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Sommario

La resistenza a frattura dei materiali ceramici e fortemente influenzata dalla attivazione
di meccanismi di tenacizzazione. Fra i molti meccanismi riscontrati, in questo lavoro s
esaminato quello associato alla trasformazione di fase con espansione volumetrica
caratteristico della zrconia parzalmente dabilizzata. S € condderato il sstema
composito particellato allumina/zirconia e se ne e ottenuta sperimental mente la tenacita
a frattura in funzione dalla percentuale di zirconia. La s € quindi analizzata in base ad
un modello meccanico di frattura di una matrice con particelle soggette ad espansione
evidenziando che il solo meccanismo di trasformazione di fase non ein grado di spiegare
I’ evidenza sperimentale.

Abgract

Individual toughening mechanisms affects remarkably the fracture resistance of
ceramics. The role of stress-induced martensitic transformation of zirconia particles in
the alumina/zirconia material system has been investigated experimentally. The fracture
response of the several particulate alumina/zirconia composites was determined
according to two techniques. A FE-based model of a propagating fracture in a model
microstructure of transforming particles is presented. As the predicted influence of
zirconia volume fraction is compared with the experimental evidence, it appears that
zirconia transformation mechanism alone cannot explain the measured fracture
toughness.



1. Introduction

The resdance of caramics to crack propagaion can be drongly influenced by
microgructure and by the use of various renforcements, [1]. Crack propagation in the
microgructure activates different mechaniams, which may oppose or hinder further
growth. This so-cdled toughening effect can act immediady when the crack darts to
propagate or it may develop with crack extenson. Therefore, toughening mechanisms
may be dasdfied into two caegories i) fronta shidding mechaniams acting ahead of the
crack tip and ii) wake shidding mechaniams. Examples of the former category are crack
front bowing, deflection and twising, micro-cracking etc; examples of the latter category
include dressinduced phase trandformation, fibre and grain bridging etc. [1]. In spite of
this categorisation, it is widdy recognised that often more than one mechanism occurs
smultaneoudy with a combined, enhanced effect.

The am of this peper is the identification of the role of one such mechaniam, assodiaed
to the stress-induced phase transdformation of metasable zirconia particles, on the fracture
toughness behaviour of the duminalzirconia sysem. Zirconia-toughened dumines ae
ceramic particle composites expected to be harder and more wear resgtant than pure
zirconia and tougher then pure dumina. In the experimenta part of the work, composites
with different percentage of renforcing phese were fabricated and ther fracture
toughness experimentaly determined according to two techniques, [2]. This experimentd
evidence is interpreted in the light of a modd quantifying the role trandforming Zzirconia
particles on fracture responsg, [3].

2. Fracture toughening of zirconia/alumina ceramics

Zirconia has been extengvely sudied snce the discovery of its tetragond-to-monodinic
(martengtic) phase trandformation, which is characterised by a large volume change (3
5%) and shear deformation (1-7%). When loca dresses precipitate the phase change,
trandorming (i.e. expanding) patides have to be accommodated in the dable matrix
with the stress didribution due to the matrix/patide compatibility superposed to those
due to the externd load, thus dtering the crack tip dress intengty, [4]. The effectiveness
of the mechaniam is interpreted adopting the concept that the transformation dresses
shidd the cack tip from the nomind loading conditions. This martengtic trandformation
can potentidly improve dso the fracture toughness of a zrconia-containing ceramic
compodte For example, the dumina-zirconia materid system would combine the
remarkable physica-mechanical propeties of dumina i.e high wear ressance, and a
superior fracture toughness compared to the monalithic meterid.

In padld to maeid devdopment, mechanicsbased modds of materid behaviour
should be put forward, [1]. Continuum fracture modds have been formulated for partidly
dabilised zirconiay PSZ, and tetragond zirconia polycrydds TZP, materids as the
trandformation affected zone surrounding the crack is expected to be dgnificantly larger
than the dze of the individud metagtable paticle, [5-7]. In this way, the presence of a
riang R-curve, was predicted with a toughening effect which increased from 25% to 35%
the intringc toughness of the zirconia



In the case of zrconia-reinforced dumina matrix, the partides embedded in the brittle
matrix are reaivey large when compared to the extent of the highly dressed region a
the crack tip. Therefore, a finite-dement-based modd of the transent behaviour of a
cack advandng in a marix contaning a regular didribution of trandforming particles
was developed in [3] to andlyse the associated toughening effect. The influence of severd
materid paamees such as the volume percentage of trandforming phese, patice
arangement and sze on the crack growth response, was andyticdly quantified and it
will briefly summarised in a subsequent section of the paper.

