structure is completely restored [21]. 
Contrary to healing mechanisms in other tissues, which are repaired by producing 
scar tissue, bone has the ability to regenerate itself and therefore returns to its pre-
fracture state. 
 

 

 
 

Figure 1.5 Self-healing approaches in materials by a) encapsulation of a healing 
agent b) precipitation in an oversaturated alloy c) embedding of shape-memory 

alloy micro wires. 
 
Several strategies of incorporating self-healing concepts into engineering materials 
have been recommended, see figure 1.5 [20]. Polymer materials showed the most 
promising self-healing ability due to their relatively high rates of diffusion and 
plasticity by the presence of cross-molecular bonds [23]. It has been reported that a 
thermosetting polymer (such as epoxy) which is able to be cured, is used for this 
approach [24]. Epoxy can function as a healing agent which is reserved in brittle 
microcapsules incorporated into the matrix along with catalyst or hardener. When 
a crack propagates through the polymer composite, the microcapsules are broken 
and release the healing agent into the crack by capillary forces. The interaction 
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between healing agent and catalyst results in hardening of the epoxy that seals the 
crack (figure 1.5 a). The main disadvantage of this type of self-healing material is 
the amount of healing agent which limits their function. To overcome this problem, 
another approach similar to the one in the biological vascular system of many 
plants and animals was introduced by White et al. [25]. This approach is based on 
a centralized network (microvascular network) for distribution of healing agents 
into polymeric systems in a continuous pathway. This approach results in a 
significant distribution of healing agent compared to microcapsules in a self-
healing material.   
Self-healing metallic materials and metal composites are relatively new compared 
to polymers and ceramics. In metals, three approaches in the field of self-healing 
metals can be distinguished. Van der Zwaag et al. [18] introduced their approach 
called “damage prevention” by the formation of precipitates at the defect sites that 
immobilize further growth until failure. The driving force for diffusion is related to 
the excess surface energy of microscopic voids and cracks that serve as nucleation 
sites of the precipitate which plays the role of a healing agent (figure 1.5 b). 
Another approach is embedding shape memory alloys into a matrix to function as a 
healing agent; these alloys are activated by heating and prevent the propagation of 
a crack in the composite (figure 1.5 c).  
The third approach is to use a low melting alloy as a healing agent similar to the 
one designed for polymers. The healing agent is encapsulated in microcapsules 
which act as diffusion barriers and fracture when a crack propagates. 
In the area of ceramic materials, several researchers have investigated the crack-
healing behaviour as well as mechanical behaviour of SiC reinforced oxide 
composites [26-27].  
Self-healing mechanisms in ceramic materials are most frequently based on 
oxidative reactions of elements in the ceramic by the oxygen present in the 
environment. Volume expansion of the oxide compared to the original material can 
fill small surface cracks. Crack healing enhanced by oxidation of silicon carbide 
(SiC) by the mechanism described above is depicted in figure 1.6. In this 
schematic the crack healing of alumina, containing SiC particles heated at high 
temperature in the presence of air, is presented. The cracking itself allows SiC 
particles at the crack walls to react with the oxygen in the environment resulting in 
healing. Consequently, the crack is mended by the oxidation process. The reader is 
referred to Ghosh [20] for further details. In addition to self-healing, which is often 
discussed as healing the bulk material, surface-healing is a more interesting topic 
and will be described in next subsection. 
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Figure 1.6 Schematic representing crack-healing mechanism Al2O3-SiC composite 

[20]. 
1.4.1 Surface healing in materials 
 
         The most vulnerable part of an engineering component is the surface. The 
surface can be deteriorated by several modes such as fatigue, wear and corrosion. 
Surface self-healing is, in a sense, opposite to wear and surface damage. Dry 
friction and wear are dissipative processes that take place during sliding of two 
solid surfaces [28-29]. Godet [30], introduced the concept of a third body to 
identify the medium at the interface between two solids that can be regenerated by 
different processes in the contact (“source flow”). Therefore, the wear process 
constitutes a form of competition between the “source flow” and the “wear flow”. 
If the thickness of the third body approaches a stable thickness (which 
accommodates the difference in velocity between the opposing surfaces), the 
material is basically protected against excessive wear by the presence of the 
protecting third body (layer). One can conclude about friction and wear that sliding 
friction does not always result in wear and degradation. Under particular 
circumstances, the surface has a potential for self-organization.  
The term “self-lubrication” explains the performance of components under dry 
contact conditions in order to decrease friction and wear for systems where the 
system itself generates a friction reducing layer. The self-lubrication approach can 
be applied to coatings and bulk composite materials. The self-lubricating 
composites are made of a matrix which provides structural integrity and the 
reinforcement provides low friction and wear. The amount of published papers in 
the literature on this subject is limited and only some researchers have studied the 
surface-healing [28, 31].  
 
1.5 Research objectives 
 
      The work described in this thesis deals with friction and wear of zirconia-CuO 
composites in dry sliding contact conditions. The main objective is to investigate 
the formation and restoration of a soft layer at the interface of ceramic tribopairs as 
a function of the operational conditions. The aims of the research can be described 
as follows: 
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1. Investigation of friction and wear mechanisms as a function of operational 
conditions for zirconia-CuO composites. 
2. Clarification of the mechanisms involved in the formation of the self-lubricating 
layer on the surface of a zirconia- CuO composite during sliding. 
3. Development of a model to predict the thickness of the self-lubricating layer on 
zirconia-CuO ceramic composite in a sliding tribosystem. 
 
1.6 Outline of this thesis 
 
     This thesis studies friction and wear of zirconia-CuO composites. Zirconia has 
been selected due to its outstanding mechanical properties. CuO has been chosen 
as a solid lubricant since it shows beneficial solid lubrication under both room and 
high temperature conditions [17, 32]. 
This thesis has been divided into two parts. Part  starts with chapter 2, in which 
the-state-of-art developments on friction and wear of ceramics in general and 
zirconia in particular are addressed. This is followed by an introductory rundown 
on current self-lubricating ceramic composites and finally, a summary on current 
wear modelling of ceramics is given. 
Chapter 3 gives an explanation of the experimental conditions. In addition, it 
presents the experimental results on friction and wear of zirconia-CuO composite. 
A summary is then given of the mechanisms and conditions of the soft layer 
formation at different temperatures. 
Chapter 4 gives a description of the developed mechanical wear model. The model 
is based on the formation of a soft layer at the interface of ceramic contacts. 
Chapter 5 discusses the experimental results and modelling as well as the 
correlations between the aforementioned experimental results and modelling. 
Finally, chapter 6 presents the conclusions on the research that were reached and 
put forward recommendations proposing the design of a self-lubricating ceramic 
composite as well as proposals for future research.  
Part  presents detailed achievements which are discussed in individual research 
papers. 
Paper A discusses the specific results and tribological test conditions of zirconia-
CuO at room temperature. 
Papers B and C deal with a detailed study on friction and wear of zirconia-CuO at 
different temperatures. 
Paper D reveals the role of the countersurface on the wear mechanisms of zirconia-
CuO composites at 600 °C.  
Papers E and F describe the model that predicts the presence and thickness of the 
thin self-lubricating layer on the surface. This modelling is based on material 
removal from the third body and regeneration of the third body by mechanical 
interaction between the bodies. 
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Chapter 2: Literature review 
2.1 Introduction 
 
Wear mechanisms of ceramics are influenced by the contact conditions. It is well 
known that microfracture is a dominant wear mechanism in ceramics if the contact 
load is beyond a critical value [7]. While the wear of ceramics is controlled by 
plastic deformation in mild wear regime, many ceramics show a transition from 
mild to severe wear while the wear mechanism changes from a plastic 
deformation-controlled one to a microfracture dominant wear mechanism. This 
transition is typically sudden and is accompanied by a change in the coefficient of 
friction and wear rate [33]. Another aspect in the wear of ceramics is associated 
with the formation of surface layers (also referred to as tribo-layers, transfer layers, 
compacted layers, soft layer and many other descriptions). Such layers are known 
to affect both friction and wear behaviour (see [34] and references therein). The 
surface layer can be generated by the compaction of wear debris or from reaction 
of the substrate with the environment. In any case, the structure is very different to 
that of the substrate, and consequently it is no surprise that it strongly influences 
friction and wear [35].  
Several researchers have introduced wear maps for various ceramics to explain the 
effects of load, velocity and temperature on wear [36-37]. The tribological 
behaviour of ceramics depends on the composition, microstructure and processing 
method of the material, as well as on the contact conditions. Hence, published data 
should be used with caution when extrapolating these results to predict the 
behaviour of a different ceramic, since the wear performance of an “identical” 
ceramic from different processing steps can vary significantly [7]. Further, it is 
crucial to gain knowledge for a variety of ceramic tribopairs on how the generated 
surface layer changes the friction and wear behaviour. 
 
2.2 Sliding wear of ceramics  
2.2.1 Alumina 
 
The tribological behaviour of alumina under various test conditions has been 
studied by different researchers since the late 1980s [38-40].  
It was found by Dong and Jahanmir that wear of self-mated alumina depends on 
contact load and temperature [39]. They used a reciprocating test with a ball-on-
flat configuration. The test conditions were as follows; an alumina ball with a 
diameter of 12.7 mm, a sliding velocity 1.4 mm/s, loads in a range between 10 to 
100 N, temperature range 25 C to 1000 C and a sliding distance of 10.08 m. They 
introduced a wear transition diagram as a function of load and temperature for self-
mated alumina (figure 2.1). They believed that the tribological performance of 
materials can be controlled by a proper selection of operating conditions. One of 
the main messages of their work is that the tribological performance can be 
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manipulated by lowering the coefficient of friction. This can be achieved by a solid 
lubricant coating, a self-lubricating ceramic composite, liquid lubrication and a 
reaction of the surface with the environment. The wear mechanisms are explained 
in different regimes as follows: 
1) The low friction and wear rate were ascribed to tribochemical reaction of 
alumina with humidity by the formation of soft aluminium hydroxide at the 
interface.  
2) Two different types of behaviour have been observed in the temperature range 
of 200 C to 800 C. A nearly constant COF with the value of 0.6 at loads less than 
20 N were reported, however, it is increased to a value of 0.85 at larger loads. The 
wear rate also shows a transition from mild to severe wear as the load is increased. 
 

 
Figure 2.1 Wear transition diagram for a 99.8% alumina [39]. 

 
Although the exact wear mechanism was not clear, their observation suggested that 
wear occurs by plastic flow as well as ploughing at low loads and intergranular 
fracture at higher loads. 
3) Above 800 C, the low friction and wear rate were rationalized by the formation 
of a silicon rich layer on the surface which is enhanced by diffusion and viscous 
flow of the glassy grain boundary phase.  
Gee [40-41] investigated the wear of alumina and provided more insight in the 
formation of aluminium hydroxide which has a beneficial role on the wear of 
alumina. It has been found that the humidity has a great influence on the wear 
behaviour of alumina. AFM and SEM were used to characterize the soft 
aluminium hydroxide at the interface. 
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2.2.2 Zirconia 
 
Many researchers have reported the importance of fracture toughness in the wear 
of ceramics, enhanced by the controlled phase transformation of metastable 
tetragonal zirconia to monoclinic zirconia [1, 42]. This phase transformation is 
accompanied by volume expansion which is around 3-5%. Ceramics based on 
yttria stabilized zirconia (Y-TZP) with unique mechanical properties (high fracture 
toughness and fracture strength as well as moderate hardness) have been 
recognized as a promising candidate material for tribological applications. It is 
expected that these ceramics exhibit excellent wear resistance. However, the 
reported literature revealed controversial results. Although several researches 
indicate that zirconia ceramics have a good wear resistance [43], some other 
reports suggest poor wear resistance and severe wear [1, 35, 44]. 
The high wear rate of zirconia is related to surface fracture initiated by 
transformation-induced micro cracking as well as low thermal conductivity 
compared to other ceramics [35]. This suggests that zirconia-zirconia sliding 
couples are most likely not a suitable tribocouple unless the generated heat at 
interface is negligible. Rainforth [35] discussed the influence of thermal 
conductivity on wear of zirconia. Based on TEM studies on worn surfaces of 
zirconia, it is suggested that transformation of tetragonal to monoclinic zirconia is 
not a major mechanism except where frictional heating is minimized, i.e., at very 
slow sliding speed [45]. One can conclude that the transformation of tetragonal to 
monoclinic zirconia is a low temperature mechanism; it is usually unlikely in the 
wear process of these materials at high temperature.  
 
2.2.2.1 Dry sliding wear of Y-TZP 
 
Fischer et al. [42], studied wear of zirconia as a function of the yttria content. They 
realized that plastic deformation accompanied by rolled wear debris was the 
predominant wear mechanism for a self-mated Y-TZP. In addition, they have also 
studied the effects of different yttria contents and they suggested that higher 
fracture toughness tended to increase the wear resistance for yttria doped zirconia 
ceramics. 
Lee et al. [46] presented a series of three dimensional wear maps for Y-TZP under 
dry and lubricated conditions. Figure 2.2 shows an example of a wear diagram for 
TZP under dry contact conditions at room temperature. They observed a sudden 
increase in wear as a function of load and velocity. Depending on their 
experimental conditions, the coefficient of friction varies between 0.4 and 0.7. 
They found that for self-mating TZP couples wear rates varied between 10-6 and 
10-1 mm3m-1 depending on speed and load 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 10-3 and 0.5 m.s-1. The transition from mild to 
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severe wear is ascribed to the change in wear mechanism from plastic deformation 
to brittle fracture. Their results indicate that these values might be too high for 
practical applications. In addition, they suggested that friction and wear of TZP 
can only be lowered by application of a lubricant (either water or a solid state film), 
under the condition that the roughness of the sliding surfaces is low (typically < 
0.1 m). The mild wear mechanism is ascribed to plastic deformation and 
microfracture. Severe wear is dominated by brittle fracture and third-body abrasion.  
Several authors [47-48] reported the effect of grain size on the wear resistance of 
Y-TZP ceramics. He et al. [47], found that below a critical grain size, the main 
wear mechanism for Y-TZP was plastic deformation and beyond this value 
delamination and grain pullout were the main mechanisms.  
 
 

   
 
Figure 2.2 Wear maps for T-TZP in dry conditions in air at room temperature [46]. 

 
 
Table 2.1 Tribological properties of Y-TZP in different environments. 
 

Material Configuration Environment Tribological conditions 
  
[ mm/s ]                 [ N] 

COF 
 

[ - ] 

Wear rate( 10-6) 
 

[mm3N-1m-1] 
 

Ref. 

