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Abstract Nanocrystalline alumina–zirconia powders

were prepared by a modified chemical route using sucrose,

polyvinyl alcohol (PVA) and metal nitrates followed by a

post calcination process. The process involved dehydration

of Al3?–Zr4? ions-sucrose–PVA solution to a highly vis-

cous liquid which on decomposition process produced a

black precursor material. The obtained precursor were then

calcined at various temperatures: 1,050, 1,100, 1,150,

1,200 and 1,250 �C for different soaking times (1, 2, 4 h)

in air. The formation of a nanocomposite composed of

a-alumina (*20 nm) and tetragonal (t) zirconia (*19 nm)

crystallites were confirmed for the sample calcined at

1,200 �C for 2 h, based on our XRD and TEM results.

However, for the samples calcined below 1,150 �C the

composite formed were composed of metastable alumina

(c, d, h) as well as t-zirconia phases. Interestingly, the

zirconia phase retained its tetragonal structure for all the

samples calcined above 1,050 �C. This is possibly related

to the ‘‘size effect’’ and reduction of surface enthalpy of the

zirconia crystallites surrounded by Al3? cations.

1 Introduction

Synthesis of nano-sized advanced engineering ceramics

and other specialty materials is one of the major challenges

in material processing technology [1, 2]. Nanocrystalline

materials show superior phase homogeneity, enhanced

sinterability at a relatively low temperature and micro-

structures leading to unique electrical, mechanical,

dielectric, magnetic and optical properties [3]. Tetragonal

zirconia in an alumina matrix is known as zirconia

toughened alumina (ZTA). ZTA enjoys both the advantage

of combination of low cost alumina and high strength of

zirconia. High density sintered bodies of ZTA have shown

interesting mechanical properties [4]: fracture toughness of

7 MPa m1/2, hardness of 15 GPa and flexural strength of

910 MPa [5] making them as a novel candidate for the

applications in the areas of extreme mechanical abrasion

and thermal shock such as machining steels and cast irons

[6]. The fracture toughness and the strength of alumina

ceramics are improved remarkably by the dispersion of

10–20 vol% of meta-stable tetragonal (t) zirconia particles

which can transform into the stable monoclinic phase (m)

under loading. In such a case, if a crack grows through the

ceramic, the zirconia particles in the region of the crack

change from (t) to monoclinic (m) phase with a martensitic

transformation which is accompanied by a volume expan-

sion of about 3%. This will generate compressive stresses

in the alumina matrix thus contrasting the opening of the

advancing crack giving rise to increased toughness.

Therefore, one can realize the important role of the pres-

ence of t-zirconia on service life of these composites.

However, other mechanisms such as crack deflection, crack

bridging and the presence of micro cracks may also

enhance the toughness [7, 8].

