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INTRODUCTION

As follows from experiments, sintering of polycrys-
talline materials, creep, solid-state synthesis, and
related processes are activated, in most cases, when a

certain temperature, the so-called Tammann tempera-
rure [1 - 4] 1s attained. Theoretical models based on
continuous Arrhenius-type temperature dependences of
diffusion coefficients cannot describe the abrupt
increase in the rates of the above processes as a func-
tion of increasing temperature. As we have shown ear-
lier [S - 7], the temperatures of the abrupt increase in
the rates of solid-state processes correlate with the
melting temperatures of 2D nonautonomous phases.
To clarify the term “nonautonomous phase,” note that it
was introduced by R. Defay in 1934 and was widely
used for analyzing surface states 1n the monograph [8].
The concept of the nonautonomous phase can be used
in describing a variety of systems; examples are the dis-
locations and the regions where regular phases are 1n
contact with one another [9]. We classify nonautono-
mous phases as one-, two-, and three-dimensional
according to the number of linearly independent non-
collinear directions that allow the invanant translation
of the system. The effectiveness of this concept was

demonstrated 1n [7, 10 - 14].

RESULTS AND DISCUSSION

In polycrystalline materials, 2D nonautonomous

phases include intergranular and interphase boundary
regions, as well as regions adjacent to free surfaces.

Melting points of 2D nonautonomous phases can be
calculated, to a first approximation, by the equation [0]

1 —a,

= T 1
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where ¢, and o are parameters depending on enthalpy

and entropy of the substance [6], and T}, 1s the melting

temperature (K) of the autonomous phase of the
same composition. For a large number of compounds,
(1 = o)/l — o) = 0.65 £ 0.05 [6]; that 18, 1,5 _ LS
approximately equal to the Tammann temperature
(T = 2T./3) [1]. Given that the melting points of 2D
nonautonomous phases coincide with activation tem-

peratures of solid-state processes, 1t can be inferme
that, in polycrystalline materials, the melting of 2D
nonautonomous phases is a key transformation: to cop-
trol this transformation is to control, to a great extenl,
the evolution of a polycrystalline system.

According to equation (1), the major paramelet
determining the 7, _ , value is the chemical composk
tion of the 2D nonautonomous phase. Chemical com:
position of this phase can be changed by adding smal
amounts of an impurity that segregate at grain bound:
aries. A particular way of introducing the umpurity ca
be chosen based on the difference AG between surfie
energies of the major phase and the impurity phase, and
also on transformational and transport properties of the
nonautonomous phase. Among these properties are the
rate of autonomous-to-nonautonomous phase transfot.
mation and rheological constants, in particular, viscos
ity of the liquid nonautonomous phase. Indeed, the
rates of attaining local equilibrium within the regios
adjacent to the surface of the major component ar
found to be highly consistent with AG values of th
components, the MO,—FeO, s systems (where M 2
Be, Al, Si) being an example. Starting materials used
studies of these systems are specified in Table |,
The relaxation kinetics (Figs. 1, 2) was studied usny
Mossbauer spectroscopy according to the techmqe
described 1n {15].

As follows from the kinetic curves (Fig. 1), relaxatios
rates increase drastically in the range 1270 - 1370 K
which overlaps with the interval T, - ,, = 1200 + [00K
calculated for the 2D nonautonomous phase consistng
of Fe(II) oxide. As is seen in Fig. 2, the BeO-Fe(,
system, characterized by a great difference in the su-
face energies of the major and the impurity compe
nents, exhibits a high rate of local equilibration
grain-boundary regions. This fact leads to the concle
sion that, in such systems, the rates of solid-state pr-
cesses are affected relatively little by impunty intre
duction, which is also confirmed by the observation
reported in [11 - 17]. Conversely, when the surfae
energy of the impurity phase differs only shghtly from
that of the major substance (as in the AlQ, -Fely,
AlO, (—S10,, AlO, ~TiO,, and S10,-FeO, ; systens,
see Table 2) and, accordingly, relaxation rates are low
(Fig. 2), the tightness of the contact of componens
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Fig. 1. The fraction of Fe(lll) oxide transferred to the 2D

nonautonomous phase as a function of the time of isother-
mal annealing at 1070, 1170, 1270, 1370, 1420, 1470, 1520,

and 1570 K (curves 7 - &8, respectively). The initial state of
the samples is characterized in Table 1.

in the starting materials (which s determined by the
manner in which impurity was introduced) should play
a decisive role.

