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Alumina – 20 vol% zirconia (ZTA) nanocomposites were synthesized by the tartaric acid sol-gel method. The precursors 
gelled from solutions at different pH were prepared and then calcined from 1000 to 1500°C. Surface area measurement 
(BET), X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 
used to characterize the synthesized powders. Control of agglomeration state was carried out by changing the pH of the 
solution. Weakly agglomerated powders were obtained at pH=6, whereas the solution at pH=1 revealed hard agglomerated 
powders, (agglomeration degrees, N, were found to be 16425 at pH=1 and 102 at pH=6, respectively). The pH dependence 
of agglomeration was explained by the dissociation behavior of tartaric acid at various pH environments. XRD results 
showed that the powders have been fully tetragonal phase at 1000°C, while they exhibited tetragonal zirconia with minor 
monoclinic phase as well as α-Al2O3 at 1500°C. The presence of α-Al2O3 in the nanocrystalline composite contributes the 
wide range of temperature stability for t-ZrO2 up to 1500°C. TEM micrograph confirmed that alumina and zirconia were 
dispersed homogenously. Mechanical properties (hardness and indentation fracture toughness) of sintered samples were also 
determined.

intrOduCtiOn

 there have been intense researches on the prepa-
ration of nanocomposite ceramics to improve the engi-
neering properties of monolithic ceramics [1,2]. Zirconia 
toughened alumina (ZtA) is the one of these composites, 
which have emerged in structural applications because 
of its superior properties such as excellent strength, 
toughness, thermal shock resistance, wear resistance and 
chemical stability. ZtA composites have been widely 
used in the application of biomaterial, structural materials 
(high-temperature gas burner, industry structures, cutting 
tools, and bearing balls) and catalytic support [3-6].
 Several techniques for synthesizing alumina-zir-
conia powders have been reported in literature such 
as colloidal processing [7], solution combustion [8] 
coprecipitation [9], chemical vapor deposition [10], sol-
gel synthesis [11], mechanical mixing [12] and so on. the 
gel method is a wet chemical technique and very effective 
way for preparing homogenous composite powder with 
high purity. it represents a much faster and easier process 
at relatively lower temperatures. it also enables molecular 
level mixing, which leads to homogeneous and well 
dispersed microstructures [13]. this method is based on 
the formation and calcination of polymeric networks of 
metal-organic precursors. Organic acids such as citrate, 

tartaric and glycolic acid, having the ability of forming 
complexes with ions, are used as gelation agents that 
have functional groups reacting with metal ions (chelate) 
to form a gel. Homogenous solutions consisting of metal 
ions and organic acid in water are prepared. the three-
dimensional polymeric networks ions are formed by ion 
chelation with the functional group of acid. As a result 
of this, the solution turns into a highly viscous condition 
with increasing temperature and then a gel is formed. 
finally, the gel is decomposed at moderate temperature 
to obtain ceramic powder [14, 15].
 the properties and performance of the final material 
depend on the characteristics of the starting powders, 
synthesis conditions and processing steps (mixing, 
calcination, drying). An important issue in powder 
pro-cessing is the agglomeration during the synthesis. 
the primary particles get together to form large and 
inhomogeneous structures with porosity (agglomerates). 
Agglomeration leads to inhomogeneous packing during 
compaction and defects in the green/sintered compacts, 
and inhomogeneous microstructure, deteriorating the 
engineering properties of materials. therefore, it is 
essential to prevent powders against agglomeration. 
As nano-size powder processing is considered in 
nanotechnology, it is required to synthesize agglomerate-
free (or weakly agglomerated) powders [16-19].
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 in the present study, the production of ZtA 
(Al2O3 – 20 vol % ZrO2) composite nanopowder with 
agglomeration controlled via pH during synthesis was 
investigated. the hardness and toughness of fabricated 
composite powders were examined as well.

