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Abstract—Alumina micro- and nanopowders with the particle size from 200 pm to 40 nm synthesized by the sol-
gel method are studied. The particle size dependence of y-Al,0;—0-Al,O5 phase transformation is studied by dif-
ferential thermal analysis, X-ray diffraction method, and transmission electron microscopy. X-ray diffraction data
show that for alumina nanoparticles y-Al,0;—0-Al,0; phase transformation occurs at 900°C, and for micro-
particles it occurs in the temperature range 1150—1200°C. The alumina ceramics produced of alumina nanopar-
ticles is shown to have higher flexural strength under three-point bending than the ceramics produced of micro-
particles. The obtained results demonstrate that alumina particle size reduction stabilizes the formation of a-Al,O;
at lower temperatures, due to which the grain growth rate decreases and the flexural strength of monolithic oxide ce-

ramics increases.
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1. INTRODUCTION

A central task in modern materials science is the de-
velopment of new materials with improved functional
properties. Ceramic composites on the basis of oxide
matrices are attractive for applications where metallic
materials have tendency to creep and oxidation. Alumi-
num oxide is one of the most promising ceramic materi-
als for various applications under extreme operating con-
ditions owing to its high hardness, thermal and chemical
stability combined with availability and low cost. How-
ever, the use of alumina matrix materials under thermal
loading conditions is limited due to low impact tough-
ness typical of ceramics. Rapid cracking under impact
loading reduces the reliability of the materials. This ne-
cessitates additional research on cracking mechanisms in
materials with different reinforcing agents for oxide ma-
trices and on treatment methods that increase the flexural
strength and impact toughness of the materials [1-11].

The currently available Al,O5-based ceramics with
coarse-grained structure are brittle, have low cracking
stability, and high sensitivity to erosive and abrasive
wear—the factors that greatly limit their application. The
mechanical properties of ceramics, including Al,O;-

based ones, can be enhanced significantly if the devel-
oped material has fine homogeneous structure, ultimate
density, high hardness, and cracking stability [1, 2]. To-
day, the use of nanoparticles for the improvement of ma-
terial characteristics is gaining momentum in the design
of ceramics. By altering particle size and shape, the prop-
erties of the final product can be increased significantly.

At a given phase composition it is important to syn-
thesize ceramics that has highly homogeneous nanostruc-
ture with the smallest possible grain size, minimum po-
rosity, and well-defined grain boundaries [3, 4]. These
conditions usually provide good mechanical properties
(strength, hardness) of ceramics.

It is known that the strength of monolithic oxide ce-
ramics can be increased if two main problems are solved:
(i) achievement of maximum nanophase content to re-
duce creep, which makes the initial defect size compa-
rable to the grain size, and (ii) introduction of a dispersed
phase to neutralize present or generated defects [2]. The
next step in improving the properties of nanostructured
ceramics (increase of impact toughness) is the addition of
a strengthening phase, i.e., development (design) of new
composite ceramics [10—17].
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The aim of this paper is to study the conditions of ce-
ramics nanostructuring by the sol-gel method and to
study phase transformations and mechanical properties
of alumina produced of different-sized particles (from
micro- to nanoparticles).

2. EXPERIMENTAL

In the paper, two sets of fine-grained alumina samples
(with micro- and nanoparticles) were synthesized and in-
vestigated.

The first set of fine-grained alumina samples with
micron-sized particles was prepared by the standard solu-
tion precipitation method, in which sodium aluminate
was chosen as the precursor, and NaOH or ammonia so-
lution was used as the precipitator [8].

The second set of samples was produced by a modi-
fied mesoporous silica synthesis technique with the use
of surfactants [8, 9]. Our sol-gel synthesis of alumina na-
noparticles included the following stages: sodium alumi-
nate synthesis and subsequent hydrolysis with the pre-ad-
dition of nuclei particles and a stabilizing agent solution
(PEG-20000) into the reaction vessel. The resultant solu-
tion was kept at 20°C for 24 h. The precipitate was fil-
tered in vacuum, rinsed several times in distilled water
and ethanol.