Various synthesis routes such as conventional dry/wet

milling [9, 10] of the mixture of zirconia and alumina, sol–

gel [11], liquid precursor method [12] have been already

reported for the synthesis of ZTA. It is worth to mention

that oxide complex solid solutions prepared by conven-

tional solid state synthesis route (also referred as mixed

oxide route) normally suffer from the lack of homogeneity

A. Beitollahi (&) � H. Hosseini-Bay � H. Sarpoolaki

Nanomaterials Group, Department of Metallurgy and Materials

Engineering, Iran University of Science and Technology (IUST),

Narmak, Farjam, Tehran, Iran

e-mail: beitolla@iust.ac.ir

123

J Mater Sci: Mater Electron (2010) 21:130–136

DOI 10.1007/s10854-009-9880-9



at atomic scale, poor sinterability and possible introduction

of extrinsic impurities during milling process. These

mentioned drawbacks can be mostly overcome by utilizing

chemical synthesis methods such as classic sol–gel method

using alkoxide precursors. Though, such routes also in

most cases introduce problems of moisture sensitivity, high

costs of the initial raw materials and the low production

yield of the process. Pati et al. [13] developed a novel and

inexpensive chemical route for the synthesis of nano-sized

a-Al2O3 powder using sucrose and polyvinyl alcohol

(PVA) and aluminum metal-nitrate. This preparation route

involves dehydration of the solution of metal ion with

sucrose and PVA followed by decomposition of the poly-

mer matrix. A voluminous organic based fluffy black mass

was thus obtained after complete dehydration of the

resulting solution. This dried carbonaceous product was

then ground to obtain fine powders forming the precursor

material. Upon appropriate calcination of this precursor

nano-sized alumina powder was obtained [13]. We in this

work, however, for the first time report the synthesis and

characterization of alumina–zirconia nanocomposite pow-

der (0.15 Al2O3–0.85 ZrO2 in molar ratios) by this method

[13].

2 Experimental

2.1 Chemicals and preparation of the initial raw

materials

The initial chemicals used were Al(NO3)3 � 9 H2O

([99.8% purity Merck), zirconium oxychloride octa

hydrate (99.99% purity, Aldrich Chemicals), nitric acid

(Aldrich Chemicals) polyvinyl alcohol (PVA, MW 125000,

Aldrich Chemicals) ammonium hydroxide (Aldrich

Chemicals) and sucrose (MW 342, Merck). For preparing

zirconium precursor solution initially zirconium oxychlo-

ride was dissolved in a minimum quantity of distilled

water. Zirconium hydroxide was then precipitated by the

addition of ammonium hydroxide to this solution. This was

subsequently washed with distilled water several times to

remove alkalines. The zirconium hydroxide product thus

obtained was then reacted by appropriate amounts of nitric

acid to get zirconium nitrate solution.

2.2 Synthesis of ZTA

For the synthesis of ZTA precursor, the appropriate amount

of Al(NO3)3 � 9 H2O was dissolved in distilled water and

then added to the already prepared zirconium nitrate

solution. Further, the solutions of 10% (w/v) PVA and 40%

(w/v) sucrose in distilled water were also separately pre-

pared. Then appropriate amounts of the metal nitrates

solution was then mixed with sucrose solution such that the

metal ions to sucrose mole ratio could be maintained at 1:4.

Moreover, in this solution, 10% PVA (w/v) was also sub-

sequently mixed maintaining the ratio of metals ions to

vinyl alcohol monomer unit at 1:0.7. The pH of the final

solution was kept in between 3 and 4 by adding few drops

of HNO3. A highly acidic sucrose solution can self poly-

merize or cross-link with PVA to form a 3-dimensional

network [14]. The final thus obtained clear solution was

then evaporated on a hot plate at 180 �C while stirring.

This gave rise to the formation of a black fluffy product

which could act as a fuel during calcination process. The

black precursor product later ground to obtain a fine

powder. In order to decarbonize and remove the organic

materials from the precursor, all of the sample were kept at

500 �C for 4 h before subjecting them to the final calci-

nation step at: 900, 950, 1,000, 1,050, 1,100, 1,150, 1,200

and 1,250 �C for various soaking times (1/4, 1, 2 h) in

ambient air atmosphere. Various techniques such as

simultaneous thermal analysis (STA), NETZSCH STA 409

PC, X-ray diffraction (XRD), PHILIPS EXPERT-PRO,

Fourier transform infra-red (FTIR) analysis, SHIMADZU

IR Solution, 8400S and transmission electron microscopy

(TEM), PHILIPS (CM 200) 200 kV were utilized to

characterize the samples prepared. The crystallite sizes of

the different phases were determined from the full-width at

half maximum (FWMH) of their corresponding strongest

diffraction peaks using the Williamson–Hall method [15]

after applying the standard correction for instrumental

broadening.

3 Results and discussion

Figure 1 displays the STA result obtained for the prepared

black precursor material at a heating rate of 10 �C/min. As

is evident from this figure the observed mass loss between

room temperature to *200 �C is due to the desorption of

the surface adsorbed H2O molecules and/or interstitial

gases during the processing.