3. Experimental evidence

Materias and methods

The materid teted were Sntered Sngle oxides duming, A, and 3% mal. yitria-gabilized
zirconia, Z, and mixed oxides, homogeneous mixtures of 3% mol. yttria-Sabilized
zirconia and different percentages of duming, denominated TZ3Y20A, TZ3Y40A,
TZ3YGB0A, TZ3YB0A, respectively with 20%, 40% 60% and 80 wt % of dumina, [§].
The average sze of dumina and zrconia grains in the teted materids are reported in
Tablel.

The fracture reponse of the duminazirconia sysem was initidly invesigated with the
indentation fracture toughness technique, [2]. The method is widdy used to edimae the
fracture toughness of ceramics from the length of cracks developing a the corners of a
pyramidd-shgped impresson left on the maerid surface by a Vickers indenter. Although
many fracture toughness formulas (for the different crack systems, indenter geometry and
materid) ae avalable in the literature, previous work, [9], verified the accuracy of the
Andiis equation [10], used here for indentation toughness caculation.

Table | - Average size of alumina and zirconia grains in the tested materials.
Gangze TZ3YB0A  TZ3YG0A TZ3Y40A TZ3Y20A Z

mm
AlQOs 0.60 0.37 0.29 0.56 --
yA(®7} 0.25 0.25 0.36 041 057

One complicating factor of the indentation fracture method is the short crack lengths (<
500mm) involved. Therefore, reativdly long-crack fracture tests were peformed on
prismatic bars (3 x 4 x 50 mnT) of sdected duminalzirconia composites (i.e TZ3Y20A
and TZ3Y). The fracture testing method used consged of a two-step procedure, [9]: 1) a
naturd through-thickness pre-crack is introduced in the prismaic bar according to the
bridge indentation (SEPB) technique, and ii) the fracture toughness test is then performed
on the pre-cracked bar under four-point bending loading.

Fracture toughness data

A summay of the indentation fracture experiments on the auminazirconia materias
gydem is given in FHg. 1. As previous invedigaions of the fracture behaviour of pure
duming, [11], showed the rdevant influence of gran Sze on fracture toughness a




reference fracture toughness of 3 MPaOm was assumed for a pue adumina of micron
gzed grans. Fg. 1 shows that the response of the indentation fracture toughness as a
function of zrconia content, which does not depend sgnificantly on the indentation load.
The limited long crack fracture data are ds0 inserted in Fig. 1 (identified by 4PBS) and
found to agree with indentation fracture tests. Interedingly, no sgnificant increese in
toughness is found up to a content of 50 % zirconia. Higher toughness is indead found at
higher zirconia percentage, ill compatible with the pure zirconia vaue of approx 4
MPaOm.
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Fig. 1 - Fracture toughness of alumina/zirconia composites
as a function of zirconia weight fraction.

4. A modéd of the transfor mation toughening mechanism

The fracture modd of the trandformation toughening mechaniam, [3], is briefly reviewed
as it will be used in the next section to discuss the experimental evidence. It is based on a
two dress-intengty-factor gpproach, which assumes that locd a the crack tip a smdl
trarsformation-affected region exigs. Outsde this crack tip zone, the dress fidd is given
by the lineer dadic solution sj; = Ko Sj(r,g) where Kq is the dress intendty factor
determined by the gpplied load and geometry and Sj(r.g) ae known functions from
LEFM theory. Experimentdly, the measured fracture toughness, K. , is the criticad vaue
of Ko. Indde the toughening-mechaniam affected zone, the dress fidd is characterised by
a locd dress intensty factor, Kyp. Fracture propagation occurs when Kiip = Ke, Where Ke
is congdered the intrindc fracture ressance of the maerid. The increment in (measured)
fracture toughness over the intrindc toughness is termed toughening effect: it may be
dfected by any locd mechanism and is characterised by the dress intengty varidion DK
= Ko — Kiip. When Kijp < Ko, the active mechanism (i.e. martenstic transformétion in this
cax®) shields the tip from the gpplied loads and the measured fracture toughness K¢ = Ke
+DK. The dress intendty varidion DK can act immediady when the crack dtarts to
propegate or it may develop with crack advance. Typicaly, the crack resstance curve



shows a gradud increee to a plaeau: this deady Sae regponse gives the effective
increment in fracture toughness.

Crack tip parameter caculation

In the moddling work of [3], a superpostion goproach was used to compute the relevant
dressintengty factors.
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Fig. 2- Particle transformation model: superposition approach for Kyp determination.

