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Abstract

In this paper, a strategy is described to develop high toughness yttria-stabilised tetragonal zirconia polycrystalline (Y-TZP) composites
reinforced with hard TiB particles. The experimental results revealed that fully dense Y-TZP composites with 30 vob. %amiBe obtained
with a moderate hardness of 13 GPa, a high strength up to 1280 MPa and an excellent indentation toughness up t§2f\iBagressing
in vacuum at 1456C. The toughness of the composites can be tailored between 4 and 10%Bg warying the yttria stabiliser content of
the ZrG, matrix between 3 and 2 mol%. An optimum composite toughness was achieved fop endtfx with an overall yttria content of
2.5mol%, obtained by mixing pure monoclinic and 3 mol%¥0¥ co-precipitated Zr@starting powders. An important observation is that the
thermal residual tensile stress in the Zr@atrix due to the TiBaddition, needs to be taken into account when optimising the transformability
of the ZrQ, matrix in order to develop high toughness Y-TZP composites.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction proach was exploited to toughen several intermetabjizs$
and cerami€microstructures using the addition of the tetrag-

Yttria-stabilised tetragonal zirconia polycrystalline (Y- onal zirconia (t-Zr@) phase. The incorporation of t-ZO
TZP) monoliths exhibit excellent mechanical properties such \as reported to increase the fracture toughness of nickel
as bending strength and fracture toughrfeBse rather mod-  ajuminides, used extensively for high temperature struc-
est hardness of Y-TZP materials, however, limits their use in tural application$. An example of a widely investigated
demanding tribological applications, especially under high zirconia-toughened oxide ceramic is zirconia-toughened alu-
abrasive loads. Titaniumdiboride (Ti]B on the other hand,  mina (ZTA). Research efforts have also been made to in-
has an excellent hardness, high thermal and electrical con-corporate non-oxide hard phases such as borides, carbides,
ductivity, but suffers from a moderate fracture toughness and njtrides, carbonitrides, etc. into a zirconia matrix in order to
bending strengtR.Therefore, composites combining the ex- increase the hardness of Y-TZP monolith& Reviewing
cellent toughness of Y-TZP with the high hardness and ther- the mechanical property data of several zirconia-toughened
mal conductivity of TiB, can be promising candidate mate- composites, Swain observed that the hardness and toughness
rials for tribological applications. followed opposite trends as a function of the reinforcement

The high toughness of the zirconia monoliths originates content!! The influence of the yttria stabiliser content on
from the stress-induced transformation of the stabilised the fracture and transformation behaviour of zirconia rein-
tetragonal phase in the stress field of propagating cracks, &orced MoS) composites was also report&din one of the
phenomenon known as transformation toughenir@ince early works, Watanabe and Shoubu developed EBnpos-
the discovery of this concept some decades ‘afs ap- ites with a m-ZrQ reinforcement content of 20—100 wt %.

A considerable amount of t-Ze#Ophase was observed to

* Corresponding author. Tel.: +91 512 2597771; fax: +91 512 2597505, D€ Stabilised in TiB-ZrO, composites, hot pressed at and
E-mail addressbikram@iitk.ac.in (B. Basu). above 1800C in vacuum. A high indentation toughness of
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8.4 MPant’2 together with a moderate strength of 640 MPa Tablel N _ _

was measured for 40wt.% ZpCaddition to a TiB ma- ZrO, starting powder compositions, as obtained from the suppliers and ICP
) ' . K analysis

trix. Later, Shoubu et al. developed TiRomposites re- 5 Z Matoral Y20 S A0

inforced with varying amount of Zr© (0-100wt.%) sta- owder source aterial — ¥20s ' o

. . . code mol% wt.% wt.%)?
bilised with 1.94 mol% yttrid2 The fracture toughness was — (mol%) __ (w-%) (We%)
observed to increase with increasing t-zréntent and a C‘)Trggqoir?fzgo\‘(")' ers 3 20 0.007 0.020
maximum indentation toughness of 8 MP{frwas mea- Tosoh (TZ-0) To 0.0 0.006 0.050
sured for the TiB—75wt.% ZrQ composites, hot pressed at .

