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Abstract⎯The mechanism of synthesis of fine-crystalline corundum from aluminum hydroxide under
induced nucleation conditions in a supercritical water f luid at 400°C and initial pressure of 26.4 MPa followed
by exposure in the synthesis medium was studied. The crystal size distribution was analyzed by electron
microscopy. The use of the lognormal function to describe the crystal size distribution of the synthesized
corundum particles was substantiated. The possibility of using the lognormal particle size distribution func-
tion and the time dependence of its parameters to reveal the routes of product formation was analyzed. The
dimensional spectrum of microcrystals has four components, whose appearance is associated with different
routes of product formation. The number of distribution components remains unchanged during prolonged
exposure, but their average characteristics have different time dependences. The mass redistribution during
recrystallization, generally leading to a decrease in the average crystal size, is explained by differences in the
crystal structure mobility of different components. It was concluded that the states of corundum in the newly
formed crystals and in the overgrown layer on the particles of the inducing additive are different.
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INTRODUCTION
When γ-Al(OH)3 (aluminum hydroxide, hydrargil-

lite) is treated in a supercritical water f luid (400°C,
26.8 MPa), the formation of fine-crystalline α-Al2O3
(corundum) is promoted by adding a small amount of
electrocorundum [1]. Spontaneous corundum nucle-
ation is hindered, while the introduction of crystalline
corundum particles causes induced nucleation and
accelerated transformation in the reaction space.
Under the treatment conditions, alumina and its
hydrated forms do not dissolve in the water f luid, and
the process occurs by the solid-phase mechanism. The
size distribution of the formed microcrystals was stud-
ied by analyzing the images obtained with a scanning
electron microscope (SEM images). For this purpose,
the elementary components were sought by deconvo-
lution in the constructed experimental particle size
distribution in a way similar to the decomposition of a
complex spectrum into the bands of several centers
[2–7]. In this case, the logarithmically normal (log-
normal) distribution was used for describing the set of
forming crystals.

The lognormal distribution differs from the normal
one in the use of the logarithm of the random value

instead of the latter in the equation for the distribution
density [8, 9]:

for the normal distribution, and

(1)

for the lognormal one.
Here, x is a random variable (particle diameter in

this case); A is the coefficient that is proportional to
the number of particles; σ is the standard deviation of x;
w is the standard deviation of lnx; μ, m is the average
value (distribution median).

The normal and lognormal distributions are used
to describe a large number of various phenomena [10–13],
but they have different applications. The normal dis-
tribution is widely used in spectroscopy, for example,
in the above-mentioned deconvolution of light emis-
sion and absorption spectra [2–7]. At the normal dis-
tribution of the random variable, the action of inde-
pendent factors is the sum of effects and reflects the
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additive properties of the system [10, 11]. In this case,
the arbitrary system is the sum of individual events
(electron transition, measurement error, deviation
during the shooting), which is affected by one of the
group of incompatible effects. The imcompatibility of
effects here is due to the difference in their nature [10].
For example, in the light emission or absorption acts,
the electron transition energy is affected by the inho-
mogeneity of the local environment, temperature,
electron-phonon interaction, or electric and magnetic
fields. According to the probability theory, the proba-
bilities of incompatible effects are summed [14].

The lognormal function started to be used for par-
ticle size analysis in the 1920s [15]. Using the statistical
approach, A.N. Kolmogorov derived the lognormal
size distribution for particles formed during the grind-
ing [16]. R.B. Bergman and coauthors [17–19] gave an
analytical derivation of the lognormal size distribution
during crystallization based on the concepts about
random nucleation and different growth mechanisms
of particles. Selection of the theoretical law of size dis-
tribution of the structure elements of metal materials
showed agreement with the lognormal distribution
with the use of chi-squared Pearson and Kolmog-
orov–Smirnov tests [20]. The disperse state of the
drops of the atmospheric mist formed during vapor
condensation has a lognormal distribution [15, 21].

