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Abstract

Yttria-stabilized ZrO2/Al2O3 (abridged as YSZ/Al2O3) nanocomposite ceramics were prepared by pressureless sintering of the green sheets of

the YSZ/Al2O3 nanopowders synthesized by co-precipitation method. The relative density, average grain size, and phase microstructure of the

YSZ/Al2O3 nanoceramics as a function of YSZ contents were investigated. The relative densities of the YSZ/Al2O3 nanoceramics are over 95% as

the YSZ contents of the YSZ/Al2O3 nanopowders are within 20–85 mol %. The average grain sizes of the ZrO2 and Al2O3 of the as-sintered YSZ/

Al2O3 nanoceramics decrease with increasing YSZ content of the co-precipitated YSZ/Al2O3 nanopowders, while the content of monoclinic ZrO2

of YSZ/Al2O3 nanoceramics increases with increasing YSZ content. The presence of the second phase effectively limits a rapid grain growth of the

matrix alumina. The YSZ/Al2O3 nanoceramics with an average grain sizes below 80 nm, relative density over 95%, and hardness as high as

19.8 GPa were obtained by the pressureless sintering.
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1. Introduction

Oxide ceramic materials win wide use in modern

technological processes due to a unique combination of

physicochemical properties (hardness, refractory characteris-

tics, resistance to aggressive media, etc.). The only shortcoming

of the materials, especially in comparison with metals, is the

brittlement, which puts substantial limitations to the field of its

application and complicates manufacturing of advanced

materials. The nanoceramics with nanometer-sized grains

provides a possibility for overcoming this disadvantage [1,2].

Superplasticity has been observed in some nanoceramics [3–5],

such as the Y2O3-stabilized tetragonal ZrO2 nanoceramics, and

the superplastic deformation behavior of the nanoceramics is

mainly dependent on small grain sizes [4,6]. Unfortunately, in

the pressureless sintering, both processes of the densification

and grain growth are driven by diffusion. It is difficult to realize
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densification without promoting grain growth. Therefore, it is

necessary to study the processes of densification versus grain

growth in more detail so as to find some clues to resolve this

dilemma.

Usually, ceramic desification consists of three stages [7].

The most ceramic densification occurs in the second sintering

stage, but a rapid grain growth occurs in the final sintering

stage. There is a strong correlation between the onset of a rapid

grain growth and the point of 90% relative density. Interest-

ingly, the 90% relative density is the point at which ceramics

typically make the transition from the second stage sintering

(open pores) to the third stage sintering (closed pores) in the

pressureless sintering process [7]. The densification of ceramics

is achieved by the shrinkage of the open pores and the grain-

boundary diffusion, whereas the dispersed open pores can pin

the grain boundary and hinder grain boundary motion, which

would in turn suppress the grain growth effectively [8]. A rapid

grain growth could occur before the closed pores in the

ceramics disappear in the final stage of sintering. There is a

degree of resemblance between the presence of the second

phase and the open pores pinning the grain boundary, the

presence of the second phase may also pin the grain boundary
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Fig. 1. XRD patterns of the YSZ/Al2O3 nanopowders containing different YSZ

content calcinated at 1000 8C.
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and hinder grain boundary motion, which would in turn

suppress the grain growth effectively [9,10]. However, on this

aspect, the preparation of YSZ/Al2O3 nanoceramics from the

starting powders of alumina particles at submicroscale level

and zirconia particle at nanoscale level has been largely focused

on, with the zirconia as the second phase [11–14]. These results

showed that the second phase limited the matrix Al2O3 grain

rapid growth; however, the matrix Al2O3 grain size still

remained at submicroscale level. In order to obtain YSZ/Al2O3

nanoceramics with grain sizes of Al2O3 and ZrO2 at nanoscale

level, many methods such as co-precipitation method, sol–gel

technique and so on have been employed to prepare the starting

YSZ/Al2O3 nanopowders. For instance, the Al2O3/YSZ

nanoceramics with high density and an average grain size of

about 300 nm was obtained by sintering the green sheets of the

20 wt.% Al2O3 doped YSZ powders synthesized by co-

precipitation method [15]. Viswanath et al. synthesized the

15 wt.% Al2O3 doped YSZ powders by sol–gel technique and

obtained the YSZ/Al2O3 nanoceramics with full densification

and average grain size of less than 60 nm at 1300 8C [16]. The

YSZ doped Al2O3 matrix nanocomposites have stimulated

much research interest because of its low density, high strength,

high hardness, and high-temperature stability, but it is hard to

obtain Al2O3 matrix nanocomposite ceramics with high density

and grain size of the matrix at nanoscale level. However, few

systematic papers have been reported on the YSZ doped

alumina matrix nanocomposite ceramics with grain sizes of

Al2O3 and ZrO2 at nanoscale level so far.