o . . Powder mixtures
1500°C. Muraoka et al. obtained dense F#0-50 mol%) T3+70 T™M2.5 25 ND ND
ZrOy composites, stabilised with 2 mol%,®3 and pro- T3+T0 T™2 20 ND 0.450

cessed by hot isostatic pressing (Hi®)An attractive com- ND: not determined.
bination of mechanical properties, e.g. indentation toughness a aj,0, content, as obtained by ICP analysis.
of 11.2 MPan¥’2 and bending strength of 680 MPa, was ob-
tained for TiB,B—30 mol% ZrQ, stabilised with 2 mol% yt-
tria. Two different TiB, grades, H.C. Starck grades E and F
Vleugels and Van Der Biest investigated hot pressed With an average particle size of 1.5-2.0 and 49, re-
ZrO,—TiB, composites with up to 50 vol.% TiBbased on spectively, were used as secondary phase. According to the
a 3 mol% yttria-coated Zr@starting powdet® A very high supplier, the non-metallic impurities in the TiEowders
indentation toughness up to 10 MP&fnexcellent bending  include C, O and N with a maximum amount of 0.25, 2.0
strength up to 1237 MPa and increased hardness with respecind 0.25 wt.% respectively, a metallic Fe impurity content of
to the Y-TZP matrix material could be achieved. The nature maximum 0.25wt.%, and a maximum other metallic impu-
of the 3 mol% yttria stabiliser distribution in the ZsQtart- rity content of 0.2 wt.%. The impurity level is similar for both
ing powder was found to be very important as revealed by grades.
the superior toughness achieved for Z#®iB, (70/30) com- Fifty to one hundred grams of powder, with a Z/DB>
posites with 3 mol% yttria-coated powder as Compared to the volume ratio of 70/30, was mixed in a multidirectional mixer
conventional 3 mol% co-precipitated powd@ilthough all (type Turbula) for 24 hin one litre ofpropanolin a polyethy-
the above-mentioned results demonstrated the possibility oflene bottle. To break the agglomeratesin the starting powders,
increasing fracture toughness of BiBeramics by incorpo- 200 g alumina milling cylinders were added to the container.
rating ZrGp, none of the studies investigated the influence of After mixing, the propanol was removed by means of a ro-
the ZrQ, matrix stabilisation by varying the dopant contenton  tating evaporator. The dry powder mixture was inserted into
the toughening of Zr@-TiB, composites to obtain an opti- & boron nitride coated graphite die of 30 mm diameter. After
mum combination of hardness and toughness for tribological cold compaction at 30 MPa, the samples were hot pressedin a
applications. FCT hot press (FCT Systeme, Rauenstein, Germany) in vac-
The toughness optimisation of yttria-stabilised tetrago- Uum (0.1 Pa) for 1 h under a mechanical load of 28 MPa.
nal zirconia by tuning the yttria dopant content by means The ceramic samples were hot pressed at 1&5vith a
of mixing monoaclinic and co-precipitated,®z-stabilised ~ heating rate of 50C/min and a cooling rate of T&/min.
yA(O)} Starting powders was recenﬂy reporf@djn this The final thickness of the hot pressed disc was about 5 mm.
paper, a similar strategy is adopted in order to develop The density of the specimens was measured in ethanol,
high toughness Y-TZP composites reinforced with hard according to the Archimedes method (BP210S balance, Sar-
TiB» particles. In this perspective, the present paper is fo- torius AG, Germany). The Vickers hardness @8nd HVio)
cused on the toughness optimisation of Zs@ith 30vol.%  Was measured on a Zwick hardness tester (model 3202,

TiB, addition, hereafter referred to as z€YiB, (70/30) Zwick, Ulm, Germany) with an indentation load of 5 and
composites. 10kg. The indentation toughnes§es andKc10, was based

on the crack length measurements of the radial crack pat-
tern produced by Vickers Hyand HVig indentations, and
2. Experimental procedure calculated according to the formula of Anstis et &l he re-
ported values are the mean and standard deviation of the data
Details on the commercial starting powders and experi- obtained from five indentations.
mental zirconia powder mixture grades used in the presentin-  The elastic modulu€) of the ceramic specimens was ob-
vestigation are given iable 1 The commercial powders are tained by the resonance frequency method, as measured by
yttria-free monoclinic ZrQ (Tosoh grade TZ-O) and 3mol% the impulse excitation technique (Grindosonic, J.W. Lem-
yttria co-precipitated Zr@(Tosoh grade TZ-3Y). The mixed mens N.V., Leuven, Belgium). The flexural strength at room
zirconia powder grades, TM2.5 and TM2, are powder mix- temperature was measured in a three-point bending test.
tures of Tosoh TZ-3Y (T3) and Tosoh TZ-O (T0) with an The test specimens (25.0 mab.4 mmx 2.1 mm) were ma-
overall Y203 content of 2.5 (2.5Y-TZP) and 2mol% (2Y- chined out of the hot pressed discs. All surfaces were ground
TZP), respectively. with a diamond-grinding wheel (type MD4075B55, Wendt
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Table 2

