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Abstract

Electroconductive ZrO2–Al2O3–25 vol% TiN ceramic nanocomposites were prepared by spark plasma sintering at 1200 8C for 3 min. The

electrical resistivity of the composites decreased from 4.5 � 10�4 V m to 3 � 10�5 V m as the Al2O3 content in the ZrO2–Al2O3 matrix increased

from 0 to 100 vol%. SEM images graphically presented the microstructural evolution of the composites and a geometrical percolation model was

applied to investigate the relationship between the electrical property and the microstructure. The results indicated that the addition of Al2O3 to

ZrO2–TiN improved the electrical conductivity of the material by tailoring the structure from ‘‘nano–nano’’ type for ZrO2–TiN to ‘‘micro–nano’’

type for ZrO2–Al2O3–TiN.
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1. Introduction

Ceramic composite is one of the most important structural

materials due to their outstanding mechanical properties and

corrosion resistance [1]. Moreover, some ceramic composites

show functional properties, such as electroconductivity, zero

temperature coefficient of resistivity (ZTC) and magnetism,

machinability [2–5]. These materials can be named as structure

and function integrated materials which have potential

applications in many fields [2–5].

Recently, electroconductive ceramic composites have been

intensively investigated as structure and function integrated

materials because these materials not only have excellent

mechanical properties but also show high electrical conductivity

[2,6–9]. They can replace conventional metal parts in special

electronic devices and fabricate complex-shaped ceramic

components through electrical discharge machining (EDM).

For example, our group reported that incorporating 5–25 vol%

TiN particles into the Al2O3 matrix could increase the 3-point
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bending strength of the composite from 370 MPa to 725 MPa

while the electrical resistivity of composites could be decreased

to less than 10�5 V m [7]. Liu et al. showed different shapes of

Si3N4–TiN composites machined by EDM technique, such as

vertical walls, micro-hole, micro-gear and micro-gear hole [8,9].

Usually, Al2O3 and ZrO2 are applied as matrixes in

fabricating structural ceramic composites. Both of them are

oxides and have good oxidation resistance at high temperature.

Al2O3 is cheap and hard, easy to be sintered but its strength and

fracture toughness are low [7]. ZrO2 has high strength,

superexcellent fracture toughness but with low hardness [10].

TiN is an important material with extreme hardness and

excellent electrical conductivity [7]. ZrO2–Al2O3–TiN, the

composite of the above three materials, may have better

performance by inheriting excellent properties from its

components. Sun et al. prepared the ZrO2–Al2O3–TiN

composites by hot-pressing sintering technique [11]. For the

ZrO2–19 wt% Al2O3–5 wt% TiN composite, the flexural

strength, fracture toughness and Vickers hardness were about

1.3 GPa, 12 MPa m1/2 and 15.2 GPa, respectively [11].

The previous researches on ZrO2–Al2O3–TiN composites

mostly focused on the fabrication process and mechanical

properties [11–13]. Little attention has been paid to the
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Fig. 1. XRD patterns of ZrO2–Al2O3–25 vol% TiN composites with 0 (a), 20

(b), 40 (c), 60 (d), 80 (e) and 100 vol% (f) Al2O3 in the ZrO2–Al2O3 matrix.
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electrical properties. In the present study, the electrical

conductivity of ZrO2–Al2O3–25 vol% TiN composites pre-

pared by a novel spark plasma sintering (SPS) technique were

assessed. The result indicated that the electrical conductivity of

the composites was improved significantly with the increasing

Al2O3 content. The microstructure of the composite which is

closely related to the electrical properties was also investigated.

2. Experimental procedure

Commercial available ZrO2 (TZ-3Y-E, 27 nm, Tosoh,

Tokyo, Japan), Al2O3 (400 nm, Wusong Fertilizer Factory of

Shanghai, Shanghai, China) and TiN (20 nm, Hefei Kaier

Nanometer Technology Development Co. Ltd., Hefei, China)

powders were used as starting materials. The starting powders

were mixed homogeneously by ball milling in absolute ethanol

on a shaker-mixer (Turbula T2C, Bachoffen, Switzerland) for

24 h, using ZrO2 beads (YTZ, F = 5 mm, Tosoh, Tokyo, Japan)

as grinding media. After drying, the obtained powders were

sieved with a 200-mesh sieve. For sintering, the powders were

poured into a graphite die with an inner diameter of 15 mm

lined with a graphite paper. The sintering process was

conducted by a SPS apparatus (Dr Sinter 2040, Sumitomo

Coal Mining Co. Ltd., Kawasaki, Japan) in an N2 atmosphere.