Fig. 1 STA analysis of the prepared black precursor at a heating rate

of 10 K/min
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Evolution of various gases such as CO, CO2, NH3 and

NO2 are common during the early stage of heat-treatment

process for a polymer precursor with metal cations in

acidic medium. The appearance of the endothermic peak

below 200 �C also supports the desorption process. The

rate of weight loss was, however, considerably increased

between *315 and 600 �C temperature range for which a

broad exothermic peak of two maxima at *370 and

575 �C could be detected (Fig. 1). The increased rate of

weight loss and the appearance of the broad exothermic

peak are related to the decomposition and combustion of

the precursor powder. The appearance of the broad exo-

peak could be attributed to the removal of different organic

materials available in the synthesized ZTA precursor of

different chemical natures. No further weight loss was

observed for the temperatures above 603 �C. Furthermore,

the two small exothermic peaks appeared at *875 �C and

*1,150 �C are possibly related to alumina phase trans-

formations as will be discussed later (Fig. 1).

Figure 2 illustrates the FTIR multiplot pattern of the

non-calcined black precursor as well as those calcined at

500 and 1,250 �C for 2 h.

The appearance of the absorption peaks between *420

and 700 cm-1 for the sample calcined at 1,250 �C are

possibly related to the Al–O and Zr–O bonds formed. The

broad peak centered at *3,200 cm-1 detected for the

initial precursor and the sample calcined at 500 �C is

attributed to the hydroxyl group which noticeably disap-

peared for the sample calcined at 1,250 �C. The FTIR

spectrum of the black precursor powder revealed the strong

absorption bands at around 1,400 cm-1 and 1,600 cm-1

which are possibly attributed to the various vibrational

modes of the carboxyl group [16] formed due to the oxi-

dation of sucrose and PVA with nitrate ions. Further, the

appearance of the bands between 800 and 1,050 cm-1 for

the non-calcined precursor is possibly related to the pres-

ence of some non decomposed nitrate ions. Increasing the

calcination temperature gave rise to a noticeable decrease

of the intensities or disappearance of most of the absorption

peaks related to various organic bonds formed in the range

*800–3,000 cm-1 (Fig. 2). Figure 3 demonstrates the

XRD multiplot of the non calcined sample as well as those

calcined at various temperatures at a fixed soaking time of

2 h. The presence of mainly an amorphous structure could

be confirmed for both initial black precursor and the

sample calcined at 500 �C (Fig. 3).

However, increasing the calcination temperature to

900 �C gave rise to the early signs of the formation of

various alumina metastable phases (Fig. 3) in agreement

with our STA results. XRD pattern of the sample calcined

at 1,000 �C revealed the formation of t-zirconia phase

along with other alumina meta-stable phases such as: c, d,

h. Partial conversion of meta-stable alumina phase/s to

stable a-alumina took place for the sample calcined at

1,150 �C (Fig. 3), as confirmed by our XRD results. The

observed phase conversion fully accomplished for

the samples calcined at 1,200 and 1,250 �C for whose the

formation of a-Al2O3 and t-zirconia phases could be veri-

fied (Fig. 3).

Boehmite (AlO(OH)) is the most commonly used pre-

cursor for preparing a-Al2O3. It is already shown that during

heat treatment the aluminum oxide hydroxide undergoes the

following series of polymorphic phase transformations

before final conversion to the thermodynamically stable

phase i.e. a-Al2O3 polymorph (corundum): boehm-

ite ? c ? d ? h ? a [17]. The h- to a-Al2O3 phase

transformation is considered to be performed by a nucleation

and growth mechanism [18]. The free energy of a-Al2O3 is

always lower than those of transitional phases. The nucle-

ation and the crystallite growth processes of a-Al2O3 in a

h-matrix are mainly composed of three successive and dis-

tinct processes: primary recrystallization, grain growth and

secondary crystallization [19]. During heat treatment

Fig. 2 FTIR analysis of the non-calcined black precursor (a) as well

as those calcined at 500 �C (b) and 1,250 �C (c) for 2 h
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process, the h-Al2O3 crystallite grows exceeding the critical