3Y-TZP Pin-on-disc Water 1 9.8 0.6 0.15 Fischer [49] 

3Y-TZP Pin-on-disc Hexadecane 1 9.8 0.11 0.03 Fischer [49] 

Y-TZP Ball-on-disc Paraffin oil 1-570 40-
200 

0.03-0.57 0.1-104 Lee [46] 

Y-TZP Pin-on-plate Air 200 m-2Hz 8 0.6-1.1 1-4.5 

m3 
Basu [50] 

3Y-TZP Ball-on-disc Liquid Nitrogen 1100 5-15 0.3-0.75 0.5-380 Basu [51] 

3Y-TZP Pin-on-disc Water 240 10 0.62-0.67 220 Rainforth [35, 45] 

3Y-TZP Pin-on-plate Air 60-90 65 0.68 2.3  He [52] 
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2.2.2.2 Effect of environment  
 
Table 2.1 summarizes some literature on tribological behaviour of Y-TZP under 
different environments. The various reported COF and wear rate values imply the 
influence of the environment on friction and wear behaviour of TZP. 
Basu et al. [50], studied the fretting wear of self-mated TZP as a function of 
humidity. They found that the wear rate decreases while the relative humidity in 
the environment is increased. The main wear mechanism in dry and humid 
conditions is ascribed to plastic deformation and delamination. They also 
suggested that the presence of zirconium and yttrium hydroxide in the debris can 
contribute to formation of a lubricating layer at the interface which results in low 
friction and wear rate.  
 
2.2.2.3 Effect of temperature  
 
Unlubricated wear of TZP has been studied by Stachowiak up to 400 C in both 
self-mated and against metal countersurfaces [53]. Both strength and toughness of 
toughened zirconia ceramics decrease with the increasing temperature. This 
restricts the load-bearing applications of these materials to low and intermediate 
temperatures. They reported coefficient of friction 0.5-0.6 for self-mated TZP. The 
wear rate of plates was reported highest at 200 C compared to PSZ. Despite 
different wear rate, similar visible grooves were formed on TZP disc and their 
width varied with temperature. They reported plastic deformation, wear particle 
deposition and delamination of the formed surface layer as the main features of 
wear.  
Bundschuh and Zum Gahr [54], studied unlubricated wear behaviour of self-mated 
TZP as a function of temperature (up to 500 C) as well as porosity. They found 
that dense TZP shows the highest wear rate at 500 C. However, for TZP with 
~12% porosity the wear rate significantly decreases as the temperature rises to 500 
C. Based on these studies, it appears that the friction and wear of TZP is high for 
high temperature and dry conditions. 
 
2.2.2.4 Effect of the countersurface  
 
Several researchers have investigated the role of countersurface materials on the 
wear behaviour of ceramics [16, 55-56]. It is well known that the unlubricated 
wear mechanism of TZP against dissimilar materials can be changed compared to 
self-mated sliding tribopairs. For instance, metals show a tendency of formation of 
a transfer layer while they are sliding against TZP under dry contact conditions. 
He et al. [47], used a SiC countersurface when they studied the wear behaviour of 
TZP as a function of grain size at room temperature. They realized that wear 
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modes (mild/severe) of the SiC countersurface can change the wear modes in TZP 
during reciprocating tests. 
Ajayiy and Ludema [56] studied the dry wear behaviour of TZP at room 
temperature while it is sliding against an Al2O3, SiC, Si3N4 and ZrO2. They found 
that the ZrO2 flat showed the most wear when rubbed against the Al2O3 and ZrO2 

pin but least wear with SiC and Si3N4. They explained their results based on the 
formation of a transfer layer contained of reattached wear debris. The main factor 
which has an essential role in the formation of a transfer layer is the composition 
of the sliding component. They reported that for two ionic materials a continuous 
and adherent film is formed whereas for a couple of covalently bonded materials a 
continuous film does not form and often no film is formed at all. For an ionic and a 
covalent material couple, islands are often formed. Hence, the presence of a 
transfer layer can significantly influence the tribological performance of zirconia. 
Factors and material properties other than the bond type that contribute to film 
formation are not fully understood. In the four materials that were used in their 
study, zirconia was observed always to transfer onto alumina, but in other 
combinations there was often transfer in both directions. 
The role of the microstructure (grain size, porosity and so on) on the wear 
behaviour of TZP is studied in [47-48]. These studies indicate that a successful use 
of the tribomaterial requires the understanding of the tribological performance as a 
function of operational conditions. 
 
2.2.3 Silicon Carbide and Silicon Nitride  
 
Jahanmir et al. [57-58] studied the wear behaviour of  SiC and Si3N4 under a 
variety of tribological conditions. Similar to alumina, wear tests of self-mated 
silicon nitride, show a low wear rate at room temperature and low loads, which is 
controlled by the formation of a soft hydroxylated silicon oxide film. Selective 
oxidation of the additives added to Si3N4 controls the wear mechanism at higher 
temperatures (400 C < T < 700 C). The properties and amount of oxide phases 
formed on the surface results in a change in the coefficient of friction for silicon 
nitride at higher temperatures [57].  
For SiC the main wear mechanism at room temperature is a tribochemical reaction 
which results in low friction and wear. Both friction and wear decrease at higher 
temperatures due to oxidation of silicon carbide and formation of large cylindrical 
debris on the wear track. At high loads wear occurs by microfracture and results in 
a high coefficient of friction and a high wear rate. 
 
  2.3 Self-lubricating ceramic composites 
 
To apply ceramic materials in tribological applications, the COF must be low. As a 
liquid lubricant is not feasible for high temperature applications, a solid lubricant 
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is a logical choice. In general, solid lubricants which form a thin coating by 
brushing, sputter coating, or plasma spraying can reduce friction. However, they 
are only efficient as long as the initial films are present on the surface. To have 
continuous solid lubricant films at the interface, an effective approach is to 
incorporate solid lubricants into the ceramic matrix as a second phase. The second 
phase generates a soft layer at the surface under influence of mechanical stresses 
and temperature. This layer can restore itself during sliding. The mechanism of a 
soft layer formation in self-lubricating composites is addressed in chapter 5 and 
paper B. Various solid lubricants can be used in a ceramic contact depending on 
tribological conditions. It is recognized that the selection of solid lubricants must 
be based on the tribopair, temperature as well as on the environment.  
Gangopadhyay et al. [59], studied a series of self-lubricating ceramic matrix 
composites that were prepared by drilling small holes in the ceramics and filling 
the holes with  graphite and hexagonal boron nitride solid lubricants. A coefficient 
of friction 0.17 is observed for the silicon nitride-graphite composites. 
Previous studies have indicated the feasibility of using graphite lubricants to 
reduce the friction and wear of ceramics and ceramic–metal couples [60-61]. For 
example, Liu and Xue [62] conducted reciprocating ball-on-flat tests at room 
temperature with Cr-steel sliding against  TZP ceramic matrix composites 
containing 0-25 vol% graphite. The coefficient of friction decreased from about 
0.56 to 0.30 as the graphite content was increased up to 24.4 vol%. However, the 
wear rate of the composites seemed to drop slightly at low graphite contents, then 
increased significantly when it exceeded 15 vol%.  
It is noteworthy to mention that the solid lubricants such as graphite, molybdenum 
disulphide, polyimides and some soft metals cannot withstand temperatures above 
500 C due to thermal decomposition or oxidation. For example, molybdenum 
disulfide is oxidized at a temperature higher than 500 C; graphite loses its 
lubricating role at the temperature above 450 C while the rare earth compounds 
are ineffective at room temperature. Only a few solid lubricants can be used under 
high temperature conditions, which include some stable fluorides and some 
lubricious oxides [7].  
Kerwijk et al. [17], investigated the wear of self-lubricating TZP incorporated with 
different oxide lubricants. Among different lubricious oxides, only CuO showed 
effective lubrication when it is sliding against an alumina countersurface. Pasaribu 
et al. [63] investigated the mild wear track with the low friction by nano 
indentation tests. The hardness of the polished surface of 3Y-TZP composite 
containing 5 wt. % CuO was 14 GPa, while the hardness inside the wear track 
reduced to 6 GPa. This hardness reduction indicates that there is a rather soft 
surface layer present in the wear track. This surface layer functions as a solid 
lubricant and reduces the coefficient of friction. Ran et al. [64], also studied the 
5CuO-TZP composite and found that the sintering temperature and the resulting 
ceramic microstructure had significant effect on the mechanical and tribological 
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properties of 5CuO-TZP composite against alumina system. On the other hand, 
environmental effects on the frictional behaviour of the 5CuO-TZP composite 
were also presented in previous studies [65]. Nano tribological tests by atomic 
force microscopy (AFM) were also carried out on the above CuO/3Y-TZP systems 
at room temperature [66]. The obtained coefficients of friction on nano scale were 
in agreement with the one from pin-on-disc tests. Although previous studies 
indicate a low friction and wear of CuO-TZP, the mechanism of friction reduction 
was not totally understood yet. In addition, the role of CuO solid lubricant on the 
wear behaviour of Y-TZP has not been systematically studied at high temperature 
levels. 
 
2.4 Wear modelling 
2.4.1 Introduction 
 
Although there are a great number of model equations describing friction and wear 
behaviour in the literature, no equation or group of equations could be found for 
general and practical use for the universal prediction of friction and wear of 
ceramics [67]. In addition, wear equations and computer modelling are limited due 
to the complex effects as well as interactions in real life tribosystems. They can 
only give simplified information about the main aspects of a given tribosystem’s 
performance. Nevertheless, model equations and modelling can be helpful tools for 
choosing a promising material combination and for obtaining knowledge on the 
performance before using the materials in a real application.  
Wear modelling of ceramic systems available in the literature [68-70] can broadly 
be divided into two categories, namely, 1) mechanistic models, which are based on 
a single materials failure mechanism, e.g., micro fracture theory for wear [69, 71-
72] and 2) phenomenological models, which often deal with quantities that have to 
be computed using principles of contact mechanics, e.g., Archard’s wear model 
[10]. Archard’s wear model, which was already mentioned in chapter 1 (see 
equation 1.5), is a simple phenomenological model, predicting a linear relationship 
between the volume of material removed for a given sliding distance and an 
applied normal load.  
 
2.4.2 Third-body approach and wear modelling 
 
Sliding wear of ceramics generates very fine wear particles, detached grains, 
deformed second phase and amorphous reaction products [73]. During prolonged 
sliding, some of these particles are ejected from the wear track and some debris 
can remain in the wear track. These remaining debris can undergo deformation, 
fragmentation or chemical reaction in further sliding. The circulated debris in the 
contact constitutes a “third body” in the sliding system and alters the contact 
pressure and consequently friction and wear [30]. 
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Godet [30] introduced the concept of a third body to identify the medium at the 
interface between two solids in contact. The third body is a generic name used to 
explain the material imposed between the two bodies or generated as a result of 
interaction between the two bodies [30]. According to Godet [30], the main 
functions of the third body are: 

1. Supporting the load. 
2. Contributing to accommodate the velocity between the two bodies. 
3. Separating the surfaces in contact, avoiding direct interaction.  

A third body can protect sliding pairs from further degradation. Based on this 
concept, wear is not only a particle detachment mechanism, next to particles 
detachment, behaviour of the debris in the contact is of great importance [74]. 
Figure 2.3 represents a schematic indicating the formation of the third body. When 
two surfaces are brought into contact, a certain mass of the third body is formed at 
their interface. The third body is fed by “source flow” (Qs) which are supply 
particles; whereas the ejected particles are removed from the interface as “wear 
flow” (Qw). The mass balance of the third body can be written as follows: 
 

                                                     ws
i QQ

dt

dM
                                                (2.1) 

 

 
Figure 2.3 Schematic representing the formation and removal of the third body. 

                                                             
Based on figure 2.3 and equation 2.1, the mass (or thickness) of the third body 
involves a balance between the “source flow” and the “wear flow”. Figure 2.4 
shows a diagram presenting how the third body is developing while the source and 
the wear flow modify mass of the third body at the interface. The supply particles 
take care of an increase of the mass of third body. The third body affects the 
coefficient of friction (COF) and consequently the contact stresses (mechanically 
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and thermally) and as a result the source flow. A sufficiently thick interfacial layer 
which supports the load and accommodates the difference in the velocity between 
two bodies will result in less particle supply. On the other hand, as the third body 
is thickened the ejection of particles is increased. When the third body thickness is 
increased, the number of asperities in contact with the third body will be increased. 
This results in more ploughing action by the opposing asperities and therefore 
more particles are ejected from the third body. The ejections of particles and the 
increase in thickness of the third body by particle supply are balanced in this way. 

        
 

Figure 2.4 The correlation between detached particles and ejected particles and 
mass of third body at the interface. 

 
Based on this concept, it is necessary to model the formation and restoration of 
thin soft layer (third body). Jahanmir et al. [39] suggested, based on experimental 
observation, that a third body can be formed at the interface of ceramics such as 
alumina by diffusion and viscous flow of grain boundary phases at high 
temperatures. It is noteworthy to mention that our experimental observations also 
indicate similar phenomena for CuO-TZP at high temperatures. This will be 
discussed in chapter 3. To find out the possibility of diffusion at the interface of a 
tribopair, the following flux equation can be used [75]: 
 

                                                    )( 11
11 P

kT

c
cDJ                                (2.3) 

 
(where k is Boltzman constant 1.38 10-23 JK-1). This generalized Fick’s laws shows 
that the flux of supply particles has two main components; the first term is derived 
from the concentration gradient and the second term is derived from the gradient in 
the hydrostatic stresses. In this case, body  is the source of the soft phase as 
denoted by suffix 1.   
The solid solute diffusion of the grain boundary phase at the contact points can be 
enhanced by thermal and mechanical stimuli. The presence of a CuO phase in 
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zirconia reduces the activation energy of grain boundary diffusion of zirconia; a 
recent report in our group has shown that the diffusion process is still too slow to 
control the  transfer of grain boundary phase  at the interface [76].  
The second term in the equation 2.3 is related to the influence of stresses on the 
transport of material. Several researchers reported that a second phase (soft phase) 
in the self-lubricating composite can be squeezed out by contact stresses and form 
an interfacial layer at the interface [77-78].  Since in a tribological contact a large 
amount of the contact stresses imposed to surface, it would be worthwhile to 
consider that the second phase can be transported to the interface by squeezing-out. 
Deng et al. [79] studied the self-lubricating behaviour of Al2O3-TiC-CaF2 
composite under dry contact conditions. Their results showed that the CaF2 soft 
phase can be deformed and squeezed out to the interface between a sliding pair and 
results in continuous tribofilm with low friction and wear. Figure 2.5 illustrates the 
schematic representing the formation of the third body at the interface in a sliding 
wear test by deformation. 
 