ExpErimEntAl

 ZrOCl2·8H2O (fluka, 99 %), Al(nO3).9H2O (Sig-
ma,98 %) and yCl3 (fluka, 99 %) were used as starting 
materials. tartaric acid (fluka, 99.5%) and distilled water 
were used as gelation agent and solvent, respectively. 
the pH of the solution was adjusted with nH4OH. the 
gelation experiment was carried out by firstly dissolving 
tartaric acid into 100 cm3 of water in a beaker, and then 
the required amount of aluminum nitrate, zirconium 
oxychloride and yttrium chloride were added into the 
tartaric acid solution according to the final composition 
containing 20 vol% zirconia (doped with 2 mol% yttria). 
the solution was continuously stirred at room temperature 
until a highly transparent solution was obtained. the pH 
of the solution measured after getting a clear aqueous 
solution was close to 1, solutions having different pH 
(3, 6 and 9) were prepared by adding ammonium. the 
temperature was kept at 80°C for 60 min while and then 
heated to 200°C to initiate the gelation reaction. As the 
water evaporated, the viscosity of the precursor solution 
increased and finally turned into a yellowish sticky gel. 
the gel was conveyed to a mantle heater at 400°C for 8 
h to remove organic matter in air. finally, the obtained 
“ceramic gel precursor” was crushed gently in an agate 
mortar and then dried at 90°C overnight. Heat treatment 
for gel precursors was carried out at 1000°C and 1500°C 
for 2 h. the composite ceramic nanopowders were ground 
and sieved with 90 micron size screen. the crystallization 
and structural development of ZtA was studied by x-ray 
diffractometry (rigaku, miniflex) using Cu Kα radiation. 
the crystallite size dXRD was calculated from the Scherrer 
formula from the xrd broadening. the microstructure 
of the calcined powders and sintered products polished 
by diamond paste and thermally etched at 1250°C for 
5 h were observed by field emission scanning electron 
microscopy (Zeiss Supra 50 Vp). Samples were then 
gold coated for scanning electron microscope (SEm) 
analysis. transmission electron microscopy (tEm, Jeol 
JEm-2010f) operated at 200 kV was used to obtain the 
nanocrystal images. the specimens were prepared by 
slow evaporation of a drop of the sample suspension 
deposited onto a copper grid with a carbon film. the 
surface area of the powders was measured via the n2 
adsorption isotherm at -196°C using the bEt equation 
on a Quantachrome nova 2200 E instrument. prior to 
the n2 adsorption, the powders were degassed at 200 
oC for 2 h under vacuum. the average particle size was 
calculated by the following equation from the surface 
area data, which is called dBET. 

(1)

(ρ = density, g/cm3 and S = surface area, m2/g)
 the density of the powders was determined using 
by a helium gas pycnometer (Quantachrome ultrapyc 
1200e). the degree of agglomeration was calculated as 
follows: 

(2)

(N = the degree of agglomeration, dBET = the average 
particle size from surface area, dXRD = the average 
crystallite size from xrd peak broadening) [20]. the 
powder was granulated (a few drops of 2 % pVA solution 
was added as a binder) and pressed as green compacts 
to evaluate their sintering behavior. green compacts 
were sintered at 1500 and 1600°C for 5 h. the relative 
densities of the sintered ceramics were measured using 
Archimedes’ method. Vickers hardness was measured 
using a static microhardness tester (future-tech). before 
hardness measurements, the samples were molded 
with epoxy resin and surface damage was removed 
mechanically by grinding with 2400 and 4000 grit, and 
then polishing on 6, 3 and 1 mm diamond lap wheels. 
Hardness measurement was made at 9.8 n load with a 
loading time of 15 s. the indentation diagonal lengths 
were measured with a nikon mA 100 inverted metal 
microscope using the Clemex professional microscopy 
image analysis software. 50× and 20× objective lenses 
were used on the nikon mA 100 instrument. in view of 
the scatter of the microhardness data, the hardness value 
was a mean of at least six measurements under the same 
condition. the hardness values (HV) from the length of 
the two diagonals of the squareshaped Vickers indents 
were calculated with the equation:

HV =1.854(F/D2)                        (3)

where F is the applied force (in newton) and d the 
diagonal length (in mm) of the indentation. the value 
of the hardness at 9.8 n and extended corner cracking 
was used to calculate the fracture toughness (KiC) with 
the Evans [21] and Anstis et al. [22] methods. A value of 
350 gpa, which is the elastic modulus of ZtA (Al2O3–20 
vol% ZrO2), was used in the calculation of indentation 
fracture toughness.

