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Abstract. The article researches the regularities of aluminum oxide nanosized powders
structure formation at hot pressing by direct current transmission. The kinetics of grain growth at
various heating rates has been established. The main mechanisms of agglomeration influencing the
process of compaction of nanosized powders of non-conductive aluminum oxide have been
revealed.
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Introduction. Electric consolidation method makes it possible to obtain high-
density fine-dispersed materials not only from conductive powders, but also from
non-conductive ones. We used aluminum oxide nanosized powders with a grain size
of 60...80 nm, manufactured by Sumitomo Company (Japan) for the trial. The studied
nanosized powders were poured into graphite molds without binding materials.
Heating rate constituted 50, 250 and 500 °C/min up to 1400 °C. Curing temperature
constituted 2 minutes. The samples were 19 mm in diameter and 5 mm in height.

Main text. Local heating can generate additional temperature, which allows to
reach the required temperature in a short period of time and inhibit grain growth [1].
Figure 1 shows that after sintering, Al,Os; contains small pores in all samples,
regardless of the heating rate. However, no catastrophic grain growth is observed.
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Fig. 1. The structure of sintered Al,O3 for 1100 °C (a) and for 1700 °C (b)

The grain size remained submicron even at not the fastest heating. At
500 °C/min, the grain size was 5...6 times larger than in initial powders. The grain
size was 30...40 times larger than initial grain size when heated at a rate of
250 °C/min and 60...90 times per minute at 50 °C. The final grain size at the slowest
increase constituted 6...9 microns. For comparison: in case of pure Al,O;
conventional agglomeration at 1850 °C, the grain size reaches up to 30 um. It was
found that in case of temperature rapid rise, the submicron grain size is retained. In
this case, at heating rate increase, the pore size practically does not change. Size
variation of similar pores is noticeable in each case of heating. Rapid heating is used
to inhibit grain growth. To limit grain growth, sintering was performed at a high rate
of temperature rise in order to inhibit diffusion transport mechanisms, which, as a
rule, affect compacting. Usually, even in case of traditional agglomeration, it is
difficult to identify the mechanisms responsible for compacting and grain growth [2].
For example, a thorough analysis of aluminum oxide compacting shows that
diffusion at grain boundaries cannot be ignored at early stage of sintering [3].
High-speed sintering reduces vacancy flow and reduces large pores as well as
limits grain growth. The rapid decrease in porosity at grain boundaries increases
mobility at grain boundaries. This makes the sintering of fine, clean powders
sensitive to heat. This process leads to formation of a significant number of small
pores. Small pores create small interferences at grain boundaries, which favors rapid
grain growth. It is also necessary to take into account that below Debye temperature,
quantum effects in the material become important [4]:
O - h-v__ , ()
k
where @ is Debye temperature; £ 1s Planck's constant; v__ is the highest frequency of

atoms elastic vibrations in the crystal lattice of the material; £ is Boltzmann's
constant.

In case of nanosized powders temperature increase, the frequency of atoms
elastic vibrations in the crystal lattice increases faster than for ordinary powders.
Simplified formula (1) can be represented in the form [4]:

@=4,79-10"-v_ . 2)
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It is seen from formula (2) that increase in the frequency of atoms elastic
vibrations leads to increase in Debye temperature, below which quantum effects
begin to act, which also activate powder sintering process.

Trials of aluminum oxide nanopowders sintering kinetics showed that the
compaction rate depends on temperature and applied pressure and, in comparison
with wolframium monocarbide powders, weakly depends on the rate of temperature
rise (Fig. 2).
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Fig. 2. The change of relative density of Al:Os (a) and shrinkage (b)
at different heating rates

It is known that one of the driving forces of the blending process, in addition to
excess surface energy, is the energy of grain boundaries, which separates different
areas from each other [5]. When heated, a physical contact is formed between the
particles in the sample, and subsequently a branched system of boundaries, which
means, that free surface energy is spent on boundaries formation, and excess energy
is the driving force of sintering. As a result of rapid heating, the sliding process along
the grain boundaries is activated and the sample is quickly compacted. Sintering
process is also activated due to the energy of the crystal lattice imperfections, which
is not a small value in plasma-chemical synthesis nanosized powders [6]. In the
process of sintering, there are formation and growth of contact between the particles.

The stress in the neck of the sintered particles depends on the particle size
according to the following relation [7]:
12-7z-r-y

x2
where o is surface tension; y is free surface energy; » is grain radius; x is contact area
of particle isthmus.

Since the free surface energy is greater than the energy of the boundaries, the
energy of vacancies formation on these surfaces is different. Supersaturation with
vacancies i1s different on free surface of the neck and contact boundary between

o=4-y-x+ +4--r-y, 3)
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particles. Due to the gradient of vacancy concentration, diffusion transfer of mass to
the neck is caused. Kinetics of growth of the contact area between particles is
described by equation [8]:

x“’zA(T)-T, 4)
where x is contact area of particle isthmus; 4(7) is a function that depends on
temperature, particle geometry and the mechanism of mass transfer; w 1s exponent.