In our present work, the yttria-stabilized ZrO2/Al2O3

nanoceramics were fabricated by the pressureless sintering

of the green sheets of the YSZ/Al2O3 nanopowders containing

different YSZ contents synthesized by co-precipitation method.

The influences of the YSZ content of the co-precipitated YSZ/

Al2O3 nanopowders on the relative density, average grain size,

phase microstructure, and Vickers microhardness of the YSZ/

Al2O3 nanoceramics were investigated.

2. Experimental procedure

2.1. Methods

The yttria-stabilized ZrO2/Al2O3 nanocomposite powders

were synthesized by a co-precipitation method. Thus the

precursor solution of ZrOCl2�8H2O, Y(NO3)3�6H2O (corre-

sponding to a composition of 97 mol % ZrO2 and 3 mol %

Y2O3) and Al(NO3)3�9H2O was prepared by mixing of the three

crystals in distilled water. The precursor solution was then

mixed with proper amount of 25% ammonia solution to allow

the generation of the YSZ/Al2O3 precipitates, with the pH value

being remained at 9. At the end of the reaction, the precipitates

were collected by filtration and washed with distilled water for

five times to remove Cl�, followed by washing with ethanol for

three times to remove the residue water. The precipitates were

then sequentially dried at 120 8C for 24 h in air, milled in air,

and calcinated at predetermined temperature for 2 h, to allow

the production of the starting YSZ/Al2O3 powders as the raw

materials.
The green sheet pellets (15 mm in diameter, 1–2 mm in

thickness) were made by uniaxial pressing of the co-

precipitated YSZ/Al2O3 powders calcinated at 1000 8C at

920 MPa for 5 min in air at room temperature. The YSZ/Al2O3

nanoceramics were prepared by heating the green sheets in air

at a rate of 10 8C/min up to 1450 8C and sintering for 15 h at the

temperature.

2.2. Characterization techniques

X-ray diffraction analysis of the crystalline phases of the

calcinated YSZ/Al2O3 nanopowders and bulk nanoceramics

was performed on a Rigaku D/max-2400 X-ray diffractometer.

The mean particle size of the calcinated YSZ/Al2O3 powders

and average grain size of the bulk nanoceramics were estimated

using the Scherrer equation from the diffraction peak widths

with the instrument and wavelength related broadening

eliminated [17]. Transmission electron microscopy (JEM-

1200EX, TEM) was employed to observe the morphology and

determine the average grain size of the bulk nanoceramics. The

densities of the as-sintered YSZ/Al2O3 nanoceramics were

measured by the Archimedes method. The relative density was

calculated with respect to the theoretical density of tetragonal

ZrO2 (6.10 g cm�3), monoclinic ZrO2 (5.56 g cm�3) and alpha

Al2O3 (3.96 g cm�3) [18]. The fraction of monoclinic ZrO2 in

the sintered YSZ/Al2O3 nanoceramics was estimated by

polymorph method [19].

3. Results and discussion

3.1. Nanopowders

The XRD patterns of the YSZ/Al2O3 nanopowders contain-

ing different YSZ contents calcinated at 1000 8C are shown in

Fig. 1. X-ray diffraction analysis indicates that u-Al2O3, and



Fig. 2. Mean particle size of the ZrO2 of the YSZ/Al2O3 nanopowders

calcinated at 1000 8C as a function of YSZ content.
Fig. 4. Mean particle size of the ZrO2 and Al2O3 in the YSZ/Al2O3 nano-

powders calcinated at 1300 8C as a function of YSZ content.
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tetragonal ZrO2 form by the crystallization of the YSZ/Al2O3

powders containing 5–50 mol % YSZ calcinated at 1000 8C
and the mean particle sizes of the u-Al2O3 estimated by the

