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Abstract

Severe wear mechanisms in Al2O3-AlON ceramic composites during their friction against a bearing steel were investigated and

analysed by di�erent techniques, mainly transmission electron microscopy (TEM). It was shown that ceramic damages correspond
not to a classical intergranular cracking but to a breakdown of alumina±alumina grain boundaries leading to their pull o�. Con-
sequently, a new model of the severe wear of ceramics, based on a dielectric approach is proposed. Moreover, the existence of AlON

located at such boundaries induces a delaying e�ect of this damage and seems to participate in the forming and the stability in the
contact of a third body essentially constituted by iron oxides. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Al2O3±AlON ceramic composites, usually called alu-
minalon, consists of an alumina matrix (a corindon)
into which g aluminium oxinitride is dispersed. The
presence of the g phase greatly improves both mechan-
ical and tribological properties of alumina. It was
shown for example that, for temperature higher than
1000�C, aluminalon exhibits much better properties
than pure alumina.1±4 Hence, the ¯exural strength (�f)
of Al2O3±30%AlON composite at T=1400�C is similar
to that observed at room temperature, contrary to pure
alumina.3 Moreover, at room temperature, the fracture
toughness of aluminalon (KIC)m becomes lower than
that of pure alumina, (KIC)a, with a rate R=(KIC)m/
(KIC)a=0.84. Conversely this rate is equal to R=2.93 at
T=1400�C. It is also worth noting that aluminalon
hardness is 2185 HV1 compared to 1845 HV1 for pure
alumina. On the other hand, from a tribological point
of view, fracture toughness and hardness have been
shown not to correlate with wear5±8 and wear surfaces
can be classi®ed into two types by focusing on the wear
surface pro®le.9 Thus, wear which gives a relatively
smooth wear surface is de®ned as ``mild wear'' and wear
which gives a relatively rough wear surface as ``severe
wear''.9 More precisely, in the mild wear region, the

worn surface shows very ®ne debris and some plastic
deformation6 con®rmed by transmission electron
microscopy (TEM).10 The severe wear region is domi-
nated by intergranular fracture and pull out of grains.
The distribution of two wear modes was reported in
quantitative wear maps by several authors.6,9 System-
atically a steep transition from mild wear to severe wear
was reported. It depends on tribological conditions
(contact stress, sliding speed, environment, time. . .) and
is associated with the onset of grain boundary frac-
ture.10 From the microscopic point of view the accu-
mulation of dislocations was believed to be responsible
for the time dependent transition to catastrophic wear
in ceramics.10 On the other hand, for aluminalon, it
seems that the presence of aluminium oxinitride
improves the wear resistance of alumina even for low
concentrations.11

In this paper, we intend to analyse the wear mechanisms
as well as the damaging modes of the ceramic and to bring
to the fore the role played by the AlON second phase.

2. Experimental procedure

2.1. Aluminalon elaboration

Aluminalon composites were prepared in ``Ecole des
Mines de St Etienne'' by reactive sintering between alu-
mina (EXAL) and aluminium nitride powders (Starck).
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The mixture is hot pressed into a cylindrical crucible.
The procedure consists of gradually (30�C/min)
increasing the temperature up to about 1800�C where it
is stabilised for half an hour under a 40 MPa pressure in
order to carry out aluminalon sintering. According to
the equilibrium phase diagram of both phases, an oxi-
nitride, of a spinel type g is formed,12 whose quantity
depends on the chosen initial conditions. For example,
an Al2O3 molar composition of 90% (of less than 1 mm
granulometry and a speci®c surface of 9 m2/g) and an
AlN molar composition of 10% (of less than 1 mm
granulometry and a speci®c surface of 4.2 m2/g) give a
ceramic consisting essentially of alumina (a) into which
the phase (g) is distributed at about 30%.13

2.2. Microstructural analysis

Several techniques were used in order to analyse spe-
cimens before and after wear. Damages of ceramics
were observed by scanning electron microscopy (SEM)
whereas, the nature of crystallographic phases into the
contact were investigated by grazing incidence X-ray
di�raction (GIXRD). The last technique, transmission
electron microscopy (TEM), was used to put into evi-
dence the micro-structure of the ceramic before and
after wear. The foils (3 mm discs) were punched from
the bulk samples, inside and outside the wear track,
mechanically pre-polished parallel to the surface to 60
mm thickness and then sputtered by ionic bombardment.
To avoid charging e�ects by electron beam, one side of the
®lm was covered by an evaporated amorphous carbon.