Mechanical properties of ZEOmonoliths and Zr@-TiB, (70/30) composites, hot pressed in vacuum for 1 h at 2850

Material HVs (GPa) HVio (GPa) E(GPa) o (glcr®) Kic (5kg) Kic (10kg) AKjc/Km Flexural Ms (°C)
gradé (MPant?) (MPant?) (10kg) (%)  strength (MPa)
T™M2 119+ 0.1 11.9+ 0.1 215 6.07 10.2 0.4 10.3+ 0.5 - 1269+ 150 301
TM2E 10.5+ 0.1 10.6+ 0.1 264 5.39 5.3t 0.6 51+ 04 —55.0 715+ 62 323
TM2F 11.2+ 0.3 10.9+ 0.1 244 5.33 6.5t 0.5 6.7+ 0.3 —34.0 - -
T™M2.5 12.6+ 0.1 12.6+ 0.1 203 6.05 6.2 0.4 57+ 0.1 — 1085+ 35 <RT
TM2.5E 12.7+ 0.1 12.44+ 0.2 244 5.37 11.4 0.5 10.6+ 0.4 860 - 330
TM2.5F 13.1+ 0.3 13.0+ 0.2 258 5.43 10.3t 0.5 9.7+ 0.6 702 1283+ 79 -
T3 11.94+ 0.2 11.6+ 0.1 194 6.08 2.5 0.1 25+ 0.1 - 1007+ 126 <RT
T3E 13.0+ 0.2 13.2+ 0.1 281 5.39 4.9 0.4 4.4+ 0.1 770 - <RT

aThe material grade indicates the zirconia matrix code with the overall yttria stabiliser content (e.g. TM2, TM2.5, etc.), whereas E or F refdB,to the T
powder gradeAK|c represents the difference between the composite toughness and the @it toughnessy).

Boart, Brussels, Belgium). The span width was 20 mm with assuming a theoretical density of 4.52 and 6.08 §/¢on
a crosshead speed of 0.1 mm/min. The reported values arefiB, and ZrQ, respectively. Optical and scanning electron
the mean of at least five bending experiments. microscopy investigation of polished cross-sections of the hot
Microstructural investigation of the phase assembly was pressed Zr@-TiB, composites, however, revealed no resid-
performed by means of X-ray diffraction (XRD, Philips, The yal porosity. The lower density of the composites has to be
Netherlands), scanning electron microscopy (SEM, XL30- fully attributed to the presence of a significant amount of
FEG, FEI, The Netherlands) and a 200 kV transmission elec- glumina that is calculated to be about 11 vol.%. This is not
tron microscope (TEM, CM-200 FEG, FEI, The Nether- so surprising due to the extremely abrasive character of the
lands) equipped with an EDAX energy dispersive system TiB, powder in contact with the AD3 milling medium dur-
for compositional analysis. TEM samples were prepared ing powder mixing.
by the standard preparation technique including laser cut-  The lower density of the TM2-based composites is due
ting of 3mm discs, grinding, dimpling and subsequent ion- to the presence of m-Zrdn the TM2E and TM2F compos-
milling at 5kV under an angle of I2till perforation. ites, as mentioned further. A 1.75mol% op®s stabiliser
Coating of the TEM samples with a thin layer of car- was notenough to prevent spontaneous transformation of the
bon was necessary to prevent charging under the electronetragonal Zr@ phase in the pure ZrOmonolith and related
beam. composites. Due to the formation of micro- and macrocracks
The transformability, i.e. the ability of t-Zrpto trans-  jn these materials, they were not further investigated.
form to m-ZrG; in the crack tip stress field, is defined as  Representative scanning electron micrographs of fully
the difference in the m-Zr@phase content (%) calculated dense ZrG-TiB, (70/30) composites with two different T;B
from the XRD patterns obtained from fractured and pol- starting powder grades are presenteBim 1 Three phases,
ished surfaces. The monoclinic and tetragonal ZvGlume ZrO, (white), TiBy (grey) and AbOs (black), can be differ-
fractions are calculated according to the formula of Toraya entiated on the backscattered electron contrast pictures. The
etall® grain size of TiB grade E in the composite is significantly
TheMs temperatures of the hot pressed samples are meaiarger than that of grade F, in agreement with the larger av-
sured by dilatometry experiments in air in the temperature erage grain size of the starting powder. The JTithase is
range between room temperature (RT) and €50using  homogeneously distributed in the Zr@natrix.
commercial thermo-mechanical analysis equipment (model  |n order to investigate the influence of the addition of iB
TMA 800, Dupont 943, USA). The furnace was heated and on the grain size of the t-Z#Dphase, the microstructure of
cooled at a rate of 2C/min. ZrO,—TiB, composite grade TM2.5E and the corresponding
ZrOy matrix grade TM2.5 are compared kig. 2 The av-
erage ZrQ grain size in the TM2.5E composite is around