 
Figure 2.5 A schematic representing the formation of the third body at the interface 

[79]. 
 

Alexeyev and Jahanmir [77] built a model using the deformation and motion of the 
soft second phase for a metal matrix composite material by slip-line field analysis. 
In their model, a sliding rigid asperity against a composite material containing soft 
second phase particle was described. The soft phase was squeezed out as a result 
of plastic deformation of the matrix. The obtained results showed that the 
deformation and plastic flow of the soft phase are controlled by the material 
properties of the hard matrix and the soft phase particle, as well as the shape and 
size of the particles. Bushe et al. [80] built a model to analyze the transferred film 
thickness for an aluminium-alloy composition. An analytical method was used to 
calculate the temperature distribution and stress field in the composite material. In 
their study, the surface was loaded with a uniform normal pressure and tangential 
stress where the latter was associated with the friction force. The second phase was 
modelled as a spherical inclusion (second phase) in the matrix. According to this 
model, the squeezing of the second phase to the contact surface depends on the 
mechanical behaviour of the inclusion and the matrix. Bushe et al. [80] showed 
that the soft inclusion is partly squeezed out where the matrix is deformed 
elastically and the inclusion is deformed plastically. Further, the soft phase is 
assumed to be squeezed out completely where the matrix is plastically deformed. 
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From the above review, it is apparent that a mechanical driven flow is dominant 
for self-lubricating composites. 
The third body is also worn away during sliding contact as can be seen from figure 
2.3. This flow is denoted by Qw. Hence, a model is needed to predict the wear of 
the third body. Many studies in wear of ceramics showed that wear in the mild 
regime occurred by plastic deformation and microcutting of the third body [47, 81]. 
Figure 2.6 shows a schematic indicating microcutting of the third body when a 
hard asperity is sliding against a self-lubricating ceramic composite. Other 
experimental observations [82-83] showed that the wear mechanism of a contact 
with a film was initial microcutting by the mating surface asperities followed by a 
much less severe form of fatigue wear due to asperity/substrate contacts. Liu et al. 
[84], investigated the effect of a deposited silver film on the wear behaviour of a 
steel substrate. The experimental results of their study clearly showed that plastic 
deformation of a soft silver film takes place due to microcutting or ploughing 
when a hard asperity slides against a soft surface. They suggested that plastic 
deformation occurred in the film when asperities were in contact with the film and 
hence resulted in coated material to be removed from the contact area.  
In self-lubricating ceramic composites the soft layer will be partly removed in time 
by ploughing asperities of the countersurface material as shown in figure 2.6. The 
wear flow (Qw) is affected by the mechanical properties of the soft layer as well as 
the surface roughness of countersurface material and is controlled by microcutting 
and ploughing. Therefore the contact between a rough surface and a flat surface 
with a soft film is used to develop a wear model. In chapter 4 and paper F, more 
details on the above are given.  
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 

 
Figure 2.6 Schematic representing removal of third body by microcutting during 

sliding contact. 
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2.5 Conclusions 
 

1. Most ceramic materials show a transition from mild to severe wear 
depending on the operational conditions. 

2. A self-lubricating ceramic composite shows low friction and wear when an 
appropriate solid lubricant is chosen. 

3. The understanding of the formation and restoration of a soft layer in self-
lubricating ceramic composite tribosystems is crucial to the design of self-
lubricating ceramic composites.   

4. The thickness of the third body is influenced by the balance of the supply 
flow and wear flow during wear process. 

5. The supply flow is mechanically driven for self-lubricating ceramic 
composites. 

6. Wear flow is controlled by microcutting or ploughing. 
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Chapter 3: Experimental procedures and results  
3.1 Introduction 
 
It has recently been observed that CuO-doped Y-TZP shows low friction and wear 
at room temperature [63-64]. However, the mechanism of low friction was not 
fully understood. To understand the mechanism of low friction and wear at room 
temperature as well as the self-lubricating ability of CuO-TZP, tribological 
experiments need to be conducted, both at room temperature and high temperature 
conditions. Further, a systematic study on high temperature tribological 
performance of CuO-TZP gives more insight into the self-lubricating ability of 
CuO-doped TZP composite. Therefore it is appropriate to describe how CuO-TZP 
composites were prepared, what the tribological test conditions are and what 
techniques are used to characterize the material. Despite the importance of friction 
and wear of self-lubricating ceramic composites, the modelling aspects have 
received little attention. Moreover, wear modelling of self-lubricating composites 
can contribute to better design and selection of materials for specific conditions. 
Finally, the understanding of surface healing in a ceramic composite would be of 
great interest. 
This chapter first details the experimental procedure in section 3.2. In section 3.3, 
a short summary of material properties and microstructural aspects of composite 
are expressed. In addition, sections 3.4 and 3.5 explain the results of the 
tribological performance of CuO-TZP composites at room temperature and 
elevated temperature, respectively. Chapter 4 puts forward the proposed model for 
self-lubricating composites and will also show the modelling results. 
 
3.2 Experimental procedure 
3.2.1 Material preparation 
 
8 mol% (5 wt%) CuO/3Y-TZP composite discs (5CuO-TZP) used for pin-on-disc 
tests were prepared from commercially available 3Y-TZP (TZ-3Y, Tosoh, Japan) 
and CuO powder (Alfa Aesar, Germany). A powder mixture of 3Y-TZP with CuO 
was prepared by ball milling in ethanol for 24 h, using zirconia (ZrO2) balls as 
milling medium. The milled slurry was oven-dried at 80 C for 24 h and 
subsequently at 120 C for 8 h. The dry cake was then ground slightly in a mortar 
and sieved through a 180 m sieve. The powder was shaped in discs with a 
diameter of 50 mm by uniaxial pressing at 5 MPa for 3 min. Cold isostatic pressing 
was employed for the discs subsequently at 400 MPa for 4 min. The densification 
behaviour of the 5CuO-TZP composite and pure 3Y-TZP was investigated by a 
dilatometer [64]. The discs were then sintered in air at 1500 C for 8 h. Both the 
heating and the cooling rate were equal to 2 C /min. The sintered samples were 
ground by a diamond disc and then polished by diamond paste with a particle size 
of 8 m. The polished samples were ultrasonically cleaned in ethanol and then 
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annealed at 850 C for 2 h to remove the residual stress. For comparison, undoped 
3Y-TZP and 0.8 mol% (0.5 wt%) 0.5CuO–TZP were prepared and sintered at 
1400 C and 1500 C for 2 h, respectively. 
 
3.2.2 Tribological experiments 
 
Tribological experiments were conducted on a pin-on-disc tribometer (CSEM, 
Switzerland) capable of testing up to 800 C. Commercially available Al2O3, ZrO2, 
SiC and Si3N4 ceramic balls (Gimex Technische Keramiek B.V., The Netherlands) 
and AISI-52100 steel balls with diameter of 10 mm were used as pins. Before the 
sliding tests, both ball and disc were ultrasonically cleaned with isopropanol for 30 
min and rinsed with deionized water and then dried in an oven at 120 C for 24 h. 
The applied normal loads were 1, 2.5 and 5 N, at velocities of 0.05 and 0.1 m/s. 
This results in (initial maximum Hertzian) contact pressures of 0.52, 0.76, and 0.89 
GPa, respectively. The radius of the wear track was 10–12 mm. A total sliding 
distance of at least 1 km was applied. The temperatures used were 25, 200, 400, 
600 and 700 C. All experiments were repeated at least three times to check the 
reproducibility of the results. 
The wear volume of the discs was determined by measuring their mass before and 
after testing using a mass balance with a resolution of 0.01 mg. The mass 
difference was then normalized by dividing the volume loss by the applied load 
and the sliding distance to obtain the specific wear rate. As the wear volume of 
5CuO–TZP was too low in the case of 1 N test condition, it was determined using 
surface profilometry. 
 
3.2.3 Material characterization 
 
The density of sintered discs was measured by the Archimedes method in mercury. 
The phase identification of zirconia composites was performed by X-ray 
diffraction (Philips, X’pert APD, PANalytical, The Netherlands). The 
microstructure, wear mechanism and chemical composition of wear track were 
investigated using a scanning electron microscope (JSM6400 and JCM5000; JEOL, 
Japan and Zeiss 1550, Germany) equipped with energy dispersive spectroscope 
(EDS).  The surface topography was analyzed by laser scanning microscopy (LSM) 
and interference microscopy. X-ray photoelectron spectrometry (XPS) (Model 
Quantera SXM; Physical Electronics, MN) using Al Ka (1486.6 eV) excitation 
source and micro-FTIR (FTS-575C equipped with UMA 500 microscope) were 
used to study the chemical changes in the wear track, unworn track, wear scar of 
the ball and wear debris.  
The hardness was measured by means of a Vickers’ indentation test at a load of 10 
N on polished samples. At least five indentations were made for each material. The 
diagonal lengths of the indentation impressions were determined using an optical 
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microscope with Normaski interference coupled with a video micrometer. The 
fracture toughness was obtained using the indentation-strength method [85]. It is 
worth noting that this method gives only relative information about the fracture 
toughness of the two materials investigated in this work, as indentation fracture 
toughness is not an absolute value. 
For more details about experimental techniques, the reader is referred to the 
research papers in part 2 (papers A, B, C and D). 

 
3.3 Microstructure and mechanical properties of CuO-TZP composite 
 
The relative densities of sintered 3Y-TZP and 5CuO–TZP composites were 98% 
and 97%, respectively. The XRD analysis of 5CuO–TZP revealed the presence of 
tetragonal as well as monoclinic zirconia phases. Based on XRD patterns, the 
volume fractions of monoclinic and tetragonal phases are calculated to be 70% and 
30%, respectively. The presence of CuO and Y2Cu2O5 phases could not be 
identified by means of XRD due to their low content and due to interference with 
the diffraction pattern of tetragonal and monoclinic zirconia. Figure 3.1 shows a 
typical microstructure of a polished and thermally etched surface of 5CuO–TZP 
composite. The SEM micrograph [figure 3.1(a)] reveals that 5CuO–TZP has an 
average grain size around 2 m. The undoped 3Y-TZP shows an average grain size 
of 0.5 m. The larger grain size in 5CuO–TZP is ascribed to a higher sintering 
temperature and a longer holding time during sintering, as well as to the presence 
of CuO. 
 

   
 

Figure 3.1 Micrograph of polished and thermally etched 5CuO–TZP using (a) 
SEM and (b) corresponding EDS analysis (note that the arrows indicate the 

location at which the EDS analysis was performed). 
 

Figure 3.1(b) is the EDS spectrum of 5CuO–TZP indicating Cu-rich grains and 
grains which do not contain Cu above the detection limit of EDS. Based on the 
SEM observation, as well as on the EDS analysis, one may conclude that copper-
rich grains can be formed after sintering when 5 wt% CuO is added to 3Y-TZP. 
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Ran et al. [64], found similar results using TEM/EDS. The mechanical properties 
of the materials used in this study are given in paper B. It is important for a self-
lubricating ceramic composite to show low friction and wear at different 
tribological conditions. To achieve this goal, the self-lubricating ability of 5CuO-
TZP has been studied at different load and temperature conditions. 
 
3.4 Tribological studies of 5CuO-TZP composite at room temperature 
 
Figure 3.2 shows the friction traces for Y-TZP and 5CuO-TZP discs sliding 
against alumina at different loads and room temperature. 
 

 
 

Figure 3.2 Coefficient of friction as a function of sliding distance for 3Y-TZP and 
5CuO-TZP sliding against alumina at room temperature, sliding velocity 0.1 m/s, 

normal loads: a) 1N and b) 5N. 
 
Based on figure 3.2, 3Y-TZP exhibits high COF with an average value of 0.4 0.05 
and 0.7 0.05 at a load 1 N and 5 N, respectively. In contrast, 5CuO-TZP shows 
significantly lower COF with an average value of 0.19 0.05 and 0.3 0.03 under 
the same conditions. It is clear from figure 3.2b that 5CuO-TZP shows a transition 
from mild to severe wear at 5 N and sliding distance of ~ 800 m. Further, there is 
no evidence indicating low friction for 5CuO-TZP sliding against SiC, ZrO2 and 
steel balls under similar tests conditions. Hence, the lower COF is not the intrinsic 
characteristic of the CuO addition to 3Y-TZP. It is most likely the combination of 
the added CuO as well as the alumina countersurface that only provide low COF 
for 5CuO- TZP. In addition, it has been found that beyond a critical relative 
humidity 5CuO-TZP shows a low COF [65]. This suggests that humidity does play 
an important role for friction reduction when 5CuO-TZP sliding against alumina. 
To investigate the mechanism of friction reduction of 5CuO-TZP at 5 N, the wear 
tracks after a sliding distance of 100 m, 200 m, 500 m, 850 m and 1000 m for both 
the CuO-TZP composite and pure 3Y-TZP discs as well as the alumina 

a b
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countersurface were analyzed by using interference microscopy. The profiles of 
the wear tracks for the Y-TZP, 5CuO-TZP and alumina countersurface have been 
shown in paper A. Based on these figures, it is found that a smooth layer with a 
thickness of less than 200 nm is formed on the wear track when the 5CuO-TZP 
disc is sliding against alumina at 5 N load. However, Y-TZP reveals a relative 
rough wear track under the same test conditions. In order to understand how the 
countersurface influence wear of 5CuO-TZP, the wear volume of the alumina 
countersurface was measured at different sliding distance and summarized in table 
3.1.  
For a sliding distance of 100 m or 200 m, the coefficient of friction for an Al2O3 
pin sliding against a 5CuO-TZP composite disc is lower than against pure 3Y-TZP 
(table 3 in paper A). Furthermore, the wear volume of the Al2O3 pin is higher 
when it is sliding against a 5CuO-TZP disc. After the transition of the mild to 
severe wear for 5CuO-TZP at a sliding distance of 850 m, the wear for both ball 
and disc increases abruptly. 
Table 3.1 Wear rates of Al2O3 pins after certain sliding distances against pure 3Y-
TZP and 5CuO-TZP composite (normal load 5 N, sliding velocity 0.1 m/s, relative 
humidity 40% and 23 C). 
 