2.3. Tribological analysis.

Wear tests were carried out using a block-on-ring
tribometer (Fig. 1). The ring was a quenched bearing
steel cylinder of 35 mm diameter and 65 HRC hardness,
rotating against the ceramic block (12�12�8 mm3).
Prior to any wear tests, the ceramic ¯at specimens were
diamond polished to give a very smooth surface
(Ra=0.02 mm). The ring was then grinded directly on
the tribometer by friction against a pure alumina block
to obtain an average roughness Ra=0.08 mm. All the
surfaces were cleaned with acetone in an ultrasonic
bath, then rinsed with alcohol and dried in hot air.
Wear tests were performed in water with a constant
load of 700 N. The rotating speed of the cylinder was
0.36 m/s. According to Ref. 6, such conditions corre-
spond to the severe wear region of alumina.
The wear volume V was determined from the wear

track, on the ceramic surface, during the experiments
using the following equation7:

V=L � R2 sinÿ1�b=2R� ÿ b=4�4R2 ÿ b4�1=2

with (Fig. 1):

L: width of the wear track
b: length of the wear track
R: radius of the cylinder.

Both b and L were determined from SEM observation
of the wear track.

3. Results and discussion

3.1. Aluminalon microstructure

Fig. 2 shows the (Al2O3±30%alon) micro-structure. It
is clear that the g phase, with fair colour, is distributed
among an alumina matrix characterised by dark colour.
Classical TEM investigations did not reveal the presence
of any secondary phase at Al2O3±Al2O3 or Al2O3±
AlON grain boundaries under these experimental con-

Fig. 1. Schematic representation of the block-on-ring tribometer (a)

and of the geometry of the wear track (b).

Fig. 2. SEM microstructure of aluminalon after thermal etching.
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ditions. It is worth noting (Fig. 3) that AlON grains
have various shapes and sizes; some of which whose
dimensions are of the order of microns. Moreover, Fig.
4 shows an AlON grain located at alumina grain
boundary. They possess an elongated shape whose
thickness is of the order of half 1 mm. Such grains pre-
sent bulk defects in the form of ®ne platelets with var-
ious crystallographic orientations.

3.2. Wear

Wear volumes as a function of the sliding distance are
given in Fig. 5 for pure Al2O3 and Al2O3±30%AlON
sintered at T= 1720�C. It is clear that the addition of
AlON improves the severe wear resistance of alumina.

Fig. 6 illustrates the friction coe�cient (m) evolution
recorded during the wear test. This curve is char-
acterised by three distinctive periods: (I) a short period
where the coe�cient increases rapidly, corresponding to
surface matching, (II) a stable period around a constant
value corresponding to the formation of a dynamic
screen (third body)14±16 caused by wear debris attrition
in the contact and (III) an unstable period related to
debris elimination and new creation in the contact. In
fact the presence of the third body leads to an high
friction coe�cient level and the decrease in m is a con-
sequence of the absence of wear debris (third body) in
the contact. Therefore, a constant friction coe�cient is
indicative of an equilibrium state of the third body (II).

3.3. Third body: formation and nature

When the ceramic and the ring are put into contact
only the peaks of their asperities get into touch. Hence,
three phenomena occur:

1. steel-ring abrasion via micro-cutting into which
asperities of ceramic play the role of cutting tools.
Steel (a Fe) is locally transferred onto ceramic as
proved by GIXRD performed in the wear track
after 7 min friction time (Fig. 7);

Fig. 3. TEMobservation of the distribution of alumina andAlONgrain.

Fig. 4. TEM micrograph of an AlON grain (dark ®eld).

Fig. 5. Wear volume vs sliding distance for pure alumina and Al2O3±

30%AlON.