In case of mass transfer by the surface self-diffusion mechanism, the equation is
as follows [8]:

7_28.7.Q.DS.5S.,/3 )
R-T-r ’

where x 1s contact area of particle isthmus; y is free surface energy; 2 is volume of

vacancies; D, 1s surface diffusion coefficient; J, is surface diffusion layer thickness; r

X

1s grain radius.

In fact, the growth of the boundary occurs simultaneously due to bulk diffusion,
surface diffusion and along grain boundaries [9]. The technique developed by
Johnson for description of compacting taking into account volume, boundary and
surface diffusions [10] makes it possible to determine corresponding diffusion
coefficients using experimental data. Mechanism of diffusion-viscous flow assumes
that grain boundaries are vacancy sinks. The role of linear defects in this mass
transfer mechanism is not taken into account. In dispersed particles, dislocations are
usually fixed on the surface.

Currently existing theoretical and experimental material confirms the possibility
of dislocations nucleation and generation during sintering. This allows us to assume
that nanoparticles contain linear defects in significant quantities, limiting the
dislocations reproduction in each small particle does not exclude such possibility for
a group of particles, where the source of dislocations generation is in the contact
plane [11], dislocations are formed during sintering in particles contact zone of [12].

Calculations show the possibility of dislocations nucleation and generation in
particles contact. The difference in pressure on the convex surface of the particle and
the concave one creates a shear stress, which must exceed the stresses required for

dislocations sliding [13]:
2 I 1
rK=—7+7(———j, (6)

where 7, is shear stress; y is free surface energy; p is the radius of curvature of the

particle contact surface; x is contact area of particle isthmus.

The motion of dislocations underlies the grain boundary sliding of particles. In
[14], an equation was obtained for the slip rate due to grain boundary dislocations
motion.

For the first time, the mechanism of sliding along grain boundaries with
diffusion accommodation was considered in [15], where structural equation for the
flow was derived under assumption that the speed with which work is performed
under stress is equal to the interaction energy of boundaries and sliding along
boundaries, which are ideal vacancy sinks:
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2-r 2.r-D
where ¢ is flow rate; € is vacancies volume; r is the grain size; J is grain

boundary; D, 1s gas diffusion coefficient; D is diffusion coefficient.

This equation is similar to the diffusion-viscous flow equation, but the rate of
deformation, determined by it is higher by order. Experimental studies confirm the
possibility of shape change due to sliding of grains along the boundaries.

Diffusion of vacancies into lattice and their interaction with dislocations create a
flow of atoms into the contact zone between particles. In addition, interaction
between vacancies and dislocations leads to vacancy annihilation and dislocation
climb. The creep of dislocations parallel to the boundary leads to grain shift parallel
to the boundary. General deformation is caused by boundary sliding [16].

The dislocation creep mechanism can compete with grain boundary sliding or
occur simultaneously. The equation, describing the deformation by the dislocation
creep mechanism has the form:

, A-G-b

80 = ’ (8)
G-b R-T

where &) is flow rate; G is shear modulus; b is Burgers vector; R is gas constant; 7 is

temperature; £, is activation energy of dislocation creep.
The total strain rate by the mechanism of activated sliding and dislocation creep
is determined by the sum:
g=¢+¢g), 9)
whereg’ is deformation rate; & is activated sliding speed; ¢, is the rate of

dislocation creep.

Conclusions and findings. The regularities of aluminum oxide nanosized
powders structure formation at hot pressing by direct current transmission have been
studied. The kinetics of grain growth at various heating rates has been established.
The main mechanisms of sintering influencing the process of compaction of
nanosized powders of non-conductive aluminum oxide have been revealed.

So, in the low-stress mode, activated sliding with diffusion accommodation
prevails, in the high-stress mode, dislocation creep prevails. In case of ALOs;
nanosized powders high-speed sintering, most likely, both mechanisms operate,
which makes it possible to obtain density, close to the theoretical one already at a
temperature of 1400°C.
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Annomayus. B cmamve ucciedo6amvi 3aKOHOMEPHOCMU CMPYKMYPOOOPA308aHUs. NpU
2opsueM Npecco8aHuU NPIMbIM  NPONYCKAHUEM MOKA HAHONOPOWKOE OKCUOAd — ANIOMUHUSL.
Yemanosnena kunemuka pocma 3épen npu pasiudnblx CKOPOCmsX Hazpesd. Buviseienvl 0cHOGHblE
MEXAHU3Mbl CHeKaHus, GIusiowjue Ha Npoyecc YNJIOMHEHUs HAHONOPOUIKO8 HeNnpoBoOSUeco
NNEKMPUYECKULL MOK OKCUOA ATTIOMUHUSL.

Kniouesvte cnosa: oucioxayuu, ouggysus, HAaHONOPOWIKU, OKCUO AIOMUHUSL, PA3Mep 3epHA,
cnekanue.
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