 
 
 
 
 
 
 
 
 
To further understand the wear mechanisms of 5CuO-TZP at room temperature, 
the chemical composition of the wear tracks has been investigated using XPS and 
the results are shown in table 3.2. According to table 3.2, the atomic ratio of Al/Zr 
is decreased when 5CuO-TZP shows a mild to severe wear transition. This clearly 
suggests that a higher Al content contributes to a lower COF. In addition, the 
SEM/EDS analysis of the wear track at mild wear regime, as shown in figure 3.3, 
confirms the presence of a smooth wear track which is covered with an Al rich 
patchy layer. It is noteworthy to mention that a micro-FTIR analysis on the wear 
debris as well as wear track and off-track indicates the presence of hydroxide in 
the wear debris.  
Since the wear debris was collected at the early stage of the wear transition, it is 
expected that a thin hydroxide surface film was also present at wear track. This is 
in good agreement with the literature, which shows that the formation of aluminum 
hydroxide is responsible for friction reduction [39]. 
 

Sliding distances 
Wear rates (10-7mm3/(Nm)) 

3Y-TZP 5CuO-TZP 
100 m 0.6 5.2 
200 m 0.7 5.1 
500 m 1 0.9 
850 m 2.1 4.1 
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Table 3.2 Elemental composition of the wear tracks of the 5CuO-TZP composite 
sliding against Al2O3 with various sliding distances analyzed by XPS (normal load 
5 N, sliding velocity 0.1 m/s, relative humidity 40% and 23 C). 
 
 

Sliding 
distances 

 Atomic % metallic elements Atomic ratio (%) 
 Al(2p) Cu(2p3) Y(3d) Zr(3d) Al/Zr Cu/Zr 

200 m 
Mean 25.07 3.59 3.59 67.75 37.4 5.3 

Standard deviation 1.32 1.10 1.10 3.33 3.5 1.2 

500 m 
Mean 25.90 10.70 2.94 60.45 41.5 16.1 

Standard deviation 6.13 8.40 1.68 12.25 12.7 9.6 

850 m 
Mean 17.62 2.18 4.69 75.51 23.3 2.9 

Standard deviation 0.89 0.95 0.75 0.90 4.6 10.5 

1000 m 
Mean 15.00 2.44 5.24 77.34 19.4 3.1 

Standard deviation 1.40 0.39 0.25 1.19 1.6 0.4 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

             
 
Figure 3.3 BSE-SEM micrograph of the mild wear track of 5CuO-TZP composite 

sliding against Al2O3 at a sliding distance of 100 m (normal load 5 N, sliding 
velocity 0.1 m/s, relative humidity 40% and 23 C) and the corresponding  

EDS analysis (b) bright area I and (c) dark region II. 

(a
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3.5 Tribological and self-lubricating behaviour of CuO-TZP at elevated 
temperature 
 
The self-lubricating performance of a ceramic composite depends on the 
incorporated solid lubricant, operational conditions (such as temperature, load and 
sliding velocity) and countersurface materials. In this section, brief results of 
tribological performance of 5CuO-TZP under different test conditions are 
expressed. 
Figure 3.4 shows the average COF of Y-TZP and 5CuO-TZP as a function of 
temperature after a sliding distance of 1 km against alumina.  
It is clear from this plot that the CuO-TZP composite shows significantly reduced 
values of COF compared to Y-TZP at and above 600 C. The reader is referred to 
paper B for detailed explanations.   
Table 3.3 shows the specific wear rate data of CuO-TZP at different temperature 
levels under an applied load of 1 N at a sliding speed of 0.05 m/s.  
Based on figure 3.4 and table 3.3, 5CuO-TZP composite shows mild wear at 600 
C and higher than 600 C. Further, the 5CuO-TZP composite shows a transition 
from mild to severe wear when the load is increased beyond 1 N. More details 
about the influence of load and velocity on tribological performance of Y-TZP and 
CuO-TZP are given in paper B. 
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Figure 3.4 Friction coefficient as a function of test temperature for 5CuO-TZP and 
TZP against alumina ball (normal load 1 N, sliding velocity 0.05 m/s). 
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Table 3.3 Friction and wear data of CuO-TZP as a function of temperature against 
alumina ball. 
 

Temperature ( C) Specific wear rate (  10-6 mm3/(N.m)  ) 

200 1100 20 

400 1900 36 

600 0.43 0.01 

700 0.18 0.01 

 
Figure 3.5 shows the 3D profile images of 5CuO-TZP discs before and after 
sliding tests at different temperature levels. The surface is smooth after polishing 
as shown in figure 3.5a. However, the surface becomes significantly rough after 
tests at 200 C and 400 C. Careful investigation of the wear track using laser 
scanning microscopy (figure 3.5b and 3.5c) indicates that the wear mechanism of 
CuO-TZP at 200 C differs from 400 C.  
It is clear from figure 3.5c that abrasive wear is the dominant wear mechanism at 
400 C. At 600 C the wear track shows a very smooth surface which is similar to 
that of the polished disc (figure 3.5d). The measured surface roughness of 5CuO-
TZP disc only increased slightly from 0.08 to 0.095 m after a wear test against an 
alumina ball at 600 C. For more micrographs and details the reader is referred to 
paper C. Next, the wear track on the 5CuO-TZP disc and wear scar on the alumina 
countersurface is studied. The aim is to analyze which mechanisms are responsible 
for the low friction and wear. Figure 3.6 shows SEM observations on 5CuO-TZP 
before and after the sliding at 600 C. This figure shows that significant amounts of 
tiny wear debris with a diameter of < 100 nm are entrapped in holes after the 
sliding test. Furthermore, near the pores a patchy layer can be distinguished (figure 
3.6b). For more details on microstructural observations the reader is referred to 
papers B and C. 
In contrast, Y-TZP shows a rough worn surface under similar test conditions as 
shown in paper B. Figure 3.7 shows the SEM micrograph of the alumina 
countersurface tested against 5CuO-TZP. The micrograph clearly indicates a 
smooth wear scar and accumulation of wear debris ahead of and beside the wear 
scar. The EDS analysis on accumulated wear debris reveals that the transfer layer 
consisted of mainly copper rich phases. However, the alumina countersurface 
sliding against Y-TZP in a similar test condition reveals a rough and an extended 
wear scar. The reader is referred to papers B and C for more details on SEM and 
EDS analysis. 
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Figure 3.5 3D surface topography images of CuO-TZP sliding against alumina 
using laser scanning microscopy; (a) before wear test and wear tracks, (b)  
200 C (c) 400 C (d) 600 C (normal load 1 N, sliding velocity 0.05 m/s). 

 
 
                    
 
 
                                                                                                                                                
                                                                               
 
 
 
 
 
 
 
Figure 3.6 SEM micrographs of the (a) unworn and (b) worn surface of 5CuO-TZP 
after a sliding test at 600 C (normal load 1 N, sliding velocity 0.05 m/s),  

the arrow indicates the sliding direction. 

a b 
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Figure 3.7 SEM micrograph of alumina ball sliding against 5CuO-TZP (normal 
load 1N, sliding velocity 0.05m/s, temperature 600 C). 

 
To further analyze to what extent the copper oxide phase is responsible for friction 
reduction, XPS analysis on the wear track of 5CuO-TZP and the alumina 
countersurface have been performed. XPS analyses, on 5CuO-TZP wear tracks at 
600 C as well as the transfer layer on the countersurface, confirm that both Cu2+ 
and Cu1+ are present in the wear track and transfer layer on the conterface. In 
addition, XPS analysis on the wear track at 200 C and 400 C indicates that only 
Cu2+ is present on the wear track. These observations suggest that a mixture of 
copper rich layer is formed at the interface at 600 C and results in low friction and 
wear rate.  
Figure 3.8 shows depth profiles of the atomic concentration of Cu for both inside 
and outside the wear track of 5CuO-TZP tested at 600 C as a function of 
sputtering time. The results demonstrate a copper enriched layer inside the wear 
track. The thickness of the layer can be estimated to be around 60 nm. The reader 
is referred to papers B and C for more information about XPS spectra on different 
test conditions. 
It has been demonstrated that 5CuO-TZP composite shows low friction and wear 
(mild wear) and self-lubricating performance when sliding against alumina at and 
above 600 C. However, it is not clear yet whether the self-lubricating ability is 
obtained while other countersurfaces are sliding against 5CuO-TZP composite 
under same test conditions. In order to investigate the self-lubricating ability of 
5CuO-TZP composite, Si3N4 and Y-TZP countersurfaces have been tested and 
results are compared with the alumina countersurface. 
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Figure 3.8 “Depth” composition profile of 5CuO-TZP disc sliding against alumina 

ball (normal load 1 N, sliding velocity 0.05 m/s, temperature 600 C). 
 

Table 3.4 presents the COF and specific wear rate of these tests. According to table 
3.4, the 5CuO-TZP disc shows relatively lower COF and significantly small 
specific wear rates when sliding against alumina and zirconia countersurfaces at F 
= 1 N. However, at same load the specific wear rate of CuO-TZP when in contact 
with Si3N4 is about 2 to 3 orders of magnitude higher. These data clearly suggest 
that the countersurface material plays a significant role when 5CuO-TZP is used as 
a tribo-component.  
 
Table 3.4 COF and specific wear rate (k) as well as tensile stresses data for CuO-
TZP discs sliding against balls of different countersurface materials (sliding 
velocity 0.05 m/s, temperature 600 C ). 
 

Countersurface 

Material 

Load 

(N) 

COF 
 

(-) 

Tensile stress ( max)  
 

(GPa) 

k ( 10-6) 
 

(mm3 N-1 m-1) 

Alumina 1 0.35 0.05 0.37 0.4 0.01 

 2.5 0.53 0.01 0.73 305 15 

 5 0.56 0.01 0.96 390 5 

Si3N4 1 0.65+0.04 0.665 19.2 1 

 2.5 0.69 0.02 0.96 22.8 2 

 5 0.65 0.04 1.15 91.5 5 

Zirconia 1 0.44 0.04 0.41 0.6 0.01 

 2.5 0.54 0.01 0.66 330 20 

 5 0.54 0.02 0.82 1080 40  
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The specific wear rate data indicate a mild to severe transition with applied load, 
when 5CuO-TZP is sliding against alumina and zirconia as countersurfaces. This 
transition with increasing load is consistent with observations in the literature on 
wear of ceramics [33, 39, 86]. 
The wear tracks and the unworn surface of 5CuO-TZP sliding against different 
countersurfaces at F = 1 N and T = 600 C were examined using SEM. Some of the 
micrographs of the wear track are presented in figure 3.9. In comparison with 
figure 3.6, 5CuO-TZP shows a rough wear track when tested against Si3N4. 
However, 5CuO-TZP micrograph (figure 3.9b) sliding against zirconia reveals a 
smooth worn surface which is similar to the one shown in figure 3.6b tested 
against alumina.  
 
 

 
 
 

                                                                                                                                                     
 
 
 
 
 
 

Figure 3.9 SEM micrographs of the worn surface of 5CuO-TZP after sliding 
against (a) Si3N4 (b) TZP (T = 600 C, F = 1N and v = 0.05 m/s), the arrow 

indicates the sliding direction. 
 

Figure 3.10 shows worn scar surfaces of different countersurfaces after sliding 
against 5CuO-TZP at T = 600 C. According to figure 3.10 a material transfer from 
the 5CuO-TZP disc is taking place towards the Si3N4 countersurface. This transfer 
layer on the wear scar makes the wear scar surface appear rough (figure 3a). 
However, the wear scars on TZP (figure 3.11b) and alumina (figure 3.7) indicate 
the following features: flat and smooth wear scar, relatively small in diameter and 
the wear debris are piled up at the leading edge of the wear scar of the 
countersurface. EDS analysis on the wear scar of Si3N4 confirms the presence of a 
zirconia transfer layer on the wear scar. Further, EDS analysis on the transfer layer 
in front of TZP worn scar indicates a copper rich layer. The reader is referred to 
paper D for more details on the chemical composition of worn surface and the 
worn scar as well as more details on the tribological performance of 5CuO-TZP 
tested against different countersurfaces. 

a b 
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Figure 3.10 SEM micrograph of countersurfaces sliding against 5CuO-TZP at T = 
600 C; (a) Si3N4 (b) TZP, arrow indicates the sliding direction (load 1N, velocity 

0.05 m/s). 
 
3.6 Conclusions 
 

1. It has been shown that copper rich grains can be formed when 5 wt% CuO 
is added to Y-TZP. 

2. At room temperature, 5CuO-TZP shows low friction and wear only against 
alumina countersurface. Based on the observations made, an aluminum 
hydroxide soft layer is formed in the wear track. This soft layer results in 
low friction and wear. 

3. 5CuO-TZP shows severe wear at 200 C and 400 C while 1N load is used. 
4. 5CuO-TZP reveals low friction and wear as well as self-lubricating ability 

at and above 600 C sliding against alumina at F = 1N. 
5. The countersurface material does play a role in the tribological 

performance of 5CuO-TZP. Similar to alumina, 5CuO-TZP sliding against 
zirconia countersurface shows mild wear at 600 C. However, Si3N4 against 
5CuO-TZP show severe wear under the same test conditions. 

 
 
 
 
 
 
 
 
 
 
 

100 m 

a b 



 42 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 43 

Chapter 4: Modelling 
4.1 Introduction 
 
In real engineering, in order to avoid contact problems, including a self-lubricating 
composite, the presence of a stable soft layer (third body) at the interface of the 
two solids has to be realized. It is of great importance that the processes involved 
in the formation of a soft interfacial layer are in balance. Figure 4.1 represents a 
schematic showing the model of a rough surface in contact with a flat and smooth 
surface with a soft third body on top of it. When two surfaces are brought into 
contact, a third body can be formed at their interface due to the (mechanical) 
interaction in the contact. Furthermore, material is removed due to wear. As 
described by Fillot [74], the third body is fed by a “source flow” (Qs), which is 
either supply particles or material squeezed out from one of the contacting bodies; 
whereas particles ejected from the interface as “wear flow” (Qw). The mass 
balance of the third body can be written as follows: 
 

                                                  ws
i QQ

dt

dM
                                                 (4.1)  

           
 
 

 

 

 

 

 

 

 
 
 

Figure 4.1 Contact between a rough surface with a flat smooth surface covered 
with a thin layer (third body) generated from the self-lubricating composite. 
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Or in thickness (time or distance dependent) as follows: 
 
                                                wearsourcebodythird hhh                                        (4.2) 

 
Based on figure 4.1 and equation 4.2, it is important for the thickness of the third 
body to have a balance between the “source flow” and the “wear flow”. The main 
consequence of a higher source flow is an increase of the thickness of the third 
body. On the other hand, a higher amount of wear flow than the source flow causes 
the third body thickness to decrease. Typically, the wear flow and the source flow 
are not independent. A thicker third body generated by a high Qs will result in high 
wear and an increase in Qw. Therefore, the mass balance as represented by 
equation 4.1 indicates a dynamic system with mutual interactions between the 
source flow and the wear flow. For a well-functioning of the contact, a stable thin 
soft layer is crucial. In the case of proper physically-based models available for the 
source flow and the wear flow, the development of the thickness of the thin third 
body (friction-reducing layer) on top of the surface can be investigated.  As long as 
the layer has a sufficient thickness, this results in mild wear and the composite 
ceramic material is protected from severe wear. A literature survey reveals that 
there is no dedicated physically based model for the mass balance of the third body 
that takes into account both supply and removal of mass from the third body on top 
of a ceramic composite.  
Firstly, in this chapter a mechanical model will be developed to predict the 
increase of thickness of the soft layer at the interface of a self-lubricating ceramic 
composite by means of squeezing-out process of a soft phase from a composite 
ceramic. In fact, this model describes the source flow (Qs). Secondly, a wear model 
for the contact of a rough surface with a thin layer (third body) will be developed. 
This model describes the wear flow Qw. These two models will be used to 
calculate the thickness of a stable third body in a self-lubricating composite 
according to equation 4.2. 
 