The lognormal distribution describes a random
variable, whose variation under the action of many
independent factors is proportional to the value
already reached at that moment of time. Thus,
because of the wear-out of devices or crystal grinding,
the mechanical impulses lead to defects, and the next
impulses affect the system with already accumulated
defects. The effects caused by the action of various
factors on the random variable accumulate in the sys-
tem and add up, with their probabilities being multi-
plied according to the theory [14]. The system is called
multiplicative due to this property [10, 13, 22]. When
fine-crystalline powder forms, the random variable
(crystal size) is affected by many independent factors
such nucleation, coalescence of neighboring particles,
and build-up of the mass of the forming crystal due to
the appearance of new portions of product substance
in the system. The change in the random variable
under the action of every next factor is proportional to
the value of the quantity already reached by the given
moment of time; i.e., the action is multiplicative [22],
and the size of the resulting crystals should be
described by the lognormal function. The lognormal dis-
tribution can reflect the existence of several components
that refer to physically different processes [11, 23, 24].
That is, the composition of the sample (multicomponent
character) and the corresponding multimodality of dis-
tribution (several components with diverse parameters),
both normal and lognormal, is related to the contribution
of different processes to the formation of the random
variable [24, 25].
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In the present study, we analyzed the possibility of
using the lognormal particle size distribution function
and the time dependence of its parameters for deter-
mining the formation routes of product crystals using
induced synthesis of corundum powder as an example.

EXPERIMENTAL
In the present work, we studied the change in the

particle size composition of fine-crystalline corun-
dum in the course of prolonged treatment under the
synthesis conditions. Fine-crystalline corundum was
synthesized by treatment of a mixture of powders of
finely disperse hydrargillite (aluminum hydroxide)
and electrocorundum M5 at 400°C and initial pres-
sure of supercritical f luid of 26.4 MPa. The average
size of finely disperse hydrargillite particles (Pikalev
Alumina Refinery) was 3.46 ± 0.06 μm. The particles
of the industrial white electrocorundum M5 powder
had a close size, 2.82 ± 0.02 μm [1]. A mixture of com-
ponents was sieved five times through a capron mesh
(mesh size 300 μm) for homogeneous distribution of
powder particles. Stainless steel containers with a dry
mixture of hydrargillite (2 g) and M5 powder (1 mg)
prepared by the same procedure were placed in three
autoclaves with a volume of ~19 cm3. The reaction
mixture was loosely poured into the containers. The
content of the M5 additive was 0.05 wt % of the amount
of hydrargillite or 0.076 wt % of the mass of the resulting
corundum. Distilled water was poured on the bottom
of the autoclave outside the container, which was
mounted on a support above the water level. The
amount of water was such that 20% of the empty space
of the autoclave was filled together with the water iso-
lated from hydrargillite at the stage of formation of
boehmite by the reaction

When the autoclave is heated to 400°C, hydrargil-
lite transforms into boehmite, whose dehydroxylation
under the isothermal conditions of heating forms
corundum [1, 26]. The calculated pressure of the
supercritical water f luid (SCWF) heated to 400°C is
26.4 MPa [27]. It increases to 26.7 MPa due to the iso-
lation of water during dehydroxylation of boehmite.
Then the pressure does not change after the storage of
the resulting corundum under the isothermal condi-
tions. The autoclaves were kept at 400°C: one for 21 h
(this corresponds to 100% formation of corundum [1]),
the other for 45 h, and the third for 73 h. After the
keeping at 400°C was completed, the bottom of the
autoclave was submerged in water. The water vapor
condensed on the bottom, and the resulting corundum
remained dry in the container.

The morphology and size distribution of crystals in
the samples were determined by analyzing the SEM
images (JSM-6390LA SEM microscope). Several
micrographs for different sites of the sample were
used. For isometric particles, the characteristic of

( ) ( ) ( ) ( )23Al OH 2 g AlOOH 1.538 g H O 0.462 g .→ +
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ANALYSIS OF RECRYSTALLIZATION OF FINE-CRYSTALLINE CORUNDUM 1207
their size is the diameter. For elongated or irregular
particles, the area of the image contour of the particle
was measured. In this case, the average equivalent diam-
eter of the particle deq ± Δd, where Δd = deq(ΔS/2S) is
calculated from the average area of the particle contour
S ± ΔS using the formula d = (4S/π)1/2.

