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INTRODUCTION

Previously [1–3], the results of studies on the syn-
thesis and properties of 

 

Al

 

3

 

O

 

3

 

/Al

 

 composites prepared
by the hydrothermal oxidation of aluminum followed
by thermal decomposition in air were reported. The
more complex catalytic composites 

 

Co

 

3

 

O

 

4

 

/Al

 

2

 

O

 

3

 

/Al

 

and 

 

MZrO

 

y

 

/Al

 

2

 

O

 

3

 

/Al

 

 (M = Ca, Sr, or Ba), which were
prepared by the encapsulation of powdered oxides in an

 

Al

 

2

 

O

 

3

 

/Al

 

 matrix upon hydrothermal oxidation and cal-
cination, were also studied [4]. However, the effect of
additives on the process of oxidation and the texture
characteristics of the resulting composites was not
studied in detail. A study of the genesis of a number of
model composites like 

 

MO

 

x

 

/Al

 

2

 

O

 

3

 

/Al

 

, which con-
tained oxides that are common promoters for catalysts
and supports (CaO, MgO, 

 

Al

 

2

 

O

 

3

 

, La

 

2

 

O

 

3

 

,

 

 and 

 

TiO

 

2

 

),
revealed the nonadditive effects of the dopants both at
the stage of hydrothermal oxidation and in the course of
thermal decomposition [5]. The aim of this work was to
evaluate quantitatively the effect of oxide dopants on
the textural and mechanical properties of 

 

Al

 

2

 

O

 

3

 

/Al

 

metal ceramics.

EXPERIMENTAL

Aluminum powder of PA-4 grade was used as a
starting material for the preparation of an 

 

Al

 

2

 

O

 

3

 

/Al

 

matrix. Metal oxides were prepared by the thermal
decomposition of corresponding nitrates of analytical
grade at 

 

700°C

 

. The CaO was additionally ground.
Powdered 

 

γ

 

-Al

 

2

 

O

 

3

 

 of A-1 grade was used as an alumi-
num oxide additive. According to X-ray diffraction
data, the parent powders mainly consisted of oxides
characteristic of stoichiometric phases: MgO, CaO, and

 

γ

 

-Al

 

2

 

O

 

3

 

 (Fig. 1a). Titanium dioxide was a mixture of

two phases: rutile and anatase. The structure of the
decomposition product of lanthanum nitrate was simi-
lar to the structure of 

 

La(OH)

 

3

 

 [6]; this is likely due to
hydrolysis of the salt on storage in air. In all cases, pre-
mixed powders containing 20 wt % oxide additives
were subjected to hydrothermal treatment at 

 

200°C

 

 and
then calcined at 

 

540°C

 

 as described elsewhere [6].
The techniques used for studying particle size distri-

butions, phase compositions, dopant concentrations in
cermets, and macrotextures, as well as methods for the
determination of total pore volumes and for microtex-
tural analysis based on the adsorption–desorption iso-
therms of nitrogen and argon, were described previ-
ously [1–4, 7, 8]. The concentrations of an aluminum
oxide phase in 

 

Al

 

2

 

O

 

3

 

/Al

 

 matrices were determined by
gravimetric and X-ray diffraction analysis (from ratios
between the integrated intensities of 4.4.0 and 2.2.0
peaks for 

 

γ

 

-Al

 

2

 

O

 

3

 

 and aluminum metal, respectively). A
calibration graph was plotted with the use of mechani-
cal mixtures of powdered Al and 

 

γ

 

-Al

 

2

 

O

 

3

 

 with known
ratios between the components. The integrated intensi-
ties of diffraction peaks were determined by back-
ground subtraction and approximation of experimen-
tal peaks with Lorentz functions with the use of the
ORIGIN 5.0 program. The amounts of oxide dopants
in the resulting composites were determined from
chemical analysis data obtained by atomic absorption
spectrophotometry.

