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Abstract 

With a view to understanding the friction and 
deJbrnmtion hehat'iour (?[ tough zireonia poO'co,stals 
under conditions o[severe contact stress, shNle pass 
scratch experiments were conducted with a Viekers 
indenter on ceria-stabilflsed tetragonal zireonia 
cerantics having grain sizes vaEvingJFom 0"5 to 2" 7/tin. 
For a given grain size, the frictional[or(e, the width, 
depth and hence the vohnne q[ wear groove as well as 
the tran,ffbrmation zone size ( h ) all increased with 
applied normal load (8 -20N) .  At a given load, the 
tran.ffm'mation zone size increased with grain size. 
The d~ffi)rntation hehaviour was charaeterised pre- 
dominantly h)' plastic ph)ughing and to a small extent 
hv other components such as loealised micro(racking, 
grain houndat 3" micr(?/i'acture and chipping. A hrie/" 
comparison (?[ these results with pret, ious work on 
alumina, a typical non-phase-tran~fforming ceramic, is 
also presented, with a Hew to highlight the distinction 
ht &ffbrnuttion and wear hehat, iour (?[the two d(ff'erent 
O'pe (?[' twramics. 

Das Reihungs- und Versehh, ifiverhalten yon 
mit Zeriumoxid stahilisiertem, tetragonalem poly- 
kristallinem Zirkoniumoxid mit einer Korngri~fie yon 
0"5-2" 7 gm wurden mit Hi([e eines Vickers Eindruck- 
stempels in einem Ritztest untersucht. Bet gegebener 
Korngri~/3e nimntt die Reibungskrq/'t, die Beite, Ti(ff~, 
und das Volumen der Rille sowie die Gr6J3e ( h ) der 
Trans/brmationszone mit der aufgebraehten Last 
(8 2ON) zu. Bet gegebener Last nhnmt h mit der 
Korngrd/3e zu. Die Prozesse, die zur Versehleifl- 
schOdigung J~ihren, werden hauptsiichlich durch 
plastisehes Furehen und zu einem geringeren Teil 
dureh die lokale Bildung yon Mikrorissen, Korn- 
grenzenmikrohruch und Ausbreehen verursacht. 

* Present address: Electroceramics Division, Central Glass & 
Ceramic Research Institute, Calcutta 700032, India. 

II 

A.fin de mieux comprendre le comportement en 
./Hction et en &;formation des polyeristaux de zircone 
t6tragonale sountis a dTmportantes eontraintes de 
contact, nous avons men6 des expOriences de ravure 
par tm seul passage ave(' un indenteur Viekers sur des 
cOramiques de zireone tOtragonale c6riOe dont la faille 
de grains varie de 0"5 gt 2"7gin. Pour une taille de 
grains ~h)nn6e, la./orce de Ji'ottement, la largeur, la 
pr(?[ondeur et done le volume du sillon d'usure, de 
m(;nw que la taille de la zone de tran.ffbrmation ( h ) 
augmentent tous avec la Jorce normale appliquOe 
( 8N 20N ). Pout" une force donnOe, la faille de la zone 
de trans[mvnation augmente avee la taille des grains. 
La caractOristique prineipale du comportement en 
&!/brmation est la.[brmation d'un rehord le long du 
si//on el, (kms une ntoindre mesure, de/a microfissurathm 
localisde, du taillage pat" Oelats et de la J?acture 
microseopique (nix joints de grains. Une brbve 
comparaison de ces rOsultats avec notre Otude 
prOcOdente sur l'alumine, cas t)'pique de eOramique 
sans lran.fformation de phase, est Ogalement pr6sent~;e 
pour montrer les diffdrenees de comportentent en 
(16formation et h l'usure de ces deu.v types &' 
cOramiques. 

1 Introduction 

Zirconia (ZrO2) based ceramics have strength, 
hardness and fracture toughness considered as 
exceptionally high in comparison to their brittle 
counterparts. The combination of  these properties 
has enhanced the candidature of  zirconia ceramics 
for wear resistant applications.1 4 In fact, enhanced 
toughness values of  about 10 2 0 M P a m  1'2 are 
reported to be realisable through proper control o f  
microstructure and phase transformation. ~ The 
crack shielding induced by the phase transformation 
is thought to be the main contributor to enhanced 
toughness. ~ In spite of  the exceptional toughness 
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properties of the Ce-TZP ceramics (ceria-stabilised 
tetragonal zirconia polycrystals) related to their 
transformation plasticity, 5 most of the reported 
work concentrate on friction and wear behaviour of 
PSZ (partially stabilised zirconia) and Y-TZP 
(yttria-stabilised tetragonal zirconia) ceramics. 2'4'6 
Friction and wear behaviour of zirconia ceramics 
are found to be a sensitive function of the micro- 
structural parameters such as porosity and grain 
size, contact stress, the extent and intensity of stress- 
induced tetragonal (t) to monoclinic (m) phase 
transformation, atmosphere and temperature. 
Several features observed on the worn surfaces 
include plastic deformation, delamination and grain 
fracture. 2'4"6"7 However, because the worn surface 
contains too much damage, these investigations fail 
to identify the wear mechanisms clearly. 