Fig. 6. Evolution of friction coe�cient as a function of the sliding

distance for Al2O3±30%AlON.
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2. the iron transferred is then progressively oxided to
form iron oxides (Fe2O3 and Fe3O4) (Fig. 8);

3. wear debris can either be thrown out of the contact
or remain in the contact to form the third body.
Such a ®lm only has been observed on the ceramic
surface as illustrated by Fig. 9.

Hence, the third body, consisting essentially of iron
oxides (Fe2O3 and Fe3O4), (Fig. 8), is formed via an

oxidation process of the remaining particles due to dis-
sipated friction energy. The importance of such a third
body lies in the separation of both former bodies (cera-
mic-steel), the decrease of their interaction and their
partial protection against wear. The friction changes
from steel-ceramic to steel-third body contact. It is
interesting to note that this self-protection phenomenon
depends on the period of time during which particles
remain active. Hence, the wear rate of the ceramic is
related to the presence of the third body whose hardness
is higher than that of steel.17 It is well admited that these
oxide formation is the predominant process that con-
trols the metal-ceramic wear. It was shown that the
third body introduces a ®lm that protects the cracks and
limits their propagation.18 On the other hand, it was
reported that the wear resistance of ceramics increases
with the oxide ®lm thickness in the contact.19,20 Finally,
it should be noted that the dispersed AlON phase is
spread on the surface as ground particles introduced in
the third body.

3.4. Observations of ceramic surface after removing of
third body

3.4.1. Scanning electron microscopy observations
Wear track observations by scanning electron micro-

scopy after the elimination of the third body show that
ceramic damage occurs after alumina grains pull out
con®rming a severe wear mode. This happens after sev-
eral successive mechanisms.7,21 First damages appear as
cracks (Fig.10a); grains are initially separated leading at
the end to their complete detachment (Fig.10b). Hence,
the fracture seems to be essentially an inter-granular
process. The presence of AlON phase, as a very thin
grain at alumina grain boundaries and triple bound-
aries, slows down grain pull out, reduces cracks propa-
gation and, hence, ceramic degradation (Fig. 10b). At
this stage, all seems to indicate that ceramic damage
occurs via intergranular propagation of cracks as
reported previously.6,7,10,21

3.4.2. Transmission electron microscopy observations
Some aluminalon thin foils, cut o� parallel to the

worn surface after 30 min friction time, were investi-
gated by a conventional transmission electron micro-
scope. The results thus obtained are illustrated by Fig.
11: it is clear that Al2O3±Al2O3 grain boundaries, initi-
ally free from any phase, are now replaced by a zone
(0.2 mm thick) consisting of alumina nanograins (20±30
nm) as shown by di�raction plot taken at the grain
boundaries (Fig. 11). It is clear that this boundary
destruction leads to the pull out of grains as proved by
Fig. 12, onto which the extraction of a grain is obvious.
Nevertheless, the nano-crystalline region is maintained
around the extracted grain. Thus, these ®gures agree
with SEM observations and con®rm the intergranular

Fig. 8. GIXRD spectrum of the wear track surface after 2 h friction

time for di�erent X-ray incidence angles a.

Fig. 7. GIXRD spectrum of the wear track surface after 7 min friction

time.

Fig. 9. SEM micrograph of the wear track after 2 h friction time:

observation of the third body.
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aspect of alumina damage. However, the cracking
mechanism does not correspond to a classic propaga-
tion of intergranular cracks, but to the breakdown of
the zone surrounding the grain boundaries, leading to
the ejection of alumina grains in the contact.
Such observations, corresponding to an extensive

energy (creation of numerous interfaces) can not be
explained by simple dislocation pile-ups at grain
boundaries resulting in grain boundary cracking as
proposed by Barceinas-Sanchez and Rainforth,10 but
can be related to observations of ceramics after elec-
trical breakdown.22 In this way, it is necessary to con-
sider a form of energy dissipation, too much neglected,
i.e. the storage of polarisation energy connected with
electrostatic phenomenon identi®ed for a long time23,24

during contact and friction of insulating materials.
In fact, during movement, when a tangential force is

added to the normal load, during movement (friction),
non-symmetric and time-dependent deformation of the
lattice is observed, leading to possible ionic polarisation
and to local variations of the atomic polarisability.25,26