The sets of synthesized precipitate samples were dried in
adrying oven at 80°C for 36 h. Then, AIOOH (boehmite)
powders were heated up in air at required temperature.
The thermal behavior of the samples was investigated by
differential thermal analysis on a Setaram TGA92 ana-
lyzer at the heating rate 10°C/min. The specific surface
area of fine-grained Al,O; was determined by the BET
method (low-temperature nitrogen adsorption). The vol-
ume fraction of particles of a particular size in a sample was
determined by laser diffraction (laser scattering). The par-
ticle size of the two sets of samples was defined using a
laser diffraction particle size analyzer Horiba Partica LA-
950. Additionally, the particle size of the two synthesized
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alumina powder sets after temperature treatment was de-
termined on a scanning electron microscope JSM-6700,
JEOL (Japan).

At the next stage, the powders were compacted and
sintered to produce a nonporous ceramic material. A binder
(TiO, powder) was added to powder for better sintering.
Then, an organic additive (wax) was introduced into the
obtained o-Al,O; mixture to aid compaction and then the
components were mixed in a vibration mill. Prior to com-
paction, the obtained mixture was thermally treated at
1300°C. Preliminary compaction was performed at the
pressure P=250 MPa. This stage was necessary to produce
a material with low porosity. Then, the material was ther-
mally treated again at 1300°C and finally compacted at
P =450 MPa. The final stage was sintering at 1450°C for
3h

To control the structural properties of the compacted
samples, apparent porosity I1, and mean density p,,
were determined by hydrostatic weighing. The determi-
nation accuracy was 0.01 g/cm for mean density and
0.1% for apparent porosity.

The material structure was examined by scanning
electron microscopy (LEO 982). X-ray diffraction analy-
sis was carried out on a diffractometer DRON-4 using
filtered CuK, radiation. The ceramics strength was deter-
mined on samples of standard shape on a tensile testing
machine AG-50KNXD (Japan).

3. RESULTS AND DISCUSSION

Using the data obtained in aluminum hydroxide pre-
cipitation at constant pH, we studied the influence of pre-
cipitation conditions on the chemical composition and
specific surface area of aluminum hydroxide derived
from Al(NO,), and ammonia (Table 1).

The following phase transformations were studied:
AlOOH (boehmite)—Y-Al,0,—3-Al,0,—6-A1,0;,—
o-Al,O; in samples heated from temperature 500°C
(y-Al,O, formation temperature) to 1300°C.

Table 1. Effect of precipitation conditions on specific surface area and phase composition of samples after heating at tem-

perature 200°C
Microparticles Nanoparticles
precipitation conditions characteristic precipitation conditions characteristic
pH t,°C S,m?%g | phase composition pH t,°C S, m*g | phase composition

7 50 60 Amorphous 10 30 156 Amorphous

9 70 85 Amorphous 12 30 180 Amorphous
50 110 Amorphous
70 130 Amorphous
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Fig. 1. Particle size distribution histogram of alumina after
heating at temperature 500°C: samples with nano- (a) and
microparticles (b).

As follows from the tabulated data, the samples with
nanoparticles have larger specific surface area due to
smaller particle size. Analysis of y-Al,O, particle size
(heating temperature 500°C) on a laser particle analyzer
confirmed the presence of 40—80 nm nanoparticles in the
samples with nanoparticles (Fig. 1a) and 3—5 pm micro-
particles in the samples with microparticles (Fig. 1b).

In the both sets of samples, intensive aggregation pro-
cesses take place with heating temperature growth above
900°C. The distribution curves show that the average ag-
gregate size is ~0.5—0.8 um for the samples with nano-
particles and ~10—100 pm for the samples with micro-
particles (Fig. 2).

Figure 3 illustrates the differential thermal analysis
data that show different behavior of the samples with na-
no- and micro-sized particles at their thermal treatment
up to 1250°C.

