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bstract

.75 mol% Y2O3-stabilized ZrO2–TiN composites could be fully densified by hot pressing for 1 h at 1550 ◦C in vacuum under a mechanical
ressure of 28 MPa. Composites with 35–95 vol% TiN were investigated and the best mechanical properties, i.e., a Vickers hardness of 14.7 GPa,
n indentation toughness of 5.9 MPa m1/2 and an excellent bending strength of 1674 MPa were obtained with 40 vol% TiN. The active toughening
echanisms were identified and their contribution to the overall composite toughness as function of the TiN content was modelled, experimentally

erified and discussed. Transformation toughening was found to be the primary toughening mechanism. The TiN grain size was found to increase
ith increasing TiN content, resulting in a decreasing hardness and strength. A maximum strength was obtained at 40 vol% TiN. The electrical
esistivity of the composites decreases exponentially with increasing TiN content and correlates well with the Polder-Van Santen mixture rule.
hus at around 40 vol% TiN, the conductivity is high enough to allow EDM machining of the composite, therefore avoiding the expensive grinding
peration for final shaping and surface finishing of components.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

During the last decade, the applicability of zirconia to induce
oughening by the stress-induced transformation of the tetrago-
al to monoclinic ZrO2 phase in the stress field of propagating
racks, a phenomenon known as transformation toughening,1,2

as been intensively investigated. Recent developments in zir-
onia composites are focused not only on the improvement
f toughness, strength and hardness, but also on the possibil-
ty for mass production and manufacturing cost reduction. A
uccessful approach is to incorporate electrically conductive
einforcements such as TiB2,3 WC,4 ZrB2,5 TiC,6 TiCN6 and
iN into the zirconia matrix. The incorporation of a certain con-

ent of these conductive reinforcements makes the composite
lectrically conductive enough to be machineable by electri-
al discharge machining (EDM), thus avoiding the expensive

rinding operation for final shaping and surface finishing of
omponents. Electrical resistivity threshold values for EDM are
eported to be in between 100 and 300 � cm.7,8
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ical conductivity

To the best of the authors’ knowledge however, no in depth
tudy has been reported on ZrO2–TiN composites with a TiN
ontent ranging from 35–95 vol%. The goal of the present work
s to investigate and evaluate the mechanical properties and elec-
rical conductivity of ZrO2–TiN composites with a TiN phase
ontent in this range.

. Experimental procedure

Yttria-stabilized ZrO2–TiN composites with 35–95 vol% TiN
nd 0.75 wt.% Al2O3 were investigated. Details on the com-
ercial starting powders are given in Table 1. The commercial

owders are yttria-free monoclinic ZrO2 (Tosoh grade TZ-0,
okyo, Japan), 3 mol% yttria co-precipitated ZrO2 (Tosoh grade
Z-3Y, Tokyo, Japan) and jet-milled TiN (Kennametal, Victoria,
SA). The Y2O3-stabiliser content of the powder mixtures was

djusted by mixing the appropriate ratio of ZrO2 starting pow-
ers. 0.75 wt.% Al2O3 powder (Baikowski grade SM8, Annecy,
rance) was added as a ZrO2 grain growth inhibitor and sintering

id to all composite grades.

Fifty grams of fully formulated powder mixture was mixed on
multidirectional Turbula mixer (type T2A, Basel, Switzerland)

n ethanol in a polyethylene container of 250 ml during 24 h
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Table 1
Starting powders

Powder Grade Supplier Crystal sizea

ZrO2 TZ-0 Tosoh (Japan) 27 nm
ZrO2 TZ-3Y Tosoh (Japan) 27 nm
TiN Jet-milled Kennametal (USA) 1.03 �m
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elastic modulus of 471 GPa for TiN13 and 200 GPa for stabilized
l2O3 SM8 Baikowski (France) 0.60 �m

a According to the supplier datasheets.

t 60 rpm. Two hundred and fifty grams zirconia milling balls
Tosoh grade TZ-3Y, Tokyo, Japan) with a diameter of 3 mm
ere added to the container to break the agglomerates in the

tarting powder and to enhance powder mixing. The ethanol
as removed after mixing using a rotating evaporator.
The dry powder mixture was inserted into a graphite

ie/punch set-up (diameter of 43 mm), manually coated with
oron nitride to avoid carbon diffusion and sample-die sticking.
fter cold compression at 30 MPa, the samples were hot pressed

Model W100/150-2200-50 LAX, FCT Systeme, Rauenstein,
ermany) in vacuum (∼0.1 Pa) for 1 h under a mechanical load
f 28 MPa at 1550 ◦C, with a heating rate of 50 ◦C/min and a
ooling rate of 10 ◦C/min.

