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Electrical and mechanical properties of
ZrO2(2Y)/TiN composites and laminates made
from these materials
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High density composites with the compositions of ZrO2(2Y) :TiN"40:60 and 70:30 mol %

have been fabricated by hot isostatic pressing for 2 h at 1500 °C and 196 MPa. The electrical

resistivities (q) of the two composites are very different; showing metallic behaviour

in the first case and insulating behaviour in the latter case. These properties are highly

dependent on the sample texture. Laminated materials with compositions of ZrO2(2Y)/TiN

"(40:60)/(70:30)/ (40 :60) mol % have been prepared by hot isostatic pressing. The

electrical resistivities in the perpendicular and parallel to the interface directions have been

determined to be q
M
+1]109 and qE+1]10~6 ) m, respectively. A residual stress of as

much as +150 MPa is induced in the interfaces. The fracture toughness is greatly affected by

the residual stress.
1. Introduction
Titanium nitride TiN, is an intermetallic compound,
which finds use in highly refractory cermets employed
in the melting of metals and also as a component of
superhard cutting tools. The most common fabrica-
tion methods for producing dense TiN ceramics are
conventional sintering and hot pressing in the pres-
ence of additives such as metallic Co or Ni [1, 2].
These additives play an important role in promoting
densification but cause the precipitation of secondary
phases at grain boundaries. Yamada et al. [3, 4] have
fabricated pure dense TiN ceramics using high pres-
sure hot pressing and also hot isostatic pressing and
evaluated the sample microstructures, thermal con-
ductivities, and Vickers hardness. Themelinm and
Boncobva [5] studied the densification of pure TiN
powder and reported that the fracture toughness and
bending strength of hot isostatically pressed
(1600 °C/180 MPa) TiN ceramics (99.3% of theoret-
ical density) were 5 MPa · m1@2 and 550 MPa, respec-
tively. On the other hand, the fracture toughness of
chemically vapour-deposited TiN films was deter-
mined to be 3.7 MPa · m1@2 [6]. The main disadvan-
tage of this material, as well as of almost all inter-
metallic compounds, is an inherent lack of toughness.
It cannot therefore be employed by itself as a struc-
tural material but instead it needs to be reinforced in
order to improve its mechanical properties. It has
been previously reported that ZrO

2
(2Y) is a highly

praising reinforcement material for TiN [7]. In the
present study, the electrical conductivities of
ZrO (2Y) :TiN"40 :60 and 70 :30 mol% composites
2
were found to drastically change from metallic in the
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former system to insulating behaviour in the latter
composite (Fig. 1). These results suggest that
laminated materials, consisting of metallic/insulating
composites, can be expected to exhibit interesting
properties. Little attention has been paid to the fabri-
cation and properties of laminates containing com-
posites of ceramics and intermetallic compounds.
Laminated materials with the compositions of
ZrO

2
(2Y)/TiN"(40 : 60)/(70 :30)/(40 : 60) mol% have

been successfully fabricated by hot isostatic pressing.
The purpose of this study is to evaluate the electrical
and mechanical properties of the monolithic com-
posites and the laminated materials.

2. Experimental procedure
Powders of ZrO

2
containing 2 mol % Y

2
O

3
(Sumitomo Osaka Cement Co. Ltd.) and TiN (Japan
New Metals Co. Ltd.) were used as the starting mater-
ials. The ZrO

2
(2Y) was of high purity (99.97%) and

had an average particle size of 0.023 lm. The purity of
the TiN with an average particle size of 1.47 lm was
96.68%. The impurities were 1.82% carbon and 1.5%
oxygen. Two compositions, denoted A and B, were
chosen for this study (Table 1). Appropriate amounts
of both starting powders were mixed for 20 h by wet-
ball-milling on ethanol with zirconia balls in a poly-
ethylene pot and the powders were then dried at 80 °C
under reduced pressure. The mixed powders were cal-
cined for 1 h at 1000 °C in a nitrogen atmosphere.

Monolithic composites and laminated materials
were fabricated by hot isostatic pressing (HIPing) with

argon gas acting as the pressure-transmitting medium.
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Figure 1 Electric resistivity of the composites as a function of ZrO
2

addition.

TABLE I Chemical composition of the starting powders and
selected properties of the composites

Starting Composition Bulk Relative Grain size (lm)
powder ZrO

2
(2Y)/TiN density density

(mol%) (g cm~3) (%) ZrO
2
(2Y) TiN

A 40 :60 5.74 99.5 0.23 1.5
B 70 :30 5.93 99.7 0.23 1.5

Before HIPing, the calcined powders A and B were
pressed into pellets at 147 MPa. The A/B/A assem-
blies were prepared by stacking the appropriate pellets
in the correct order. These assemblies were then isos-
tatically cold pressed at 196 MPa. The green com-
pacts, covered with boron nitride powder, were sealed
in a Pyrex-glass tube under vacuum. The HIPing
conditions were as follows: a heating rate of 400 °C
per h; an increasing pressure rate of +180 MPa per h
above 800 °C; and sintering for 2 h at 1500 °C under
a pressure of 196 MPa.