As a result of measurements, two types of the aver-
age sizes were found. The general average size D (μm) is
determined by simply averaging the sizes of all particles.

The second type of the average size is determined
by the following procedure. A distribution histogram is
constructed based on the results of measurements of par-
ticle diameters in the form of the dependence of the
number of particles (frequency) that appear in the group-
ing interval (the region of uniform distribution of the
whole range of the observed particle sizes) on the posi-
tion of the interval on the crystal size axis. Then the
dependence of the number of particles in the grouping
interval on the size in the middle of the interval is con-
structed, which transforms, after division by the total
number of calculated particles, into the dependence of
the mean probability density (relative frequency) on the
particle size.

Then the number and characteristics of the contin-
uous functions are determined by computer deconvo-
lution, the sum of the functions being optimum for
describing the dependence of the mean probability
density on the particle size. If the experimental distri-
bution is described by one or more lognormal func-
tions (Eq. (1)), each function is characterized by the
coefficient A (the area under the distribution curve )
and the parameters m (average size (distribution
median)) and w (distribution width, which character-
izes the form of the distribution function). In the con-
structed total continuous polymodal distribution, each
component or individual function with its parameters
describe the individual component of complex compo-
sition formed by different physical processes. The error
of the calculated distribution parameter corresponds
to 95% confidence probability.

The physical meaning of the w parameter responsi-
ble for the distribution width can easily be understood
if we imagine that the crystals form under identical
conditions and have identical sizes. In this case, the
distribution function has a narrow width and a sym-
metrical contour of the dependence of the probability
density on the crystal size. An increase in the distribu-
tion width means an increase in the differences under
the crystal formation conditions. The distribution
function becomes asymmetric (skewed), with an elon-
gated right wing. The higher the w value and, accord-
ingly, the higher the asymmetry of the distribution, the
greater the deviation (shift to the left) of the maximum
on the size distribution density curve versus x = m.

As to the m value, it is obtained (more exactly, its
logarithm) by averaging the logarithms of the particles
size; i.e.,
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
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(2)

where N is the total number of measured particles, and
ni is the number of particles with the same di.

Equation (2) shows that in contrast to the average
diameter D, which can be determined as a mean arith-
metic, the m parameter is the mean geometrical value
of the particle size of the component.

The efficiency of deconvolution depends on the
choice of the step of partitioning into grouping inter-
vals. The choice is dictated by two boundaries. If the
width is excessive, the details of the distribution can be
lost. Step minimization leads to a scatter of points
because of an error in determining the average distri-
bution density in the grouping interval and the small
number of particles in it. For satisfactory description
of the distribution by one lognormal function (so-
called unimodal case corresponding to disperse pow-
der with one component), it suffices to calculate the
sizes of ~1000 particles. If the scatter of points did not
allow stable deconvolution, additional SEM micro-
graphs of the sample were processed to increase the num-
ber of calculated particles and improve the statistics in the
grouping interval. In the case of several modules, the
number of particles was occasionally increased to 3000–
9000 (6–12 micrographs). If the number of components
of the distribution was not expressed in explicit form, an
additional (e.g., second) module was introduced when
some experimental points departed from the approxi-
mating function on an extensive region of particle size
(generally in the tail of the distribution). For random
position of the experimental points near the total func-
tion, it was assumed that addition of a new module is
physically senseless.