RESULTS AND DISCUSSION

 

1. Composition and Macroscopic Characteristics of 
Composites (Basic Relationships)

 

1.1. Phase composition of composites.

 

 The X-ray
diffraction patterns of all the tested cermet samples
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Abstract

 

—The synthesis, structure, and texture of metal ceramics based on 

 

Al

 

2

 

O

 

3

 

/Al

 

 with powdered oxide
additives (CaO, MgO, 

 

Al

 

2

 

O

 

3

 

, La

 

2

 

O

 

3

 

,

 

 and 

 

TiO

 

2

 

) were studied. Analytic expressions were derived to relate the
main macroscopic characteristics of the composites.
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exhibited peaks at 111, 200, and 220 corresponding to
aluminum metal and weak broad peaks (200 and 440)
corresponding to cubic spinel (

 

γ

 

-Al

 

2

 

O

 

3

 

) (Fig. 1b). The
intensity of these peaks was higher in a composite with
an 

 

Al

 

2

 

O

 

3

 

 dopant. In a sample of 

 

TiO

 

2

 

/Al

 

2

 

O

 

3

 

/Al

 

, anatase
and rutile phases were retained; however, the relative
intensity of the anatase phase increased (cf. Figs. 1a and
1b). The diffraction pattern of an 

 

MgO/Al

 

2

 

O

 

3

 

/Al

 

 com-
posite exhibited broad peaks corresponding to interpla-
nar distances of 2.44, 2.10, and 

 

1.49 

 

Å, which are char-
acteristic of MgO [9]. An 

 

La

 

2

 

O

 

3

 

/Al

 

2

 

O

 

3

 

/Al

 

 composite
exhibited broadened diffraction peaks corresponding to
interplanar distances of 3.36, 3.03, and 

 

2.94 

 

Å, which
are characteristic of a defect hexagonal phase of 

 

La

 

2

 

O

 

3

 

[10] with great changes in the lattice parameters
(“

 

La

 

2

 

O

 

3

 

” is the initial La-containing additive). A CaO-
containing composite exhibited no lines due to oxide
(CaO) and hydroxide (

 

Ca(OH)

 

2

 

) phases [11] to within
the experimental error of X-ray diffraction analysis.
Thus, powdered additives underwent a number of trans-

formations as a result of hydrothermal treatment and
thermal decomposition in air. However, a set of simple
phases of 

 

MO

 

x

 

 oxides, 

 

Al

 

2

 

O

 

3

 

, and aluminum metal was
predominant in the resulting composites (except for
CaO). Of course, it is impossible to exclude completely
the formation of mixed oxides like solid solutions.
However, their fraction is low because the products of
the interaction of 

 

MO

 

x

 

 and 

 

Al

 

2

 

O

 

3

 

 were not detected in
noticeable amounts. This simplifies the subsequent cal-
culations because, to a first approximation, we can con-
sider the tested composites as mechanical mixtures of
oxides and residual aluminum metal.

 

1.2. Evaluation of the degree of aluminum con-
version from the analysis of the resulting compos-
ites.

 

 It is well known that the synthesis of porous com-
posites based on an 

 

Al

 

2

 

O

 

3

 

/Al

 

 matrix includes treatment
under hydrothermal conditions and thermal treatment
in air [1–3]. At the first stage, aluminum is oxidized to
form hydrated products. The hydration of oxide
dopants added can also occur. At the second stage, the
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Fig. 1. Diffraction patterns of (a) powdered oxides and (b) MOx/Al2O3/Al composites obtained after mixing oxide dopants with
aluminum powder, hydrothermal treatment, and calcination. Reflections due to various phases are numbered as follows: (1) CaO,
(2) La(OH)3, (3) “La2O3,” (4) MgO, (5) γ-Al2O3, (6) anatase, (7) rutile, and (8) Al0.
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hydration products are decomposed without the subse-
quent oxidation of aluminum in air. The conversion of
aluminum (α) into aluminum oxide is [1]

(1)

where X0 = (  – )/  = 0.89 characterizes
the relative change of weight upon the complete con-
version of aluminum into an oxide, and it is a character-
istic value of the given reaction [1].