size needed for the formation of a stable a-Al2O3 nucleus [20,

21] and the nucleation of a-Al2O3 nuclei occurs. Continuous

heating lead to the growth of a-Al2O3 crystallites and the

phase formation is accomplished. For the samples prepared

in this work, we assume that a similar phase transformation is

possibly taking place for the alumina phase. However, this

demands further study which is currently under way. Fur-

thermore, it is interesting to note that for all of the samples

calcined between 1,000 and 1,250 �C the crystalline struc-

ture of the observed zirconia phase was tetragonal. ZrO2 has

three polymorphs of P21/c monoclinic (m), P42/nmc

tetragonal (t), and Fm3m cubic (c) crystal structures, with

m-zirconia the equilibrium bulk structure at room tempera-

ture [22]. Bulk m-zirconia transforms to t- or c-ZrO2 at 1,170

or 2,370 �C, respectively. Various attempts have been made

to stabilize the c- or t-ZrO2 to exist at room temperature by

doping small amounts of different dopants such as Y2O3,

MgO, CaO, CeO2, AlN, Mg3N2, Si3N4, Al2O3 [23–27].

These additives are believed to control the c- or t-ZrO2

nucleation and growth in small crystallites through their total

surface strain/free energy [25, 28, 29]. It should be also added

that the process depends on the solubility of these dopants in

c- or t-zirconia and the chemistry of the stabilizer used. Some

of the mentioned dopants segregate to form grain boundaries

and part of them substitute in Zr4? lattice sites. The latter

gives rise to lattice strain due to cation size mismatch and

creation of oxygen vacancies to compensate the electronic

charges and hence increasing the total energy of the system

required for the room temperature stabilization of the high

energy meta-stable c- or t-zirconia phases. In general, three

forms of stabilized zirconia are generally seen: a fully sta-

bilized one containing only c-ZrO2 phase, a partially

stabilized ZrO2 containing t-zirconia grains in c-ZrO2

matrix, and the third one the so-called t-ZrO2 polycrystals

comprising of fine t-ZrO2 grains [30]. It is already shown that

in Al3?-doped zirconia the stabilization of the zirconia can

be both related to ‘‘size effect’’ [31] and the presence of

aluminum ions on the surface of the zirconia particles [32].

The latter is believed [33] to reduce the surface enthalpy and

hence increases the stability region of the tetragonal phase. In

order to determine the effect of the presence of alumina

matrix on the phase stability of zirconia phase, we also

prepared pure zirconia powder with similar preparation route

applied for the rest of the samples described in the experi-

mental section. Figure 4 displays XRD pattern of the pure

zirconia powder decarbonized at 500 �C for 4 h followed by

calcination at 1,250 �C for 2 h. As is clear from this figure,

the formation of a fully monoclinic phase with average

crystallite size of 40 nm was obtained for this sample. This

confirms the crucial effect of the presence of the matrix

alumina phase on the structure and crystallite size of the

zirconia phase.

Figure 5 a–c demonstrate the TEM bright field images

of the sample calcined at 1,150 �C for 2 h at different

magnifications as well as their corresponding selected area

diffraction pattern (SADP).

The dark crystallites in these micrographs present the

zirconia phase and the lighter one represents alumina

phase. As can be noticed, the zirconia crystallites are rather

uniformly distributed throughout the matrix. Further, the

presence of an interconnecting amorphous interface phase

was also confirmed for this sample evidenced by the

appearance of its corresponding hallo diffraction pattern

(shown as the inset in Fig. 5c). The rather complex dif-

fraction pattern obtained for the sample calcined at

Fig. 3 XRD multiplot patterns

of various samples calcined at

different temperatures for a

soaking time of 2 h as well as

non calcined one. All of these

samples were decarbonized at

500 �C for 4 h before being

subjected to the final calcination

step
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Fig. 4 XRD pattern of the pure