In other words, friction induces polarisation-depolar-
isation phenomenon, propagation of a transversal wave
in the lattice, instantaneous dipolar ®eld and thus an

electric ®eld acting on all the lattice sites. Consequently
the energy dE, necessary to the movement, and thus the
friction coe�cient, has to include a term corresponding
to the energy necessary to modify the polarisation in
front of the pin. Furthermore, a charge in movement
can be trapped on defects (traps) and, in this case, the
sample becomes charged. But, the nature of the trap is

Fig. 10. SEM observation of the wear track after elimination of the

third body after 2 h friction time (a) cracks along alumina grain

boundaries; (b) pull out of alumina grains.

Fig. 11. TEM micrograph of the Al2O3±30% AlON composite after

wear in the period II (see Fig. 6.). Breakdown of the alumina near the

grain boundary and formation of nanocrystals of alumina as shown by

the selected area (O). (a) Dark ®eld (DF); (b) bright ®eld (BF); (c)

electron di�raction pattern (a Al2O3) of selected area (O).
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not easily discovered. Moreover, a trapping event
involves a particular site (impurity, dislocation, grain
boundary. . ., for example) and its surroundings27±29 and
so the trapping energy is expected to be related to the
material properties including its elastic constants and
electrostriction coe�cients. The density of traps and the
trap energy distribution also are important questions.27

Another major aspect of trapping is the energy stored
in a polarised dielectric. The energy is composed of
electromagnetic and mechanical contributions with
possibly some cross terms. The mechanical energy asso-
ciated with trapping was introduced on the basis of lat-
tice relaxation accompanying polaron formation28 or
molecular dynamic simulation.30

The mechanical energy stored around a trapped
charge has been estimated as 5eV/ charge or more22,28±
30. This energy is considerable and could be compared
with the 5eV or so needed to create a defect, typical of
bond energy. It is interesting that the maximum elastic
energy which can be stored in a solid before plastic
deformation or near breakdown (assuming 3.106 V/cm
and permittivity 10) is on of order 0.5 meV/atom (4 J/
cm3). In other words, a simple calculation showed that 1
trapped charge per 10,000 atoms corresponds to 4 J/cm3

and could cause breakdown or plastic deformation. In
the same way, 1 trapped charge per 1000 atoms corre-
sponds to 40 J/cm3 and could cause melting of the
ceramic.
The relaxation of the polarisation energy associated

with trapped charges occurs in two steps. First, charges
can be detrapped by the action of an external strain and
secondly, the lattice around the location of the charges
becomes depolarised, i.e. comes back to its equilibrium
con®guration. Dissipation of the mechanical energy
corresponding to this relaxation mechanism can lead to
impact waves producing dielectric ¯ashover, electronic
breakdown and mechanical fracture. But it is interesting
that without energy localisation, damage is very hard to

create and would certainly need some speci®c site or
circumstance.31

With regard to tribology, it is clear that contact and
friction induce movements of charged particles as
shown by triboelectri®cation and triboemission.23,24

These charges can be trapped on sites of trapping (pre-
existing or formed during friction). Therefore, the tri-
bosystem stores polarisation energy located in special
sites. After a given time this polarisation energy can be
catastrophically relaxed inducing severe wear. It is thus
sensible to study wear not only in mechanical terms but
also in dielectric terms.
Moreover if the comparison between electrical and

tribological properties is go on, we will have to note that
dislocations are formed just as well during friction10,32

as before electrical breakdown of Al2O3 or MgO as
proved by Xiang Fu et al.33 In fact, during injection of
charges, some charges in movement are trapped. The
main traps for the carriers are impurities. An ample
accumulation of trapped carriers lead to the formation of
dislocations as proved by TEM: the dislocation density
averaged 109±1010 dislocations/cm2 whereas the density
in virgin crystals was 104 dislocations/cm2.33 These dis-
locations can serve in turn as traps for electrons or holes.
However, electrically charged, dislocations are mobile
under an electric ®eld.
In accordance with the dielectric approach of tribol-