rESultS And diSCuSSiOn

 xrd pattern of powders gelled at different pH and 
subsequently calcined at 1000°C for 2 h are shown in 
figure 1. At all pH values, the tetragonal zirconia with 
small diffraction peaks of α and other phases of alumina 
were examined. the crystallite size of α-alumina changed 
between 9 and 12 nm. 
 After sintering at 1500°C, a mixture of tetragonal 
zirconia with minor monoclinic zirconia and α-alumina 
was detected in all powders (figure 2). the crystallite size 
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of α-alumina varied from 46 to 52 nm. the xrd results 
of samples prepared at any pH showed that zirconia 
was successfully stabilized over a wide temperature 
range. it is known that the stabilization of tetragonal 
phase at room temperature is one of the mechanisms to 
improve mechanical properties of composites. in this 
study, zirconia particles were dispersed into the alumina 
matrix, which hindered the transformation of tetragonal 
to monoclinic phase in a wide temperature range.

 table 1 presents the results of surface area, den-
sity, particle size and crystallite size for Al2O3–ZrO2 

nanocomposites calcined at 1000°C for 2 h. the surface 
area and particle size were 7.5 m2/g and 233.9 nm for 
pH=1, whilst these values were 34.9 m2/g and 54.1 nm 
for pH=6, respectively. the surface area from bEt and 
line broadening from xrd were used in calculation of 
particle size and crystalline size, respectively. in the 
bEt technique, the surface of a volume filled with a solid 
is calculated, while xrd line broadening determines the 
coherently diffracting domain size. the different size 
values obtained from these two techniques can be used 
for calculating the agglomeration state of the powders. 
the number of crystallites (grains) per particle is 
a simple measure for the degree (N) of agglomeration. 
As this value becomes smaller or (N value close to 
unity), particles tend to approach their primary size, 
which may be classified as loose or weakly agglomerated 
powders [20]. At pH=6, a less agglomerated powder was 
obtained (N=102), whereas at pH=1 (natural pH for 
solution) a strongly agglomerated powder (N=16425) 
was synthesized. the N value of ZAl1 powders is 160 
times higher than that of ZAl6. the results revealed 
that the changing pH of solution had an ultimate effect 
on modification of agglomeration. Consequently, the 
properties of powders are modified by altering the pH 
value. 
 it is believed that the possible mechanism on depen-
dence of agglomeration to pH may be due to dissociation 
behavior of tartaric acid at various pH values. for pH=1, 
the tartaric acid has weak dissociation leading to closer 
interaction between a cation and functional groups of 
the acid. upon heat treatment, the oxide particles might 
come together to give rise to agglomeration. the distance 
between cations and functional groups in the backbone of 
tartaric acid is higher because of the high dissociation of 
tartaric acid at pH=6. this result in less contact between 
the particles during the heat treatment.
 A SEm image of as-received powder (ZAl6) ob-
tained after mantle heater treatment is shown in figure 
3. the powders have a flake morphology and a broad size 
distribution. the porous structure of the powder results 
in removal of gas species during combustion reactions. 
 Strongly agglomerated powders were obtained at 
pH=1 (figure 4a), but the synthesis at pH=6 produced 
less agglomerated powder with a high surface area 

figure 1.  the xrd pattern of composite powders calcined at 
1000°C for 2 h after synthesized from solutions at: a) pH 1, b) 
pH 3, c) pH 6, d) pH 9 (t - tetragonal zirconia).
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figure 2.  the xrd pattern of composite powders calcined at 
1500°C for 2 h after synthesized from solutions at: a) pH 1, b) 
pH 3, c) pH 6, d) pH 9 (t - tetragonal zirconia, a - corundum 
type alumina, m - monoclinic zirconia).
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table 1.  the characteristics of Al2O3 – 20 vol% ZrO2 composite powders calcined at 1000°C for 2 h (S.A: surface area, dbEt: 
particle size of Al2O3 from bEt, dxrd: crystalline size of Al2O3 from xrd, n: degree of agglomeration).