The density of the samples was measured in ethanol, accord-
ng to the Archimedes method (BP210S balance, Sartorius AG,
ermany). The Vickers hardness (HV10) was measured on a
wick hardness tester (model 3202, Zwick, Ulm, Germany)
ith an indentation load of 10 kg. The indentation toughness,
IC, based on the crack length measurement of the radial crack
attern produced by Vickers HV10 indentations, was calculated
ccording to the formula of Anstis et al.9 The reported hard-
ess and toughness values are the mean with standard deviation
btained from five indentations.

The elastic modulus (E) of the ceramic specimens was mea-
ured using the resonance frequency method.10 The resonance
requency was measured by the impulse excitation technique
Model Grindo-Sonic, J. W. Lemmens N.V., Leuven, Belgium).
he reported values are the mean and standard deviation of 10
easurements.
The flexural strength at room temperature was measured in

3-point bending test (Instron 4467, PA, USA) on rectangu-
ar samples (25.0 mm × 5.4 mm × 2.1 mm), with a span length
f 20 mm and a cross-head displacement of 0.1 mm/min. The
eported values are the mean with standard deviation of five
easurements. All sample surfaces were ground with a diamond

rinding wheel (type MD4075B55, Wendt Boart, Brussels, Bel-
ium) on a Jung grinding machine (JF415DS, Göppingen, Ger-
any).
Microstructural investigation was performed by scanning

lectron microscopy (SEM, XL-30FEG, FEI, Eindhoven, The
etherlands). X-ray diffraction (Seifert 3003 T/T, Ahrensburg,
ermany) analysis was used for phase identification and calcu-

ation of the relative phase content of monoclinic and tetragonal
rO2.
The electrical resistance of the samples was measured accord-
ng to the 4-point contact method using a Resistomat (TYP 2302
urster, Gernsbach, Germany).
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. Results and discussion

.1. Microstructures

The microstructures of polished cross-sectioned ceramics
re presented as function of the TiN content in Fig. 1. Three
hases can be distinguished, i.e., yttria-stabilized ZrO2 (bright),
iN (grey) and Al2O3 (black). The microstructural investigation
f the samples revealed that all samples were fully densified
ince no pores were found on the cross-sections and the mea-
ured density of the composites is 99–100% of the theoretical
ensity, calculated using a theoretical density for ZrO2, TiN
nd Al2O3 of 6.05, 5.43 and 2.90 g/cm3, respectively. More-
ver, homogeneous ZrO2–TiN–Al2O3 microstructures were
btained, indicating that the powder mixing procedure was
ppropriate. The composite with 35 vol% TiN has the smallest
iN grain size, which is found to increase with increasing TiN
ontent.

The X-ray diffraction patterns in the 2θ range from 25◦ to 40◦
f the polished yttria-stabilized ZrO2–TiN–Al2O3 composites
ith varying TiN content are shown in Fig. 2, revealing that no
onoclinic zirconia phase is present in all investigated compos-

tes. This means that no spontaneous martensitic transformation
ccurred in the composites during cooling from the sintering
emperature. Therefore, 1.75 mol% yttria is sufficient enough
o stabilize the tetragonal ZrO2 phase in the ZrO2–TiN–Al2O3
omposites with up to 95 vol% TiN.

