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Abstract

Yttria-stabilised zirconia (Y-TZP) based composites with a tungsten carbide (WC) content up to 50 vol.% were prepared from nanopowders
by means of conventional hot pressing. The mechanical properties were investigated as a function of the WC content. The hardness increasec
from 12.3 GPa for pure Y-TZP up to 16.4 GPa for the composite with 50 vol.% WC, whereas the bending strength reached a maximum of
1551 MPa for the 20 vol.% WC composite. The toughness of the composites could be optimised by judicious adjustment of the overall yttria
content by mixing monoclinic and 3 mol%,®; co-precipitated Zr@starting powders. An optimum fracture toughness of 9 MP3 mas

obtained for a 40% WC composite with an overall yttria content of 2mol%. The hardness, strength as well as fracture toughness of the
ultrafine grained composites with a nanosized WC source was significantly higher than with micron-sized WC. The experimentally measured
contribution of the different observed toughening mechanisms was evaluated as a function of the WC content. Transformation toughening was
found to be the major toughening mechanism in Z/@C composites with up to 30 vol.% WC, whereas the contribution of crack deflection

and bridging is significant at a secondary phase content above 30 vol.%.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Zr0,—CrC, and ZrQ—CrCs.'2 Recently, ZrQ-based
composites with hard Tig TiCN, TiN and TiC secondary
Tetragonal zirconia polycrystalline (TZP) materials have phase additions were describEd.Although excellent
excellent mechanical properties such as a high bendingtoughness values could be achieved with an yttria-coated
strength and excellent fracture toughness, due to transfor-zrQ, starting powder, the increase in hardness aimed at
mation toughening.The modest hardness of these materials by the addition of the hard secondary phases was rather
however limits their use for wear applications. modest:® The addition of micron-sized WC grains to a
During the last decade, the applicability of zirco- zrO, matrix was reported to increase the hardness sig-
nia to induce transformation toughening of non-oxide nificantly, although the reported toughness values were
materials by the martensitic stress-induced transforma-rather low!41® The major toughening mechanisms in the
tion of tetragonal ZrQ (t-ZrOz) to monoclinic ZrQ ZrO,—WC composites investigated were identified to be

(m-ZrGp) was investigated. Amongst the composite microcracking, crack bridging, crack deflection and crack
systems investigated are mullite—-zr® SisN4—Zr0Op,3 branchingt’

TiBz—_Zf024_.7 and Ti(C, ’.\l)—ZfQ-S’9 Other reported sys- In this paper, Zrg-WC composites were prepared from
tems in which the Zr@ is present as the matrix phase nanopowders. Their mechanical properties are evaluated and
includes ZrQ-Al;05-TiC,'0 Zr0,-SiC! Zr0,-Cr, 03, a route to optimise the fracture toughness of the composites

is described. Moreover, the contribution of the individual
* Corresponding author. Tel:32-16-321244; fax#32-16-321992. toughening mechanisms to the total toughness of the com-

E-mail address; jozef.vleugels@mtm.kuleuven.ac.be (J. Vleugels). posites is elucidated.
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2. Experimental procedure balls in iso-propanol for 48 h on the Nanocarb WC/Co12
are illustrated inFig. 1L The agglomerates of the original
Two WC powder sources were used. Eurotungstene gradecomposite powder disintegrated in finer agglomerates due to
CW5000 with an average particle size of 0.§+h and the removal of the Co binder. Subsequent Turbula mixing in
Nanodyne grade Nanocarb WC/Col12. The latter starting iso-propanol using hardmetal milling ball®y (= 4-5mm,
powder consists of about p0n large WC/Co composite  CERATIZIT grade MG15) for 48h resulted in submi-
agglomerates with individual WC crystals claimed to be cron nanoparticle agglomerates, as showfim 1c Even
in the range 20-40nm. The Co was leached out in HCI at though contrast between individual WC crystals is poor, WC
50°C. After leaching, the powder was washed with distilled platelets with a diameter of up to 150 nm can be recognised
water to remove the chlorides. Final washing was done in in these agglomerates. The Zr@owders are commercially
iso-propanol to obtain soft WC agglomerates. The washed available powders, i.e., pure monoclinic (Tosoh grade TZ-0)
powder was subsequently dried at°@for 12 h. The effect  and 3 mol% %03 co-precipitated (Daiichi grade HSY-3U)
of the cobalt leaching and additional milling with WC/Co ZrO, nanopowders. The crystal size of both powders is
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Fig. 1. Original Nanocarb WC/Co powder agglomerates (a), WC grains after Co-leaching and mixing for 24 h in iso-propanol (b and c), and the 3 mol%
Y203 stabilised (TZ-3Y) (d), and monoclinic (TZ-0) (e), ZsGtarting powders.
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Table 1
Starting powders

Brussels, Belgium). The reported values are the mean and
standard deviation of at least five bending tests.