zirconia precursor sample

decarbonized at 500 �C for 4 h

followed by calcination at

1,250 �C for 2 h

Fig. 5 a–c TEM bright field

images of the sample calcined at

1,150 �C for 2 h at different

magnifications as well as their

corresponding SADP. The dark
appearing crystallites in this

picture present zirconia phase

and the lighter one belong to

alumina phase
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1,150 �C for 2 h (Fig. 5b) was found to be related to the

presence of various alumina transitional phases (c, d, h)

along with the rhombohedral a-Al2O3 phase in agreement

with our XRD results (Fig. 3).

The crystallite sizes of a-alumina and t-zirconia phases

in the case of the sample calcined at 1,200 �C for 2 h were

*20 and 19 nm, respectively. A two-fold increase in the

average size of a-alumina crystallites was detected for the

sample calcined at 1,250 �C (*36 nm) compared to that of

the sample calcined at 1,150 �C (*18 nm). However, a

slower growth rate was comparatively detected for the

t-ZrO2 crystallites. The average sizes of t-ZrO2 crystallites

were *17 and 23 nm for the samples calcined at 1,150 and

1,250 �C, respectively. The existence of a slower crystallite

growth in case of t-ZrO2 could be related to the reduction

of the surface enthalpy of this phase which can give rise to

a slower sintering kinetics and grain growth rate during the

calcination process. Furthermore, the average crystallite

sizes of the t-zirconia phase for the samples calcined at

950, 1,000 and 1,050 �C for a fixed soaking times of 2 h

were *8.5, 9 and 9.5 nm, respectively. For these samples,

such a slow crystallite size growth is possibly related to the

presence of amorphous alumina phase surrounding

the zirconia phase acting as a diffusion barrier during the

calcination process at these rather low temperatures. Alu-

minum ions segregated at high temperatures in the grain

boundaries of zirconia highly doped with alumina [34] is

also reported to show a similar behavior.

For the samples decarbonized at 500 �C for 4 h and

calcined at 1,250 �C increasing the final calcination soak-

ing time from 1/4 to 2 h gave rise to the increase of

crystallite sizes of a-alumina and t-zirconia phases. The

crystallite sizes of a-alumina phase for the samples cal-

cined at 1,250 �C for 1/4, 1 and 2 h were *28, 31 and

36 nm, respectively. The magnitudes of the crystallite sizes

of t-zirconia phase were *20, 22 and 24 nm for the

samples kept for 1/4, 1 and 2 h at 1,250 �C, respectively.

The rise of soaking time from 1/4 to 4 h also caused the

increase of the corresponding diffraction peak intensities of

these two phases suggesting higher level of formation of

a-alumina and t-zirconia phases in these samples (Fig. 6).

However, for the sample calcined at 1,250 �C for 1/4 h the

existence of small amounts of metastable alumina phases

could be detected as shown in Fig. 6.

4 Conclusions

In summary successful synthesis of a-Al2O3 and t-zirconia

nanocomposite is reported here by a modified sol–gel

method using sucrose and PVA. The nanocomposite

powder was prepared by thermal decomposition of a

sucrose–PVA solution containing Al3? and Zr4? cations

followed by calcination at various temperatures and soak-

ing periods. Samples calcined at 1,200 �C for 2 h revealed

the formation of a-alumina (*20 nm) and t-zirconia

(*19 nm) phases. However, for the samples calcined

below 1,150 �C the presence of metastable alumina phases

(c, d, h) besides t-zirconia could be confirmed. Further,

rather sharp rise of a-Al2O3 crystallite sizes was seen for

the samples calcined at 1,250 �C (*36 nm) compared to

that of the samples calcined at 1,150 �C (*18 nm).

However, this was not the case for the t-zirconia phase:

*17 nm (1,150 �C, 2 h), *23 nm (1,250 �C, 2 h).

Fig. 6 XRD patterns of the

samples calcined at 1,250 �C

for various soaking periods
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