3. Results 0.4-0.5um, whereas that in the TM2.5 monolith is around
0.3-0.4um, indicating that only limited grain growth oc-
3.1. Densification and microstructure curred in the TiB containing composite.

Representative bright field TEM micrographs showing the
The density of the Zr@-TiB, (70/30) composites and  morphology and size of the zirconia grains and JjfBase in
their corresponding pure matrix materials, all hot pressed the TM2.5E composite are shownFkig. 3a. The ZrQ grains
at 1450°C for 1h, are compared iffable 2 The ZrG in the composite are clearly submicrometer sized with an av-
monoliths with 2-3 mol% ¥Oj3 stabiliser are fully densi-  erage particle size of 0.3—Qun. Occasionally, some mon-
fied, whereas the density of the hot pressed composites isoclinic zirconia grains reveal the typical martensite laths as a
lower than the calculated theoretical density of 5.61 d/cm result of the martensitic transformation, as showRim 3b.
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Fig. 1. Backscattered electron micrographs revealing the microstructures ' (b)
of 2 mol% Y,0O3-stabilised (TM2) Zr@-TiB, composites with 30 vol.% of
TiB2 grades E (a) and F (b). Three phases can be distinguishegl(&he),

TiB, (grey) and AbOs (black). Fig. 2. SEM micrographs showing the tetragonal zirconia grains of the pol-

ished and thermally etched Y-TZP grade TM2.5 (a) and a fracture surface
of the ZrQ—TiB, composite grade TM2.5E (b). ZpQrains are indicated

Since no m-Zr@ is measured within the detection limit of ~ 2Y Tows-

the XRD analysis, the partial tetragonal zirconia transforma-

tion is believed to be caused either by the mechanical stress3.2. Mechanical properties of the hot pressed Composites
during the thin foil preparation or due to the thermal stress

developed during the hlgh voltage electron beam irradiation. The mechanical properties of the Composites are com-

These observations indicate a high transformation potential pared with those of the Y-TZP monoliths, all hot pressed in
or transformability of the Zr@grains in the composite. The  yacuum for 1 h at 1450C, in Table 2

TiB2 particles are much coarser, about 2« for grade E, A modest hardness of 13 GPa was obtained for the 3Y-
than the ZrQ grains and have irregular grain edges rather Tzp (T3E)- and 2.5Y-TZP-based composites (TM2.5F). The
than sharp facets. hardness of the TM2.5F composite is slightly higher than

XRD spectra obtained from the polished composite gradesfor the TM2.5E due to the finer TiBparticle size. A rel-
T3E, TM2.5E and TM2E are presentedfig. 4 Whilethe  atively lower hardness is measured for the 2Y-TZP grade
predominant presence of the t-ZrPhase is achieved in the  (TM2) composites due to the microcracks formed upon spon-
T3E and TM2.5E composites, significant transformation of taneous t-zr@ phase transformation, as revealedrig. 4.
t-ZrO, to m-ZrQ, occurred in the TM2E composite, as in-  The obtained hardness for the ZTiB, (70/30) compos-
dicated by the presence of 67.4% m-Zr@n the polished jtes, however, is lower than what one can expect from the rule
TM2E sample. Full retention of the tetragonal zirconia phase of mixtures. A HVyo hardness of 14.4 GPa is calculated as-
was achieved in the T3 and TM2.5 monoliths, whereas only suming the hardness of TiBo be 20 GPa, as measured on a
2.7% m-ZrQ was recorded on the polished TM2 monolith. hot pressed (4 h at 190C) H.C. Starck grade F TiBmono-
These results clearly indicate that the presence of Tihe lith with 5 vol.% SiC as sinter additive, whereas the hardness
TM2monolith increases the transformability of the tetragonal of 7rO, was taken as 12 GPa. The presence of the alumina
phase, causing a considerable amount of taAddransform  contamination from the milling media is not considered in
during cooling from the sintering temperature. the hardness calculation. It should be mentioned here that the
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hardness increase by the piBddition is limited due to the
relatively coarse grain size of the Tiphase.