The bulk densities, after lapping with a diamond
powder, were measured by the Archimedes method.
The phases present in the polished surfaces were
identified by X-ray diffraction (XRD) analysis using
Ni-filtered CuKa radiation. Scanning electron micro-
scopy (SEM) was utilized for microstructural observa-
tions on both the fractured and polished surfaces. The
electrical resistivity (q) was measured at 1 kHz by

a two-probe technique using an impedance analyser.
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Test samples (3]12]20 mm) for the mechanical
measurements were cut from the sintered bodies with
a diamond saw and were lapped with a diamond
paste. The fracture toughness (K

IC
) measurements

were made using the microindentation technique
[8, 9] with a 196 N load. The three-point bending
strength was measured with a 16 mm span and
a crosshead speed of 0.5 mm per min.

3. Results and discussion
3.1. Characterization of the monolithic

composites
XRD analysis showed that the as-received ZrO

2
(2Y)

powder contained a mixture of tetragonal (t) and
monoclinic (m) ZrO

2
phases; the t :m ratio calculated

from the Garvie and Nicholson equation [10] was
45 :55 vol%. However, the ZrO

2
particles in the com-

posites consisted of almost all t-ZrO
2
. No crystalline

phases other than TiN and ZrO
2

were observed in the
composites. It should be noted that large amounts of
t-ZrO

2
were present in the composites. This suggests

that the ZrO
2

particles were below the critical size, for
transformation from tetragonal to monoclinic sym-
metry during cooling, and therefore they remained as
metastable t-ZrO

2
. In fact, as will be described in

detail later, the average grain size of the ZrO
2

in the
composites was (0.25 lm. The transformation of t-
to m-ZrO

2
depends on a critical size which is closely

related to the Young’s modulus of the matrix [11].
The Young’s moduli of TiN and ZrO

2
(2Y) are +400

[12] and 207 MPa [13], respectively. In view of the
fact that the value of the former is +1.9 times higher
than that of the latter, it can be assumed that the
t-ZrO

2
particles were retained in the composites.

Table 1 shows the bulk and relative densities of the
composites. As the theoretical density of m-ZrO

2
(2Y)

was unknown, a value of 5.829 g cm~3 was estimated
by assuming that the t-Pm-ZrO

2
transformation

involves a 4.4% increase in volume [14] and this
increased volume was used in the calculation of
the relative densities. The theoretical densities of
TiN and t-ZrO

2
(2Y) were assumed to be 5.43 [3]

and 6.085 g cm~3 [15], respectively. The com-
posites A and B reached 99.5 and 99.7% of the the-
oretical density, respectively. Thus, well-densified
TiN—ZrO

2
(2Y) composites could be prepared by

HIPing. Fig. 2(a and b) shows SEM photographs of
the fracture surfaces of the composites. They show
microstructures that consist of large TiN grains and
small ZrO

2
(2Y) grains. The average grain sizes, deter-

mined directly by SEM observations, are listed in
Table 1. The grain sizes of TiN and ZrO

2
were 1.5 and

0.23 lm, respectively, regardless of the starting com-
position. No grain growth of TiN occurred. The na-
ture of the dispersion could not be clearly resolved by
the above observation. However, a backscattered elec-
tron image on the polished surfaces showed the dis-
persion to be homogeneous (Fig. 3(a and b)). Signifi-
cant information regarding the composite textures will
be described later, in connection with the electric resis-

tivities of composites.



Figure 2 SEM photographs of fractured surfaces of (a) composite
A and (b) composite B.

3.2. Electrical and mechanical properties
of the monolithic composites

The electrical resistivities for the fabricated com-
posites are presented in Table II. The values for
q
A
(+1]10~6 ) m) and q

B
(+1]109 ) m) corres-

pond to those for metallic and insulating materials,
respectively. These results can be explained in terms of
the ‘‘general effective media (GEM)’’ model [16]. Ac-
cording to this model, the resistivity of an insulating
composite whose major component is insulating and
whose minor component is a metallic conductor can
be represented by the equation,

q
.
"q

)
(1!/)3 (1)

where q
.

is the resistivity of the composite, q
)

the
resistivity of the insulating material, and / the volume
fraction of the metallic material. When the values of
q
)
(+1010 ) m) for ZrO

2
(2Y) [18] and /(+0.1945)

for 30 mol % TiN were substituted into Equation 1,
the resistivity (q

B :GEM
) of composite B was

+5.2]109 )m. Conversely, the resistivity of a com-
posite whose major component is a metallic conduc-
tor and whose minor component is an insulating ma-
terial is described by the equation,

q*
.
"1/Mr

)
(1!f )3@2N (2)

where q* is the resistivity of the composite, r the

. )

conductivity of the metallic material, and f is the
Figure 3 SEM photographs of polished surfaces of (a) composite
A and (b) composite B.