It follows from the figures that intensive polymor-
phous (y—8 —0)-AlL, 0, transformations occur in the set
with microparticles at a temperature of about 800°C,
while in the set with nanoparticles these transformations
occur earlier, with a more pronounced transition to o-alu-
mina in the samples with nanoparticles. The performed
microscopic examination of the alumina nano- and mic-
ropowders confirmed the difference in the size of oxide
particles (Fig. 4).

According to scanning electron microscopy data on
the particle size in the both sets of samples heated at 900°C,
the average size of nanoparticles is ~150 nm (Fig. 4a) and
that of microparticles is ~150-200 pm (Fig. 4b).
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Fig. 2. Particle size distribution histogram of alumina after
heating at temperature 900°C: samples with nano- (a) and
microparticles (b).

X-ray diffraction analysis of the samples with nano-
and microparticles has revealed the following fundamen-
tal differences: the temperatures of transition between
different crystalline modifications for the samples with
nanoparticles are lower than for the samples with mic-
roparticles.

The main feature is the presence of well-defined
peaks in the diffraction pattern of a nano-sized alumina
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Fig. 3. Differential thermal analysis data for a sample with
nano- (a) and microparticles (b) at thermal treatment up to
1250°C. DSC—differential scanning calorimetry, TG—ther-
mogravimetry.
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Fig. 4. Scanning electron microscopy data on the particle size
of samples heated at temperature 900°C: ~150 nm for nano-
particles (a), ~150-200 um for microparticles (b).

sample heated at 900°C—its diffraction pattern closely
resembles the diffraction pattern of oi-Al,O; modifica-
tion (Fig. 5a).

The diffraction pattern of the nano-sized alumina
sample subjected to thermal treatment at 1150°C almost
coincides with the diffraction pattern of a-Al,O, modifi-
cation and remains unchanged after heating at 1300°C.
As for a micron-sized alumina sample, the diffraction
patterns after heating at 500 and 900°C do not differ dras-
tically (Fig. 5b). This is due to the fact that the transition
of micron-sized alumina to the stable a-Al,O; phase
takes place at a temperature of 1200°C and higher.

Mechanical properties were estimated using two sets
of samples: (i) alumina ceramics samples produced with
alumina nanopowder, and (ii) alumina ceramics samples
prepared with micron-sized alumina particles. The ob-
tained results are given in Table 2.
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Fig. 5. X-ray diffraction patterns of samples with nano- (a)
and microparticles (b) heated at different temperature: dry gel
(1), 500 (2),900 (3), 1150 (4), 1300°C (5).

The data in Table 2 demonstrate that the use of alu-
mina nanoparticles as precursors/initial reagents for con-
solidated material increases the ultimate strength in
three-point bending.

In general, the results show that particle size reduc-
tion stabilizes the formation of o-Al,O5 at lower tem-
peratures, which impedes grain growth and noticeably in-
creases the strength of monolithic alumina ceramics.

4. CONCLUSION

The influence of the particle size of alumina micro-
and nanopowders with the particle size from 200 pm to
40 nm on y-Al,O;—-Al,O; phase transformation has

Table 2. Comparison data on mechanical properties of alumina ceramics

Compaction Residual Density Fl I
‘e . ensity P, exura
Sample conditions internal .
T.°C P MPa porosity, % g/cm strength, MPa
0-AlLO;, micro 1300 450 8 3.96 280
0-AlLO;, micro 1450 450 8 3.96 310
0-Al,O5, nano 1300 450 6 3.91 395
oAl 05, nano 1450 450 5 4.04 420
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been studied by differential thermal analysis, X-ray dif-
fraction, and transmission electron microscopy.

It is found that the use of alumina nanoparticles as the
initial substance in the synthesis of alumina ceramics re-
duces the crystallite size of the ceramic material.

The particle size reduction in alumina nanopowders
stabilizes oi-Al,O, formation at lower temperatures, due
to which the grain growth rate decreases and the strength
of monolithic alumina ceramics increases.

ACKNOWLEDGMENTS

This work was supported by the St. Petersburg State
University (research grant No. 6.38.337.2015) and in the
framework of the Megagrants Program of the RF Minis-
try of Education and Science (Grant No. 14.B25.31.0017).