The specimens were heated at 100 8C/min to 1200 8C and hold

for 3 min, then the current was shut off and the specimens were

cooled to room temperature in about 20 min. The pressure

applied was 50 MPa from the start to the end of dwell time.

After the hold, the pressure was removed gradually within

5 min.

After grinding to remove the surface impurities, the density

of the ceramic was measured by the Archimedes method in

distilled water. The phase composition of the bulk ceramics was

characterized by X-ray diffraction (XRD, D/MAX-2550 V,

Rigaku. Tokyo, Japan). The room temperature electrical

resistivity of the ceramic was measured by the 4-probe method,

using Keithley 2410 sourcemeter and Keithley 2000 digit-

multimeter (Keithley Instruments, Cleveland, OH) to monitor

the current and voltage, respectively. Vickers hardness was

carried out on a hardness tester (Wilson-Wolpert Tukon 2100B,

Instron, Norwood, MA) with a load of 5 kg and a dwelling time

of 10 s. Microstructure of the ceramic was examined by a field

emission scanning electron microscopy (FESEM, JSM-6700F,

JEOL, Tokyo, Japan).

3. Results and discussion

In this study, the TiN content in the ZrO2–Al2O3–TiN

composite was confined to 25 vol% while the Al2O3 content in

the ZrO2–Al2O3 matrix varied from 0 to 100 vol %. Density

measurement indicated that the samples sintered at 1200 8C for

3 min had a high densification degree. The relative densities of

the SPSed samples were all higher than 98.5% which could be

comparable to those hot-pressed grades sintered at 1500–

1550 8C for 30–60 min [11,14]. The result implied that the SPS

sintering technique could largely decrease the sintering

temperatures of the composites. Due to the higher hardness
of Al2O3 than ZrO2, the Vickers hardness (H) of the ZrO2–

Al2O3–TiN composites showed a linear increase with the

increasing Al2O3 content (z):

H ¼ 15:26 þ 5:88z ðGPaÞ (1)

Fig. 1 shows the XRD patterns of ZrO2–Al2O3–TiN

composites with different Al2O3 contents. Except for ZrO2,

Al2O3 and TiN, no new phase was indexed, revealing good

chemical compatibility among these three phases. Within the

limitation of XRD, no m-ZrO2 phase was detected in all

samples, indicating no obvious spontaneous t-ZrO2 to m-ZrO2

phase transformation occurred in the composites during cooling

process. This observation is different from the conclusion that

the codoping of TiN and Al2O3 could induce the t ! m phase

transformation by a relief of internal strain in the t-ZrO2 lattice

due to the microcracks caused by the different thermal

expansion coefficient between ZrO2 and Al2O3 [11]. Since only

a trace of m-ZrO2 was detected in the reference, the absence of

m-ZrO2 in this study is understandable if considering the

difference of raw materials, sintering process and XRD

resolutions [11,14]. According to Fig. 1, the intensity of TiN

phase is increasing as Al2O3 contents increase from 0 to

100 vol%. Though the volume fraction of TiN in the composites

is invariable, its mass fraction increases with increasing Al2O3

content due to the lower density of Al2O3 (3.98 g cm�3) than

ZrO2 (6.05 g cm�3). Because Al2O3 has a lower atomic number

than ZrO2, the XRD intensity for Al2O3 peaks is much weaker

than that for ZrO2 in all ZrO2–Al2O3–TiN composites

(Fig. 1(b)–(e)). For ZrO2–TiN composite (Fig. 1(a)), there

are two peaks for ZrO2 phase around 35 and 608, respectively.

With increasing Al2O3 (decreasing ZrO2) content, the XRD

intensity for ZrO2 phase decreased gradually and finally the

smaller peaks around 35 and 608 disappeared.