TABLE II Electrical and mechanical properties of the composites

Starting Electrical Fracture Bending strength
powder resistivity toughness (MPa)

()m) (MPam1@2)

A +1]10~6 10.1 1040
B +1]109 13.0 1180

volume fraction of the insulating material. The re-
sistivity (q

A :GEM
) of composite A, +1.3]10~6 ) m,

was obtained by substituting the values of
r
)
(2.5]106 )~1m~1) for TiN [17] and f (+0.5421)

for 40 mol % ZrO
2
(2Y), respectively, into Equation 2.

A comparison of the experimental data (Table II) and
the theoretical values (q

A :GEM
and q

B :GEM
) showed

excellent agreement. The textures in both composites
are clearly different (Fig. 3(a and b): the TiN (black)
grains in composites A and B form continuous and
discontinuous phases, respectively, for ZrO

2
(white).

Thus, it was found that the electrical resistivities
of the composites are strongly dependent on the tex-
tures.

Table II also lists the fracture toughness and be-
nding strength values of the composites. Composite
B has mechanical properties that are superior to
those of composite A. This is because composite B

has a higher ZrO

2
(2Y) content, compared to that of
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composite A. The mechanical properties will be dis-
cussed later, in connection with those of the laminated
materials.

3.3. Electrical and mechanical properties
of the laminated materials

The laminated materials with a disk size of +24 mm
in diameter and +12 mm in thickness (+4 mm thick-
ness per layer) could be successfully fabricated by
HIPing. Fig. 4 shows an optical micrograph for the
section surface of the material. No cracks in the
laminated interfaces were observed. As will be de-
scribed in more detail later, this is due to the strength
of the monolithic composites being greater than the
residual stress induced in the interfaces. The bulk and
relative densities were 5.82 g cm~3 and 99.8% of the
theoretical density, respectively.

The electric resistivities, q
M

and qE , were measured
in the perpendicular and parallel directions, respec-
tively, for the interfaces (Fig. 4). The values derived
were q

M
+1]109 and qE+1]10~6 )m, which agree

with those calculated (q
M :GEM

+1.73]109 and
qE :GEM

+1.95]10~6 )m) .
Fig. 5 shows the fracture toughness of the material.

In layer A, the K
IC

values, estimated from the length of
indentation cracks generated in the parallel direction
for the interfaces, decreased from 10.1—8.6 MPa ·m1@2

towards the interfaces, whereas in layer B they in-
creased from 13.1—14 MPa · m1@2. Data in the perpen-
dicular direction showed results opposite to those
described above: the increase (10.1—11.3 MPa · m1@2)
in layer A and a decrease (12.9—11.8 MPa · m1@2) in
layer B. As described earlier, the K

IC
values of com-

posites A and B were 10.1 and 13 MPa · m1@2, respec-
tively. These values approximately correspond to the
average values obtained in the centre of each layer.
These results suggest the presence of a residual stress
due to thermal expansion mismatch. The magnitude
of the residual stress was estimated using the equation
[18],

s
R
" ((p)1@2/2) (K0

IC
!K

IC
)/(c)1@2 (3)

Figure 4 Optical photograph of cross-section of laminated material

and schematic showing the measurement of the electrical resistivity.
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Figure 5 Fracture toughness of laminated material: (L) parallel and
(d) perpendicular direction to the interfaces. Symbols (B) and (C)
show the values of composites A and B, respectively.

where s
R
is the residual stress, K0

IC
and K

IC
the fracture

toughness without and with residual stress, respective-
ly, and c is the length of the cracks generated around
indentations. The substitution of the experimental
values into Equation 3 yielded a value of s

R
+

150 MPa. The presence of compressive and tensile
stress in the laminated materials can be confirmed by
the microscopic observation of indentation cracks
generated in the perpendicular direction for the inter-
faces. Crack propagation is suppressed by compres-
sive stress, but promoted by tensile stress. In the pres-
ent study, the length of cracks in the perpendicular
direction for the interfaces in layer A were shorter than
those of cracks generated in layer B. These results
indicate that the residual stress acted as a compressive
stress in layer A and as a tensile stress in layer B. The
bending strength, measured in the parallel direction
for the interfaces, was 1020 MPa.

4. Conclusions
Little attention has been paid to the fabrication and
measurement of properties of laminated materials of
composites between ceramics and intermetallics. It
has been found that monolithic composites with the
compositions of ZrO

2
(2Y) :TiN"40 :60 (A) and

70 :30 (B) mol% show considerable change in their
electrical characteristics changing from metallic
(+10~6 )m) to insulating (+109 )m) behaviour.
On the basis of these results, the fabrication of
laminated materials consisting of A/B/A layers has
been attempted by hot isostatic pressing. Well-den-
sified materials were prepared containing no cracks.
The laminates show anisotropic behaviour in their
electrical and mechanical properties in the perpen-
dicular and parallel directions to the interfaces. These
results highlight possibilities for the development of
new materials with intriguing properties.
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