However, for Al2O3/Al with oxide additives, the
relationship between the composition of the resulting
composite and the conversion of aluminum was more
complicated. Moreover, the surface of the composite
particles was completely covered with water under
hydrothermal conditions at the equilibrium pressure of
water vapor. Therefore, hydrated products can be par-
tially dissolved, and the dissolved products can react
with a protective oxide layer and, consequently, can
considerably affect the process of oxidation of alumi-
num with oxide additives [3]. Thus, the degree of alu-
minum conversion in the presence of oxides can be
changed as compared with pure aluminum powder.
Substance removal from a mold into the mother liquor
of an autoclave can present additional problems. As
mentioned above, the chemical and phase composition
of an oxide dopant can also be affected. In all of these
cases, the conversion of aluminum should be evaluated
in different manners.

Let us consider the simplest case when the entire
increase in the weight of a powder after hydrothermal
treatment and calcination was due to the formation of
aluminum oxide and the weight of dopants after the
above transformations was approximately equal to the
weight before the hydrothermal treatment. The weight
fraction of a dopant in the resulting composite is desig-
nated as z, the fraction of Al2O3 formed from aluminum
metal is designated as y', and the fraction of unreacted
aluminum metal is designated as x. These weight frac-
tions are related by the following balanced equation for
the resulting composite:

(2)

Note that previously [1], the fraction of the oxide in an
Al2O3/Al matrix was designated as y:

(3)

Expressing the weight of aluminum oxide produced
from aluminum ( ) and the weight of residual alu-
minum in the MOx/Al2O3/Al composite in terms of the
total weight of the composite (m0) and the weight of the
oxide ( ) and normalizing to m0, we obtain

α y
1 X0 1 y–( )+
--------------------------------,=

mAl2O3

0
mAl

0
mAl2O3

0

x y' z+ + 1.=

y
mAl2O3

mAl2O3
mAl+

-----------------------------.=

mAl2O3

mMOx

(4)

Substituting (4) in Eq. (1) gives the following relation-
ship between the composition of the MOx/Al2O3/Al
composite and the conversion of aluminum:

(5)

The value of z was determined from the results of
chemical analysis with consideration for the stoichiom-
etry of the corresponding oxides supported by X-ray
diffraction data; the value of y' was calculated based on
gravimetric data.

Let us analyze how the value of z depends on the ini-
tial oxide content of a powder mixture and on the con-
version of aluminum. For an initial aluminum powder
without oxide additives, the weight of metal ceramics is
calculated as follows [1]:

(6)

The weight of a composite (m0) containing a dopant is
related to the total weight of the initial powder mixture
(m0) and to the fraction of the oxide dopant (z') in accor-
dance with the following expression:

(7)

The fraction of the dopant in the composite is calcu-
lated from the following equation, which includes the
values of X0, z', and m0 and the conversion of aluminum:

(8)

The calculated and experimental values of z for samples
containing Al2O3, MgO, and TiO2 are consistent (Table 1).
Consequently, it is believed that substance removal
from a mold is insignificant in the case of these com-
posites, and the value of α can be evaluated by gravim-
etry.

The experimental value of z was found much lower
than the calculated value for a calcium-containing com-
posite. Therefore, in this case the calculation of the
degree of conversion from gravimetric data is impossi-
ble because substance removal from a mold is consid-
erable. The experimentally found concentration of a
lanthanum oxide additive in the resulting product was
also noticeably lower than the calculated value; this can
be due to the hydroxide  oxide phase transition,
which was noted previously. As a result, the concentra-
tion of stoichiometric lanthanum oxide in the initial
powder mixture was ~17% in place of the calculated
20%. Both processes resulted in underestimated values
of α. Indeed, an independent estimation of the degrees
of aluminum conversion from X-ray diffraction data
with the use of Eq. (4) for Ca- and La-containing mate-
rials demonstrated that they exhibited somewhat higher

y
mAl2O3

m0 mMOx
–

------------------------
y'