Powder Grade Supplier Powder size For microstructural investigation, a SEM (XL30FEG, FEI
7105 HSY-3U Daiichi 30nm (crystals) C_ompgny, Eindh(_aven, The Netherlands) was used. X-ray
(3mol% yttria) diffraction analysis (XRD, 3003-TT, Seifert, Ahrensburg,
Zr0, TZ-0 Tosoh 27nm (crystals) Germany) using Cu K radiation (40 kV, 30 mA) was used
wC CW5000 Eurotungstene 0.8-Lfn for phase identification and determination of the relative
wc Nanocarb Umicore/ Agglomerate size  hhase contents. For the calculation of the monoclinic and
(WeiCo12) Nanodyne gigzgngoirigt% tetragonal phase content, the method of Toraya was4%ed.

In selected composites, a comparison of the transforma-
bility of the tetragonal zirconia, defined as the fraction that
can be transformed into monoclinic ZgOwas obtained by
measuring the difference in monoclinic phase content on
polished and on fractured surfaces, obtained by breaking a
sample in a 3-point bending test.

a According to the suppliers’ data sheets.

around 30nm, as shown Fig. 1d and ePowder mixtures
with an Y>Os3-content between 1.75 and 3.00 mol% were
obtained by mixing both Zr@starting powders in the ap-
propriate ratio. An overview of the starting powders is given
in Table 1

For the preparation of the composites, 60g of powder 3. Results
was mixed on a multidirectional mixer (type Turbula) in
iso-propanol in a polyethylene container of 250 ml during  Microstructural investigation of the hot pressed 2+@/C
48 h. Three hundred grams of pure alumina balls with a di- composites revealed that full densification could be achieved
ameter of 10 mm were added to the container to break theafter 1 h at 1450C. Homogeneous Zr&3WC microstruc-
agglomerates during mixing. After mixing, the iso-propanol tures were obtained after 48h of mixing of the starting
was removed by means of a rotating evaporator. The dry powders. Some representative backscattered electron mi-
powder mixture was inserted into a graphite container with crographs are shown iRig. 2 Three phases can be clearly
a diameter of 30 mm, coated with boron nitride. After cold differentiated, i.e., Zr@ (grey), WC (white) and AlO3
compression at 30 MPa, the samples were hot pressed inblack). The AbO3z grains originated from the alumina
a KCE hot press (W 100/150-2200-50 LAX, FCT Sys- mixing medium. X-ray fluorescence analysis revealed the
teme der Strukturkeramik, Rauenstein, Germany) in vacuumalumina content to be around 2vol.% in the Z+@V/C
(0.1 Pa) under a mechanical load of 28 MPa. The samplescomposites. Although grain growth of the Nanocarb WC
were separated from the furnace atmosphere by the graphitgphase during sintering is obvious comparifig. 1c with
hot press set-up, where the sliding contacts were sealed byFig. 3c and dthe final grain size of the WC phase in the
boron nitride. The ceramic samples were hot pressed for 1 hNanocarb powder based composites is smaller than that in

at 1450°C, with a heating rate of 58C/min and a cooling
rate of 10°C/min.
The Vickers hardnessiys, Hyio and Hyszg, was mea-

the micron-sized powder based. The grain growth of the
WC nanopowder might be attributed to the presence of a
residual amount of Co, that was determined to be 0.75wt.%