In this connection, single pass scratch experiments 
offer potential alternative in the sense that they can 
elucidate the mechanism of wear initiation in 
perspective of abrasive wear. Only limited scratch 
experiments are reported for Y-TZP 2 at loads of 
100-200 N, while for other ceramics such as alumina 
the range of load investigated is from 0"1 to 1 N. 3 
The role of mechanical properties in the control of 
wear behaviour is not very clear in the case of ZrO z- 
based ceramics, particularly when environmentally 
assisted crack growth is promoted. 8'9 Insofar as Ce- 
TZP is concerned, only a couple of investigations are 
available.~°'l ~ Transmission electron microscopic 
observations in the sub-surface regions of Vickers 
indentations made at 300N load on a 12mo1% Ce- 
TZP provided evidence for the absence of any 
dislocation generation. ~ This has the implication 
that all the plasticity and the necessary ductility were 
manifested by the stress-induced t ~ m  transforma- 
tion that occurred around the indents. In the 
manually ground and diamond ground surfaces of 
the same material, on the other hand, significant 
differences were found between the monoclinic 
phase contents. ~° Only limited amounts of mono- 
clinic phase could be detected on the diamond 
ground surface, whereas the same was present to a 
significantly higher extent on the manually ground 
surface. These apparently contradictory results have 
been explained in terms of stress-induced t ~ m  
transformation. 

The purpose of the present work was to identify 
the influence of grain size vis-fi-vis phase trans- 
formation on the friction and wear characteristics in 
single pass scratch tests at a constant speed of 
6 mm/s and under moderate normal loads of about 
8 N to 20 N on 9 mol% Ce-TZP ceramics fabricated 
in a controlled manner ~2 to have grain sizes 
spanning the range 0"5/~m to 2.7~m. In addition, 
just for the purpose of comparison, data from the 
authors' earlier work on wear of a typical non- 

phase-transforming ceramic, e.g. alumina, has been 
included to illustrate the distinction of its deforma- 
tion and contact damage characteristics from the 
present phase-transforming ceramics. 

2 Experimental Methods 

Details of the material synthesis and microstructural 
characterisation have been published elsewhere, lz 
Briefly, the CeOz-ZrO2 powder containing 9 mol% 
CeO2 and trace impurities (HfO2, SiO2) was 
obtained from a commercial supplier (Ce-14, Unitec 
Ceramics Ltd, Stafford, UK) and conventionally 
sintered. Density measurements by the water 
immersion technique gave values between 97.6% 
and 99"8 % of the theoretical value. Grain size measure- 
ments by the linear intercept technique gave average 
values of 0"5 ~m, 1-0/~m, 1"4 #m, 1"5 #m and 2"7 ~m 
for the Ce-TZP 1, Ce-TZP2, Ce-TZP3, Ce-TZP4 and 
Ce-TZP5 materials, respectively. The monoclinic 
phase contents in the different Ce-TZP materials 
were measured on ground as well as fractured 
surfaces using X-ray diffractometry. Typical average 
scatter of the phase contents was less than 5% and 
8% for the ground and fractured surfaces, respect- 
ively. The alumina ceramics used for wear tests were 
prepared from high purity alumina powders of 
submicron particle size. 13 Specimens of grain sizes 
0.7 Itm, 5'0 ~m and 25"0/~m were used for the wear 
tests. 

Detailed descriptions of the preparation of 
alumina samples as well as the experimental 
methods used for the scratch tests have been 
reported elsewhere. 13 In short, the scratch experi- 
ments were conducted in a reciprocating sliding 
machine built in the authors' own laboratory. A 
sharp Vickers indenter of apex angle 136 ° and tip 
radius less than 0"5/~m was used on polished and 
annealed (500°C, 30min in air) rectangular speci- 
mens measuring 10 × 6 × 4mm 3. The tangential 
force of friction (F) was measured using a LVDT and 
the scratching speed was 6 mm/s. The deadweight of 
the loading assembly produced an effective force of 
8 N at the indenter and in the scratch experiments 
the normal load was varied between 8 N and 20N 
using an adjustable lever arm. In the single pass tests 
the loaded indenter scratched the sample surface 
once with a leading plane. Care was taken in 
assuming the vertical alignment of the indenter on 
the sample surface by visual inspection. After each 
single test the indenter was cleaned with ethanol to 
remove any adhered wear debris. In the case of the 
alumina samples identical test conditions were used 
with a blunt diamond indenter of about 100~m tip 
radius ~3't4 in addition to the same sharp indenter. 
Average values of the groove width and depth were 
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obtained from at least two experiments using 
scanning electron microscopy (SEM) and surface 
profilometry techniques using a high resolution 
profilometer (Talysurf, Hobson, UK, resolution 
better than 5 nm). Several cross-sectional measure- 
ments were made at various positions along the 
length of the scratch to have a reliable estimate of the 

groove depth. The error bars included in the 
experimental results presentation signify typical 
average scatter in data. The force ratio (f) was 
calculated as the ratio of tangential (F) to normal (P) 
forces. The wear volume was calculated from the 
measured values of groove width and depth assum- 
ing a triangular cross-section using the length of the 
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Fig. 1. Variation of(a) tangential force (F) and (b) force ratio (.1) with normal load (P) for Cc-TZP. Relationship between (c) groove 
width (B) and (d) groove depth (D) and normal load (P) for Ce-TZP. Effect of normal load (P) on wear volume of(e) Ce-TZP and (f) 

alumina ceramics (from Ref. 14). 
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groove (6mm) as the other dimension. The wear 
damage process was studied with the aid of optical 
as well as SEM techniques. 