The bending strength of the TM2.5F composite is higher
than that of the TM2.5 matrix material and comparable to
that of the 2Y-TZP (TM2), whereas the strength of the TM2E
composite is significantly lower than that of the TM2 ceramic.
The latter is due to the formation of microcracks as a result
of the spontaneous transformation of part of the t-ZjpBase
in the TM2E composite.

In the present investigation, the indentation toughness
method was chosen, as it is an easy and effective way to
make a ranking of the materials based on their toughness. The
observed indentation crack profiles closely follow the well-
established radial or Palmqvist crack pattern. Therefore, the
indentation toughness data are thought to be reliable as far as
ranking of the investigated materials is concerned. The tough-
ness measured by the conventional indentation technique is
reported to be lower than that of the long crack toughness of
transformation toughened material$his is due to the fact
that the conventional indentation theory neglects the effect
of stress-induced transformation on the volume expansion of
the plastic zone beneath the indentation, that forms an addi-
tional driving force for the indentation cracking in materials
containing transformable phase. In order to check ®r “
curve” effects, the indentation toughness was measured for
different crack lengths by increasing the indentation load.
The measured hardness and toughness values, obtained with
an indentation load of 5 and 10kg, are reportedamle 2
For all investigated Zr@and ZrQ—-TiB, composites, the in-
dentation toughness is found to have reached the steady state
value even with an indentation load of 5kg. It is also clear
from the data presented ifable 2that the relative rank-
ing of the investigated Y-TZP materials in terms of inden-
tation toughness is the same, irrespective of the indentation
loads.

The indentation toughness of the pure Y-TZP material can
Fig. 3. TEM micrographs of Zr@-TiB; (70/30) composite grade TM2.5E  be increased by reducing the overall(¥%; stabiliser content
showing coarser (2-8m) TiB> grains in a submicrometer grain sized 2rO by the addition of %¥Os-free m-ZrQ particles to the 3 mol%
m_at_rix (a). Typ_ical martensite laths are observed in the transformed mono- yttria-stabilised co-precipitated starting powder. The tough-
clinic ZrO; grains (b). . . . .

ness increases with decreasing overall yttria content from 2.5
up to 10.3 MParH? for an yttria content of 3 and 2 mol%,

m-Zr0, 20, w/m_;r\(,: respectively. Below 2 mol% yttria, the tetragonal Zngthase
v f - A S S 4

spontaneously transforms. For the 2rQiB, (70/30) com-
posites, however, the toughness was found to increase up to a
maximum of about 11 MPaH? at 2.5 mol% yttria. At lower

\. yttria contents, the toughness was significantly lowered. The

‘. A

Y

'\ \ toughness of the TM2.5E composite is relatively higher than
AT | that of TM2.5F. The mechanical properties of the TM2E and
i ——T3E TM2F composites, however, are inferior to those of the TM2
| A~ TM2.5E matrix, revealing property degradation due to the oTdgl-
j \ v TM2E dition. It should, therefore, be concluded that careful engi-
v s e s n neering of the Zr@ matrix composition in terms of dopant
20 contentis essential to optimise the toughness of Y-TZP-based
composites. The relative toughness enhancemefyt/Kp,,
Fig. 4. XRD spectra of polished surfaces of the Zr0iB, (70/30) com- with AKc the toughness difference between the composite

osite grades T3E, TM2.5E and TM2E. . . .
P g and the pure matrix materi#d,, was calculated using the

Relative intensity
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indentation toughness data obtained with 10 kg indentations 70