4.2 Model of source flow (Qs)  
 
Since contact stresses are imposed on a surface in contact, and the second phase is 
significantly softer than the matrix in a self-lubricating composite, it is reasonable 
to consider that the second phase can be transported to the interface by squeezing 
out. For instance, Deng et al. [79] studied self-lubricating behaviour of a Al2O3-
TiC-CaF2 composite under dry contact conditions. Their results indicated that the 
CaF2 soft phase can be deformed and squeezed out to the interface of a sliding pair 
and results in the continuous formation of a tribofilm responsible for low friction 
and wear. 
 



 45 

4.2.1 Proposed model 
 
Although other types of contacts can be modeled using the same approach, this 
study handles the situation of the contact between a ball and disc. This type of 
contact can also be found in pin-on-disc test, for example. In this model, a 3D 
representative volume element (RVE) of the disc at the contact interface is used to 
analyze the formation of the transfer layer as indicated in figure 4.2. In the analysis 
it is assumed that the ball and the flat are smooth, in the sense that stress 
concentrations due to contact at asperity level will not significantly affect the 
subsurface stress field. Moreover, it is assumed that the material is extruded out 
vertically due to the presence of hydrostatic compressive stresses. Hence, the 
modelling is restricted to material transport in a vertical plane, YZ plane, as shown 
in figure 4.2. If the compressive stresses acting on the second phase result in 
plastic deformation of the second phase, it will be assumed that it will be extruded 
out. In the stress analysis, the matrix is considered to deform elastically. For more 
details about the analysis the reader is referred to paper E. In the analysis, the 
effective material properties of composite are calculated using the rule of mixtures. 
Because the mass percentage of the second phase is low (in the order of 5 wt %), 
the effective properties are primarily dominated by the matrix. In order to calculate 
the average stresses beneath a sliding point contact in the ceramic composite, the 
explicit equations of Hamilton [87] are used. 
 

 
Figure 4.2 Representative volume element (RVE) model for analyzing the 

formation of a soft layer, ball on flat configuration. 
 
In the model, the stress fields in the (fixed) YZ plane of the RVE are calculated at 
several time instants, or in equivalent positions, as the ball moves from the 
position x = c to x = c. In order to simplify the analysis of squeezing-out of the 
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soft phase, the stresses are averaged over the plane YZ. In the analysis  cij denotes 
the tensor for averaged stresses in the composite.  
In order to calculate stresses in the YZ plane, the YZ plane in RVE is meshed into 
(2m+1).(n + 1) nodes (figure 4.3). The sliding process of the pin on RVE from the 
position x = -c to x = c is divided into (s + 1) steps ((s + 1) nodes in X direction), 
each representing an increment in sliding distance of 2c/s. The averaged stresses of 
the composite in YZ plane in the RVE are updated after each increment. 
As mentioned above, it is assumed that the ceramic matrix deforms elastically and 
the second phase undergoes plastic deformation. Therefore, for simplicity, an 
isotropic elastic-ideally plastic second phase is considered in this model. The 
derived equations are applied to calculate the stresses and strains in the second 
phase in this model. For more details the reader is referred to paper E. In this 
approach, the second phase is modeled as a spherical inclusion located at the 
centere of the effective medium.  
 The derived equations by Hashin [88] for a  spherical second phase in an infinite 
elastic matrix using an effective medium approach [89], were used for analyzing 
the ceramic composite subjected to a stress field caused by the mechanical 
interaction with the sliding ball. This indicates that the roughness influences are 
neglected in the analysis. A reason for this is that high stress concentrations at 
asperity level will be diminished at sufficient depth below the surface. Further, the 
presence of a thin soft film will increase the contact area and reduce the effect of 
stress concentrations due to localized microcontacts. So, the description of a 
smooth ball against a smooth plane is reasonably valid also in the case of a rough 
ceramic against a rough ball, as soon as a soft layer is present and the highest 
stresses are present at sufficient depth below the surface. 
As a yield criterion, the von Mises yield criterion is used for the inclusion. The 
equations for the stress in the inclusion  cij have been given for elastic, plastic and 
elastic unloading conditions in [88]. In the analysis, numerical calculations must 
be performed to find the solutions for the inclusion stress when the inclusion is 
plastified, as shown in [88].  
 

 
Figure 4.3 Mesh in the plane of the RVE. 
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According to the Hashin model [88], the volume strain of the inclusion is written 
as follows: 
 

                                      c

kk

iC

CCi

kk KG

KG

34
34

                                               (4.3) 

 
whereas G and K’ are the shear and the bulk modulus of the material respectively. 
Further, kk = tr( ) is the volume strain, tr( ) is the trace of the strain tensor, 
subscripts/superscripts c and i show the properties of the effective medium of the 
composite and the inclusion material, respectively.  
In the analysis it is assumed that when the inclusion yields and its volume strain 

i
kk is compressive (negative), the inclusion can be squeezed out. The squeezed 

volume fraction is i
kk . After each sliding increment, the inclusion will restore to 

the original shape because the effective medium is considered to be elastic and the 
interface bonding is perfect. Mass loss of the inclusion is modeled by an increase 
in porosity. In order to account for an increase in porosity of the inclusion, the 
material properties are updated after each increment. The related equations for the 
mechanical behaviour of a porous inclusion are given in paper E.  
Assuming that the squeezed inclusion material in the YZ plane of the RVE is 
uniformly smeared on the surface, the following equation has been used to 
calculate the thickness of the squeezed out soft material layer (hsource) which is the 
thickness increase at the surface of the RVE during the sliding process: 
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in which sq is the squeezed volume fraction of the fully dense second phase 
material, b and h are width and height of the RVE, M

i is the von Mises equivalent 
stress in the second phase,  is the volume concentration of second phase and  is 
the porosity of inclusion. supply is a constant related to the source flow. If all 
plastically deformed material transports to the surface, then supply=1. In reality, 
the second phase is deformed and transformed partially to the surface through the 
grain boundaries. This results in a limitation on the transport of soft phase to the 
surface in the model and supply <1. 
 



 48 

4.2.2 Results 
 
The previous section discussed the characteristics of the model which is used to 
calculate the thickness increase due to a source flow Qs to the third body on the 
surface of a self-lubricating composite. In this section, a numerical example is 
given. The ball and disc are 3Y-TZP and the second phase in the disc is isotropic 
graphite. The fraction of graphite was considered 2 vol. % in this calculation. In 
addition, the initial Hertzian contact radius a is 53.83 m and the mean contact 
pressure pmean = 549.3 MPa. Furthermore, the material properties as well as contact 
conditions are given in paper E. 
The results of the von Mises stresses in the RVE are given in paper E for both 
composite and inclusion. Figure 4.4 presents an example of the von Mises stresses 
for both matrix and second phase in the YZ plane during the first sliding pass 
when the ball approaches the YZ plane at the position x =-a. In the grey area, yield 
in the inclusions has taken place. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Variation of von Mises stresses (MPa) in the YZ plane during the first 
sliding pass a) the relative position of ball to the YZ plane x = -a, b) distribution  

of average stress in the composite c) distribution of stresses in the inclusion. 
 

In addition, figure 4.5 shows an example of the von Mises stresses of points along 
the z axis under the contact surface during one sliding pass. Here the positive x 
indicates that the ball passed the YZ plane and negative x indicate that the ball is 
approaching the YZ plane. At z = 0 (at the surface) and x = -3a the ball is too far 
away to impose any plastic deformation in the inclusion. 

 

a b c 
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Figure 4.5 Von Mises stress in the inclusion for five positions along the Z axis 
during the first sliding pass. 

 
At z = 0 and x = 0 the ball is exactly in line with the inclusion and the inclusion 
plastifies. While at x = 3a, the ball passed the inclusion and depending on z the 
inclusion deformed elastically or plastified. It is clear from the distribution of the 
von Mises stresses (figure 4.4 and figure 6 in paper E) that the inclusion undergoes 
subsequently elastic loading, plastification and elastic unloading during the passing 
of the ball. Further, the von Mises stress distribution along the Z axis and beneath 
the contact area (figure 4.5) showed that at sufficient depth beneath the contact 
area the inclusion deforms elastically.  Therefore, no inclusion material squeezed 
out beyond a depth z = 1.5 for the given load. 
Based on stress variations in YZ plane, the transfer of second phase inclusion 
material to the contact surface can be calculated. It is found that the thickness of 
the transfer layer increases during the sliding pass. The most significant material 
transfer takes place when the ball moves against the disc from x = -1.3a to x = -
0.3a. The inclusion material squeezed out to the surface in front of the ball-disc 
contact, as under these conditions the highest compressive stresses are acting on 
the inclusion. The reader is referred to paper E for more details. 
Figure 4.6 shows the calculation results which are performed for several passes of 
the ball over the disc. From the results it can be seen that the formation of the soft 
layer on the wear track is affected by the inclusion concentration, material 
properties of second phase as well as the loading conditions. Based on figure 4.6, it 
can be seen that the concentration of the inclusion (second phase) plays the most 
significant role in the thickness of the soft layer when the self-lubricating 
composite is sliding against a ball. Moreover, a higher load increases the amount 
of material supply to the surface. Hence, an increase in load can thicken the soft 

Contact area 
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layer. In reality, the contact stresses should not be beyond the fracture strength of 
composite material, because then fracture of the matrix will be dominant. This is 
not taken into account in the model, as the matrix is assumed to be elastically 
deforming.  
 

   
 

Figure 4.6 Thickness of transferred layer on the contact surface during the first 50 
sliding passes as a function of a) concentration of inclusions b) normal load. 

 
4.3 Model of wear flow (QW)  
 
As discussed earlier, the third body is partly removed due to wear. In this section a 
wear model for the third body on the surface of a self-lubricating composite 
ceramic is proposed. Liu et al. [84] investigated the effect of a deposited solid 
silver lubricant film on the wear behaviour of a steel substrate. The experimental 
results of their study clearly showed that plastic deformation of a soft silver film 
takes place due to microcutting or ploughing when a hard asperity slides through 
the soft film. Experimental observations have shown that a soft thin film (third 
body) is formed on the wear track when 5CuO-TZP slides against alumina and 
zirconia at 600 C [90-92]. The soft layer will be partly removed in time by 
ploughing at asperity level when the asperities of the countersurface material are 
penetrating the soft layer, see paper F. 
Although for the supply model the situation of a smooth ball against a smooth flat 
is taken into account, the wear model has to take the roughness of the ploughing 
surface into account. This is due to the fact that the radius of the asperities is in the 
same order as the (thin) soft layer. Therefore, the contact will be modeled as the 
contact between a rough surface and a flat surface covered with a thin soft film. 
The thickness of the soft film is assumed to be small as compared to the radius of 
the asperities. The resulting wear flow (Qw) will be affected by mechanical 
properties and the thickness of the soft layer, the applied load as well as surface 
roughness of the countersurface. The mechanism for material removal is modelled 

(b) 
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on the basis of experimental observations. In the analysis, the substrate underneath 
the thin soft film is assumed to be elastic-plastically deforming at the length scale 
of contacting asperities. The layer (third body) is modelled as fully plastically 
deforming. Hence a model with a full plastic film and an elastic-plastic substrate is 
appropriate for the present work.   
 
4.3.1 Wear flow of soft layer using an asperity contact model 
 
In the analysis, an asperity-based contact model is used to describe the contact 
behaviour [4]. The approach by Chang [93] is used to predict the amount of 
material removal. His approach introduces an elastic-plastic contact model for a 
rough surface with a soft coating. For a self-lubricating composite, the third body 
is much softer than the ceramic matrix composite as shown by experimental 
observations. Hence, it is reasonable to develop a physical model and consider the 
third body to be fully plastic deforming and that the substrate deforms elastic-
plastically at the asperity level when operating in the mild wear regime. This 
regime will be relevant if the thin soft layer is present. Based on Chang’s [93] 
model (see the appendix),  the contact area A for a self-lubricating composite with 
a smooth third body can be written as follows: 
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whereas: Atot is total contact area, : asperity density, : asperity radius, An: 

nominal contact area, d: separation based on asperity heights, (s): height 
distribution, s is substrate interference, c is critical interference at onset of 
plastic deformation, ac and as are the contact area radius of the third body and the 
substrate respectively, see also figure 4.1 and 4.7. 
The contact radius between the asperity and substrate can be obtained from the 
Hertz solution for elastic contacts and from Chang’s model under elastic-plastic 
conditions as follows: 
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In this analysis, it is assumed that only the substrate is responsible for carrying the 
load. This assumption is reasonable due to the fact that the hardness of the soft 
layer is significantly lower compared to the substrate. In addition, the thickness of 
the soft layer is low compared to the radius of the asperities.  
Although the thin soft layer does not contribute to carrying the load, it will be 
important for the size of microcontact. The contact area can be modelled by a load 
carrying central part surrounded by an annulus where the asperity is in contact 
with the thin soft layer. In short, the contact can be described by an inner radius as 
and an outer radius ac.  
The radius ac is calculated as follows. It is assumed that the Hertzian stress 
distribution causes elastic deformation of the flat countersurface. The thin soft 
layer will follow the elastically-deforming substrate. The deformed profile of the 
flat elastically-deforming countersurface can be calculated as formulated by 
Derjaguin in [94]: 
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whereas r is the distance from the center of contact area. In order to find ac, Z is 
assumed to be equal to the thickness of the third body at r = ac. Therefore it is 
assumed that the soft layer exactly follows the elastically deforming substrate. The 
size of the contact is determined by the fact that if the deformation is just equal to 
the coating thickness and if r = ac is reached. This results in the implicit equation 
as follows [93]: 
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It is assumed that the wear volume is the removed area from the cross section of 
the wear track multiplied by the sliding distance. With known values of ac and as at 
asperity level using equation 4.10, the wear volume for an elastically-deforming 
asperity ploughing through a soft film can be calculated. The wear equation can be 
written as follows: 
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whereas wear : is the wear degree. In order to tune wear, the obtained wear volume 
from experiments can be equalled to the wear volume from the model. This will be 
further discussed in section 4.4.1. 