The electrical resistivity of ZrO2–Al2O3–25 vol% TiN

composites as a function of Al2O3 volume content is



Fig. 2. Electrical resistivity of ZrO2–Al2O3–25 vol% TiN composites as a

function of Al2O3 volume content in the ZrO2–Al2O3 matrix.
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graphically presented in Fig. 2. As the content of Al2O3 in the

ZrO2–Al2O3 matrix increases from 0 to 100 vol%, the ZrO2–

Al2O3–TiN composite exhibits a continuous decrease in

resistivity. The electrical resistivity of the Al2O3–25 vol%

TiN composite is 3.0 � 10�5 V m, 1 order lower than

4.5 � 10�4 V m for the ZrO2–25 vol% TiN composite.

According to references, the electrical resistivity of Al2O3–

20 vol% TiN composites ranged from 10�2 to 10�5 V m

[7,15,16]. The reported conductive ZrO2–TiN composites

normally had a TiN content over 30 vol% and no report

concerned electrical properties of ZrO2–20 vol% TiN compo-

sites [14,17]. For comparison, a ZrO2–20 vol% TiN composite
Fig. 3. SEM micrographs of polished (a, b) and fractured (c, d) surfaces of the ZrO

Grain information in (a) white, ZrO2; dark, TiN; and (b) gray, Al2O3; white, TiN.
was prepared by SPS technique. The measured electrical

resistivity is over 104 V m, at least 6 orders higher than those

for Al2O3–20 vol% TiN composites. These results indicated

that the Al2O3–TiN composite possessed higher electrical

conductivity than ZrO2–TiN, especially with low TiN content,

despite the fact that Al2O3 is more insulating than ZrO2.

The electrical conductivity of mixtures of conductive and

insulating materials is significantly influenced by their

microstructures. In general, the conductivity of such mixtures

increases drastically as the conductive phase reaches a certain

concentration [17]. Different percolation models have been

used to understand the conductive behavior of such composites.

The model presented by Malliaris and Turner was considered as

the most prominent geometrical percolation model [17,18]. In

this model, the volume percolation concentration (VA)

symbolizes the onset of conductive network formation and

the VA of a composite is determined by the ratio of diameters of

insulating particles (D) and conducting particles (d). The model

can be described by the following equation:

VA ¼ 50Pc

1

1 þ ððu=4ÞðD=dÞÞ

� �
(2)

where Pc is the first non-zero probability for the occurrence of

infinitely long bands of conductive particles on the surfaces of

the insulating particles and u is a quantity to estimate the

arrangement of the conductive particles on the surfaces of

the insulating ones; the following values are given: hexagonal

Pc = 1/3, u = 1.11; cubic Pc = 1/2, u = 1.27; triangular Pc = 2/3,
2–25 vol% TiN composite (a, c) and the Al2O3–25 vol% TiN composite (b, d).



Fig. 4. SEM micrographs of polished (a–d) and fractured (e–h) surfaces of ZrO2–Al2O3–TiN composites with 20 (a, e), 40 (b, f), 60 (c, g) and 80 vol% (d, h) Al2O3 in

ZrO2–Al2O3. Grain information in (a–d) white, ZrO2; gray, TiN; dark, Al2O3.
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u = 1.375 [6,17,18]. As discussed above, the electrical resistiv-

ity of Al2O3–20 vol% TiN composites is lower than 10�2 V m

while that for ZrO2–20 vol% TiN is higher than 104 V m,

suggesting the VA for Al2O3–TiN and ZrO2–TiN composites

is lower and higher than 20, respectively. According to the
model, the value of VA is decided by the values of Pc, u and D/d

which can be assessed according to the microstructures of the

composites.

Fig. 3 shows the SEM micrographs of polished and fractured

surfaces of ZrO2–TiN and Al2O3–TiN composites with
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25 vol% TiN, respectively. In Fig. 3(a), dark TiN grains

distribute homogeneously in the white ZrO2 matrix. TiN

powders are nearly monodisperse. There is not much contact

between adjacent TiN particles. The conducting network is just

beginning to form. In Fig. 3(b), white grains are TiN and gray

grains are Al2O3 matrix due to the higher atomic number of TiN

than Al2O3. TiN grains agglomerate together, making them

touch with each other and a perfect conducting network is

formed. Obviously, it is easier for TiN to form conducting

network in Al2O3 matrix than in ZrO2, which agrees with the

measured electrical resistivity values.