and is summarised ifiable 2 | g Z 2”‘;,(??)1132
. g
= 50
4. Discussion £ v
= 40 -
2
4.1. Active toughening mechanisms ‘g 30 - =
SEM observations of the radial crack patterns generated at @' 20
the corners of Vickers indentations clearly reveal the presence X 10 = &
of a crack deflection toughening mechanism in all compos- [ e
ites, as illustrated ifig. 5for the TM2F composite. The crack i 2.0 25 3.0
deflection model of Faber and Evafgpredicts a toughness (a) Overall Yitria content, miol %
increase of about 15% for ceramic composites with 30 vol.%
of secondary phase, assuming an aspect ratio of 2. The rela- "
tively higher toughness obtained with the coarser,lSErt- - o — K,
ing powder in the TM2.5E composite compared to TM2.5F, “& 12 - g 2 TG AKo
can be attributed to the larger contribution of the crack de- g - ~ e Ay
flection toughening mechanism to the overall toughness in = 177 — AK
the grade E composites. é ¢ g
Looking atthe relative toughness enhancementinthe com- £ & = =
posite with respect to the matrix toughnea¥c./Km, given 5 6 E 7 -
in Table 2 and considering the above estimate that crack g -
deflection only accounts for a 15% increment in toughness % 4 Z
of the composites, it is clear that enhanced transformation E
toughening contributes significantly to the overall toughness
of the 3Y-TZP- and 2.5Y-TZP-based composites. 0
Following the classical zirconia literatuté the overall 20 2.5 3.0
toughness of a zirconia-toughened composites can be ex- Overall Yttria content, mol %

pressed as: ) B ) )
Fig. 6. The tetragonal Zr§phase transformability as determined by the dif-

Kic = Ko+ AKieT + AKiem + AKicb (1) ference ir_1 mTZrQ corjtent between fr_actured and_polished surfaces (a) and
the contribution of different toughening mechanisms to the overall tough-

with Ko, the inherent matrix toughness, i.e. the zirconia ma- ness of the Y-TZP monoliths and ZyTiB; (70/30) composites (bKo is

trix without or with negligible transformation toughening, th_ein_herent ma_trix toughngs&K.cT is the t_ransformation toughening con-
. . . . . tribution, AK|cym is the contribution from microcrack toughening atlcp

_AK|CT IS the_ tranSformatlor_] toughening contr!butlmeM is the contribution from crack deflection.

is the contribution from microcrack toughening an&cp

is the toughening due to crack deflection by theljiBase. _ _ _
For the TM-based composites, the inherent matrix toughness,

Ko, is 2.5 MPan2 since the T3 ceramic did only reveal a
very small amount of m-Zr@phase on a fractured surface.
XRD analysis revealed that the t-Zs@hase is fully re-
tained in the sintered microstructure of the pure Zi€a-
ramics stabilised with 2—3 mol%20D3 as well as in the 3Y-
TZP- and 2.5Y-TZP-based composites, whereas a significant
amount of m-Zr@ phase was measured on the polished 2Y-
TZP composite. Additional information could be obtained by
measuring the m-Zr@content on fractured surfaces, allow-
ing to calculate the transformability of the t-Zs@hase in
all investigated material grades. The experimental data are
summarised iffrig. 6a, revealing that the transformability of
the Y-TZP ceramics increases with decreasing stabiliser con-
: - tent. Moreover, the transformability of the t-Zs@hase in
e ot o j the ZrQ,~TiB; (70/30) composites stabilised with 2.5 and
) B 3 mol% yttria is higher than in the corresponding pure ZrO
Fig. 5. Crack path revealing crack deflection by the JTigrains in a matrix materials, indicating that the addition of hiin-
Zr0,—TiB, (70/30) composite. creases the transformability of the t-Zr@hase. It should
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also be clear that transformation toughening is the dominantet al.22 assuming all zirconia particles have the tetragonal
toughening mechanism in these ceramics. symmetry at the sintering temperature. The anisotropy in
Because of the very high transformability of the t-2rO  CTE of t-ZrO, as a function of the yttria content, and the
phase in the TM2 material, the addition of BiBesults in anisotropic CTE of TiB due to the hexagonal crystal sym-
spontaneous transformation of the t-Zrghase resulting in - metry were not considered in the calculations. The calculated
microcracked TM2E and TM2F composites. This, however, residual tensile stress in the zirconia matrix is 263 MPa. The
implies that microcrack toughening should be taken into ac- toughness data obtained in this work clearly show that the
count as an active toughening mechanism in these composinfluence of the tensile residual stresses in the Zm@trix

ites. on the transformability and hence the transformation tough-
The contribution of the different toughening mechanisms ening of the Zr@ matrix is very pronounced for the 3Y-TZP-

in the composites and their corresponding Zr@atrix ma- and 2.5Y-TZP-based composites, contributing effectively to

terials is graphically illustrated ifig. 60. The AKcp con- an increased transformation toughness compared to the cor-

tribution in all composites is calculated as the 15% increase responding Y-TZP matrix materials, as showTable 2and