.2. Mechanical properties

In order to find the optimum yttria stabilizer content, the
ttria content in ZrO2-based composites with 40 vol% TiN and
.75 wt.% Al2O3 was varied from 2.5 down to 1.0 mol%. The
esulting hardness and fracture toughness of the hot pressed com-
osites is graphically presented in Fig. 3. The fracture toughness
ncreases with increasing yttria content up to a maximum of
MPa m1/2 at 1.75 mol% Y2O3 and decreases again upon addi-

ion of more stabilizer. This is completely in agreement with
he toughness evolution of monolithic ZrO2 since the trans-
ormability and concomitant transformation toughness increases
ith decreasing yttria content, resulting in spontaneous trans-

ormation at too low stabilizer contents. The spontaneous trans-
ormation of the ZrO2 phase is accompanied by microcrack-
ng, explaining the reduced hardness at yttria contents below
.6 mol%. Because of the optimum toughness in combination
ith maximum hardness, an yttria content of 1.75 mol% was

elected to investigate the influence of the TiN content.
The mechanical properties of the 1.75 mol% Y2O3-stabilised

rO2 with varying TiN content and 0.75 wt.% Al2O3 are sum-
arized in Table 2.
A comparison between the measured elastic modulus and the

heoretically calculated values is shown in Fig. 4. Calculations
ere done based on the Voigt11 and Reuss12 models using an
rO2,14 revealing that the experimental values fall in-between
he upper Voigt (iso-strain) and lower Reuss (iso-stress) bound-
ries.
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ig. 1. Backscattered SEM micrographs of polished 1.75 mol% yttria-stabilize
g) and 95 (h) vol% TiN and 0.75 wt.% Al2O3. Three phases can be differentiat

The Vickers hardness of the composites decreases with
ecreasing ZrO2 content, as graphically presented in Fig. 5,
hat can be attributed to an increasing TiN grain size with

ncreasing TiN content. The bending strength shows an optimum
round 40 vol% TiN addition, considering that the strength of
ure yttria-stabilized zirconia hot pressed at 1450 ◦C is about

50 MPa.6 The decrease in bending strength at higher TiN con-
ents can also be attributed to the increasing TiN grain size.

The contribution of transformation toughening to the over-
ll fracture toughness of the composite can be calculated from

u
t
o
p

2–TiN–Al2O3 composites with 35 (a), 40 (b), 50 (c), 60 (d), 70 (e), 80 (f), 90
rO2: bright, TiN: grey and Al2O3: black.

he measured composite transformability, which is calculated
rom the measured ZrO2 phase transformability multiplied by
he ZrO2 phase fraction in the composite.15 The ZrO2 phase
ransformability is defined as the difference in the percentage of

onoclinic and tetragonal zirconia phase, obtained from XRD
atterns of smoothly polished and fractured surfaces. The vol-

me fraction of the m-ZrO2, Vm, is calculated by measuring
he intensities of the (1 1 1) and (1 1 1̄) reflections of the mon-
clinic ZrO2 phase and the (1 1 1) peak of the tetragonal ZrO2
hase according to the formula of Toraya et al.15 The m-ZrO2
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Fig. 2. X-ray diffraction patterns of polished yttria-stabilized ZrO2–TiN–Al2O3

composites with varying TiN content.

Fig. 3. Hardness and toughness of hot pressed ZrO2–TiN–Al2O3 (60/40/0.75)
composites as function of the yttria stabiliser content.

Table 2
Mechanical properties of 1.75 mol% Y2O3-stabilised ZrO2–TiN composites with var

TiN content (vol%) ρ (g/cm3) E (GPa) HV10 (GPa) KIC (M

35 5.85 261 ± 10 13.75 ± 0.08 7.1 ± 0
40 5.81 290 ± 7 13.65 ± 0.09 5.9 ± 0
50 5.69 319 ± 5 13.49 ± 0.26 6.3 ± 0
60 5.60 344 ± 8 13.55 ± 0.25 5.0 ± 0
70 5.55 374 ± 6 13.63 ± 0.16 4.7 ± 0
80 5.49 402 ± 3 13.36 ± 0.08 4.0 ± 0
90 5.40 430 ± 6 12.97 ± 0.18 4.8 ± 0
95 5.39 430 ± 15 12.91 ± 0.29 3.3 ± 0

a Sample size = 45 mm × 4.30 mm (width) × 1.44 mm (height).