Consider the latter case, taking alumina sintering as
an example. The surface energy of the a-AlQ, 5 phase
is relatively low, as compared with that of materials
known as active sintering aids for alumina. In some
cases, the alumina surface energy is even lower than
that of an additive (Table 2). Therefore, the rate of the
surface relaxation in alumina grains depends substan-
tially on the technique for introducing the additive.
The best conjugation of the components is provided by
the molecular layering technique, which does not affect
the phase composition and structural state of the major
component [20, 21]. The opposite situation (concern-
ing the conjugation degree) occurs if mechanical mix-
ing is used for introducing additives.

We studied the sintering of alumina (GK grade
according to the Soviet State Standard GOST 6912-87)
with small amounts of TiO, additive (Table 3) introduced
by the two above-mentioned techniques. We measured
the contraction of the samples during heating from 300
to 1850 K at a constant rate of 3 K/min, with an Opton
Model 1600 D dilatometer. The starting samples dif-
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Fig. 2. Time dependences of the fraction of Fe(Ill) oxide
transferred to the 2D nonautonomous phase at 1570 K for

the (}} BCO‘FCOIj, (2) A.IOLS"FeO]‘S, and (3) SiOE—
FeO, < systems. The initial state of the samples is character-

ized in Table 1, y= &/, ,» Where & is the mole fraction of
Fe,(5 concentrated in the 2D nonautonomous phase.

fered in density by no more than 2% (Table 3).
The obtained data are displayed 1n Fig. 3.

Contraction of the samples prepared by molecular
layering began at a definite temperature equal to the
melting temperature of the 2D nonautonomous phase
consisting of TiO,, T, = 1380 £ 100 K. For the sam-
ples prepared by molecular mixing, the onset of the
contraction was less distinct; the whole process was
extended in time and temperature and was shifted to
higher temperatures by 50 - 100 K. The reason for the
disparity is as follows. When molecular layenng was
used for modifying alumina with Ti0O,, the autonomous
phase of the powder material was covered, starting at
1380 K, with a layer of a nonautonomous T10,-rich lig-
uid phase. On the contrary, in samples prepared by
mechanical mixing, the TiO,-rich nonautonomous lig-
uid phase, which was formed at the contact of alumina
and TiO, grains, expanded over the surface of alurmina
particles at a rather slow rate, because of the relatively low
Ao value inherent in the AlO, .~ Ti0, system (see Table 2)

Note that the transition of the autonomous Fe,O;
phase to the 2D nonautonomous phase, activated by the
presence of Be, Al, and Si oxides, is characterized by
relaxation times of 2.5 x 102, 1.5 x 10%, and 4.5 x 10% s,
respectively (Fig. 2). Comparing surface energies of the

Table 1. Properties of the mixtures heat-treated between 1070 and 1570 K (particle size, less than 63 pm; component add-

ad - hematite)

Mixture Fe%r(;ghgn;le Main component: structure and punty Sep m?/g
— S — - —
BeO + FeO, ¢ 0.01 Bromellite; reagent-grade Be nitrate; TU 6-09-2358-77 11x2
AlO, ; + FeO, 5 0.01 Corundum; Al,O, (reagent grade, spectrograde; TU 6-09-2358-77) 65+04
Si0, + FeO, s 0.006 Amorphous; Aerosil A300 GOST 14922-77 | 300 £ 20

Note: S¢p 18 the specific surface of the major component.
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Fig. 3. Relative elongation during heat treatment of samples prepared by (a) molecular layering and (b) mechanical mixing, Curve

numbers correspond to sample numbers in Table 3.

components in the AlO, s—~TiO, and AlO, s-FeO, 5 sys-
tems and considering the kinetics of the transition
of the autonomous Fe(III) oxide phase to the nonau-
tonomous phase conjugated with alurmina grains, we
infer that a similar transition in the AlQO, ~T10, system
should have a relaxation time of the same order of mag-

nitude (10° s).