Scherrer formula is about 15 nm, whereas the relative

intensities of the u-Al2O3 decrease with increasing YSZ

content, and only tetragonal ZrO2 exists as the YSZ content of

the YSZ/Al2O3 powders is over 75 mol %. This can be

attributed to the ability of zirconia to decrease the growth of

alumina grains rendering them imperceivable to the X-rays

[15,16]. The mean particle size of tetragonal ZrO2 of the YSZ/

Al2O3 nanopowders calcinated at 1000 8C calculated by the

Scherrer formula is given in Fig. 2. The mean particle size of

tetragonal ZrO2 increases from 12 to 35 nm with increasing

YSZ content from 5 to 95 mol %. On calcinations at 1300 8C
for 2 h, the zirconia and alumina become fully crystalline and
Fig. 3. XRD patterns of the YSZ/Al2O3 nanopowders containing different YSZ

content calcinated at 1300 8C.
the YSZ/Al2O3 nanopowders are composed of a-Al2O3 and

tetragonal ZrO2, whereas peaks of monoclinic ZrO2 do not

appear (Fig. 3), which indicates that Al2O3 has a stabilizing

effect to the tetragonal phase. The mean particle size of the

YSZ/Al2O3 powders estimated by the Scherrer formula is given

in Fig. 4. The mean particle size of Al2O3 decreases with

increasing YSZ content of the YSZ/Al2O3 nanopowders, while

the mean particle size of ZrO2 is within 41–47 nm and keeps

almost unchanged with increasing YSZ content. Besides, the

mean particle of Al2O3 is larger than that of ZrO2 for all

the calcinated YSZ/Al2O3 nanopowders, and the mean particle

sizes of the Al2O3 and ZrO2 of the YSZ/Al2O3 nanopowders are

less than 60 nm as the YSZ content exceeds 50 mol %.

It is seen from above the results that the presence of the

second phase can elevate the transformation temperature to

form a-Al2O3 and suppress the mean particle size of a-Al2O3 in

YSZ/Al2O3 nanopowders, which extends the temperature range

of slow grain growth of a-Al2O3 and provides a possibility to

sinter dense nanoceramics without promoting rapid grain

growth.

3.2. Sintering and microstructure

In the process of the pressureless sintering of the YSZ/Al2O3

nanoceramics, the relative density, average grain size, and

phase microstructure of the as-sintered nanoceramics is mostly

affected by the YSZ content of the starting YSZ/Al2O3

nanopowder. The relative density of the YSZ/Al2O3 nano-

ceramics is over 95% and keeps almost unchanged with

increasing YSZ content within 20–85 mol %; whereas it

decreases at a too higher (>85 mol %) or too smaller

(<20 mol %) YSZ content of the YSZ/Al2O3 powders

(Fig. 5), which indicates that an improper YSZ content of

the YSZ/Al2O3 powders is harmful to the densification of the

YSZ/Al2O3 nanoceramics. The average grain sizes of Al2O3

and ZrO2 of the as-sintered YSZ/Al2O3 nanoceramics



Fig. 5. Relative density of the YSZ/Al2O3 nanoceramics as a function of YSZ

content.
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estimated by the corresponding XRD analysis is shown in

Fig. 6. The average grain sizes of Al2O3 and ZrO2 decrease with

increasing YSZ content at different paces, depending on the

YSZ content. Namely, the average grain size decreases rapidly

with increasing YSZ content within 5–20 mol % but it slows at

the YSZ content over 20 mol %. Besides, the average grain size

of Al2O3 is larger than that of ZrO2 with increasing YSZ

content, which is in good agreement with that of the mean

particle sizes of the Al2O3 and ZrO2 of the YSZ/Al2O3

nanopowders calcinated at 1300 8C with YSZ content (Fig. 4).