 pH S.A.at 1000 °C dbEt dxrd density n
powders of Solution (m2/g) (nm) (nm) (g/cc) (d3

bEt/d3
xrd)

ZAl1 1 7.5 233.9 9.2 3.43 16425
ZAl3 3 9.8 164.8 11.3 3.72 3100
ZAl6 6 34.9 54.1 11.6 3.18 102
ZAl9 9 18.5 99.3 10.6 3.27 822
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(figure 4b). the size values calculated from bEt and 
xrd are close to each other for ZAl6, indicating that 
intraparticle pores remain accessible in agglomerates and 

the nitrogen gas can diffuse the particle spaces. thus, 
powders contacted weakly each other, which represents 
soft agglomeration. 
 the tEm micrograph (figure 5) of ZAl6 calcined 
at 1000°C exhibited a very homogeneous nanostructure 
with an equiaxed-rounded shape of particles. the dark 
regions on the image represent zirconia particles and the 
bright ones indicate alumina particles. in addition, the 
crystallite size was in good agreement with xrd results. 
 it is important to obtain homogenously dispersed 
particles for better microstructure which lead to the 
desired properties of final materials [23]. therefore, 
the powder with lower N value (AZl6) was selected to 
evaluate the sintering process. the density and sintering 
temperature of the compacts are shown in table 2. the 
obtained densities were over 99 % of theoretical ones. 
in figure 6, homogeneously dispersed zirconia grains 
(bright phase) in an alumina matrix (dark phase) were 
obtained, which presents the advantage of gel synthesis 
in producing nanocomposites. 

 table 3 shows the Vickers hardness (Hv) and in-
dentation fracture toughness (Kıc) values of sintered 
composites compacted from ZAl6 powder at 1600 oC 
for 5 h. the hardness value of the dense material was 
measured to be 7.9 gpa under 9.8 n load. the indentation 
fracture toughness calculated using the Anstis and Evans 
equations were 3.2 and 2.9 mpam1/2, respectively. it 
must be emphasized that different values of mechanical 
properties can be obtained depending on differences 
in processing techniques, powder characteristics and 
measurement techniques (e.g. hardness).

COnCluSiOn

 nanocomposite powders were successfully synthe-
sized by a sol-gel based method. the results show that 
the agglomeration state of the powders can be easily 
controlled by changing pH during synthesis. weakly 
(soft) agglomerated ZtA nanopowders were obtained 
from solution at pH=6, in which the N factor was found 

figure 3.  SEm images of as-synthesized ZAl6 gel after bur-
ning in a mantle heater.

table 2.  the densities of ZAl6 compact at different sintering 
temperatures.

Samples Sintering temperature (°C) r.d. (%)

ZAl16-1500 1500 99.6
ZAl16-1600 1600 99.7

table 3.  the hardness and indentation fracture toughness 
values of ZAl6 compact sintered 1600°C for 5 h.

 Hardness under KiC, Anstis KiC, Evans
Sample the 9.8 n load (gpa) (mpam1/2) (mpam1/2)

ZAl6-1600 7.9 3.2 2.9

b)

a)

figure 4.  SEm images of powders (1000°C for 2 h) gelled 
from solution of: a) pH 1, b) pH 6.
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to be lower. the pH dependence of agglomeration was 
related to the dissociation of organic acid. the tetrago-
nal zirconia with minor monoclinic phase remained 
stabilized in a wide temperature range from room tem-
perature to 1500°C. Alumina grains matrix hindered 
tetragonal-monoclinic phase transformation of zirconia. 
the improvement in mechanical properties is essentially 
related to homogenously dispersed particles in the 
microstructure. Consequently, the gel method allows 
powders to be synthesized with a tailored agglomeration 
state, as well as tailored physical properties, by changing 
the pH of the solution. 
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figure 6.  SEm images of the thermally etched surface of com-
posite compacted from ZAl6 powder.

figure 5.  tEm image of ZAl6 powders calcined at 1000°C 
for 2 h.