RESULTS
Figure 1 shows the SEM images of the synthesized

samples and the result of approximation of the exper-
imental points (solid line) of the crystal size distribu-
tion. The crystals are isometric; the largest diagonal of
the image contour was taken as a size. The figures
clearly show the signs of the four components of the
size distribution. The contours of the components
revealed by deconvolution are shown by the dashed
lines. The parameters of the distribution functions of
the crystals of different components are summarized in
Table 1. The transformation of boehmite into corun-
dum is related to the induced seed formation and crystal
growth due to the surface spreading of nuclei [1]. The
difference in the crystal growth in different regions of
the reaction space leads to the appearance of the distri-
bution components. After 21-h treatment of boeh-
mite, the formation of corundum is completed, and
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1208 IVAKIN, DANCHEVSKAYA

Fig. 1. SEM images and crystal size distribution for corundum samples after exposure in the synthesis medium for (a) 21, (b) 45,
and (c) 73 h.
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the change of the parameters of the distribution func-
tions of the components with time indicates that the
slowest process (redistribution of mass between crys-
tals with different structure mobilities) continues. The
recrystallization is evidently related to the diffusion
spreading of the substance of the crystals possessing a
mobile structure over the surface of the crystals with
lower structure mobility until the counter f lows of the
mass become equal. The crystals with increased struc-
RUSSIAN JOURNAL O

Fig. 2. Dependence of the overall average crystal size on
the treatment time: (1) arithmetic averaging and (2) geo-
metrical averaging.
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ture mobility lose the mass and are diminished. The
total range of crystal size from 0 to ~55 μm remains
unchanged during the treatment. The overall average
crystal size of corundum decreases during the treat-
ment time (Fig. 2). The average crystal size of the four
components changes differently (Table 1), decreasing for
the first and third components, increasing for the second
component, and changing little for the fourth one. Con-
sequently, the crystals of the components differ in the
structure mobility. The crystals belong to different com-
ponents depending on the average size and distribution
width. When the mass is redistributed, both parameters
change, and the assignment of crystals to components
also changes. Interestingly, the number of components
remains the same when the treatment time increases.
The fourth component is least liable to changes.

The first, second, and third components of the dis-
tribution characterize the newly formed crystals. The
forth component of the distribution with the highest
average crystal size (m4) belongs to the crystals from
the grown particles of the M5 additive [1]. The same
w4 value for the three samples (0.153 ± 0.012, 0.158 ±
0.015, 0.15 ± 0.01; Table 1) suggests that the conditions
of additive grain build-up were identical and did not
change when the mass was redistributed. The number of
crystals of this component corresponds to the same num-
ber of additive particles in the reaction mixture. In
Table 1, the Ai values that are proportional to the number
of crystals are given in two columns. In the right column
they are normalized to A4 and show the number of new
crystals per additive grain; in the left column, they were
recalculated into the fractions of components αi provided
that Σαi = 1.
F PHYSICAL CHEMISTRY B  Vol. 12  No. 8  2018
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Table 1. Parameters of the components of crystal size distribution at different storage times under the synthesis conditions

* The Ai values in the left column were recalculated to ΣAi = 1, and those in the right column were normalized to A4.
** The values are given in μm.

Parameter
Time, h

21 45 73

A1* 0.555 1.77 0.167 0.48 0.219 0.93

A2* 0.110 0.35 0.441 1.26 0.534 2.26

A3* 0.022 0.07 0.042 0.12 0.011 0.05

A4* 0.313 1 0.350 1 0.236 1

m1** 15.8 ± 1.1 10.8 ± 8.7 2.50 ± 0.05

m2** 14.65 ± 0.30 14.7 ± 0.7 15.7 ± 0.8

m3** 24.7 ± 0.5 21.6 ± 0.7 20.1 ± 0.4

m4** 33.4 ± 0.3 31.1 ± 0.3 32.50 ± 0.25

w1 0.587 ± 0.037 0.90 ± 0.25 0.38 ± 0.01

w2 0.169 ± 0.029 0.37 ± 0.05 0.55 ± 0.04

w3 0.049 ± 0.019 0.088 ± 0.035 0.04 ± 0.02

w4 0.153 ± 0.012 0.158 ± 0.015 0.15 ± 0.01
When the mass is redistributed, the total amount of
corundum evidently does not change and equals the
sum of the masses of the components.