REFERENCES

1. Aldinger, F. and Weberruss V.A., Advanced Ceramics and
Future Materials: An Introduction to Structures, Proper-
ties, Technologies, Methods, 2010.

2. Matthews, F. and Rollings, R., Composite Materials. Me-
chanics and Technology, Moscow: Tekhnosphera, 2004.

3. Morozov, N. and Petrov, Y., Dynamics of Fracture, Ber-
lin—Heidelberg—New York: Springer-Verlag, 2000.

4. Gusev, AL and Rempel, A.A., Nanocrystalline Materials,
Cambridge International Science Publishing, 2004.

5. Rao, P, Iwasa, M., and Kondoh, 1., Properties of Low-
Temperature-Sintered High Purity o-Alumina Ceramics,
J. Mater. Sci. Lett.,2000, vol. 19, pp. 543-545.

6. Basargin, O.V., Shcheglova, T.M., Kolyshev, S.G., Niki-
tina, V.Yu., Maksimov, V.G., and Babashov, V.G., Determi-
nation of the High-Temperature Strength of Ceramic Ox-
ide Materials, Glass Ceram., 2013, vol. 70, no. 1-2,
pp. 43—46.

7.

10.

11.

12.

13.

14.

15.

16.

17.

PHYSICAL MESOMECHANICS Vol. 18

ZEMTSOVA et al.

Tanaka, R., Research and Development of Ultra-High
Temperature Materials in Japan, Mater. High Temp., 2000,
vol. 17,no. 4, pp. 457-464.

Sharma Pramod, K., Varadan, V.V., and Varadan, VK., A
Critical Role of pH in the Colloidal Synthesis and Phase
Transformation of Nano Size o.-Al,O, with High Surface
Area, J. Eur. Ceram. Soc.,2003, vol. 23, pp. 659-666.
Monin, A.V., Zemtsova, E.G., Shveikina, N.B., and Smir-
nov, V.M., Features of Phase Transitions upon the Thermal
Treatment of Al,O, Particles, Nanotechnol. Russ., 2012,
vol. 7, pp. 152-155.

Zemtsova, E.G., Monin, A.V., Smirnov, V.M., and Va-
liev, R.Z., Processes of Disperse-Phase Nanostructuring in
Subsurface Areas of Composite Ceramic (a Brief Review),
Rev. Adv. Mater. Sci., 2014, vol. 38, pp. 176—181.

Chen, W.-P., Han, M.-Y., and Yang, S.-F., Research
Progress of Al,O, Ceramic Composites, J. Mater. Eng.,
2011, no. 3, pp. 91-94.

Chokshi, A., Densification and High Temperature Defor-
mation on Oxide Ceramics, Key Eng. Mater., 2009,
vol. 395, pp. 39-54.

Chang, P.-L., Wu, Y.-Ch., Lai, S.-J., and Yen, F.-S., Size
Effects on y- to a-Al,O, Phase Transformation, J. Eur:
Ceram. Soc.,2009, vol. 29, pp. 3341-3348.

Giinther, R., Klassen, T., Dickau, B., Gértner, F., Bar-
tels, A., and Bormann, R., Advanced Alumina Composites
Reinforced with Ti-Based Alloy, J. Am. Ceram. Soc.,
2001, vol. 84, no. 7, pp. 1509-1513.

Tenga, X., Liu, H., and Huang, Ch., Effect of Al,O, Particle
Size on the Mechanical Properties of Alumina-Based Ceram-
ics, Mater. Sci. Eng. A,2007, vol. 452-453, pp. 545-551.
Li, H., Lu, H., and Wang, S., Preparation of a Nano-Sized
o.-Al,O, Powder from a Supersaturated Sodium Aluminate
Solution, Ceram. Int.,2009, vol. 35, no. 2, pp. 901-904.
Smirnov, V.M., Nanoscaled Structuring as a Way to Con-
structing New Solid Substances and Materials, Russ. J.
Gen. Chem.,2002, vol. 72, no. 4, pp. 590-606.

No.2 2015