sured on a Zwick hardness tester (model 3202, Zwick, UIm, (relative to the WC content) by means of X-ray fluores-
Germany) with an indentation load of 5, 10 and 30kg, re- cence. Co and WC form a eutectic around 1200what
spectively. The reported values are the mean of at least fiveis clearly below the actual hot pressing temperature. The
indentations. The indentation fracture toughnég§s, was backscattered electron micrographs of the fracture surface
calculated from the length of the radial cracks. The reported of the Nanocarb and CW5000 WC powder based2ZMJC
values are the mean and standard deviation of at least five(60/40) composites, presentedHrig. 3, reveal that the WC
indentations. The fracture toughness was calculated accorddistribution is better in the nanopowder-based material, re-
ing to the formula of Anstis et & The elastic modulus, sulting in a larger fraction of ultrafine WC particles in the
of the ceramic specimens was measured by the resonanc&00-200 nm range. The angular geometry of the WC grains
frequency method? The resonance frequency was mea- remained after sintering, indicating that the Zrénd WC
sured by the impulse excitation technique (Grindo-Sonic, phases are chemically compatible at the sintering tempera-
J.W. Lemmens N.V., Leuven, Belgium). The density of ture. The fracture mode for both ZgGand WC phases is
the specimens was measured in ethanol, according to thentergranular. The maximum grain size of the WC grains
Archimedes method. The flexural strength at room temper- in the ZrG—WC (80/20) composite is well below jm.
ature was measured in a 3-point bending test (Series IXAt WC contents above 20vol.%, the WC grains tend to
Automated Materials Testing System 1.29, Instron Corpora- agglomerate in small clusters. WC network formation is
tion) on rectangular (286 mmx 5.4 mmx 2.1 mm (height)) obvious at WC contents above 40%.

specimens with a span width of 20 mm and a crosshead dis- Since the fracture toughness of Y-TZP materials can be
placement of 0.1 mm/min. All surfaces were ground with a modified by adjusting the YOz stabiliser content, the influ-
diamond grinding wheel (type MD4075B55, Wendt Boart, ence of changing the overall yttria content on the fracture
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Fig. 2. Backscattered electron micrographs revealing the microstructure of 20vol.% (a), 30vol.% (b), 40vol.% (c) and 50vol.% (d) Nanocarb WC grade
and 20vol.% (e) and 40vol.% (f) CW5000 WC grade Y-TZP/WC composites. The phases that can be differentiated are WC (whifgyeydr@and
Al,03 (black).

toughness was investigated for ZFWC (60/40) compos-  fracture toughness of 9.2 MP&aff was obtained for the
ites. The change in overall yttria content was established 2Y-TZP-WC (60/40) composite. The hardness of the com-
by mixing the pure monoclinic and 3 mol% yttria-stabilised posites was hardly influenced by a reduction of the yttria
ZrO, powders in the appropriate amount, an approach thatcontent down to 2 mol%, whereas tBemodulus decreased
has proven to be very effective in optimising the fracture with decreasing yttria content.

toughness of Y-TZP ceramié$ The obtained results, given Because of the excellent fracture toughness obtained with
in Table 2 clearly reveal that the fracture toughness of the the 2Y-TZP based composites, this matrix was selected to
composites increases with decreasing yttria content from 3further investigate the influence of the amount and size of
to 2mol%. At an overall yttria content of 1.75mol% how- the WC phase. The densifsmodulus, hardness, toughness
ever, the ZrQ phase in the samples spontaneously trans- and flexural strength of 2 mol% »Dz-stabilised ZrQ-WC
forms to m-ZrQ upon cooling after sintering, resulting in  composites are summarised Table 3 The hardness and
macrocracking of the hot pressed material. An excellent fracture toughness of the Nanocarb WC grade powder
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Fig. 3. Backscattered electron micrographs of fracture surfaces of the CW5000 (a and b) and Nanocarb (¢ and d) WC powder,bS$€d(@D@0)
composites. The phases that can be differentiated are WC (white) and(@r€y).

based composites are graphically illustratedrig. 4. The ness of the 40vol.% WC nanopowder-based composite
hardness of the composites was strongly influenced by theis about 2.50 GPa higher than that of the micron-sized
WC content and increased linearly with increasing WC powder based composite, whereas the hardness of the
content from 12.28 GPaH{/10) for the Y-TZP ceramic up  20vol.% ZrQ—WC composites is comparable for both WC
to 16.40 GPa for the 50vol.% WC composite. The hard- powders.