3 Experimental Results 

3.1 Scratch characteristics 
Figures l(a)~e) show the effects of increasing the 
normal load on the scratch characteristics in the 
single pass tests. For a given grain size of Ce-TZP, 
the tangential force (F), the width (B), the depth (D) 
and hence the wear volume all increased with normal 
load (P). The force ratio (f), however, seemed to be 
insensitive to variation in applied normal load as 
well as grain sizes; see Fig. l(b). The wear volume 
generally exhibits a power law dependence on the 
normal load; see Fig. l(e). These results compare 
favourably with those reported for Y-TZP, PSZ, 
alumina and various other ceramics. 2`3,5`v'~3.1s 
However, comparisons of the present results with 
the present authors' previous work ~ 3.t4 on alumina 
ceramics, Fig. l(f), indicates that a strong grain size 
effect in abrasive wear exists in the case of alumina, 
while the wear volume of the present Ce-TZP 
ceramics seem to be insensitive to variation in grain 
size (compare Figs l(e) and (f)). Although the data 
shown in Fig. l(f) was for abrasive contact with a 
blunt diamond indenter, 14 an exactly similar trend 
was noted in experiments ~ 3 conducted with the same 
sharp Vickers indenter as was used for the present 
Ce-TZP ceramics. In other words, depending on the 
indenter shape, the relative magnitude of calculated 
values of the wear volume changes but the strong 
influence of grain size on wear volume was always 
exhibited by the alumina ceramics. ~3"~4 

Figure 2 shows the effect of increasing the normal 
load on the transformation zone size (tl) as a function 
of the grain size. As before, the error bars signify 
typical average scatter in the zone size data. For a given 
grain size, the transformation zone size surrounding 
the scratch always increased with increasing applied 
normal load. At a given load, the transformation 
zone size showed an increasing trend with respect to 
grain size. For the purpose of comparison the 
monoclinic phase contents 

(m)/(m + t + c)% 

on the ground surface as well as on the fracture 
surface of the five Ce-TZP materials are plotted in 
the same figure as a function of the grain size. On 
the ground surface the monoclinic phase content 
increased with grain size. The trend was similar for 
the fractured surface, except that the relative 
magnitude of the monoclinic phase was higher. Also, 
particularly for grain sizes above 1/tm, the relative 
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Fig. 2. Relat ionship between the t rans format ion  zone size 
(h), grain size (G) and  monocl inic  phase content  
[ ( m ) / ( m + t + c ) ] % ,  on the scratched (O,  P = S N ;  m, 
P = 18 N), ground (71) and fractured (©) surfaces of  Ce-TZP. 

scatter in phase content estimation was slightly on 
the higher side for both ground as well as fractured 
surfaces. Although an exact estimation of the 
monoclinic phase content on the scratched surface 
could not be done, it seems reasonable to assume on 
the basis of experimental data on ground and 
fracture surfaces that the monoclinic phase content 
on the scratched surface may be somewhere between 
the cases of fractured and ground surfaces. As a 
typical example, Figs 3(a) and (b) show the Nomarski 
interference optical micrographs of scratches pro- 
duced under normal loads of 8N  and 18N 
respectively, in the Ce-TZP1 material of grain size 
0"5/~m. Notice that the width of transformation zone 
beside the scratch is indeed very small. It appears 
that there is a small surface uplift in these regions. In 
contrast, the Ce-TZP5 material with the coarsest 
grain size of 2.7/~m shows an appreciable transform- 
ation zone at both 8N and 18N normal loads, Figs 
3(c) and (d), during the single pass scratch experi- 
ments. Here the surface uplift is more obvious. Such 
surface uplift has been observed also during static 
indentation studies using a Vickers indenter and has 
been related to the transformation plasticity. 6'1~ 

3.2 Damage processes 
The microstructure of brittle materials, particularly 
those exhibiting rising crack growth resistance 
characteristics with respect to crack extension, can 
exhibit significant influence on their wear be- 
haviour. 16 Figures 4(a) to (e) show the microstruc- 
tures of the five Ce-TZP materials as revealed on the 
fractured surfaces of room-temperature inert 
strength tests samples. 12 The extent of intergranular 
fracture was more in the coarse-grained materials 
than in the fine-grained material Ce-TZP1. 
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(a) 

(b) 

(c) 

LO0 zam 

(d) 
Fig. 3. Transformation zone around scratch made at (a) 
P=8N and (b) P= 18N on 0-5,um grain size Ce-TZP, and (c) 

P = 8 N and (d) P -- 18 N on 2.7/xm grain size Ce-TZP. 

Typical examples of scratches made at relatively 
low loads of  8 N or 10 N are shown in Fig. 5(a) and 
(b) for the Ce-TZP! and Ce-TZP3 ceramics, respec- 
tively. In these and the subsequent photomicro- 
graphs the arrows indicate the sliding direction of 
the indenter. Ce-TZP1 and Ce-TZP3 had grain sizes 
of 0"5 ~m and 1-4/~m, respectively. The main mode of 
deformation for these materials appears to be plastic 
ploughing. Also, there is no significant difference 
between the deformation modes of very fine-grain 
sized material and the relatively coarse-grain sized 
material. The micrograph of Fig. 5(b) was taken 
from near the beginning of scratch generated by the 
leading plane of the indenter. However, the ap- 
pearance of some crack-like features near the sides 
of the groove indicates that probably a considerable 
amount  of  friction has occurred in those regions. 
This has the implication that the applied normal 
load was carried not only by the leading plane but 
also by the two planes adjacent to the leading plane 
of the indenter. Figures 5(c) and (d) illustrate the high 
magnification views of the crack-containing regions 
already discussed. 