1 z–
-----------.= =

α y'
1 z– X0 1 z– y'–( )+
--------------------------------------------------.=

mα mAl
0 αX0 1+( ).=

m0 m
0 αX0 1+( ) 1 z'–( ) m

0
z'.+=

z
z'm

0

m0
----------

z'
1 αX0 1 z'–( )+
-------------------------------------.= =
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values (Table 1). However, in this case, the values of z
only approached experimental values for the lantha-
num-containing composite (Table 1). For the calcium-
containing sample, the values of z differed by a factor
of almost 6. Moreover, an estimation of the possible
concentration of an additive at 100% aluminum conver-
sion demonstrated that the value of z cannot be lower
than 12%. The main reason for this discrepancy in the
case of the composite with a CaO additive consists of
an assumption regarding the constancy of the oxide
content (the absence of removal), that is, on the con-
stancy of the value of z', which was used in Eq. (8), as
well as in Eq. (5), in implicit form. The simultaneous
occurrence of two processes, one of which increases the
weight of the powder, whereas the other decreases this
weight, did not allow us to predict the weight of the
composite as a whole based on only the kinetic data on
possible conversions of aluminum.

However, the effective concentration of a calcium
oxide additive can be determined based on the assump-

tion that the removal of the dopant and the oxidation of
aluminum are independent processes. In this case, the
value of z' can be evaluated after the completion of the
stage of calcium oxide removal with the use of Eq. (8).
We found that, with the use of the values of α and z
obtained independently, the calcium oxide content of
the starting mixture should be no higher than 4%.

The results summarized in Table 1 allowed us to
conclude that, indeed, oxide dopants introduced into an
Al2O3/Al matrix considerably increase the reactivity in
almost all cases. Higher values of aluminum conversion
are typical of alkaline-earth metal oxide additives,
which are more soluble in water; it is likely that they are
favorable for the more rapid loosening of the protective
layer on the surface of aluminum. More amphoteric
oxides of lanthanum and aluminum have less pro-
nounced effects on the reactivity of aluminum (Table 1). A
decrease in the conversion of aluminum in the presence
of titanium oxide can be due to an inhibiting effect of
titanium compounds on the oxidation process [12].

Table 1.  Characteristics of MOx/Al2O3/Al composites

Parameter
MOx

– CaO La2O3 MgO Al2O3 TiO2

α 0.11 0.22 (0.27)** 0.13 (0.24)** 0.32 0.18 0.06

d, µm 24.0 9.2 13.1 21.9 7.7 8.4
z – 0.03 0.12 0.15 0.18 0.19
z* – 0.17 (0.17)** 0.18 (0.15)** 0.16 0.18 0.19
δ0, g/cm3 1.19 1.05 1.09 0.80 1.07 1.01

, g/cm3 1.31 1.24 (1.10)** 1.19 (1.28)** 0.97 1.19 1.05

δα, g/cm3 1.34 1.34 1.40 1.31 1.38 1.03
fv 0.98 0.86 (0.82)** 0.85 (0.91)** 0.81 0.88 1.02
y' 0.19 0.40 0.33 0.40 0.24 0.10

, g/cm3 – 2.42 4.52 3.29 3.30 4.04

, cm3/g 0.40 0.54** (0.37) 0.45 0.71 (0.51) 0.49 (0.39) 0.61

ρα, g/cm3 2.79 2.74 3.20 3.05 2.83 2.99
Vα, cm3/g 0.39 0.38 0.40 0.44 0.37 0.64
ε' 0.57 0.60 0.66 0.72 0.62 0.66
ε 0.52 0.51 0.56 0.57 0.51 0.66
Π, MPa 9.8 4.0 1.0 0.6 3.8 0.2