ogy, the same mechanism can be proposed, i.e. friction
induces injection and movement of charges25,34 which
can be trappedon point defects leading to the formation of
dislocations. In addition, it is interesting that sites of trap-
ping of charges have been observed recently, inside and
outside the friction track, as soon as sliding occurs, during
friction of alumina.34 Probably, such sites were disloca-
tions as observed by10 and on account of the presence of
sites of trapping everywhere in the material (i.e. inside and
outside the friction track), the existence of an internal
electric ®eld acting on all the lattice sites is con®rmed.
In this way, mild wear can be interpreted as the for-

mation of dislocations and the severe wear (detachment
of particles) is interpreted as the result of a sudden
relaxation of high amount of polarisation energy stored
and localised on some special sites i.e. grain boundaries
according to TEM observations (Figs. 11 and 12).

4. Proposed model

To sum up, the essence of our model is as follows:

1. friction leads to movement of charges and to
polarisation±depolarisation phenomenon inducing
an internal electric ®eld;

2. charges in movement are trapped mainly at impu-
rities (in bulk and grain boundaries) leading to the
formation of dislocations;

Fig. 12. TEM micrograph of the Al2O3--30%AlON composite after

wear: observation of the pull-out of an alumina grain as a result of

grain boundary breakdown.
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3. all defects (pre-existing or formed during friction)
serve as traps for charge carriers (electrons and
holes), in movement during friction;

4. in the mild wear region, an equilibrium trapping-
detrapping appears without catastrophic e�ect
(severe wear). Dislocations are mobile under the
internal electric ®eld involving delocalisation of
stored energy except in grain boundaries and when
dislocation pile-ups at grain boundaries are formed;

5. in the severe wear region, polarisation energy,
locally stored particularly along grain boundaries,
can be catastrophically relaxed leading to the
breakdown of the grain boundary surrounding;

6. this approach is coherent with the sudden transi-
tion from mild wear to severe wear: any circum-
stance favouring both localised high trapping and
sudden detrapping has to exacerbated severe wear
(increase of speed, time dependent, instabilities. . .).

Indeed, such models are in agreement with the classical
approach (dislocation formation),10 recent studies on
friction of alumina (formation of sites of trapping inside
and outside the wear track)26,34,35 or wear resistance of
zirconias.8 In the last case, for one type of zirconia (PSZ
or TZP) the higher the capacity to trap charges, the big-
ger the wear and the relaxation intensity depends on the
intensity of external solicitations (friction or impact).

5. Conclusion

The wear characterisation of Al2O3±AlON composite
sliding against bearing steel were studied in the context
of the dielectric approach of the ceramic tribology of
ceramics.
The ceramic damages, analysed by TEM are well

located at alumina±alumina grain boundaries, but such
damage does not correspond to conventional crack
propagation. It is obvious that a transformation of bulk
alumina near by grain boundaries occurs inducing the
formation of alumina nanocrystals.
This intergranular breakdown could be explained by

the local storage and then release of polarisation energy
along grain boundaries, occurring during friction. We
proposed that this polarisation energy is connected to
trapping of charges on defects pre-existing (point
defects, grain boundaries. . .) or created by friction (dis-
locations). Such trapping of charges can be responsible
to formation of high density of dislocations by electro-
mechanical e�ect as shown both before electrical
breakdown33 and during friction of ceramics.10,32

Both dislocation pile-ups and trapping of charges at
grain boundaries lead to an high localisation of charges,
and thus of polarisation energy, which can induces
severe wear if the relaxation of the stored energy occurs
on account of friction conditions.

The addition of AlON, in dispersoid form, in the
alumina matrix improves the wear resistance of ceramic-
steel friction. At ®rst the inter±granular location of
AlON seems to limit the localisation of polarisation
energy (charge ¯ow or storage in bulk AlON) and thus
the pull out of grains. Then AlON stabilise in the con-
tact the third body, essentially constituted of iron oxi-
des. Such a body protects partially the ceramic from
damaging.
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