Both in the fine-grained Ce-TZPI and in the 
relatively coarse-grained Ce-TZP3 these features are 
very nearly similar. The cracks appear at an angle to 
the scratching direction and are nearly parallel to 
each other. In Ce-TZP1 the mode of crack propag- 
ation seems to be intergranular. Also there is a slight 
tendency of  sub-surface fracture propagation in the 
region very close to the groove; see Fig. 5(c). In the 
case of Ce-TZP3, however, a heavily deformed layer 
appears to be present throughout the cross-section 
of the groove; see Fig. 5(d). 

Increasing the load usually resulted in small 
amount  of additional grain boundary microfracture 
near the edge of the plastically deformed groove; see 
Fig. 6(a). At the highest applied load of 18N, 
typically the groove was characterised by a heavily 
deformed region near the middle of the groove and a 
slightly damaged region near the edge of the groove; 
see Fig. 6(b). In the case of the 1.0 ~m grain size Ce- 
TZP material, there appears to be a small amount  of 
very local chipping which has caused removal of  thin 
layers of material in isolated areas. The presence of 
microcracks in the groove is also very noticeable. At 
high magnification, Fig. 6(c), these microcracks seem 
to be interconnected in a few regions and the entire 
region where these cracks form appears heavily 
deformed. 

In the case of alumina ceramics, on the other 
hand, 14 at loads less than 10 N the wear damage was 
mainly plastic deformation-controlled in the 0-7 #m 
grain sized material. At loads above 10 N the wear 
damage exhibited a mixed control  of  plastic 
deformation and brittle fracture. For grain sizes 
higher than 0.7/~m the wear damage was always 
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(a) (b) 

(c) (d) 

(e) 

Fig. 4. Microstructures of (a) 0.5 pm, (b) 1-0pm, (c) 1.4pm, (d) 1.5/~m and (e) 2.7 #m grain size Ce-TZP. 
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(a) (b) 

(c) (d) 
Fig. 5. Scratch made at (a) P = 10 N on 0.5/~m and (b) P = 8 N on 1"4 ~m grain size Ce-TZP. High magnification view of microcrack- 

rich region (c) in Fig. 5(a) and (d) in Fig. 5(b). 

brittle fracture-controlled, corresponding to the 
normal load range of 8-40 N. Thus, the wear damage 
processes in the present transforming and non- 
transforming ceramics are different. 

4 Discussion 

4.1 Deformation characteristics 
In the single pass scratch experiments the tangential 
force of friction varies linearly with the normal load 
on the pyramidal indenter. Similar behaviour has 
been reported from low-load and high-load scratch 
experiments at low speed on hot pressed and sintered 
alumina. 3"14 The ratio of tangential to normal 
forces,.[i however, does not vary appreciably with 
load; see Fig. l(b). The present force ratio values 
span a range from about 0"2 to 0"4. These values are 
comparable to the friction coefficient data for PSZ 5 
and Y-TZP, 7'9 although the experimental con- 
ditions are very different. 

According to the ploughing theory of friction, xv 
the load independence of force ratio is expected. To 

illustrate this point it is noted that the scratches were 
made with one leading plane. However, as discussed 
in Section 3.2 and the micrographs presented 
therein, see e.g. Fig. 5(b), most probably the two 
planes adjacent to the leading plane were also in 
contact and bore the load. Under  such a situation, 
the force ratio, f, is given by iv 

f =  [ { C o t 0 + N 1  +2Cosec0 )} /{3 -k tCo t0} ]  (1) 

where 0 is the semi-apex angle of the indenter and/~ 
is the Coulomb friction coefficient. As a typical 
example, i f thefvalues  of Ce-TZP2 from Fig. l(b) are 
considered, with 2 0 =  136 °, the /~ values are es- 
timated using eqn (1) as 0.19, 0.17, 0.21 and 0"17, 
corresponding to the normal loads of 8 N, 10 N, 13 N 
and 18N, respectively. This implies a load-in- 
dependent average Coulomb friction coefficient of 
0.19 + (0"02). Thus, it appears that ploughing was the 
major component  of deformation in the present 
materials. 

The increase in scratch width and depth and hence 
in wear volume, see Figs l(c), (d) and (e), with higher 
normal load is possibly a consequence of increased 
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(a) 

(b) 

(C) 
Fig. 6. (a) Microcracking and grain boundary microfracture in 
the scratch made at 13 N load on 0"5/~m grain size Ce-TZP; (b) 
microcracking and chipping in the scratch made at 18 N load on 
l'0/~m grain size Ce-TZP; (c) details of the microcrack 

interaction shown in Fig. 6(b). 

plastic deformation. Notice that there is no appre- 
ciable variation in these parameters with respect to 
changes in the grain size. 