Note: α is the conversion of aluminum; d is the average particle size; δ0 is the packed density of powders; z is the concentration of MOx

in the composite, as calculated from chemical analysis data;  is the apparent density of composites (calculated); δα is the apparent

density of composites (experimental); fv is the shrinkage factor ( /δα); y' is the fraction in the composite of aluminum oxide pro-

duced from aluminum after the hydrothermal treatment and calcination of powders;  is the true density of a powdered dopant;

 is the specific pore volume calculated from Eq. (16); ρα is the apparent density of composites; Vα is the specific pore volume

calculated from the true and apparent densities of composites; ε is the porosity of the composite; ε' is the porosity of charge; Π is the
crushing strength.

* Calculations from gravimetric data were performed using Eq. (8).
** Calculations from X-ray diffraction data were performed.

*** Pore volumes with consideration for shrinkage factors are given in parentheses.

δα
'

ρMOx

Vα
***

δα'

δα'

ρMOx

Vα
***
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1.3. Dependence of the apparent density of metal
ceramics on the packed density of powder. The
porosity can either increase (i.e., the packed density
decreases) or decrease upon mixing two powdered sub-
stances. The packed density depends on the amount of
an oxide added and on the ratio between the average
particle size of the additive and of the parent aluminum
powder [13]. The density of a powder mixture is lower
than the packed density of the parent aluminum powder
(δ0) (Table 1) even when the average particle size is
noticeably greater (Fig. 2). This could be due to the pre-
dominant distribution of oxide particles in contact sites
between aluminum particles rather than in natural cav-
ities formed by aluminum particles because of the par-
ticle-size anisotropy of the powder added and surface
roughness [13], as supported by scanning electron
microscopy (Fig. 3). Electrostatic interactions between
particles can also occur to prevent the powder particles
from more closely packing in the course of charging.

The apparent density of the resulting granulated
composites ( ) is equal to [1]

(9)

where V0 = const is the volume of the mold (the volume
of the resulting granulated composite), and mα is the
weight of an Al2O3/Al matrix at the given degree of alu-
minum conversion. In the starting mixture of powdered

aluminum with an oxide dopant (of weight m0 =  +

), the weight of the oxide dopant is  = m0z',

δα'

δα'
m0

V0
------

mα mMOx
+

V0
-------------------------,= =

mAl
0

mMOx

0
mMOx

0

where z' is the weight fraction of MOx in the mixture,

and the weight of aluminum is  = m0(1 – z'). Taking
into account Eq. (6) and assuming that the weight of the
oxide remained almost unchanged after hydrothermal

treatment and calcination (  ≈ ), we obtain

the following expression for the apparent density of the
resulting composites:

(10)

At z' = 0, Eq. (10) is converted into an equation [1] for
the apparent density of composites without additives.
The value of δ0 in Eq. (10) characterizes the density of
the initial powder containing aluminum and an oxide
dopant, whose concentration is equal to z'.

Equation (10) was used for evaluating the apparent
densities of cermet samples containing the oxides of
titanium, aluminum, magnesium, and lanthanum. For
lanthanum oxide, the degree of conversion calculated
from X-ray diffraction data and a corrected value of z'
were used. According to data given in Table 1, the
experimentally found apparent densities of the result-
ing composites were higher. Experimental errors in the
gravimetric determination of an increase in weight can
be as high as ±10% because of the possibility of partial
losses of aluminum powder in the course of loading,
and losses of the composite in the course of discharging
from the mold. Therefore, the calculated apparent den-
sities are consistent with experimental data. However,
this discrepancy can also be explained by the shrinkage
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Fig. 2. Particle-size distribution of powders used for the synthesis of MOx/Al2O3/Al composites.
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of composite granules after calcination [1]. The shrink-
age factor can be calculated from the equation

(11)

where  is the apparent density of granules without
shrinkage (calculated), and δα is the apparent density of
granules with consideration for shrinkage. With consid-
eration for this shrinkage factor, the accuracy of the
estimation of apparent densities can be significantly
improved (Table 1).