                       
Figure 4.7 Schematic representing an asperity contact with the third body. 

 
4.3.2 Results 
 
The physical squeezing-out model and elastic-plastic contact model are used in 
this study to analyze the surface for a self-lubricating ceramic composite with a 
soft third body at the interface under different tribological conditions. In this 
section a numerical example is presented. The ball and the disc considered to be 
alumina and 5 wt% CuO-TZP composite, respectively. The material properties are 
given in table 4.1. The hardness of the copper oxide was approximated by a value 
equivalent to three times of the yield stress. The geometrical parameters of the 
surface were obtained from a confocal image of the virgin surface to be as follows: 
  = 1.07 1012,  = 2.77 10-7 m,  = 1.65 10-7 m. 
It will be assumed that the layer is a purely copper oxide rich phase. The initial 
layer thicknesses used in this analysis are 0, 0.06, 0.12 and 0.18 m. The results 
are presented below. 
 
Table 4.1 Material properties used for the analysis [95-99]. 
 

Material 
properties 

Temperature 
( C) 

E 
(GPa) 

 (-) Hardness 
(GPa) 

yield 
(MPa) 

CuO 500 108 0.31 0.056 20 
 600 104 0.31 0.028 10 

Y-TZP 500 180 0.32 5.8 2100 
 600 178 0.32 4 1430 

Al2O3 500 352 0.22 9 3200 
 600 350 0.22 8.5 3030 

2as 

2a
Asperity 

Thickness of 
third body 

Z 

r 

Composite 
substrate
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Figure 4.8 Wear volume of the thin soft third body on the self-lubricating 

composite as a function of the load (sliding distance = 1000 m and wear = 10-4). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.9 Wear volume as a function of thickness of the third body layer (normal 

load 1N and wear = 10-4). 
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Figure 4.8 shows the wear volume as a function of the load. It is clear from figure 
4.8 that the wear volume calculated by the elastic-plastic contact model for a thin 
soft third body on the surface of the self-lubricating composite is dependent on the 
surface roughness parameter and that the wear volume increases significantly with 
increasing load. Furthermore, it is clear that as the thickness increases, the wear 
volume is more sensitive to the applied load as suggested before. This is shown in 
figure 4.9 where the variation of wear volume is depicted as a function of the 
thickness of the soft layer in a self-lubricating composite at constant load. The 
results clearly show that as the thickness of the soft layer increases, the wear 
volume increases nearly proportionally.   
 
4.4 Determination of soft layer thickness using the source and wear flow 
models 
4.4.1 Inputs 
 
In this section the thickness of the third body is calculated using the developed 
source flow and wear flow models. The material properties used for the analysis 
are presented in table 4.1.  
In the source flow and wear model, the supply and wear are used respectively. 
These two factors are determined using the specific wear rate and the thickness of 
the third body measured by XPS analysis. The specific wear volume measured by 
performing a pin-on-disc experiment is 4x10-7 mm-3/Nm (mild wear regime). The 
only wear mechanism which contributes to mass loss of this soft layer is the wear 
flow (Qw). This value is used to tune the wear. Moreover, the thickness of the third 
body layer is estimated by XPS analysis to be about 60 nm. Given this value and 
given the calculated value of wear the supply also can be calculated. These two 
factors are used in the source flow and wear flow models. The thickness of the 
third body layer is predicted for different conditions in the model. 
 
4.4.2 Results 
 
Figure 4.10 presented the thickness of the third body developed after 50 laps at 
500 C and 600 C for R = 5 mm, normal load 1N and sliding velocity 0.05 m/s. 
For the material properties, the reader is referred to table 4.1. It is clear that at a 
constant temperature the thickness of the third body layer is influenced by the load. 
As the load increases from 0.5 N to 1 N, the thickness of the soft third body is 
significantly increased compared to lower loads. Furthermore, the thickness of the 
third body is also calculated at different temperatures. It is clear that as the 
temperature increases at the normal load 0.3 N the thickness of the third body 
hardly increases. However, at the normal load 1 N the thickness of the layer 
increases when the temperature increases. This is reasonable due to decrease in 
yield stress of CuO at 600 C which influences the rate of source flow. Further, 
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figure 4.10 clearly shows that the third body layer thickness is influenced more by 
load than by temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10 Thickness of third body as a function of load and temperature after 50 

sliding laps. 
 
Conclusions 
 

1. A model has been developed for the source flow supply of the third body 
layer. This model is based on a mechanical squeezing-out process. 

2. Based on the source model, the thickness of the layer on a ceramic 
substrate can be predicted.  

3. It has been shown that the amount of squeezed soft phase is determined by 
the soft phase concentration and mechanical properties as well as the 
applied load. 

4. A model has been developed for the wear of the thin layer. This model is 
based on ploughing at asperity level.  

5. The thickness of the third body and the geometrical properties of surface 
play a significant role in the wear model. 

6. Combining the two models one is able to predict the (stable) layer 
thickness. 
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Chapter 5: Discussion  
5.1 Discussion on experiments 
 
The results presented in this work clearly indicate the feasibility of applying a 
5CuO-TZP composite ceramic in order to realize a self-lubricating contact. It 
emerges from this study that self-lubrication can only be obtained under certain 
operational conditions and using certain countersurface materials. It has been 
found that 5CuO-TZP shows a low COF and wear rate at room temperature as well 
as 600 C when alumina is used as a countersurface.  
Based on room temperature tribological tests and results presented in the paper A, 
adding of CuO to Y-TZP results in the formation of a soft layer which decreases 
the COF at the sliding interface with alumina. SEM/EDS and XPS analyses 
indicate that the composition of the generated layer is aluminum rich. Furthermore, 
micro-FTIR analysis suggests the formation of hydroxides at room temperature. 
Although the formation mechanism is not completely clear, it is likely that the 
hydroxide is indirectly formed by the reaction of alumina wear debris with 
humidity. It has been reported that aluminum hydroxide has a layered 
crystallographic structure, which explains the measured decrease of the COF [100]. 
Further, CuO can react with alumina to form the phase CuAl2O4 or CuAlO2 [101].  
Based on thermodynamic investigations, these phases can also be formed on the 
wear track as explained in paper A. It has been reported that the presence of a 
CuAlO2 layer can decrease the COF and wear rate [101]. Based on the above 
discussion, it is suggested that the formation of aluminum hydroxide as well as 
CuAlO2 provides a low shear strength at the interface resulting in low friction. 
Copper oxide not only enhances formation of aluminum hydroxide but also 
contributes to the formation of CuAlO2, which also reduces friction.  
The increase in COF and wear with rise in temperature can be ascribed to 
instability of aluminum hydroxide above room temperature [39].  
As explained by the SEM/EDS results as well as XPS analysis, at higher 
temperature levels, a copper rich soft phase is formed in the wear track. The 
copper rich layer acts as a soft third body and results in a low friction and wear 
rate under high temperature conditions. The XPS analysis on the 5CuO-TZP wear 
track suggests formation of Cu2+ and Cu+ on the wear track at 600 C. It is known 
that Cu2O shows extensive plastic deformation at 600 C, see figure 5.1 which is 
taken from [95].  
Since the copper content increases on the wear track compared with outside the 
wear track, one can conclude that a copper rich phase in the wear track of 5CuO-
TZP composite is formed due to transport from the subsurface. If the soft phase is 
squeezed out as a result of plastic deformation, a smooth soft layer can be formed. 
This layer decreases the COF and in further sliding shears and accumulates at the 
edge of the wear scar of the alumina ball, see also figure 3.7. The continuous 
process of squeezing out results in restoration of the interfacial layer during sliding. 
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A schematic representation of the self-lubrication mechanism is shown in figure 
5.2. 
 

 
Figure 5.1 Typical stress-strain curves for single-crystal and polycrystalline copper 

oxide at different temperatures [95]. 
 

 
 

Figure 5.2 Schematic representation of the wear mechanism and self-lubricating 
performance of the CuO-TZP composite at different sliding stages. 

 
Such a copper rich layer is not formed while a Si3N4 countersurface is sliding 
against 5CuO-TZP as revealed by the EDS analysis (figure 4 in paper D). Instead, 
zirconia is transferred from the 5CuO-TZP disc to the contact region and adheres 
to the Si3N4 countersurface. According to table 3.4 and figure 8 in paper D, Si3N4 
shows the highest initial and steady state COF. When two bodies are brought into 
contact and move relatively, deformation occurs due to the ploughing of harder 
asperities on the wear surface. Once the friction-induced strain exceeds the limit of 
the strength of the interface between the asperities and the substrate, the asperities 

Cu-rich 
phase 
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may shear off, i.e. wear debris is generated. The hardness and morphology of the 
debris then controls the wear mechanism. In addition, a higher COF results in an 
increase of the maximum principal stress ( max) at the contact surface, which 
enhances crack formation and affects wear debris formation. Values of calculated 
stresses for 5CuO-TZP sliding against different countersurfaces are given in table 
3.4. The contact (tensile) stresses are 1.6-1.8 times higher when Si3N4 
countersurface is used as compared to TZP or alumina. Based on contact stresses 
and formation of a zirconia transfer layer (figure 4 in paper D), it is most likely 
that more zirconia debris is formed in the wear track in addition to the copper rich 
phase in the case of Si3N4. These fine wear debris can reattach and adhere to the 
countersurface under favourable contact conditions of high temperature and 
contact pressure. Therefore, a copper rich third body could not be formed and the 
resulting third body mainly consisted of zirconia. The reader is referred to paper D 
for more details and discussion. 
As the applied normal load increases, microfracture is predominant and a mild-to-
severe wear transition is observed. This is explained by the presence of harder 
zirconia and alumina debris at the interface, which results in severe damage to the 
soft layer on the composite surface. This results in an increase of the friction level 
and a transition to severe wear. Therefore, once microfracture is the dominant wear 
mechanism, the tribological system changes from a stable situation with a self-
restoring thin soft layer to a system experiencing severe wear. The experimental 
results of this study clearly demonstrated that under mild wear conditions plastic 
deformation and squeezing-out of the soft phase results in the formation of a 
smooth soft layer on the wear track. Further, the accumulation of soft phase at the 
edge of the countersurface suggests that the layer is partly removed by 
microcutting and ploughing. 
 Based on results of the present research a wear diagram is constructed in figure 
5.3 for 5CuO-TZP sliding against alumina. The open markers ( ) indicate the 
conditions where the mild wear was observed. The solid markers ( ) correspond to 
test conditions for severe wear regime. According to this diagram, the design of a 
Y-TZP ceramic composite with a CuO second phase can result in low friction and 
wear depending on tribological conditions. The dotted line indicates the possible 
transition boundaries between the wear regimes. The results of this diagram can 
help designers in selecting 5CuO-TZP for different tribological applications. 
According to figure 5.1, copper oxide does not show plastic deformation up to 400 
C. Based on a SEM micrograph shown in paper C, at 400 C poor plastic 
deformation of copper oxide does not enable squeezing-out and smearing of a 
copper oxide third body on the wear track. Further, the coefficient of friction 
measured by experiment at 400 C is 0.7.  
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Figure 5.3 Wear transition diagram of 5CuO-TZP sliding against an alumina 
countersurface showing three different regimes (solid markers indicate  

severe wear and open markers indicate mild wear). 
 
The maximum tensile stresses at the interface max imposed by friction can be 
calculated as follows: 
 

                                      ]
8

4
3
21

[maxmax p                                  (5.1) 

 
whereas pmax is the initial maximum Hertzian pressure,  Poisson ratio and  the 
coefficient of friction. The calculated tensile stress at 400 C and 1N load is found 
to be 650 MPa. This tensile stress is significantly higher than the critical stress 
determined by the fracture toughness of the composite. This results in severe wear. 
The formation of harder debris from the matrix and countersurface was confirmed 
by EDS analysis. At 200 C and 400 C the soft third body is not formed and as a 
result the wear is severe. 
 
5.2 Discussion of the model  
 
The process of the soft layer formation involves a balance between the rate of 
formation and replenishment of soft layer (source flow) and the mass loss of soft 
layer due to wear (wear flow). Both mechanisms are addressed in the developed 
model.  
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As mentioned in chapter 4, for the source flow the contact between a smooth ball 
and a flat (smooth disc) was considered. Asperity interaction can be neglected 
because the deviation from the Hertzian contact pressure calculation is small for 
relatively smooth surfaces [102], such as the one used in this analysis. As shown in 
section 4.2, the amount of squeezed material mostly depends on the concentration 
of the soft phase as well as the operational conditions.  
An important factor in the model is supply, representing the fraction of the 
plastically deforming material which ends up as part of the thin soft self-
lubricating layer. In this study, the supply was tuned according to experimental 
results. In fact, supply is strongly dependent on the microstructure of the material. 
For instance, it is well known that reduction of the grain size increases the volume 
fraction of the grain boundaries which act as a path for the squeezing-out process. 
This will increase the supply , for composites having a smaller grain size. 
Wear will be dominated by ploughing of the asperities of the countersurface 
through the thin soft layer at the surface. The results in section 4.3 indicate that the 
effect of the applied load is significant when the thickness of the soft layer is high. 
Further, the microgeometry also plays a role on the wear rate of the soft layer. For 
instance, when the asperities have a larger radius ( ), a wider wear track will be 
formed due to larger contact. In the model, it is assumed that the material, which is 
removed by the asperities, can partially remain in the contact. The ratio of retained 
material is denoted by wear which is discussed in the preceding chapter. As 
previously mentioned, wear is estimated from experiments in this study. In reality, 

wear will be influenced, among others things, by the attack angle of the asperities. 
Such effects are not taken into account in the wear model yet.  
The thickness of the third body is increased as more material is squeezed out to the 
surface. A relatively thicker soft layer will experience more wear. For a higher 
normal load, a thicker soft layer is formed because the material supply due to 
squeezing out is higher than the material removal due to higher wear. When 
discussing the thickness of thin soft self-lubricating layers, it should be noted that a 
thicker soft layer is not necessarily better. A relatively too-thick soft layer will 
increase the coefficient of friction due to the decrease in load-carrying capacity of 
the substrate. 
As shown in chapter 4 and paper E, higher load and higher temperature will 
increase the thickness of the third body. This is true as long as the mild to severe 
transition has not occurred. The composition of the soft layer also plays a role in 
wear of the third body. In this model, the composition of the third body is assumed 
to be the same as the second phase in the composite. However, wear of the ceramic 
is caused by microfracture at the early wear stage, which will introduce debris 
from countersurface and disc material into the soft layer. Hence, the hardness of 
the soft layer could be higher than the soft phase itself due to the presence of 
embedded hard ceramic debris in the thin soft layer. A harder layer will enhance 
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load-carrying capacity. This aspect is currently neglected because the layer is thin 
and soft compared to the substrate. If the third body will contribute to carrying the 
load, this will result in lesser wear of the substrate. However, a harder lubricating 
surface layer will also increase the friction level.  
 