in Ko due to crack deflection by the presence of 30vol.% Fig. 6,

TiB2, as predicted from the crack deflection model of Faber  The influence of the residual stress on the transformation

and Evans? The remaining toughness in the Y-TZP mate- toughness can be explained from the existing transforma-

rials and the TM2.5- and T3-based composites is attributedtion toughening literatur@.In the presence of tensile resid-

to transformation toughening, whereas the additional con- yal stressd;), the critical stresso(;) required to initiate the

tribution to the toughness in the TM2-based composites is stress-induced transformation in the crack tip would be mod-

attributed to microcrack toughening. Typically, 5-10% de- ified (c™ and reduced:

viation in the toughness and the transformability data was

measured in the experiments. 0c = 0c — Ot (2)
ComparingFig. 6a and b reveals that the t-ZgQrans-

formability data correlate very well with the transformation

toughness in both the Y-TZP monoliths and composites. The

higher the t-ZrQ transformability, the larger is the transfor-

mation toughening contribution. It should be clear that the \/:_3(14_ U)2 Koo 2

transformation toughening contribution towards the overall h = T ()

toughness of the composites is strongly dependent on the

Zroz matrix Composition and the residual stress due to the with vthe Poisson’s rati(Koo the stress intensityfactor dueto

presence of TiB, as will be discussed in the following sec- the applied (external) stress angthe critical transformation

The reduction in critical stress would actually contribute to
the development of alarger transformation zdy@¢cording
to the formula proposed by Budiansky et#.:

®3)

Oc

tion. stress.
The increased transformation zone size enhances the
4.2. Influence of thermal residual stresses transformation toughening contribution according to the es-
tablished formula of Evans and Cann®h:
The residual thermal stress is considered to be one of the 0.38fEe'VA

important design parameters in the fabrication of ceramic ma- AK .t = 4

trix composites. While the coefficient of thermal expansion 1-v

(CTE) mismatch decides the tensile or compressive nature ofwith f the volume fraction of the t-Zr@phase transformed
the residual stress in the constituent phases, the magnitude ofvithin the transformation zone, the Poisson ratiok the

the residual stress is determined by the mismatch in CTE andelastic modulus anef the transformation strain.

elastic modulus. In general, if the residual stress is compres-  Furthermore, the experimental data also indicate that the
sive, the far field applied stress necessary for the tofit@ase transformability of the Zr@ matrix should be affected con-
transformation will increase. On the contrary, the existence sidering the presence of residual stress. The additional trans-
of tensile residual stresses will trigger the t-Zr@ansfor- formability due to the tensile residual stresses generated by
mation at a much lower level of applied stress, since tensile the presence of TiBin a high toughness 2Y-TZP matrix
stresses activate the t-Zg@ransformation in the crack tip  (highest tetragonal transformability among the monoliths)
stress field causes spontaneous transformation of the toAr@trix dur-

Due to the lower CTE of TiB (@300-800 k=5 X 106k-1 ing cooling from the sintering temperature, resulting in the
andogso_200ak =9 x 1079 K~1)20when comparedto Y-TZP ~ formation of microcracks and a degradation of the mechani-
(23002000 K= 10x 10-8 K1), 2L tensile residual stresses are  cal properties. The zirconia matrix of the 2Y-TZP composites
developed in the Zr@matrix during cooling from the hot  contains both t-Zr@and m-ZrQ phases, whereas the zirco-
pressing temperature. Several theoretical models to calcu-nia matrix of the 2.5Y-TZP- and 3Y-TZP-based composites
late residual stresses in multi-phase ceramic composites arés predominantly tetragonal, as shownHig. 4. The lower
reported in literaturé223 In the present study, the residual hardness, density and strength of the 2Y-TZP composites are
stress is calculated according to the model proposed by Tayaa direct result of the formation of microcracks caused by
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BTs — — ing powders are no longer available. It is, therefore, of high
non-stabilised (HP 1900°C) . R
12 1@ This work (HP 1450°C) interest to see that a comparable toughness can be achieved
14 % M25E by mixing pure monoclinic and 3 mol% co-precipitated 2rO
ol BATLT powders, which are commercially available from different
sources.

9+ @

L The experimental work revealed that the overall yttria con-

tent and residual stress play a predominant role in optimising
the toughness of TZP-TiBcomposites. It should be men-
i tioned that the formulated ZrOpowder mixing route has

74
6+

Fracture toughness K[ c (MPa m 1 /2)

277mol % Y ,O, (HP 1450°C)"°
| | 1 i Il Il Il
—tt

! ! !