Note that Eq. (10) cannot be used if the removal of
the substance from the mold is considerable because
the packed density of the initial powder changes. How-
ever, the relationship between the apparent density of
the composite and the conversion of aluminum can also
be expressed analytically in this case, taking into

f v
V f

V0
------

δα'

δα
-----,= =

δα'

account the actual concentration of an additive in the
mixture. With the use of Eqs. (2) and (6), we can
express a relationship between the weight of the com-
posite (m0) and the weight of the Al2O3/Al matrix (mα)
formed upon the incomplete oxidation of aluminum as
follows:

(12)

In turn,  = m0(1 – z') and

(13)

In this case, the dependence of changes in z on the con-
ditions of the hydrothermal synthesis, the nature of
oxide dopants, and the design features of the mold
should be studied in order to predict the pore volume.

m0
mα

1 z–
-----------

mAl
0

1 αX0+( )
1 z–

---------------------------------.= =

mAl
0

δα
m0

V0
------ δ0

1 z'–( ) 1 αX0+( )
1 z–

-----------------------------------------.= =
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Fig. 3. Electron micrographs of MOx/Al2O3/Al composites.
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According to X-ray diffraction and chemical analysis
data, the apparent density of a CaO/Al2O3/Al compos-
ite was lower than that without consideration for losses
(Table 1), whereas the shrinkage factor increased,
which can be explained by a decrease in the substance
weight per unit volume. It is likely that, at a low dopant
concentration (20%), the Al2O3/Al matrix formed in the
course of hydrothermal treatment exerted the strongest
effect on the properties of composites. The effect of the
oxide dopant manifested itself in changes in the reactiv-
ity of aluminum and, consequently, in the composition
of the Al2O3/Al matrix.

1.4. Dependence of the pore volume of
MOx/Al2O3/Al composites on the conversion of alu-
minum and on the amount of an oxide dopant. The
total pore volume in a composite can be calculated from
the true density ( ) and the apparent density of gran-

ules ( ). With consideration for the balanced relation-
ship (2), we obtain

(14)

The total pore volume of MOx/Al2O3/Al composites is

(15)

The first three terms of Eq. (15), which depend on
the true densities of components and on the conversion
of aluminum, make the main contribution to the spe-
cific pore volume. In our case, we assumed that the den-
sity of aluminum oxide formed in the oxidation of alu-
minum metal is equal to the density of the oxide in pure
Al2O3/Al synthesized under the same conditions at sim-
ilar values of α (2.92 g/cm3) [1]. According to X-ray
diffraction data (Fig. 1), TiO2 and “La2O3,” which is
actually a hydroxo compound, underwent noticeable
changes in the phase composition after hydrothermal
treatment and calcination. In this case, it is evident that
the true densities of these dopants changed, and this
change could affect both the calculated pore volumes
and the apparent densities of granules, which were cal-
culated previously. However, even at 100% conversion
of rutile into anatase, a maximum change in the volume
of titanium dioxide would be ~0.05 g/cm3 with consid-
eration for the difference between the true densities
(4.2–4.3 g/cm3 for rutile and 3.6–3.95 g/cm3 for anatase
[14, 15]), whereas it would be no higher than
0.006 g/cm3 at a TiO2 concentration of ~20% in the
composite. This corresponds to a measurement error of
~1.6%.

A comparison of data calculated from the above
equations with experimental data on the apparent and
true densities of granules provides support for the
assumptions made in the calculations (Table 1). The

ρα'

δα'

Vα
1
δα'
----- 1

ρα'
------– 1

δα'
----- x

ρAl
-------– y'

ρAl2O3

-------------–
z

ρMOx

-----------.–= =

Vα
1

δ0 1 αX0 1 z'–( )+[ ]
-----------------------------------------------

1 α–( ) 1 z'–( )
ρAl 1 αX0 1 z'–( )+[ ]
-------------------------------------------------–=

–
α X0 1+( ) 1 z'–( )