DISCUSSION

In the reaction space limited by the bulk volume of
the starting mixture, the distance between the uni-
formly distributed additive grains is 56.2 μm (Eq. (3)
in [1]). The space between the additive grains is filled
with small boehmite crystals 0.5–1.0 μm in size. The
build-up of additive particles (grains) occurs from the
surrounding spherical zone, which has a diameter of
37.8 μm according to the data of [1]. Consequently,
the spherical zones of additive grain build-up are sep-
arated by a distance of 56.2 – 37.8 = 18.4 μm. Thus,
the space consists of two parts. One part are the addi-
tive grain build-up zones, and the other part lies in the
space between them. According to the concepts put
forward in [1, 26], the corundum nuclei form during
the dehydroxylation of boehmite at the same probabil-
ity in the whole space. Further crystal formation,
however, depends on the environment. In the zone
around the additive grains, some part of the forming
alumina in the form of corundum nuclei with a disor-
dered structure diffuses to the additive particles and
forms the crystals of the fourth component of the crys-
tal size distribution of the product of transformation.
The rest of corundum seeds form the crystals of the
third component of the distribution. By the moment
when boehmite completely transforms into corundum
(21 h of treatment), the conditions of crystal formation
of the third component are most uniform because w3
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vo
has the minimum value (Table 1). The crystals of the
first and second components form in the space
between the additive grain build-up zones. A build-up
zone appears around the first crystals of the second
component, in which the crystals of the first compo-
nent form from the remaining nuclei. The conditions
of crystal build-up of the second component are close
to those of the additive grains because the w2 and w4
values differ insignificantly (Table 1). The crystals of
the first component form under various conditions of
space that remained between the additive grain build-
up zones and the crystals buildup zones of the second
component. Thus, the crystals of the fourth compo-
nent appear due to the collective build-up of additive
grains, and the crystals of the first, second, and third
components form as a result of free generation. The dis-
tribution width w1 is maximum (Table 1, 21-h treat-
ment). The structure of the crystals of the first compo-
nent is evidently most disordered and hence most
mobile. After boehmite was exhausted and nucleation
stopped, the build-up of the crystals of the second com-
ponent continues due to the surface spreading of the spa-
tially close disordered crystals of the first component.
Some crystals of the first component are united; i.e., they
coalesce due to the spreading over the larger crystals. The
thus formed crystals behave like crystals of the second
and third components because the fraction of these com-
ponents increases after 45-h treatment (left column,
Table 1, α2 = 0.441 and α3 = 0.042), and the fraction of
the crystals of the first component decreases from 0.555
to 0.167. The distribution width parameters w2 and w3
accordingly increase.
l. 12  No. 8  2018



1210 IVAKIN, DANCHEVSKAYA
The crystals of the third component become donors
of mass with increasing treatment time because after
73 h, their fraction decreases by a factor of two to 0.011,
and the average size decreases. As a result, some crystals
of the third component complement the crystal fractions
of the second and first components.

The first component is the main donor of the
transferred mass: although A1 slightly increases
between 45 and 73 h of treatment, the average size and
hence the mass of the particles of this component
drastically decrease. This indicates that the structure
of its crystals is most mobile. The mobility of the crys-
tal structure was explained [1, 26, 28, 29] by the mul-
titude of cleavage–formation acts of Me–O bonds and
the accompanying defect formation under the condi-
tions of quasi-equilibrium of the reversible hydroxyl-
ation of oxide in the aqueous f luid. The structure dis-
ordering facilitates the mobility, but the appearance of
mobility leads to structure ordering, which was
observed many times for simple and complex oxides
formed at the dehydroxylation stage [29–36].

The process is most conspicuous in the case of the
transformation of amorphous silica into quartz [32,
34, 37, 38]. At first, at 400°C and a water f luid pressure
of 20–30 MPa, hydroxylation of silica leads to struc-
ture disordering with bound water content increasing by
a factor of 3–15 (up to 3.8% [40]) depending on the state
of silica [32, 39]. The structure mobility increases, reach-
ing its maximum in the quasi-equilibrium state. Then the
structure ordering causes dehydroxylation, forming inter-
mediate phases and ends with formation of the quartz
structure [29, 32, 37, 38]. The dehydroxylation rate dras-
tically decreases, but the process continues for a long
time, while the quartz structure is improved in the super-
critical water fluid, and the contents of residual hydroxyl
groups decrease 3.3-fold from 1000 to 300 ppm [37].