As indicated in Fig. l(f), in sharp contrast  to the 
behaviour of present Ce-TZP ceramics, there exists a 
strong influence of  grain size in wear behaviour of 
alumina ceramics. This has been shown 1. to be 

qualitatively explainable in terms of  a crack 
mechanics based model. Briefly, the existence of  high 
residual stress in alumina ceramics was found to 
exert a significant influence on relative ease or 
difficulty of  grain boundary microcracking. Based 
on SEM observations of frequent grain boundary 
microcracks originating from triple grain junction 
pores in the wear groove of  coarse-grained aluminas, 
the relative ease or difficulty of  grain boundary 
microcracking was shown to be linked to the 
amount  of  contact damage stress necessary to 
initiate microcracking. It was found that the amount  
of  contact damage stress required to initiate grain 
boundary microcracking was much larger in the 
0.7/~m grain sized alumina in comparison to that of  
the 25/tm grain sized alumina. Consequently, the 
wear volume of  fine-grained alumina was much 
lower than that of  the coarse-grained alumina. 

Coming back to the case of  the present Ce-TZP 
ceramics, assuming that the two side planes adjacent 
to the leading plane are also in contact, the effective 
load bearing area of the groove amounts to 3/4 B 2, 
where B is the width of  the groove. Then, the mean 
contact pressure, a~, is given by P/(3/4 B2). Based on 
the experimental data of  groove width, Fig. l(c), the 
estimate of  a c ranges from about 2 to 6GPa.  
Interestingly, the data from Ref. 12 gives an estimate 
of  0"25 GPa for yield stress. This estimate compares 
favourably with the tensile yield stress data of  
0"35GPa measured for 12mo1% CeO2-stabilised 
TZP ceramics. 18 Thus, it seems logical to assume 
that in the present experiments the nominal contact 
stress was greater than the flow stress. Such a 
situation would promote plastic deformation in the 
scratch groove, observed in Figs 5(a) and (b). 

However, in the presence of  a tangential frictional 
force, the exact contact stresses are likely to be much 
more complicated than what has been simplistically 
assumed here. For  instance, the presence of  fric- 
tional force in addition to the normal load would 
significantly enhance the tensile stresses at the 
trailing edge of  the indenter. 19 In addition, the 
presence of  friction at the interface between 
the ceramic and the sharp indenter would almost 
invariably lower the value of  critical stress necessary 
to initiate grain boundary  microfracture. ~9'2° This 
aspect will be discussed later in further detail. 

The increase in transformation zone widths with 
grain size and applied normal load, Figs 2 and 3, 
should be viewed in terms of autocatalysis of  the 
stress-induced t -~ m transformation. ~ 2.18 The cur- 
rent understanding of  the t ~ m  transformation 
supports a picture in which the transformation is 
nucleation controlled. It has been appreciated that 
the autocatalysis may be initiated by a multiple 
nucleation event.18 

The probability of such nucleation would depend 
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on the availability of  a nucleating defect. This 
probability, in turn, is a sensitive function of  the 
thermodynamic potential that acts as a driving force 
in terms of either temperature or stress. Now, it may 
be assumed that under similar conditions of applied 
normal plus tangential loading, the number of  such 
thermodynamical ly  potent  defects which could 
nucleate t ~ m  transformation would be much 
smaller in a fine-grained matrix than in a coarse- 
grained matrix. In other words, the autocatalytic 
effect may be expected to be activated much more 
easily in a coarse-grained matrix than in a fine- 
grained one. TM This means that the number of 
transformable grains may be relatively smaller in a 
fine-grained matrix than in a coarse-grained matrix 
of Ce-TZP. Consequently, the transformation zone 
would be rather narrow in the fine-grained matrix, as 
observed in Figs 3(a) and (b) for 0"5/xm grain sized 
Ce-TZP. Using similar logic, the relatively larger 
transformation zone size in the Ce-TZP material of  
the largest grain size, e.g. 2.7/xm, may be anticipated, 
see Figs 3(c) and (d). 

Also, it is interesting to note that the width of the 
transformation zone changes much more rapidly in 
going from 0"5/xm to 1.0/xm grain size than in going 
from 1-0/tm to 2'7 I tm grain size, at any given applied 
load, e.g. 8 N or 18 N, during the single pass scratch 
experiments; see Fig. 2. This implies that possibly the 
grain size of  l ' 0#m is critical in terms of  stress- 
induced transformation in the present Ce-TZP 
ceramics. Since the stress-induced t-~ m transform- 
ation also leads to irreversible processes such as 
dislocation generation, microcracking and twin- 
ning,6.~0.~l.~ 8 which, again is a grain size dependent 
process, the existence of  a critical grain size may be 
expected. Indeed, a sharp transition is reported to 
occur at a grain size of 1"0 Ftm in the transformation 
zone size on the tensile surface of  the present 
materials in the course of R-curve experiments. ~2 
However, in those experiments, the transformation 
zone size, h, increased to a maximum with increase in 
grain size from 0"5/tm to 1.0/xm but decreased 
thereafter with further increase in grain size to 
2.7#m. Comparison of  the results of  the present 
work, Fig. 2, with those in Ref. 12, seem to imply that 
depending on loading configurations there can be 
significant variations in the extent of  t - - ,m trans- 
formation and hence, in the grain size dependence of 
the transformation zone size in Ce-TZP materials. 