Table 2. The difference between surface energies of compo-
nents for several oxide systems

AG,* J/m®
System — e
1200 K 1400 K 1600 K

BeO-AlO, g 1.05 l 1.02 1.00
BeO-FeO, ¢ 1.31 1.27 1.24
MgO-AlO, s 1.11 1.05 1.01
MgO-FeO), 1.37 1.30 1.25
MgO-SiO, 1.34 1.28 1.22
MgO-TiO, 1.43 1.36 131
AlO, —FeO, s 0.26 0.25 0.24
AlO, —SiO, 0.23 0.23 0.22
AlO, ~TiO, 0.32 0.31 0.30
Si0,—FeO, s 0.03 0.03 0.03

* Ao values calculated from the data of Bruce [18, 19]-."

Table 3. Density of alumina-based samples annealed at con-
stant heating rates

a—

TiO, weight | Method of intro-

>ample no. lggctiof ducing T10, p* %
] 0 — 58.1
2 0.0010 ML**: 1 cycle 57.3
3 0.0018 ML.: 4 cycles 57.9
4 0.0022 ML.: 6 cycles 56.8
5 0.0029 ML: & cycles 55.9
6 0.0010 MM *** 58.8
7 0.0020 MM 57.6
8 0.0030 MM 59.4

*The relative density of unannealed compacted samples.

**Molecular layenng.
¥** Mechanical mixing.

Measurements showed (Fig. 3) that the samples pre-
pared by mechanical mixing (Samples 6 - § in Table 3)
start contracting about 10° s later than those prepared
by molecular layering (Samples 2 - 5 in Table 3). This
fact confirms the above conclusion that sintering 18
activated only after the 2D nonautonomous phase, con-
jugated with the bulk autonomous phase of the major

component, 15 liquetied.

Simultaneously with the local equilibration at the
boundaries of alumina grains, chemical potentials of
the autonomous and nonautonomous phases become
closer as a result of two processes. The first 1s
a decrease in the Gibbs energy of the TiO,-based non-
autonomous liquid phase A, and the second 1s a
decrease in the Gibbs energy of the autonomous phase
B. It is reasonable to consider these two processes sep-
arately because they differ in mechanisms and rates.
The first process consists in the transition of the com-
ponents of the autonomous phase contacting with the
2D nonautonomous phase to this latter phase. This pro-
cess 1s fast because it does not involve large displace-
ments of the particles, as the nonautonomous phase has
a small dimension in the displacement direction [12].
This process is especially fast if the temperature
exceeds T, _ ,, and the film of the molten T10,-based
nonautonomous phase is thinner than that existing at
local equilibrium [12]. In this case, the process consists
in the dissolution of the solid in the nonautonomous lig-
uid phase. If the molten TiO, film has an equilibrium
thickness, the transition of the components of the
autonomous phase to the nonautonomous phase is
accompanied by the transfer of Ti ions into the solid
autonomous phase. In this case, the relaxation process
will be substantially slower because of the low diffu-
sion rates in alumina crystals, and the relaxation time
will be comparable to that of process B, whose rate-
limiting stage is impurity diffusion in the autonomous
solid phase.

AtT =T, ,_.,, the equilibrium thickness of the layer of
the TiO,-based 2D nonautonomous phase i1s =1 nm [12].
On the other hand, the maximum thickness of the Ti0,
layer deposited in one molecular-layering cycle 1s
0.23 nm. Therefore, to produce a locally equilibrated
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layer of the 2D nonautonomous phase that does not
need extra matenal translation, no less than five depo-

sition cycles should be conducted.

If the 2D nonautonomous phase contains higher
proportions of alumina, 1ts equilibrium thickness 1s
larger because its Gibbs energy is lowered due to a mix-
Ing-energy contribution [12]. At the same time, the vis-
cosity of the liquid nonautonomous phase is then
increased, which slows the sintering of alumina powder
in comparison to a TiO, nonautonomous phase.

The suggested transformation and transport mecha-
nisms involved in the sintering of TiO,-modified alu-
mina are confirmed by the manner in which the linear
dimensions of compacted samples of this material vary
during heat treatment (Fig. 3).

CONCLUSION

The efficient method for introducing additives acti-
vating solid-state processes can be chosen based on the
difference in surface energy AG between the major and
impurity phases. At AG > | J/m?, the additive effects
on the solid-state processes are nearly independent
of the manner in which the impurity was introduced.
At Ac € 0.5 J/m?, the most efficient methods are those
that provide the best contact between components,
molecular layering being an example. The amount of
impurity that provides maximum activation effect 1s
determined by the proportion of the locally equilibrated
2D nonautonomous phase in the temperature range of
the process to be activated.
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