3T . \ also been successfully exploited to develop Z#®,03,%8
AT 200mol %Y 0, @IP 1500°C) Zr0O,—ZrBy2%and Zra—-WCB° composites with a high tough-
3 _73 1.94mol %Y ;0{ (HP 1500 and 1600°C)"* ness up to 9 MPa iLh?_

0

10 20 30 40 50 60 70 SI() 9|() l(l)()
TiB, content (vol %) 5. Conclusions
Fig. 7. Indentation toughness of ZfETiB, composites, literature data and
preset work. Different processing techniques, e.g. hot pressing (HP) and hot A high indentation toughness of 10 MP&/Ain combina-
isostatic pressing (HIP) are indicated. tion with a HVyg hardness of 13 GPa and a high strength of
more than 1 GPawas achieved for the Z+DiB, composites

spontaneous transformation. Therefore, the influence of theyith 30 vol.% TiB, with a 2.5Y-TZP matrix, hot pressed for
presence of a secondary phase should be taken into accouni p, ot 1450 C.
when optimising th_e toughness qf _Z,g{based composites by The fracture toughness of Y-TZP—Ti§70/30) compos-
means of the starting powder mixing route. ites can be optimised by adjusting the overall yttria content by

Theinfluence of the residual stress onthe increased #2rO means of the addition of pure monoclinic Zr@® a 3 mol%
transformability is also reflected in a higher onset temperature yiyria co-precipitated Zr@starting powder. The formulated
(Ms) for the t-ZrG, to m-ZrQ, transformation. The transfor-  7y0, powder mixing approach allows to tune the toughness

mation data of all composites is compared with that of the of the composites as well as the Y-TZP ceramics between 2.5
monoliths inTable 2 and reported in detail elsewhef®?’ 414 10.5 MPa H2.

The Ms temperature of the TM2.5E composite is around  The addition of TiB results in thermal residual tensile
330°C, whereas that of the TM2.5 monolith is below room  stresses in the ZeOmatrix that increases the t-ZgQrans-
temperature (RT). The increased kmperature clearly in- formapility. Due to this residual tensile stress, a zirconia ma-
dicates that the presence of TiBicreases the t-Zriphase  rix with higher overall yttria content of 2.5 mol%, i.e. lower

transformability in the investigated composites. transformability, is essential to optimise the fracture tough-
_ o ness of the Zr@-TiB, composites. A 2mol% yttria con-
4.3. Influence of the ZrPmatrix stabilisation taining matrix resulted in spontaneous transformation of the

t-ZrO, in the composites leading to microcracks and con-
Comparing the toughness increment(c/Km) obtained  comitant reduction of the hardness, toughness, strength, as

in the composites (seable 2andFig. €) reveals that the  well as the sintered density. Transformation toughening was
TZP-TiB; (70/30) composites can be toughened by lowering observed to be the major toughening mechanism in the com-

the overall yttria content in a controlled manner by tailoring posites with 2.5 and 3 mol% yttria, whereas crack deflection
the ZrQ matrix composition. In the 2-3 mol% yttria com-  \was also active.

positional window, the highest toughness is recorded at an
overall yttria content of 2.5 mol%, obtained by the addition of
pure monoclinic zirconia to a 3 mol%203 co-precipitated
ZrO, powder.

The indentation toughness of the TM2E and T3E com- ;g work was supported by the Brite-Euram programme
posites is comparable to that reported for @ ZFUB2 ot the Commission of the European Communities under
(70/30) composite obtained by hot pressing an unstabilised et contract No. BRPR-CT96-0304. The authors wish to

. . 9 .
m-ZrOz-TiB powder mixture at 1900C,” as graphically  yhank pr. C. Sarbu for the TEM investigation of the samples.
presented ifFig. 7. The excellent toughness of the TM2.5E

is comparable to that reported for a Zx€TiB, (80/20) com-
posite based on 3 mol% yttria-coated 4r@arting powder,
hot pressed at 145@'° and a ZrQ-TiB, (75/25) compos-
ite based on 1.94 mol% co-precipitated Zlml’ting powder, 1. Hannink, R. H. J., Kelly, P. M. and Muddle, B. C., Transformation
hot pressed at 15013 It should be noted that the 3 mol% toughening in zirconia-containing ceramids Am. Ceram. Soc2000,
yttria-coated as well as the 2 mol% co-precipitated Zstart- 83, 461-487.
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