5.3 Correlation between experiments and model  
 
As discussed in the preceding chapter on modelling, the volume fraction of the 
second phase has a significant role in the friction and wear of self-lubricating 
composites. This has been confirmed by experiments where different levels of 
copper oxide were added to Y-TZP and tested at 600 C. It is found that 5 wt% 
CuO results in a low coefficient of friction and wear of the CuO-TZP composite. 
When the copper oxide level is 0.5 wt% in CuO-TZP composite, friction and wear 
is high as shown in paper B. In the case of low copper oxide contents, it is most 
likely that the rate of squeezing is low and hence a uniform copper rich layer is not 
formed at the contact interface. 
In the combined source and wear model, the initial thickness of the third body is 
assumed to be 1 nm. This value is estimated based on the XPS analysis performed 
on the sample after polishing. In the polishing process, high flash temperature rises 
at the surface due to contact. In addition, fine zirconia and copper oxide debris are 
formed at the interface. Since the copper oxide debris becomes soft at higher 
temperatures, it will spread over the surface and make a thin soft copper rich layer 
on the disc material. However, harder zirconia debris does not deform and undergo 
fragmentation and is ejected during polishing.  
The main focus of the developed model is the mild wear regime, where the 
formation of a smooth soft third body on the surface is modeled. According to the 
source flow model, the thickness of the third body increases with sliding distance. 
When the thickness of the third body is increased the wear flow is also increased. 
Based on the source and wear flow models, it is expected that the third body 
thickness will reach to a stable value in which the layer thickness does not change 
significantly with sliding distance. During the progression of sliding, one can 
expect that squeezing out will cause the concentration of the soft phase in the 
composite to be depleted during the course of time. According to XPS analysis, the 
stable third body layer is about 60 nm at 600 C and a load of 1N. According to the 
model, this value will change for other temperatures and applied loads.  
 
5.4 Conclusions 
 

1. A copper rich third body layer can be formed due to squeezing out at the 
interface of CuO-TZP sliding against alumina at 600 C and 0.5 GPa 
contact pressure.  
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2. A physically-based model has been developed for the formation and 
maintenance of a soft third body layer at the interface of the ceramic 
composite under tribological conditions. This model is based on a 
squeezing-out mechanism for source flow and a ploughing mechanism at 
asperity level for material removal.  

3. The major contributing parameters to the formation and wear of the soft 
layer, and therefore to the resulting thickness, are the microgeometry of the 
ploughing surface, the percentage of soft phase in the ceramic composite 
and operational conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 64 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 65 

Chapter 6: Conclusions and Recommendations 
 

  Most ceramic materials show a transition from mild to severe wear depending 
on the operational conditions. In order to select ceramic for a tribological 
application, the friction and the wear rate must be low. 
Based on experiments, it has been shown that copper rich grains can be formed 
when 5 wt % CuO is added to Y-TZP. At room temperature, 5CuO-TZP shows 
low friction and wear against an alumina countersurface. Based on the 
observations made, an aluminum hydroxide soft layer is formed in the wear 
track. This soft layer results in low friction and wear.  
The following has emerged from this study under different tribological 
conditions: 
1. 5CuO-TZP shows mild wear at room temperature when the maximum 

Hertzian pressure is 0.5 GPa and 0.9 GPa. 
2. 5CuO-TZP shows severe wear at 200 C and 400 C while 0.5 GPa 

maximum Hertzian pressure is used. 
3. 5CuO-TZP reveals low friction and wear as well as self-lubricating ability 

at and above 600 C when sliding against alumina at 0.5 GPa. 
4. The countersurface material does play a role in the tribological 

performance of 5CuO-TZP. Similar to alumina, 5CuO-TZP sliding against 
a zirconia countersurface shows mild wear at 600 C. However, 5CuO-TZP 
sliding against Si3N4 shows severe wear under the same test conditions. 

The experimental results of this study show that incorporation of CuO into Y-
TZP results in low friction and wear at certain temperatures and contact 
pressures. However, there are many applications that require a self-lubricating 
composite capable of working throughout a broader range of temperatures, in 
particular at lower temperatures around 450 C, and loads. This can be 
achieved by using a combination of different solid lubricants in the ceramic 
matrix composite and by extending the mild regime to lower temperatures.  It 
is therefore recommended to focus further research on self-lubricating 
composite ceramics which result in a stable thin soft layer at lower 
temperatures. 
A physically-based model has been developed, which models processes 
responsible for maintaining the soft third body layer at the interface of ceramic 
composites. Based on the model, the thickness of the soft third body layer on a 
ceramic substrate can be predicted. It has been shown that the amount of 
squeezed soft phase is determined by the soft phase concentration and 
mechanical properties as well as the applied load. The microgeometry of the 
ploughing surface plays a major role in the wear model.  
Several recommendations can be made to extend the current model: first, the 
wear model should be combined with a friction model, because in this stage the 
coefficient of friction is an input in the model. Friction models exist for the 
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situation in which a thin soft layer is present on a harder substrate, see [103]. 
Second, the parameters supply and wear should be analyzed in more detail by 
relating these parameters to respectively the microstructure of the composite 
ceramic and the microgeometry of the ploughing surface, respectively. And 
finally, the effect of the presence of wear debris on the hardness of the thin soft 
layer should be addressed. 
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Appendix: Elastic-plastic contact model with a soft thin film 
 
The total contact load for a contact surface with a fully plastic deforming coating 
and elastic-plastic deforming substrate (see figure 4.1 and 4.7) [93]: 
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whereas He is equivalent hardness, Hf  is bulk hardness of film material,  
Hs is hardness of substrate material, t is equivalent film thickness, R is 

       radius of curvature of asperity height. 
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Abstract- Friction and wear of a self-lubricating ceramic composite under unlubricated sliding 
contact conditions is dependent on the formation and regeneration of a thin soft surface layer. 
Experimental observations have shown that a thin soft layer (third body) may be formed depending 
on the tribological tests conditions. This thin soft layer is a pre-requirement for the occurrence of 
low friction in the mild wear regime. This paper proposes a physically based model for the process 
of the formation and removal of the soft layer. The model is developed on the basis of mechanical 
stresses in the soft second phase and the elastic-plastic contact between a rough surface and a flat 
surface. Based on the model, the thickness of the soft surface layer on a ceramic substrate is 
predicted. The results show that the thickness of the soft layer is mainly determined by the 
mechanical properties of soft phase as well as the applied load.  
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1. Introduction 
 
Self-lubricating composites are promising 
candidates for applications that sliding 
interfaces undergo in harsh conditions [1], 
possible applications include mechanical 
components experiencing high temperature 
conditions. 
The tribological performance of the ceramic 
composite in contact is improved by the 
presence of a thin soft layer in the contact. The 
layer must be regenerated with time to maintain 
the self-lubricating ability at the interface of 

sliding components. Self-lubricating ceramic 
composites are widely used in for instance 
sliding bearings and cutting tool materials. 
According to Bowden and Tabor [2], it is well-
recognized that the beneficial effect of self-
lubricating composites depends on the thickness 
of the soft layer, the relative mechanical 
properties of the layer and subsurface as well as 
the contact pressure carried by the soft layer and 
substrate (first body). A few models have been 
introduced in literature to predict friction and 
wear of self-lubricating composites [3-5]. 
Alexeyev and Jahanmir used a slip-line field 
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analysis to determine the process of 
deformation and flow of a soft phase towards 
the sliding interface for self-lubricating metal 
matrix composites [4]. Their results showed that 
properties of both matrix and soft second phase 
as well as shape and size of second phase 
control the soft layer formation. Bushe et al. [5] 
developed a model for extrusion of a soft phase 
on the surface of self-lubricating antifriction 
aluminum alloy. In their work, the effect of the 
mechanical and geometric characteristics of the 
hard and soft phases of the aluminum alloy on 
the amount of the soft layer formed on the 
surface of the alloy in operation has been 
presented. Song et al. [6], developed a 
mechanical model to predict the thickness of a 
soft layer on a self-lubricating ceramic 
composite. They found that the thickness of the 
soft layer can be altered by the load and 
mechanical properties of the ceramic matrix and 
the soft second phase. In addition there are a 
few contact models that consider a soft film 
(solid lubricant) on a hard substrate and 
focusing on friction and wear [7-9].  However, 
there is no model for wear of self-lubricating 
composites in the current literature. 
It has been observed by experiments that sliding 
wear of ceramics generates very fine wear 
particles, detached grains, deformed second 
phase and amorphous reaction products [10-12]. 
During prolonged sliding, some of these 
particles are ejected from the wear track and 
some debris remain in the wear track as shown 
in our earlier experimental work [11, 13]. These 
remained debris can undergo deformation, 
fragmentation or chemical reaction in further 
sliding. The circulated debris in the contact 
constitute a “third body” in the sliding system 
and alter the contact pressure and consequently 
friction and wear. Valefi et al. [11, 14], have 
recently found that a copper rich third body 
layer is formed during sliding tests of CuO-TZP 
composite against alumina and zirconia at and 
above 600 C. The thickness of the third body 
layer is estimated by XPS analysis to be about 
60 nm. Further, many experimental studies in 
self-lubricating composite suggested the 
presence of the soft layer at the sliding interface 
[11, 15-16]. This soft layer can act as third body 
which reduces friction and wear [17]. 

Godet [18] introduced the concept of “third 
body” and its role on the tribological behaviour 
of sliding components. It is well known that the 
coefficient of friction is dependent on the 
properties of the third body due to velocity 
accommodation in the third body. Fillot et al. 
[19], used the third body approach to model and 
predict wear of two bodies in contact. In their 
work, an analytical analysis is proposed that 
considers the particle detachment process and 
the particle ejection process separately. 
However they have considered a simple 
qualitative model that provide formation and the 
removal of the third body. In order to improve 
the understanding of the formation and 
restoration of the soft layer, it is necessary to 
use a model which is based on the physical 
phenomena responsible for supply and wear of 
the thin soft layer [20].  
The aim of this work is to develop a model for 
the process involved in the formation and 
regeneration of the thin soft layer at the surface 
of a ceramic composite. The outcome of the 
model will be discussed in the context of 
experiments. 
 
2.  Modeling 
 
2.1 Mass balance of the thin soft layer 
 
Figure 1 represents a schematic of a rough 
surface in contact with a flat and smooth surface 
with a soft layer (third body). As described by 
Fillot et al. [19], the third body is fed by a 
“source flow” (Qs), which is either supply by 
particles or material squeezed out from one of 
the contacting bodies; whereas particles ejected 
from the interface as “wear flow” (Qw). The 
mass balance of the third body can be written as 
follows: 
 

 ws
i QQ

dt

dM
      (1)                    

 
Or in thickness (time or distance dependent) as 
follows: 

                                                          

wearsourcebodythird hhh                       (2) 
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Based on figure 1 and equation 2, it is important 
for a stable thickness of the third body to have a 
balance between the “source flow” and the 
“wear flow”. The mass or thickness of this layer 
affects wear and if the third body layer 
approaches a stable thickness, the wear is more 
likely steady state and the composite material is 
protected from severe wear. 
 
 
2.2 Supply to the thin soft layer 
Based on this concept, it is needed to model the 
Qs , so the mass flow towards the thin soft layer 
(third body) as well as the Qw, being the mass 
flow due to wear of the thin soft layer. First, the 
mass flow Qs will be addressed. Several 
researchers reported that a soft second phase in 
the self-lubricating composite can be squeezed 
out by contact stresses and form an interfacial 
layer at the interface [4, 15]. For instance, Deng 
et al. [21] studied the self-lubricating behaviour 
of a Al2O3-TiC-CaF2 composite under dry 
contact conditions. Their results indicated that 
the CaF2 soft phase can be deformed and 
squeezed out to the interface of a sliding pair 
and results in the continuous formation of a 
tribofilm responsible for low friction and wear. 
Since contact stresses are imposed on a surface 
in contact, and the second phase is significantly 
softer than the matrix in a self-lubricating 
composite at elevated temperatures, it is 
reasonable to consider that the second phase can 
be transported to the interface by squeezing out. 
A mechanical model for self-lubricating 
ceramic composite has been recently developed. 
Using this model, the amount of second phase 
squeezed out during the sliding process can be 
calculated [6]. In this model, a 3D 
representative volume element (RVE) of the 
disc at the contact interface is used to analyze 
the formation of the transfer layer as indicated 
in figure 2 and expressed in [6]. In the analysis 
it is assumed that the ball and the flat are 
smooth, in the sense that stress concentrations 
due to contact at asperity level will not 
significantly affect the subsurface stress field. 
The material properties of composite are 
calculated using the rule of mixtures. In order to 
calculate the average stresses beneath a sliding 
point contact in the ceramic composite, the 

explicit equations by Hamilton [22] were used. 
Furthermore it is assumed that the ceramic 
matrix deforms elastically and the second phase 
undergoes plastic deformation. For simplicity, 
an isotropic elastic-ideally plastic second phase 
is considered in this model. The model of 
Hashin [23] for a spherical second phase in an 
infinite elastic matrix was used. For more 
details the reader is referred to [6]. The 
following equation has been used to calculate 
the thickness of squeezed out soft material layer 
(hsource) during sliding process [6]: 
                                                                 
                             

dydz
b

h sq

s

j

h b

b

isource

1

1 0

supply 2

1
        (3) 

with: 
                                        

otherwise 0

 and                       

 0when  )1(
y
i

M
i

i
kk

i
kk

sq  

 in which sq is the squeezed volume fraction of 
the fully dense second phase material, b and h 
are width and height of the RVE, M

i is the 
equivalent von Mises stress in the second phase, 

 is the volume concentration of the second 
phase and  is the porosity of the inclusion. 
Therefore, flow in the inclusion will only occur 
in the case of hydrostatic compressive strain in 
the inclusion and yield of inclusion. supply is a 
constant related to the source flow. If all 
plastically deformed material is transported to 
the surface, then supply = 1. In reality, the 
second phase is deformed and transformed 
partially to the surface through the grain 
boundaries. This results in a limitation on the 
transport of the soft phase to the surface in the 
model and supply <1. 
 