ρAl2O3
1 αX0 1 z'–( )+[ ]

------------------------------------------------------- z'
ρMOx

1 αX0 1 z'–( )+[ ]
-----------------------------------------------------.–

exception was provided by a magnesium-containing
sample, which was significantly different from the oth-
ers even at the stage of loading the initial powders
because magnesium oxide is very loose (Table 1). The
composite with an Al2O3 additive exhibited a small but
noticeable discrepancy between experimental and cal-
culated densities. Internal porosity and, consequently,
the greatest shrinkage factors are characteristic of alu-
minum oxide, as well as of MgO (Table 1). Taking into
account shrinkage (the replacement of 1 with fv in the
first term of Eq. (15)) for these samples gave a satisfac-
tory agreement between calculated and experimental
data. The discrepancy between calculated and experi-
mental data can be explained by the formation of closed
pores on calcination; these pores are inaccessible to
helium molecules.

Note that, although the packing of the initial pow-
ders was looser, the pore volume of MOx/Al2O3/Al
composites changed insignificantly as compared with
the matrix of Al2O3/Al (Table 1). This was likely due to
a compensating effect of a higher degree of conversion
of aluminum with dopants, as compared to that of pure
aluminum. The exception was provided by a composite
with TiO2 as a result of a low degree of conversion
(Table 1). It is likely that, at low concentrations of oxide
dopants, the process of hydroxide (oxide) formation
has a crucial effect on the texture properties of complex
composites.

To evaluate the pore volume of a CaO/Al2O3/Al
composite, Eq. (14) was rearranged to take into account
Eqs. (12) and (13). This allowed us to calculate pore
volumes for the case of substance removal from the
mold using the values of z, z', and α, which was calcu-
lated from X-ray diffraction data, by the following
equation:

(16)

The first three terms of Eq. (16), which depend on
the true densities of components and on the conversion
of aluminum, make the main contribution to the value
of Vα. Equation (16) was derived based on the assump-
tion that calcium oxide and alumina occurred individu-
ally in the composite without the formation of alumi-
nocalcium spinel. Taking into account that the contribu-
tion of the last term of the equation is small, we believe
that this assumption has an insignificant effect on the
total pore volume. Moreover, the shrinkage factor was
taken into consideration (see Table 2). Thus, the equa-
tions derived allowed us to evaluate pore volumes for
dopants that are sparingly soluble or soluble under
hydrothermal conditions. The data estimated above
also suggest that the shrinkage of granulated compos-
ites should be necessarily taken into account for oxides
with very loose packing and developed intrinsic poros-

Vα
f v 1 z–( )

δ0 1 z'–( ) 1 αX0+( )
-----------------------------------------------

1 α–( ) 1 z'–( )
ρAl 1 αX0 1 z'–( )+[ ]
-------------------------------------------------–=

–
α X0 1+( ) 1 z–( )
ρAl2O3

1 αX0+( )
---------------------------------------- z'

ρMOx
1 αX0 1 z'–( )+[ ]

-----------------------------------------------------.–
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ity and in the case of considerable substance losses
from the mold.

1.5. Porosity and mechanical strength of compos-
ites. Among the factors responsible for the mechanical
strength of a porous solid prepared from powders, the
strength of a single contact between particles and the
total porosity of the material related to the number of
contacts between particles can be pointed out [16].
Because a primary contact between particles appears
even at the stage of mixing powders, we estimate the
total porosity (ε') based on concepts [16] as follows:

(17)

All the designations are analogous to those given
above. Table 2 summarizes the values of porosity for
z' = 0.2. As expected, the porosity of powders increased
on the addition of dopants. This produces objective pre-
requisites for a decrease in the mechanical strength of
subsequently formed granules even at the stage of load-
ing, at least in powders obtained in this study.