At a given grain size, the load dependence of the 
measured transformation zone size, Fig. 2, may be a 
consequence of the stress-induced t--, m transforma- 
tion process itself. It has been noted TM that once the 
autocatalysis process is initiated, multiple nuclea- 
tion events may follow in a stimulated fashion to 
enable further t ransformation to propagate quickly 
over an extended region. At higher applied loads, 

better stress assistance being externally provided, the 
nucleation probability is also effectively enhanced. If 
this were the scenario, one would expect a higher 
amount  of t ~ m transformation to be involved in 
the relatively coarse-grained materials compared to 
the fine-grained material, given the similar amount  
of  enhancement  in externally applied stress system. 
A more detailed examination of  Fig. 2 indicates that 
increasing the applied load in the single pass scratch 
experiments from 8 N to 18 N enhances the trans- 
formation zone size by about 10/xm only in the Ce- 
TZPI  material of  0"5/xm grain size, whereas in the 
relatively coarse-grained materials the zone size 
enhancement is by about 20-30/tm. 

It has been already mentioned that based on 
measured data of groove width the nominal contact 
stresses in the present experiments were in the range 
of  2 to 6 GPa, whereas the stress required to induce 
t ~ m  transformation is reported to be 0.23 to 
0.29 GPa. ~2 Now, the presence of tensile stress can 
trigger t ~ m transformation, provided the requisite 
magni tude is attained. 4'1°-12 In view of  the 
pressure-hardening effect associated with the trans- 
formation plasticity in Ce-TZP materials, 6 it would 
seem reasonable to assume that the scratching 
process with the sharp indenter is causing an 
elastic plastic stress field rather than a purely elastic 
or a purely plastic one. Analytical solutions assum- 
ing pure elastic deformations for a sharp indenter 
under normal plus frictional force ~9 is, hence, not 
applicable. 

However, the stress field beneath a moving sharp 
indenter in a purely elastic solid is found to be 
similar to that of  a quasi-static indentation except 
for the fact that in the moving case the stress field is 
slightly asymmetrical. Unfortunately,  a complete 
analytical solution of a sharp pointed indenter 
moving under normal plus tangential force in an 
elastic-plastic solid is not available either. However, 
following Ref. 19, it may be assumed that the actual 
stress field beneath the moving indenter is somewhat 
closer to that under elastic-plastic indentation in a 
pressure-hardening solid. 6 

The plastic zone about a hardness impression can 
be assumed to be similar to that in front of  a moving 
indenter. This situation can be idealised to the 
expansion of the front half of  a spherical cavity 
under internal pressure. 6,19 In terms of  spherical 
polar coordinates, the stress a required to produce 
plastic flow to a radius b surrounding a half- 
spherical hole of radius a in a solid with pressure- 
hardening coefficient ~ and yield stress Yo is given 
by 6 

c; = ( Yo/~[(b/a)  2~/1 +~] + (2Yo/3 + ~)(b/a)2~/1 +~ (2) 

The radius a is related to the diagonal 2al of  the 
Vickers indentation by a = 0"45 a1.6 Now, assuming 
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a 1 = B/2 where B is the measured value of groove 
width 

b = (B/Z) + h 

where h is the transformation zone width beside 
the scratch, gives b/a ~ 6 for the scratch made at 8 N 
load in the Ce-TZP1 material. The value of E/H, 
where E is the Young's modulus and H is the 
hardness, is found to be 225 from Ref. 12. The 
corresponding value of the pressure-hardening 
coefficient ~ ~ 1 on extrapolation from Fig. 3 of Ref. 
6. Using the measured b/a value with this value of 
in the eqn (2) estimates ~ to be ~ 8 Yo. This is of 
course a very crude estimate. However, since it has 
been demonstrated 19 that the presence of a tangent- 
ial force always enhance the tensile stress magnitude 
over and above that developed due to the static 
contact event because of the presence of strong 
interracial friction, it seems reasonable to assume 
that the actual stress field should have a magnitude 
of _>a. 

For the present Ce-TZP ceramics Yo is 
~0.25GPa. ~2 Then, the stress field required to 
produce the observed deformation zone size is about 
2 GPa. If it is assumed that the tensile component of 
the stress field that occurs behind a moving sharp 
indenter ~9 supplies this stress, then a very rough 
estimate of the tensile stresses involved should be 
~ 2 G P a  which is significantly higher than that 
required, e.g. 0.23GPa to 0"29GPa, 12 to initiate 
stress-induced t ~ m transformation in the present 
Ce-TZP materials. 

4.2 Wear mechanisms 
As indicated in Section 4.1, the main deformation 
mechanism was ploughing by the pyramidal inden- 
ter through the material. The micrographs presented 
in Figs 5 and 6 seem to support this contention. 
However, ploughing was not the sole component of 
deformation. Some very localised microcracking, 
particularly near the edges of the groove, always 
occurred. Large-scale brittle fracture-induced 
material removal was essentially absent in these 
materials. These observations are in sharp contrast 
to the authors' observations in the case of sintered 
alumina of grain size >0.7~m where a brittle 
fracture-controlled wear mechanism dominated in 
similar scratch tests as reported here. 14 