Fig. 7 shows TEM micrographs of the as-sintered YSZ/Al2O3

ceramics from the YSZ/Al2O3 nanopowders containing

50 mol % YSZ. The microstructures of the as-sintered YSZ/

Al2O3 ceramics are typical of ceramics in the final stage of

sintering and show no residual porosity. At the same time, some

uniaxial grains with clear grain boundaries and polyhedral

morphology are also found in the TEM micrographs. The inter-
Fig. 6. Average grain sizes of Al2O3 and ZrO2 of the sintered YSZ/Al2O3

nanoceramics as a function of YSZ contents.
and intra-granular grains of Al2O3 and ZrO2 are quite uniformly

distributed and connected in the YSZ/Al2O3 nanoceramics

(Fig. 7b). The grains of Al2O3 (white grins) are larger than the

grains of ZrO2 (black grains). The average grain size of the as-

sintered ceramics determined from the TEM observations is

about 200–400 nm which is 3–5 times larger than that

determined from the corresponding X-ray peak broadening.

This is mostly attributed to the microstructure of the inter- and

intra-granular grains of Al2O3 and ZrO2 in the YSZ/Al2O3

nanoceramics. The grains in the TEM photograph can be

agglomerates comprised of several individual grains. The

inter- and intra-granular microstructure of the YSZ/Al2O3

nanoceramics would induce the formation of the dislocation net

or sub-grain-boundary in matrix grains due to the hot stress in

the cooling process of the YSZ/Al2O3 nanoceramics from a

high temperature, and the matrix grains can be broken down

into multiple ‘‘sub-grain’’ (Fig. 7c), which is in good agreement

with what has been reported by Hahn et al. [20] and Kumar et al.

[21]. Hahn et al. and Kumar et al. thought that the grains in the

TEM photograph could be agglomerates comprised of several

individual grains. It is seen from above the results that the

presence of the second phase encourages the densification of

the as-sintered nanoceramics and limits a rapid grain growth of

the matrix alumina in the pressureless sintering. XRD analysis

from the corresponding XRD patterns of the as-sintered YSZ/

Al2O3 nanoceramics (Fig. 8) indicates that a great quantity of

monoclinic ZrO2 forms in the YSZ/Al2O3 nanoceramics and

the content of the monoclinic ZrO2 increases with increasing

YSZ content. However, no monoclinic ZrO2 is detected by

XRD analysis of the YSZ/Al2O3 nanopowders calcinated at

1300 8C (Fig. 3). This can be owe to the crystalline grains

obtained more energy and hence became more liable to

transform from metastable tetragonal phase to monoclinic

phase at increased sintering temperatures [3].

3.3. Relationship between microstructure and mechanical

properties

The variation of the Vickers microhardness of the as-sintered

YSZ/Al2O3 samples (determined at a load of 2.94 N for 5 s)

with YSZ content is shown in Fig. 9. The Vickers microhard-

ness increases with increasing YSZ content up to 20 mol %

whereas it assumes a decrease with further increasing YSZ

content over 20 mol %. Interestingly, the YSZ/Al2O3 nano-

ceramic sample sintered from the nanopowders containing

20 mol % YSZ has a Vickers microhardness as high as

19.8 GPa, and those sintered from the YSZ/Al2O3 nanopowders

containing 20–85 mol % YSZ have Vickers microhardness

over 16.0 GPa. Usually, the Vickers microhardness of the YSZ/

Al2O3 ceramics is 12–14 GPa [22,23], whereas the YSZ/Al2O3

nanoceramics have a higher microhardness in our present work.

This is mostly attributed to the nanostructure of the YSZ/Al2O3

nanocomposite ceramics. One of reason of the YSZ/Al2O3

nanocomposite ceramics with a higher microhardness is the

presence of fine grains and a great quantity of grain-boundary.

Firstly, the presence of the second phase ZrO2 can pin the grain

boundary and hinder grain boundary motion, which would in



Fig. 7. TEM micrographs of (a) the YSZ/Al2O3 nanoceramics from the YSZ/Al2O3 nanopowders containing 50 mol % YSZ, (b) and (c) of the magnified images.
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turn suppress the grain growth effectively. Secondly, in