Table 2

Mechanical properties of Y-TZP/WC composites with 40vol.% nanosized WC starting powder and vap@ggdhtent

Y203 (mol%) P (g/cn?) E (GPa) Hy102 (GPa) Kic10? (MPa I'Til‘/z)
2.00 9.99 322 15.16 0.20 9.2+ 0.3

2.50 9.90 353 15.7& 0.20 6.5+ 0.3

3.00 9.94 378 15.1% 0.19 6.0+ 0.2

2 Mean and standard deviation of at least five indentations.

Table 3

Mechanical properties of 2Y-TZP/WC composites as a function of WC phase content

WC grade WC (vol.%) E (GPa) p (glcnt) Hy10?® (GPa) Kic10® (MPani/2) Strength (MP&)
- 0 203 6.06 12.28: 0.11 10.1+ 0.1 1258+ 114
Nanocarb 20 268 8.13 13.38 0.06 9.9+ 0.3 1551+ 16
Nanocarb 30 265 9.03 14.0% 0.06 9.2+ 0.2 1303+ 89
Nanocarb 40 322 9.99 15.16 0.20 9.2+ 0.3 1036+ 87
Nanocarb 50 365 10.71 16.4D 0.44 8.1+ 0.3 488+ 49
CW5000 20 259 7.93 13.5& 0.23 8.7+ 0.3 1360+ 85
CW5000 40 304 9.95 13.56 0.29 7.9+ 0.2 903+ 64

@ Mean and standard deviation of at least five indentations or bending bars.
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25 10.5 —e— Toughness 18 4 Discussion
& 10.0 | —®— Hardness 7 = Unlike in other Y-TZP composite systems with BigiN,
= & TiC or TiCN additions, where the hardness is rather modest
& 9.5 16 e (Hyio = 12-13 GPa) and hardly influenced by the amount
® o0 ;? of secondary phase content up to 40 vol34he hardness
o 15 ﬁ in the ZrQ—WC system clearly increases with increasing
S 85 @ W(C content. The high hardness in the 2¢«@/C composites
E | 14 -§ can be explained by the good coherence between WC and
o 80 L] the ZrQ, matrix?2 and the chemical compatibility of WC
2 75 . - 13 and ZrG,23 whereas the Ti-based additives were found to
= 15 20 25 30 35 40 45 50 55 partially dissolve in the Zr@matrix'3 and reaction products

can develog?

Content WC (vol%) Beside the volume fraction of the WC in the composites,
the size of the WC particles strongly influences the hardness
of the composites. For the composites with 40vol.% WC,
the composite with the micron-sized CW5000 powder had a
hardness of 13.56 GPa, whereas the hardness of the compos-
ites with the nanosized WC starting powder was significantly

Shigher, i.e., 15.16 GPa, as summarisediable 3 The use of

finer WC starting powder clearly results in higher hardness

values for the Zr@g-WC composites and is also responsible

for the higher flexural strengths, as showrFig. 5.

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. There-
fore, the indentation toughness data are thought to be reliable
as far as ranking of the investigated materials is concerned.
The toughness measured by the conventional indentation
technique is reported to be lower than that of the long crack
toughness of transformation toughened matefial#is is

is well above the bending strength of the pure 2Y-TZP, being due to the fact that the conventional indentation theory ne-
1258 MPa. It should also be clear that the flexural st’rength glects the effect of stress induced transformation on the vol-
of the WC.nanopowder based composites is about 200 Mpaume expansion of the plastic zone beneath the indentation,

higher than for the composites with micron-sized WC start- that f'orm.s an addmonal dr|y|ng force for the indentation
cracking in materials containing transformable phase. In or-

Fig. 4. Fracture toughness.

Beside the high hardness, excellent toughness value
of more than 8 MPaM? were obtained. For the 2Y-TZP
and ZrQ—WC (80/20) composite, the toughness was as
high as 10MPa?. The toughness of the ZEOWC
(70/30) and (60/40) composites was comparable, i.e.,
9.2MPant/2. The toughness of the ZgOWC (50/50)
composite was 8.2 MPa¥?f. The fracture toughness of
the composites with the nominally nanograined WC is
higher than that of the composites with micron-sized
WC.

Excellent flexural strengths, well above 1 GPa, were ob-
tained for the ZrGg-WC composites with up to 40vol.%
WC, as illustrated for the 2Y-TZP based composites in
Fig. 5. A maximum strength of 155% 16 MPa was obtained
for the composite with 20 vol.% of WC nanopowder, which

Ing powder. der to check for “R-curve” effects, the indentation toughness
was measured for different crack lengths by increasing the
indentation load. The measured hardness and toughness val-