Several factors may be responsible for the 
observed microcracking, see e.g. Figs 5(c) and (d). It 
is highly probable that the two adjacent faces to the 
leading plane were in contact with the deformed 
material. The high interfacial friction between those 
side planes and the deforming material may cause 
significant localised stress particularly near the 
sharp corners of the pyramidal indenter, if the 
leading plane is slightly rotated during the scratch- 

ing process. If such stresses are of sufficient 
magnitude they may cause asymmetric deformation 
and localised microcracking, as observed in Figs 5 
and 6. The other factor responsible may be 
mechanically or thermally induced t ~ m  phase 
transformations.Z,6.1 o, 11 The thickness of the trans- 
formation layer may be less than the grain size in 
PSZ but may involve a few grain dimensions in Y- 
TZP and Ce-TZP ceramics. 2'4'11,21 

It has been indicated above that tensile stress 
should be approximately > 2 G P a .  The stress 
required for t ~ m  transformation being much 
smaller, e.g. 0"23 to 0"29 GPa, the transformability 
criterion is amply satisfied. Consequently, a thin 
surface layer in the groove is heavily deformed, 
which results in the realisation of the t ~ m  
transformation. Figure 5(d) indeed indicates a 
heavily deformed sub-surface layer lying close to the 
groove. The associated volume expansion of about 
3 5% is unlikely to be accomodated in the otherwise 
continuous microstructure.l'2'~s As the deformed, 
phase-transformed layer of material tries to push its 
way through the surrounding bulk material, internal 
stresses may be developed in the grain boundaries. 
Eventually, the generation of microcracks in the 
grain boundaries would help the process of relieving 
this excess internal stress. 

Depending on the orientation of a particular grain 
or grain assembly with respect to the surrounding 
microstructure, the ease of microcracking and 
intergranular fracture should be ultimately decided. 
Figure 5(c) illustrates the presence of both grain 
boundary microcracking as well as intergranular 
crack propagation in the near-surface region of 
0"5 pm grain sized material. The angle of these cracks 
vary between 30 ° and 60 ° with respect to the sliding 
direction, see Figs 5(c) and 6(a) and (c). It is suggested 
that these cracks may originate due to the combined 
action of the high tensile stress field present in the 
wake of the indenter plus the shear stress. 19'22 

Plane strain cracks in glass are reported to grow at 
an angle to the crack plane when subjected 
simultaneously to both mode I and mode II 
loading, z9 While the mode I loading corresponds to 
the normal stress application situation, the mode II 
loading corresponds to shear loading of the crack. It 
has been appreciated that the shear stress distri- 
bution beneath the contact is quite significant in the 
case of a sharp indenter subjected simultaneously to 
both normal and tangential loading with respect to 
the counterface material. 19 Thus, the presence of 
these microcracks should be viewed not only in 
terms of the normal stress but also in terms of the 
shear stress distribution in the Ce-TZP material. The 
sense of the angle, in most of the present cases, is 
consistent with that predicted by the mixed-mode 
crack growth theory, z3 However, the net shear stress 
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present in the contact shall also be influenced by the 
stress pattern actually involved in the observed 
t --, m transformation process. 

In view of the complexity of the transformation 
process itself, 6 an exact estimation of the shear 
stresses involved in dry sliding of a sharp indenter on 
a phase-transforming ceramic such as Ce-TZP is, 
unfortunately, yet to be available. In absence of the 
exact stress estimation, a comparison of the ob- 
served crack growth angles with the crack growth 
angles as predicted by the theory of mixed-mode 
loading, 23 is inhibited. However, it is interesting to 
note that similar cracks are observed in polycry- 
stalline ceramics as well as in glass subjected to 
sliding sharp contacts. 2425 As a matter of fact, even 
a blunt contact like that of a steel ball is reported to 
induce a parallel array of partial cone cracks in glass 
during dry sliding experiments. 26 

Nevertheless, these microcracks often seem to get 
blunted in the course of their extension through the 
microstructure, see Fig. 5(c). It is suggested that as 
the microcrack grows the crack front gets further 
away from the location of highest stress con- 
centration. As a result, the effective stress intensity 
on the crack front is reduced. In the process the 
microcrack gets arrested. It may be noted addition- 
ally from the microdamage patterns observed, e.g. 
Figs 5(c), 6(a) and 6(c), that wherever they are present 
the cracks form a parallel bunch. It is suggested that 
the presence of such a parallel bunch of microcracks 
may be linked to the statistical distribution of 
asperities 26 on the sliding sharp indenter. 

Increasing the normally applied load usually 
resulted in small amounts of localised grain bound- 
ary microfracture, Fig. 6(a), and to a limited extent 
localised chipping and microcrack interaction, Fig. 
6(b) and (c). Possibly the microcracks are generated 
at regions of steepest stress gradient in the micro- 
structure. It is suggested that the case of microcrack 
generation may be similar to what would be seen in 
metals due to the exhaustion of work-hardening in 
the highly strained regions. However, here it may be 
related to the exhaustion of the transformation 
toughening effect. ~~~1~8 Eventually, as these 
microcracks join together on the surface and below 
it, a thin layer of material may be detached, giving 
rise to the appearance of localised chipping in the 
groove, Fig. 6(c). Further examination by trans- 
mission electron microscopy of the scratches is, 
however, necessary to give better validity to the 
suggestions presented here. 