Thus, the differences in the mobility of corundum
crystals structure for different components of the size
spectrum and their role in mass transfer may be caused
by differences in the hydroxylation levels and the rates
of structure ordering. While the crystal formation
mechanisms of the second and fourth components are
similar, the tendencies in the variation of the distribu-
tion parameters (Table 1) during recrystallization dif-
fer. At the start of the process, the crystals of the sec-
ond component along the radial thickness wholly con-
sist of the overgrown layer; the average size m2 is
almost constant, but the amount of substance in this
component (A2) and the distribution width (w2 param-
eter) constantly increase. The overgrown layer of the
crystals of the fourth component covers the hydroxyl-
free grain of electrocorundum; at the same time, both
the fraction of the particles of this component (A4) and
their size (m4 and w4 parameters) change insignifi-
cantly during the process. Accordingly, the properties
of the corundum layer overgrown under similar exter-
nal conditions in different components are not identical.
RUSSIAN JOURNAL O
Regarding the crystal structure mobility in an
aqueous f luid, this effect evidently underlies the new
methods for the preparation of oxide ceramics: cold
sintering process (CSP) [41, 42]; hydrothermal sinter-
ing [43] or reactive hydrothermal liquid-phase densi-
fication (rHLPD) [44, 45]; and water-assisted f lash
sintering (WAFS) [46]. In all instances when high-
density ceramics was obtained, the aqueous medium
plays the key role in the transition from conventional
molding at high temperatures to molding between
room temperature and 300°C. This effect is similar to the
object of investigation in the present study with a charac-
teristic transition from the temperature of 1000–1200°C
required for the preparation of α-Al2O3 from hydrargillite
in air or vacuum to the temperature of 400°C sufficient for
the transformation in and aqueous medium [1, 26].

CONCLUSIONS
The lognormal function may be used because both

nucleation and further crystal growth occur under the
influence of various factors on a random variable
(crystal size) with already accumulated effects of pre-
vious treatments; i.e., the process occurs in a system with
multiplicative properties. A detailed procedure was for-
mulated for the use of the lognormal function for pro-
cessing the electron microscopy data and determining
the particle size distribution with a justified choice of the
number of components. When the physical meaning of
one of the distribution parameters (dispersion) was inter-
preted, which affects the distribution asymmetry, it was
concluded that the parameter is related to the nonunifor-
mity of crystal formation conditions.

An analysis of the change in the particle size of
finely crystalline corundum kept for a period of time
from 21 to 73 h at 400°C and a supercritical f luid pres-
sure of 26.7 MPa showed that after the corundum for-
mation was completed, the mass transfer continues
and recrystallization of the finely crystalline powder
occurs. The size spectrum of microcrystals in the log-
normal distribution format has four components, each
of which has characteristics with a clear physical
meaning: Ai is the coefficient proportional to the num-
ber of crystals, mi is the average crystal size, and wi is
the width (form) of the distribution function (which is
determined by the nonuniformity of crystal formation
conditions). The appearance of several components of
crystal distribution during the formation of corundum is
determined by the different routes of crystal formation in
the nonuniform reaction space. Two spatially separated
components (the second and fourth ones) form due to
the collective absorption of nuclei; the first and third
components form due to spontaneous coalescence of the
remaining nuclei in the space around the crystals of the
second and fourth components, respectively. The distri-
bution components are preserved during recrystalliza-
tion. However, the characteristics of the lognormal dis-
tribution function of the components Ai, mi, and wi
change. An analysis of the changes allows us to reveal the
F PHYSICAL CHEMISTRY B  Vol. 12  No. 8  2018



ANALYSIS OF RECRYSTALLIZATION OF FINE-CRYSTALLINE CORUNDUM 1211
difference between the properties of the crystals of differ-
ent components and trace their evolution.

Based on the character of the changes in the average
crystal size and the fractions of components, it was con-
cluded that the crystal structures of different components
have different mobilities and that corundum in crystals of
free generation is not identical to corundum that covers
the corundum grain of the initiating additive.
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