1800 - ues, obtained with an indentation load of at 5, 10 and 30 kg,
are given inTable 4
s 1600 , For the 2Y-TZP/WC (Nanocarb) grades, the indentation
2, 1400 | toughness is found to have reached the steady state value
'§, 1200 even with an indentation load of 5kg. It is also clear from
§ 1000 the data presented ihable 4that the relative ranking of
?1_3 800 | the investigated Y-TZP materials in terms of indentation
< 600 [“o— we . toughness is the same, irrespective of the indentation loads.
k e ;f:doepcc):“\;vse(r)oo " Additional information on the transformability of the
o 400 | ZrO» matrix in the optimised 2Y-TZP based composites
200 , : : could be obtained from XRD analysis of polished and frac-
0 10 20 30 40 50 tured ceramic surfaces. The m-Zr@action on polished
Content WC [Vol%)] and fractured materials is listed ifable 5 The reported

Fig. 5. Flexural strength of 2Y-TZP/WC composites, with WC nanopow- Values were Obtaine_d fro_m at least ﬁve_ surfaces. The trans-
der and WC grade CW5000. formability of the zirconia phase, defined as the fraction
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Table 4

Hardness and toughness of 2Y-TZP/WC (Nanocarb) composites as a function of the indentation load

WC (vol.%) Hys (GPa) Hy1o (GPa) Hvzo (GPa) Kics (MPam/2) Kicto (MPant/2) Kiczo (MPamt/2)
20 13.45+ 0.22 13.33+ 0.06 13.35+ 0.12 9.7+ 0.6 9.9+ 0.3 10.1+ 0.8

30 14.11+ 0.15 14.01+ 0.06 13.95+ 0.15 9.0+ 0.2 9.2+ 0.2 9.0+ 0.4

40 15.11+ 0.21 15.16+ 0.20 14.86+ 0.13 8.9+ 0.1 9.2+ 0.3 9.0+ 0.4

50 16.49+ 0.16 16.40+ 0.44 16.17+ 0.21 8.3+ 0.2 8.1+ 0.3 7.9+ 0.3

The reported values are the mean and standard deviation of at least five indentations.

Table 5

2Y-TZP ZrO, phase and composite transformability

WC (vol.%) v/fractureda (g ypolishech gy ZrO, phase Mfractureds Mpolished> Composite
transform- (vol.%) (vol.%) transform-
ability (%) ability (%)

0 71+ 2 8.4+ 0.6 63+ 2 71+ 2 8.4+ 0.6 63+ 2

20 67+ 4 6.5+ 0.8 61+ 1 53+ 3 3.3+ 0.5 51+ 1

30 60+ 1 7.2+ 09 53+ 1 42+ 1 3.6+ 05 38+ 1

40 54+ 2 85+ 04 46+ 2 33+ 1 4.2+ 0.3 28+ 1

50 49+ 2 79+ 0.8 41+ 2 25+ 1 39+ 04 21+ 1

a8 m-ZrO; fraction of the ZrQ matrix measured on polished and fractured surfaces.
b vol.% m-ZrQ, in the composite, measured on polished and fractured surfaces.

of the ZrQ matrix that can be transformed into m-ZrO  Fig. 7a and dor respectively the 80/20 and 60/40 compos-
upon fracturing, can be calculated from the m-Zn@hase ite. Microcracks, crack branching and crack bridging were
content measured on fractured and polished surfaces. Thenot observed at the crack front. In literature however, the ma-
transformability of the composite is defined as the vol- jor toughening mechanisms in Zs&WC composites were
ume percent of t-Zr@ in the composite as a whole that identified to be microcracking, crack bridging, crack deflec-
transforms during fracturing. The t-ZpOand composite  tion and crack branchint/.

transformability is plotted as a function of the WC content  The overall toughness of the composites can be described
for the 2Y-TZP based materials Fig. 6. The transforma-  as:

bility of the tetragonal zirconia phase decreased from 63%

in the pure 2Y-TZP down to 41% in the composite with Klc = Ko+ AKc (1)

50vol.% WC, as shown iffable 5 Accordingly, the trans- ~ hare K, s the toughness of the non-transforming matrix

formab|||tyhof thz corr(;posnefdecres?es with éncrea§t:ng \éVC and AKc is the contribution of the different active toughen-
content. The reduced transformability can be attributed 10 ;0 e chanisms. Based on the observed mechanisms in the

the increasing WC phase content, rgducmg the size of theZY-TZP/\NC composites, this can be rewritten as:
transformation zone around propagating cracks.
Beside transformation toughening, scanning electron mi- AKc = AKct 4+ AKep + AKceB (2)
croscopy investigation of the radial crack pattern originating ) o _
at the corners of Vickers indentations revealed that propa-WhereAKcr is the contribution from transformation tough-
gating cracks were deflected by the WC grains, as shown in€Ning, AKcp is the crack deflection contribution antcg
is the contribution of other active toughening mechanisms.
The experimentally measured indentation fracture tough-