nanocomposite ceramics, especially in the ZrO2 matrix

nanocomposite ceramics, the dislocation net or sub-grain-

boundary forms in matrix grains due to the hot stress in the

cooling process of the Y-TZP nanoceramics from a high

temperature [24], which results in a decrease of the matrix

grain. It is seen from the magnified TEM micrographs of the as-

sintered YSZ/Al2O3 nanoceramics (Fig. 7c) that the matrix

grains is break down into multiple ‘‘sub-grain’’ due to the

presence of the dislocation net. The fine grains will result in an

increase of the microhardness of the YSZ/Al2O3 nanoceramics

according to Hall-Pech formula. Another reason of the YSZ/

Al2O3 nanocomposite ceramics with a higher microhardness

can be the microstructure of intra-granular grains of Al2O3 and

ZrO2 in the YSZ/Al2O3 composite ceramics [25]. Because the

nanocrystalline grains on the matrix grain and the matrix grain

form easily the combining interface of great intensity in the
Fig. 8. XRD patterns of the YSZ/Al2O3 nanoceramics from the YSZ/Al2O3

nanopowders containing various ZrO2 contents.
microstructure of intra-granular grains of the YSZ/Al2O3

nanocomposite ceramics. These are in favor of an increase of

the microhardness of the YSZ/Al2O3 nanocomposite ceramics.

In addition, no cracks were found in the indented scars of all

the as-sintered samples subject to hardness testing. In order to

attest further to the result, the load of the hardness testing was

increased from 2.94 N to 9.8 N, no cracks were also found in

the indented scars of the as-sintered samples subject to hardness

testing (Fig. 10), and the plastic deformation behavior were

found in the indented scar edges, which indicate that the as-

sintered YSZ/Al2O3 nanoceramics have a better fracture

toughness than the YSZ/Al2O3 ceramics with grain at

microscale level because the micrometer-grained YSZ/Al2O3

ceramics usually have the formation of cracks in the indented

scar edges [26]. Chen et al. thinks that the intragranular

dislocation creep is playing an important role in deformation of

the YSZ/Al2O3 nanocomposite ceramics [27].
Fig. 9. Relationship between the Vickers microhardness of the YSZ/Al2O3

nanoceramics and YSZ content.



Fig. 10. The indented scar morphologies of the YSZ/Al2O3 nanoceramics from

the YSZ/Al2O3 nanopowders containing 50 mol %ZrO2 at a load of 9.8 N.
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To summarize, the sintering characteristics and micro-

structures of the YSZ/Al2O3 nanoceramics are greatly

dependent on the YSZ content of the co-precipitated YSZ/

Al2O3 powders. In practice, it will be feasible to obtain the

YSZ/Al2O3 nanoceramics with desirable microstructures and

properties by the pressureless sintering of the green sheets of

the calcinated YSZ/Al2O3 nanopowders with an appropriate

YSZ content at relatively low temperature and the as-prepared

YSZ/Al2O3 nanoceramics with grain at nanoscale level have a

better fracture toughness than those with grain at microscale

scale level.

4. Conclusions

The co-precipitated YSZ/Al2O3 nanopowders calcinated at

1300 8C are composed of a-Al2O3 and tetragonal ZrO2 phases.

The mean particle sizes of the Al2O3 of the calcinated

nanopowders decrease with increasing YSZ content and the

mean particle size of Al2O3 is larger than that of ZrO2 for all the

calcinated YSZ/Al2O3 powders. The sintering characteristics

and microstructures of the YSZ/Al2O3 nanoceramics are

largely dependent on the YSZ content of the co-precipitated

YSZ/Al2O3 nanopowders. The relative density of the sintered

YSZ/Al2O3 nanoceramics is over 95% as the YSZ content of

the YSZ/Al2O3 nanopowders is within 20–85 mol %, whereas

the average grain sizes of Al2O3 and ZrO2 decrease with

increasing YSZ content. The presence of the second phase

limits the matrix alumina rapid grain growth. The Vickers

microhardness of the as-sintered YSZ/Al2O3 nanoceramics

from the YSZ/Al2O3 nanopowders containing 20–85 mol %

YSZ exceeds 16.0 GPa, whereas The YSZ/Al2O3 nanoceramics

from the YSZ/Al2O3 nanopowders containing 20 mol % YSZ

has a Vickers microhardness as high as 19.8 GPa. In addition,

no cracks are found in the indented scars of all the as-sintered

samples subject to hardness testing, which indicate that the as-

sintered YSZ/Al2O3 nanoceramics have a better fracture

toughness than the micrometer-grained YSZ/Al2O3 ceramics.
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