From Fig. 3(c), it can be seen that all grains in ZrO2–TiN

composite have nearly the same size of around 100 nm and the

composite is ‘‘nano–nano’’ type nanostructured ceramic.

However, there are two different sizes of grains corresponding

two phases in Fig. 3(d). The bigger grains are Al2O3 and the

smaller ones are TiN. TiN grains are nano-sized (around

100 nm) and locating in the boundaries of micro-sized Al2O3

grains (about 460 nm). The Al2O3–TiN composite is ‘‘micro–

nano’’ type nanostructured ceramic. The estimated value of D/d

is 1.0 for ZrO2–TiN and 4.6 for Al2O3–TiN composite,

respectively. If the values of Pc for both materials are set as 0.5

and those of u are both set as 1.27, the calculated VA for ZrO2–

TiN is 19, much higher than 10 for Al2O3–TiN. The application

of the model confirms that the Al2O3–TiN composite has lower

volume percolation concentration and is easier to form

conducting network than ZrO2–TiN.

According to the above discussion, the electrical resistivity

of ceramic composites containing conductive and insulating

phases could be controlled by tailoring their microstructures.

Normally, in order to save costs, the proportion of conductive

phases in the electroconductive ceramics was designed to as

less as possible. Enlarging the grain size of matrix could

decrease the VA value and improve the conductivity of the

materials. As a result, using less conductive phase could reach

the same even higher conducting level. For example, our group

reported an Al2O3–TiN nanocomposite prepared by a selective

matrix grain growth method [19]. With only 12 vol% TiN, the

composites showed an unprecedentedly low resistivity of

8 � 10�5 V m, which was more than two orders lower than the

ordinary Al2O3–TiN nanocomposite [19].

In this study, it should be noticed that the resistivity curve in

Fig. 2 shows a sharp decrease when the matrix of the composite

is changed from ZrO2 to ZrO2–Al2O3. This observation implied

the addition of Al2O3 could significantly improve the electrical

conductivity of the ZrO2–TiN composite. The incorporating

Al2O3 particles changed the microstructure of the composite

and perfected the conducting network, making the composite

more conductive. Fig. 4 presents the microstructural evolution

of ZrO2–Al2O3–TiN composites with increasing Al2O3 content.

Fig. 4(a)–(d) shows the backscattered SEM micrographs of

polished surfaces. Three phases, white ZrO2, black Al2O3 and

gray TiN, can be distinguished. No pore is found suggests that

all composites were fully densified. With the increasing Al2O3

content, more and more TiN grains connect with each other and

more perfect is the conducting network. According to the SEM

micrographs of fracture surfaces of the composites, as
illustrated in Fig. 4(e)–(h), the structure of the ZrO2–Al2O3–

TiN composite is being changed from ‘‘nano–nano’’ to ‘‘micro–

nano’’ type, which enlarges the value of D/d and results in the

decrease of electrical resistivity [6,17,18]. As mentioned

earlier, the resistivity of SPSed ZrO2–20 vol% TiN is higher

than 104 V m, it can be speculated that adding appropriate

amount of Al2O3 could improve the conductivity to satisfy the

EDM demands.

4. Conclusion

Dense ZrO2–Al2O3–25 vol% TiN nanocomposites were

fabricated by spark plasma sintering. The composites showed

good sinterability and could be densified at a low temperature

of 1200 8C for 3 min. The electrical resistivity of the ZrO2–

Al2O3–TiN composite decreased with increasing Al2O3

content. SEM analysis and the application of geometrical

percolation model indicated that the addition of Al2O3 could

improve the electrical conductivity of the composite by

changing the microstructure from ‘‘nano–nano’’ type for

ZrO2–TiN to ‘‘micro–nano’’ type for ZrO2–Al2O3–TiN.
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