~ 701 & ness,Kic (10kg), of a non-transformable Daiichi grade

& 60 ) ) HSY-3U powder, hot pressed for 1h at 14%0) was

£ 50 \ 3.5+ 0.1MPant/2. An experimental value which is very

S 40 o close to the reported matrix toughne&%, = 3.3 MPa n1/2

E a0 \ for Y-TZP ceramics:2°

"E 20 | [—e— Zirconia phase ~ From the measured fracture toughness of 10.1 MPam

€ 4o | |~ Composite and a measured Zgphase transformability of 63% for the

= 0 pure 2Y-TZP material, it is assumed that this transforma-
0 10 20 30 40 50 bility corresponds to a toughness increase of 6.6 MP&m

above the baseline matrix toughness of 3.5 MP#&nfor
the composites, the effective contribution of transformation
Fig. 6. ZrQ, phase and composite transformability of 2Y-TZP/WC com- toughening is scaled down in proportion to the measured
posites with varying WC content. composite transformability shown ifable 5 In all cases,

Content WC (Vol%)



62 G. Anné et al. / Journal of the European Ceramic Society 25 (2005) 55-63

Fig. 7. Backscattered electron micrographs revealing crack deflection (a and b) and crack bridging (b) by the WC grains in the composites with 20 vol.%
(a) and 50vol.% (b) of WC.

the actual toughness is still higher and this additional imply that the experimentally observed ($&g. 8) increased
toughness is attributed to other toughening mechanisms. Thecontribution of crack deflection with increasing WC content
results of this analysis are graphically presenteBim 8. should be mainly attributed to other toughening mechanisms
FromFig. 8, it is clear that transformation toughening is than crack deflection like crack bridging activity.
the primary toughening mechanism in the composites with
20 and 30vol.% WC. The matrix toughness, transformation
toughening and toughening by combined crack deflection 5. Conclusions
and other toughening mechanisms are equally important in
the ZrQ—WC (60/40) composites with 40 and 50 vol.% WC. Fully dense ZrG-WC composites with excellent tough-
The importance of the crack deflection mechanism increasesness (>8 MPafi?), hardness (>14.50GPa) and bending
with increasing WC content. The crack deflection model of strength (>1GPa) were prepared from Zr@nd WC
Faber and Evaré predicts a toughness increase of 15% for nanopowders by means of hot pressing at 1450
ceramic composites with 30vol.% of spherical secondary  The hardness, strength and fracture toughness of the com-
phase particles, which is in excellent agreement with the posites prepared with WC nanopowders was substantially
observations for the Zre>WC (70/30) composite. Indeed, higher than that of the micron-sized WC powder based ce-
the calculated toughness increase through crack deflectiorramics.
accounts for 18% in the Zri2WC (70/30) composites. An Composites with optimum fracture toughness were ob-
important feature of the crack deflection analysis by Faber tained by engineering of the ZpOmatrix. A maximum
and Evan® is the decreasing contribution of crack deflec- toughness was achieved with an overall yttria stabiliser con-
tion at volume fractions in excess of 20vol.%. This would tent of 2mol%, established by mixing pure monoclinic and
3 mol% Y,03 co-precipitated Zr@ starting powders.
Experimental observations allowed to evaluate the relative
K, 7 AKg; W\ AK [ +AK contribution of the matrix toughness, transformation tough-
ening and combined crack deflection and bridging to the
fracture toughness of the composites as a function of the
WC content. Transformation toughening is important in all
investigated composites with a WC content up to 50 vol.%
and is the primary toughening mechanism in the compos-
ites up to 40 vol.% WC. The contribution of combined crack
deflection and other toughening mechanisms increases with

-
N
]

-
o
|

Fracture Toughness (MPam'?)
)

4 -
increasing WC content and becomes as important as the
2 ZrO, matrix toughness and transformation toughening in the
ZrO,—WC (60/40) composites.
0 a T
0 50
WC content (Vol%) Acknowledgements

Fig. 8. Contribution of the observed toughening mechanisms to the fracture Thi K ted by the Brite-E f
toughness of 2Y-TZP/WC compositeAK .t = transformation toughen- IS work was supported by tne brite-Euram program o
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