Thus, phase-transforming ceramics such as the 
present Ce-TZP ceramics exhibit a wear mechanism 
with predominance of the ploughing component. 
Further, the wear volume exhibits no significant 
dependence on grain size. This is in sharp contrast to 
the previous observation of strong grain size effect in 

abrasive wear of alumina. 14 There, the wear 
mechanism exhibited brittle fracture control at grain 
size higher than 0"7/~m. It has already been briefly 
indicated that in the alumina ceramics the residual 
stresses played a significant role in determining the 
wear behaviour. Similar factors may not be of vital 
significance for the present Ce-TZP ceramics, at least 
in terms of their wear behaviour. 

So, the beneficial effect of grain coarsening, e.g. the 
Ce-TZP1 material of grain size 0.5/~m having a 
steady-state toughness of 10"7MPax/~m in com- 
parison to the Ce-TZP2 material of grain size 1.0/~m 
having a steady-state toughness of 16"7 M P a x ~ ,  
may be utilisable without sacrificing much in terms 
of wear resistance. The same may not be true of 
other TZP ceramics. 

For example, Y-TZP ceramic containing 2 tool% 
Y203 a n d h a v i n g  a steady-state toughness of 
9 2 M P a x / m  suffers significantly large wear loss 
through grain fracture, while another Y-TZP 
ceramic with 3mo1% Y203 and having a steady- 
state toughness of 5-2 MPax//m suffers only mild 
wear damage when exposed to similar experimental 
conditionsff In other words, highly transformable 
ceramics suffered large wear loss in these experi- 
ments. Thus, even in the case of TZP ceramics, 
whether the beneficial effect of grain coarsening 
and/'or transtbrmation toughening resulting in a 
rising crack growth resistance characteristics can be 
utilised without sacrificing the wear resistance 
depends on the particular application sought for. 
Possibly one would need to look for an optimised 
microstructure incorporating the idea of higher 
steady-state toughness and a reasonable wear 
resistance. 

In the case of a non-phase-transforming ceramic 
such as alumina, to achieve such a situation appears 
even more challenging. The reason seems to lie in the 
strong grain size effect on abrasive wear of alumina, 
as demonstrated by several workers.~4"16 In the case 
of alumina, the recent findings are that the more 
toughened the material is the larger is the abrasive 
wear damage when the toughening occurs predom- 
inantly through crack bridging in a coarsened 
microstructure.~6 Clues to this effect have recently 
been elaborated in the present authors' work on 
alumina 14 where it has been demonstrated to be 
linked to the presence of residual stresses in the 
microstructure. In other words, also in the case of 
non-phase transforming ceramics it may be neces- 
ary to optimise the microstructure for wear 
resistant applications. Of course, here the design 
problem could be even more subtle than in the case 
of phase-transforming ceramics. 

Finally, the design of microstructure should be 
finally decided by the ultimate application for which 
the material is developed. It is imperative that one 
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may need to make a trade-off between the toughen- 
ing parameters and the wear resistance depending 
on the particular commercial need which will also 
govern the choice of a particular class of ceramic. 

5 Conclusions 

suggests that there exist considerable dif- 
ferences in the deformation and wear 
behaviour of a phase-transforming ceramic 
such as the present Ce-TZP ceramics and a 
typical non-phase-transforming ceramic, e.g. 
alumina, when exposed to similar dry sliding 
contact at significantly high stress levels. 

Single pass scratch experiments were conducted with 
a Vickers pyramid moving at a constant speed of 
6 mm/s under normal applied loads of 8 N to 18 N 
on 9mo1% Ce-TZP materials with grain sizes of 
0.5#m, l '0#m, 1.4#m, 1.5#m and 2-7#m. The 
results of  these experiments were additionally 
compared with the authors' previous work on 
alumina ceramics 14 to highlight the distinction in 
the behaviour of alumina and zirconia ceramics 
under dry sliding situation at high contact stress level. 
From these investigations the following conclusions 
are drawn: 

(a) In the case of a typical phase-transforming 
ceramic, e.g. the present Ce-TZP ceramics, 
for a given grain size the width (B), depth (D), 
and hence, wear volume of the scratch groove 
and the width of the transformation zone (h) 
surrounding the scratch increased with the 
normal load. There was no significant in- 
fluence of the grain size on width depth or 
volume of the wear groove. However, at a 
given load, the width of the transformation 
zone increased with the increase in grain size. 
Particularly in the coarse-grained materials, 
the transformation zone was characterised 
by considerable surface uplift indicating 
significant influence of transformation plas- 
ticity in the process. These observations 
could be rationalised in terms of the stress- 
induced t---, m transformation and the auto- 
catalytic nature of the phase transformation. 

(b) Plastic ploughing and very small amount  of 
microcracking, grain boundary microfrac- 
ture and chipping characterised the wear 
mechanism of the present Ce-TZP ceramics. 
These observations are suggested to be a 
consequence of the stress-induced transform- 
ation in the contact zone. The alumina 
ceramics, on the other hand, exhibited a 
strong grain size effect in their abrasive wear 
behaviour. 14 This is in sharp contrast to the 
behaviour of Ce-TZP ceramics investigated 
here. The basic wear mechanism in alumina 
ceramics of grain size higher than 0-7#m 
involved brittle fracture control, while the 
fine-grained alumina of grain size 0.7#m 
exhibited a mixed control of plastic deform- 
ation and brittle fracture. This evidence 
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