Table 3
ZrO2 phase and composite transformability together with the resulting transformatio

TiN (vol%) m-ZrO2 content on fractured
surface (volume fraction)

Zirconia phas
transformabil

35 0.48 48
40 0.40 40
50 0.31 31
60 0.39 39
70 0.24 24
80 0.26 26
90 0.16 16
95 0.20 20
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ig. 4. Measured and calculated E modulus of the yttria-stabilized
rO2–TiN–Al2O3 composites as function of the TiN content.

raction measured on the fractured surface, the ZrO2 phase trans-
ormability and the composite transformability are summarized
n Table 3, allowing to calculate the actual transformation tough-
ning contribution, assuming that a composite transformability
f 63% results in a toughness contribution of 6.6 MPa m1/2.4

ince no m-ZrO2 was measured on the polished surfaces of
ll investigated composites, the ZrO2 phase transformability is
qual to the measured m-ZrO2 content on the fractured surface.

The lower coefficient of thermal expansion of TiN
ying TiN content and 0.75 wt.% Al2O3

Pa m1/2) 3-point bending strengtha (MPa) El. resistivity (10−6 �m)

.2 909 ± 140 7.45

.1 1674 ± 314 4.60

.5 1429 ± 61 1.58

.3 1464 ± 66 0.91

.2 1268 ± 87 0.60

.5 1307 ± 102 0.43

.5 916 ± 56 0.38

.2 678 ± 81 0.39

n toughening contribution for yttria-stabilized ZrO2–TiN–Al2O3 composites

e
ity (%)

Composite
transformability (%)

�KIC (MPa m1/2)

31 3.31
24 2.52
15 1.63
15 1.66

7 0.77
5 0.54
1 0.17
1 0.10

α0–1000 ◦C = 9.4 × 10−6/◦C)16 compared to Yttria-stabilized
rO2 (α0–1000 ◦C = 10 ×10-6/◦C)14 will cause compressive resid-
al stresses on the TiN phase. This residual compressive stress
an provide an extra fracture toughening mechanism on the TiN
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crack deflection (Table 5) are superimposed on the toughness
of the non-transformable and stress free composite matrix in
Fig. 7. The matrix toughness is calculated according to the rule

Table 4
Compressive TiN phase stress, ZrO2 interparticle distance and toughness con-
tribution due to the thermal residual compressive stresses on the TiN phase for
yttria stabilized ZrO2–TiN–Al2O3 composites

TiN (vol%) TiN phase stress
(q) (MPa)

ZrO2 interparticle
distance (D) (�m)

�KIC (MPa m1/2)

35 214 1.70 0.24
40 194 1.55 0.26
50 157 1.30 0.28
60 122 1.08 0.20
ig. 5. Vickers hardness and 3-point bending strength for the ZrO2–TiN–Al2O3

omposites as function of the TiN content.

hase that can be calculated as17:

KIC = 2q

√
2D

π

here KIC is the critical stress intensity factor of the matrix, q
s the local residual stress, and D is the length of the compres-
ive stress zone, which in this case is the average particulate
pacing of the zirconia particles. The local residual stress, q, can
e calculated from the overall composite composition and the
modulus of the constituent phases according to the theoreti-

al model proposed by Taya et al.17 The presence of the Al2O3
hase was ignored for these calculations, whereas a Young’s
odulus of 471 and 200 GPa was used for TiN and ZrO2,

espectively. The ZrO2 interparticle distance, D, was obtained
ccording to the linear intercept method18 using IMAGE-PRO

oftware on SEM pictures. The calculated residual stress in the
iN phase, the measured interparticle distance and the con-
omitant toughness contribution due to the presence of the
esidual compressive stress in the TiN phase are summarized

7
8
9
9

Fig. 6. Crack propagation in yttria-stabilized ZrO2–TiN–Al2O
eramic Society 26 (2006) 3173–3179 3177

n Table 4. The tensile stresses generated in the ZrO2 matrix
re assumed to increase the transformability of the t-ZrO2 phase
nd are incorporated in the experimentally measured composite
ransformability.

Crack deflection was observed to be an active toughening
echanism in all composites, as illustrated in Fig. 6. The crack

eflection model of Faber and Evans19 predicts a toughness
ncrease of 22 up to 37% for 5 up to 50% uniformly distributed
pherical secondary phase particle addition. This model has been
mplemented to estimate the toughness contribution from crack
eflection, as summarized in Table 5. A matrix toughness of
.3 MPa m1/2 for non-transformable yttria-stabilized ZrO2

20 and
.78 MPa m0.5 for TiN21 was used.