2.3 Wear of the thin soft layer 
 
The soft layer (third body) is also worn away 
during sliding contact as shown in figure 1. This 
mass flow is denoted by Qw. Hence, a model is 
required in order to calculate the wear of the 
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third body. Liu et al. [24], investigated the 
effect of a deposited silver film on the wear 
behaviour of a steel substrate. The experimental 
results of their study clearly showed that plastic 
deformation of a soft silver film takes place due 
to microcutting or ploughing when a hard 
asperity slides through the soft film. In addition, 
experimental observations have shown that a 
soft thin film (third body) is formed on the wear 
track when 5CuO-TZP when sliding against 
alumina and zirconia at 600 C [11, 13-14]. The 
soft layer will be partly removed in time by 
ploughing at asperity level when the asperities 
of the countersurface material are penetrating 
the thin soft layer. Therefore the removed soft 
layer can transfer to countersurface material as 
shown in figure 3. The details of the 
experimental observation on the formation and 
removal of the copper rich third body layer are 
discussed in a previous publication [11]. 
Although for the supply model the situation of a 
smooth ball against a smooth flat is taken into 
account, the wear model has to take the 
roughness of the ploughing surface into account. 
Therefore, for the removal of the thin soft layer 
the contact will be modeled as the contact 
between a rough surface and a flat surface 
covered with a thin soft film. The resulting wear 
flow (Qw) will be affected by mechanical 
properties and the thickness of the soft layer, the 
applied load as well as surface roughness of the 
countersurface. The mechanism for material 
removal is modelled on the basis of 
experimental observations. In the analysis, the 
substrate underneath the thin soft film is 
assumed to be elastic-plastically deforming at 
the length scale of contacting asperities. The 
soft layer (third body) is modelled as fully 
plastically deforming. Hence a model with a full 
plastic film and an elastic-plastic substrate is 
appropriate for the present work.   
In the analysis, an asperity-based contact model 
is used to describe the contact behaviour [20]. 
The approach by Chang [7] is used to predict 
the amount of material removal. In this analysis, 
it is assumed that only the substrate is 
responsible for carrying the load. This 
assumption is reasonable due to the fact that the 
hardness of the soft layer is significantly lower 
compared to the substrate. Based on Chang’s [7] 

model, the contact area A for a self-lubricating 
composite with a smooth third body can be 
written as follows: 
                      

cc

c c

d
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                                                             (4)  
 
where: Atot is the total contact area, :asperity 

density, : asperity radius, An: nominal contact 
area, d: separation based on asperity heights,  
(s) height distribution, s is the substrate 
interference, c is the critical interference at the 
onset of plastic deformation, ac and as are the 
contact area radius of the third body and the 
substrate respectively, see also figure 1 and 4. 
The contact radius between the asperity and 
substrate can be obtained from the Hertz 
solution for elastic contacts and from Chang’s 
model under elastic-plastic conditions as 
follows: 

2/1)( ssa                   (Elastic contact)           (5)           

                                          

2/1)]2([
s

c
ssa     (Elastic-plastic contact)    (6)    

 
As is assumed in [7], the thin soft layer does not 
contribute to carrying the load, it plays a role in 
the size of microcontact due to low thickness 
and hardness of the thin soft layer. The contact 
area can be modelled by a load carrying central 
part surrounded by an annulus where the 
asperity is in contact with the thin soft layer. In 
short, the contact can be described by an inner 
radius as and an outer radius ac.  
The radius ac is calculated as follows. It is 
assumed that the Hertzian stress distribution 
causes elastic deformation of the substrate of 
the flat countersurface. The deformed profile of 
the flat elastically-deforming countersurface can 
be calculated as formulated by Derjaguin in [25]: 
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whereas r is the distance from the center of 
contact area. In order to find ac, Z is assumed to 
be equal to the thickness of the third body at r = 
ac.  It is assumed that the soft layer exactly 
follows the elastically deforming substrate. The 
size of the contact is determined by the fact that 
if the deformation is just equal to the third body 
thickness and r = ac is reached. This results in 
the implicit equation for ac as follows [7]: 
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             (8) 

 
It is assumed that the wear volume is the cross 
section area of the wear track multiplied by the 
sliding distance. With known values of ac and as 
at asperity level using equation 9, the wear 
volume for an elastically-deforming asperity 
ploughing through a soft surface layer can be 
calculated. The cross section of the wear track 
has the shape of the difference between two 
spherical caps as shown in figure 4 (ABDE 
shows the removed material in figure 4). This 
results in the following expression for the wear 
volume:  
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whereas wear : is the degree of wear. As it is 
assumed in the supply model, it is also 
considered that not all material is removed from 
the surface. 
 

2.4 Determining supply and wear  
 
In the model presented for the growth and 
removal of the soft layer supply and wear are 
calculated. In this section values for supply and 

wear are obtained based on experimental results. 
In order to tune wear, the obtained wear volume 
from experiments can be equalled to the wear 
volume calculated from the model. This will be 
further explained in below. 
Figure 5 shows a diagram that represents the 
different calculation steps in the model. At 
every X (position of ball moving against a 
certain plane in the disc), the source flow is 
used to calculate Qs. Then the wear model is 
used to calculate Qw. Finally, the resulting 
thickness of soft layer is calculated using 
equations 10, 3 and 2 respectively. 
In the source flow and wear model, the supply 

and wear are used respectively. These two 
factors are determined using the specific wear 
rate and the thickness of the third body 
measured by XPS analysis as reported in our 
previous publication [11]. The specific wear 
rate measured by performing a pin-on-disc 
experiment is 4x10-7 mm-3/Nm (mild wear 
regime). According to the experimental results, 
the only wear mechanism which contributes to 
mass loss of this soft layer is the wear flow (Qw). 
This value is used to tune the wear when the k 
value from experiment is used. wear was varied 
such that the measured k value is reproduced. 
Given the value of the measured third body 
layer thickness of 60 nm and given the 
calculated value of wear, the supply also can be 
calculated by choosing supply such that the 
model results in the same equilibrium thickness 
of the layer. These two factors are used in the 
source flow and wear flow models. 
 
3. Numerical Results  
 
The physical squeezing-out model and elastic-
plastic contact model are used in this study to 
analyze the formation of the soft layer at the 
interface under different tribological conditions. 
In this section a numerical example is presented. 
The ball and the disc are considered to be 
alumina and 5 wt. % CuO-TZP composite, 
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respectively. The material properties are given 
in table 1. The hardness of the copper oxide was 
approximated by a value equivalent to three 
times of the yield stress. The geometrical 
parameters of the surface were obtained from a 
confocal image of the virgin surface (figure 6) 
to be as (see also [26]): 
 
  = 1.07 1012 m-2,  = 2.77 10-7 m,  = 
1.65 10-7 m. 
 

Figure 7 shows an example in which Qs and Qw 
are calculated for a temperature of 600 C 
expressed in this case in volume flow using the 
density. In addition, the build up of thin soft 
layer is shown for a load of 1 N and a 
coefficient of friction of 0.35. It is clear from 
figure 7a that Qs increases significantly, though 
the Qw increases marginally at the early stage of 
the contact. The system results in an 
equilibrium thickness of around 90 nm for a 

supply = 2x10-4 and wear = 7.8x10-2. This 
thickness value is close to the experimentally 
determined thickness value [11]. In addition 
figure 7b shows that the wear rate is significant 
during the first laps and reaches to a steady state 
condition.  
Figure 8 presents the equilibrium thickness of 
the soft layer for different levels of temperature 
and applied loads using the same values for 

supply and wear. It is clear that at a constant 
temperature the thickness of the soft layer is 
influenced by the load. As the load increases 
from 0.3 N to 1 N, the equilibrium thickness of 
the soft third body is increased from about 70 to 
90 nm.  Furthermore, the thickness of the third 
body is also calculated at different temperatures. 
As the temperature increases at the normal load 
of 0.3 N the thickness of the soft layer hardly 
increases. However, at the normal load of 1 N 
the thickness of the layer increases significantly 
as the temperature increases. This is reasonable 
due to decrease in yield stress of CuO at 600 C 
which influences the rate of source flow [27]. 
Further, figure 8 shows that the equilibrium soft 
layer thickness is influenced more by load than 
with temperature.  
Figure 9 shows the effect of the coefficient of 
friction on the thickness of the soft layer. It is 
obvious from this figure that coefficient of 

friction does not significantly influence the third 
body thickness. The influence of the coefficient 
of friction on the wear process will be further 
discussed in the next section. 
 
4. Discussion 
 
An important factor in the model is supply, 
representing the fraction of the plastically 
deforming material which ends up as part of the 
thin soft self-lubricating layer. In this study, 

supply was tuned according to the equilibrium 
film thickness measured using XPS for the 
condition of T = 600 °C and a load of 1 N. In 
fact, supply is strongly dependent on the 
microstructure of the material. For instance, it is 
well known that reduction of the grain size 
increases the volume fraction of the grain 
boundaries which act as a path for the 
squeezing-out process [28]. This will increase 
the supply for composites having a smaller grain 
size.  
In the model, it is assumed that the material, 
which is removed by the asperities, can partially 
remain in the contact. The fraction of retained 
material is denoted by wear. As previously 
mentioned, wear is estimated from experiments 
in this study. In reality, wear will be influenced, 
among others things, by the roughness of the 
countersurface as the asperities may operate in 
different wear regimes. Such effects are not 
taken into account in the wear model yet. 
The thickness of the third body is increased as 
more material is squeezed out to the surface. A 
relatively thicker soft layer will experience 
more wear (figure 7a). For a higher normal load, 
a thicker soft layer is formed because the 
material supply due to squeezing out is higher 
than the material removal due to higher wear. 
When discussing the thickness of thin soft self-
lubricating layers, it should be noted that a 
thicker soft layer is not necessarily better. A 
relatively too-thick soft layer will increase the 
coefficient of friction due to the decrease in 
load-carrying capacity of the contact. A film 
which has a thickness in the same order of 
magnitude as the surface roughness of substrate 
has been suggested to be effective [2, 29].   
As shown in figure 8, a higher load and higher 
temperature will increase the thickness of the 
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soft layer. This is true as long as the mild to 
severe transition has not occurred. Based on 
previous publications [11, 13-14], CuO-TZP 
shows mild wear at and below a Hertzian 
contact pressure of 0.52 GPa. The composition 
of the soft layer also plays a role in wear of the 
soft layer. In this model, the composition of the 
soft layer is assumed to be the same as the 
second phase in the composite. However, wear 
of the ceramic is caused by microfracture at the 
early wear stage, which will introduce debris 
from countersurface and disc material into the 
soft layer. Hence, the hardness of the soft layer 
could be higher than the soft phase itself due to 
the presence of embedded hard ceramic debris 
in the thin soft layer. A harder layer will 
enhance the load-carrying capacity. This aspect 
is currently neglected. If the soft layer will 
contribute to carrying the load, this will result in 
lesser wear of the substrate. However, a harder 
lubricating surface layer may also increase the 
friction level. 
In the current model,  (coefficient of friction) 
is an input in the source flow model. According 
to figure 9, it can be seen that  has a minor 
effect on the equilibrium thickness of soft layer. 
It is known from previous research that the 
thickness of soft layer has strong influence on 
the  [30]. In the case that the thickness of the 
soft layer has a strong influence on the  and 
also if the  has strong influence on Qs then 
there would be strong feedback of the dynamic 
system. As can be seen from figure 9 this is not 
the case which is a positive aspect for having 
soft stable layer on the surface. 
This study shows that a physically based model 
can be used to explain the thickness of the third 
body in a self-lubricating composite in the mild 
wear regime. The experimental results also 
support the theoretical analysis. It is, however 
important to realize the limitations of the 
analysis. The source flow is based on the 
assumption of a contact for smooth surface. The 
analysis may not be applicable for a surface 
with higher roughness compared to this study. 
However, if the subsurface stress field is 
calculated e.g. by Boundary Element Method 
(BEM), also rough contacts can in principle be 
analyzed. The parameters supply and wear 
should be analyzed in more detail by relating 

these parameters to the microstructure of the 
ceramic composite and the microgeometry of 
the ploughing surface, respectively. And finally, 
the effect of the presence of wear debris on the 
hardness of the thin soft layer should be 
addressed. 
 
5. Conclusions 
 
A physically based model for the formation of a 
thin soft layer in a self-lubricating ceramic 
composite during sliding process has been 
developed. Wear flow is modeled by ploughing 
on asperity level and source flow is modelled 
based on the squeezing-out process.  
The major contributing parameters to the 
formation and wear of the soft layer, and 
therefore to the resulting thickness, are the 
operational conditions. It is found that the 
applied load has significant influence on the 
thickness of layer as compared to temperature 
for the system analyzed. Further, coefficient of 
friction only slightly affects the stability of 
system, since the coefficient of friction only has 
minor influence on the source flow to the thin 
soft layer. 
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Figure 1. Contact between a rough surface with a flat smooth surface covered with a thin soft layer 
(third body) generated from the self-lubricating composite. 
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Figure 2. Representative volume element (RVE) model for analyzing the formation of a soft layer, 
ball on flat configuration [6]. 
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Figure 3. Alumina countersurface sliding against 5CuO-TZP composite at 600 °C (Note that the dot 
line indicates the contact area). 

 

 

 

 

 

 

 

 

 

 

Accumulated  
second phase  
(CuO-rich phase) 
by microcutting 

Inside contact 
area 



 12 

             

 
 

Figure 4. Schematic representing an asperity in contact with the third body (the ABDE cap 
represents the removed third body). 
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Figure 5. Flow chart representing the soft layer formation model (X is the position of ball moving 
against a certain plane in the disc). 
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Figure 6. 3D surface topography images of CuO-TZP disc after polishing. 
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Figure 7. a) Source and wear volume flow as well as soft layer thickness during wear process of 
5CuO-TZP sliding against alumina b) Specific source and wear rate for the same conditions (F = 1 

N, COF = 0.35, T = 600 C). 
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Figure 8. Equilibrium thickness of the soft layer for different levels of temperature and applied 
loads after 255 sliding laps. 
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Figure 9. Soft layer thickness development for different coefficient of friction levels. 
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Table 
 

Table 1. Material properties used for the analysis [27, 31-34]. 
 

Material 
properties 

Temperature 
( C) 

E 
(GPa) 

 (-) Hardness 
(GPa) 

yield 
(MPa) 

CuO 500 108 0.31 0.056 20 
 600 104 0.31 0.028 10 

Y-TZP 500 180 0.32 5.8 2100 
 600 178 0.32 4 1430 

Al2O3 500 352 0.22 9 3200 
 600 350 0.22 8.5 3030 
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