The scheme of Fig. 2 heps exlan the gpproach: the transformation-affected Kyip, FQ.
23, is obtained by superpostion of the far fidd Ko (no trandormation). Fig. 2b, and the
spaae efect of trandorming patides Fg. 2c. Patide trandformaion is however
congrained by the surrounding materid and a contact sress didribution develops on the
crack faces. As crack propageation must occur in the presence of an open crack tip, the
closure dress digribution of Fg. 2c has to be removed. In [3], the closure stresses were
obtaned with a finite dement agpproach for differet patide fractions, dze and
digribution. The fundamenta dress-intengty solution for a point force acting on the
crack surface of an infinite sheat was used to evaluate normaised DK curves.

Modd verification

Severd modds from the literature developed for 100% zrconia ceramics were used to
asess the present moddling agpproach before its goplication to the duminalzirconia
sysdem. The normdised toughening curves predicted by the andyticd and numericd
models of [5-7] are presented in Fig. 3 dong with the present FE-based response. Dall is
the normdised crack increment. A reesonable corrdation is found and the predicted

sturdion toughening is within the 25%-35% range. The present modd shows a dight
osaillation possbly of numericd origin.

The dumina/zirconia sysem

The man result of the goplication of the present modd to the duminalzirconia sysem is
given in Hg. 4 in the foom of (normdisad DK vs transforming zirconia content) plot. It
shows that deady date toughening increases nontlinearly with zirconia volume fraction.
Lower and upper bound curves are shown as the ostillatory characteridic of the
computed R-curve response is more sgnificant in the paticdle compostes then in FHg. 3.




In this case, it is afected by the presence of discrete trandforming particles rather than a
homogenisad continuum. The trend presented above confirm previous gudies, [1], and is
judified by the compditive effects of the trandorming zrconia patides as ther
percentage increases.
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Fig. 3 - Predicted toughening response for Fig. 4 - Predicted toughening effect asa
atransforming zirconia. function of zirconia volume fraction.
5. Discussion

In this section the previous andyticd and expeimentd results are corrdaed and
discussed to quatify the roe of trandormation toughening in the duminazirconia
materids sysem with the hdp of Fg. 5. Ingoection of FHg. 5 reveds that the toughening

modd overesimates the maerid respone up to 50% of zrconia content in the
duming/zirconia composte. On the other hand, it underestimates the materid response a
very high zirconia contert.
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Fig. 5- Fracture toughness of alumina/zirconia composites as a function of zirconia
content: particle transformation model vs. experimental.



It has to be reminded that trandformation toughening is but one of the different
mechaniams identified to discuss fracture of ceramic materids and, in mogt indances,
more then one occurs Imultaneoudy. Toughening mechaniams sch as crack front
bowing, deflection and twising and grans bridging are often found in monalithic
ceramics. Secondary mechaniams such as resdud dresses due to mismaich between the
coefficients of themd expanson ae expected in paticulate compodtes. Therefore, to
obtain further indght in materid performance an invedigaion in the scanning dectron
microscope of the microgtructure-crack interaction was carried out, [12]. Examples of
cracks in high and low zrconia compogtes are reported in Fg. 6aand b. The fallowing is
found:

no gran bridging and crack deflection and a limited trandormetion effect are

observed in pure zirconia maerids,

no dgnificant crack deflection and higher transgranular fracture of zirconia grains is

present in the 80% and 60% zirconia composites;

in the low zirconia compogte, no grain bridging is obsarved while crack deflection is

more dgnificat than in the previous cese Fracture occurs dong dumina gran

boundariesin according to itslarger 9zes and thermd expanson coefficient.

a) 20% alumina/80% zirconia. b) 80% alumina/20% zrconia.

Fig. 6 - Fracture path in selected alumina/zirconia composites.

These results can be explained congdering that for this kind of zirconia, TZP, due to the
vay gsrdl size of the zrconia grans a limited phase trandormation cagpability is
recognised, [13]. This effect, enhanced in the tested low zirconia composites, is able to
judify ther lower toughness vdues For the high zrconia content compodtes, additiond
mechanisms to the martendtic trandformation are activated. In paticular, the presence of
dumina causss a drengthening of the zrconia grains boundaries [14] and and activaion
of crack deflection, thus increasing the overdl toughness of the composte with respect to
pure zirconia.



6. Conclusons

The reddance of ceramics to crack propagation can be drongly influenced by
microdructure  desgn.  In  this work, expeimentd evidence obtaned in the
zirconigldumina sysem has been discussed in the light of a mechenics modd of the
toughening associated to the dressiinduced phase trandformation of zirconia Although
the modd correctly predicts a risng R-curve behaviour and a toughening response as
function of zrconia content, the divergence with expeimentd results shows tha
microdructurdl  differences, due to characteridics of the raw materids and Sntering
cydes, ae ale to drongly influence the martenstic trandformation and activate different
toughening mechanigms.
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