The calculated toughening contribution from transforma-
ion toughening (Table 3), compressive stresses (Table 4) and
0 89 0.94 0.13
0 57 0.61 0.07
0 28 0.76 0.03
5 13 0.49 0.01

3 composites with 95 (a), 70 (b) and 40 (c) vol% TiN.
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Table 5
Fracture toughness calculated based on crack deflection by the secondary phase
in yttria-stabilized ZrO2–TiN–Al2O3 composites

TiN
(vol%)

Secondary
phase (vol%)

Composite/
matrix
toughness ratio

Composite
toughness
(MPa m1/2)

�KIC

(MPa m1/2)

35 35 1.34 4.42 1.12
40 40 1.35 4.45 1.15
50 50 1.37 3.80 1.03
60 40 1.35 3.75 0.97
70 30 1.33 3.69 0.91
80 20 1.3 3.61 0.83
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0 10 1.25 3.47 0.95
5 5 1.22 3.39 0.61

f mixtures using a toughness of 3.3 MPa m1/2 for pure non-
ransformable yttria-stabilized ZrO2

20 and 2.78 MPa.m0.5 for
iN.21 The calculated total toughness is found to be in good
greement with the actually measured indentation toughness,
evealing that it is possible to predict the fracture toughness of
he composites with good accuracy. It must be mentioned that

possible interaction between the various toughening mech-
nisms has not been taken into account in the analysis. Both
easured and calculated fracture toughness almost decreases

inearly with the TiN content.
The major toughening mechanism is transformation toughen-

ng for the composites with up to 70 vol% TiN. Crack deflection
y the secondary phase is an active toughening mechanism in
ll composites and becomes the primary toughening mechanism
n the composites with 70 up to 95 vol% TiN. The toughening
ontribution from the compressive stress in the TiN phase is too
ow to have any significant effect.

.3. Electrical conductivity

The electrical resistivity of the composites is plotted as func-
ion of the TiN content in Fig. 8. The decrease in resistivity

or the yttria-stabilized ZrO2–TiN–Al2O3 composites is much
harper in the 35–50 compared to the 50–95 vol% TiN range.
his can be explained by the increased connectivity and TiN
rain size with increasing TiN content, as shown in Fig. 1. The

ig. 7. Measured and calculated toughness, together with the toughness contri-
ution of the different toughening mechanisms.
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ig. 8. Measured and calculated (Polder-Van Santen rule) electrical resistivity
f yttria-stabilized ZrO2–TiN–Al2O3 composites as function of the TiN content.

easured electrical conductivity was found to be in good agree-
ent with the Polder-Van Santen mixture rule,22 assuming a

omogeneously dispersed spherical TiN secondary phase and
sing an electrical resisitivity of 109 �m and 20 × 10−8 �m for
rO2

14 and TiN,16 respectively, as shown in Fig. 8. The good
atch between measured and calculated data confirms the valid-

ty of this assumption. At about 40 vol% TiN the composite has
nough conductivity to be EDM machinable. Details about this
ere published in another article.23

. Conclusions

Fully dense 1.75 mol% Y2O3 stabilized ZrO2–TiN–Al2O3
omposites with 0.75 wt.% Al2O3 and a TiN content ranging
rom 35–95 vol% can be achieved by hot pressing at 1550 ◦C for
h. An optimum toughness was obtained with an yttria content
f 1.75 mol%.

At a constant yttria content, the hardness, fracture toughness
s well as flexural strength decrease almost linearly with TiN
ddition. The decreasing hardness and strength can be attributed
o the larger TiN grain size with increasing TiN content, whereas
he reduction in toughness is due to the decreasing contribution
f transformation toughening. The primary toughening mecha-
ism of the composites with up to 70 vol% TiN is transformation
oughening, whereas crack deflection is the major toughening

echanism at higher TiN contents. The contribution of the
esidual compressive stress in the TiN phase is negligible. As
xpected, the E-modulus increases linearly with increasing TiN
ontent, whereas the density decreases linearly. The experimen-
al E-modulus falls in-between the predictions according to the
oigt and Reuss models. The best combination of hardness,

oughness and strength is obtained for the ZrO2–TiN composites

ith 40 vol% TiN addition.
The electrical resistivity of the composites decreases expo-

entially with increasing TiN content and correlates well to the
older-Van Santen mixture rule.
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1. Voigt W., Über die Beziehungen den beiden Elastizitätskonstanten
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