The porosity of composites was evaluated from the
following published equation [1]:

(18)

Data given in Table 2 indicate that, in the course of for-
mation of composites, the porosity decreased (as com-
pared with the parent mixture) because of an increase in
the volume of the solid and partially because of the
shrinkage of granules. In this case, the difference

ε' 1
1

V0
------

mMOx

ρMOx

------------
mAl

0

ρAl
--------–

 
 
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ρMOx
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z'
ρMOx
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ρAl

------------– 
  .–=

ε
ραVα

1 ραVα+
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between the porosities of the pure “Al2O3/Al” matrix
and an oxide-doped composite was insignificant. On
the other hand, the mechanical strength of composites
decreased stepwise on the addition of oxides (Table 2).
It is believed that the addition of powdered oxides dra-
matically decreases the number of contacts between
aluminum particles, which are covered with a layer of
porous alumina, in the composite (Fig. 3) [17]. The
strength of contacts between oxide dopant and
Al2O3/Al particles is much lower. This results in a dra-
matic decrease in the mechanical strength of complex
composite granules. At the same time, the trend has
been toward a decrease in the porosity and mechanical
strength of granules on the addition of oxide dopants.
As a first approximation, we attempted to perform lin-
earization using the following empirical equation pro-
posed by Bal’shin [18]:

(19)

where m is the ratio of the total weight of the material
to the weight of the material that assumed a load under
the action of a force. We estimated the value of m from
data given in Table 2 and found that this value is much
higher (~8) than that for simple Al2O3/Al composites
(~2) [1]. It is likely that the absolute value of m was
inadequately determined for complex composites
because the number of experimental points was small.
However, undoubtedly the general trend is for decreas-
ing the parameter m on going from simple composites
to more complex cermets.

Because correlation Eq. (19) is usually applied to
samples of the same composition, it is believed that
powdered oxide dopants indirectly affect (as an “inert”
material) the mechanical strength of composites. In this
case, the total weight of the composite, which is respon-
sible for its strength, significantly decreases. Conse-

è è0 1 ε–( )m
,=

Table 2.  Microtexture characteristics of MOx/Al2O3/Al composites found from an analysis of nitrogen and argon adsorp-
tion–desorption isotherms

Sample

Sα, m2/g (Ar) Texture characteristics of composites (N2)

MO total composite, 
calculated

pore volume, cm3/g specific surface area, m2/g
h, Å

Vα + Vµ Vox SΣ Souter Sox

– – – 0.0269 – 31.5 2.9 – 19

CaO 0.2 51 0.0411 0.10 40.3 13.9 94 31

“La2O3” 4.4 29 0.0453 0.10 64.9 22.9 141 22

MgO 26 64 0.0708 0.13 110.4 60.7 201 29

Al2O3 220 76 0.0464 0.11 88.2 62 210 35

TiO2 8.2 26 0.0144 0.05 29.9 18.1 103 24

Note: Vα + Vµ is the specific pore volume within aggregates; SΣ is the total specific surface area of composites found from a comparative

analysis of nitrogen adsorption isotherms; Souter is the outer surface area of aggregates; Sox = ; Vox = ; Sα (calculated)

is the specific surface area calculated on the assumption that the properties of Al2O3 and MOx are additive; h is the average pore size
from a comparative analysis of nitrogen adsorption isotherms.

SΣ
z y '+
------------

Vα Vµ+

z y '+
--------------------
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quently the deciding factor responsible for the strength
of granules, independent of the nature of the dopant, is
the total number of contacts between “Al2O3/Al” and
“Al2O3/Al” particles in the matrix of Al2O3/Al.

2. Composition and Microtexture of Composites

2.1. Micropore and mesopore structures of com-
posites. All the isotherms of composites with low-
porosity oxide additives (CaO, “La2O3,” and TiO2),
which are shown in Fig. 4a, are characteristic of
ordered high-porosity aggregates with a developed net-
work of mutually intersecting pores [2, 6]. According to

the IUPAC classification [19], they belong to the H2
type with respect to the shape of a hysteresis loop; they
are similar to the isotherms that correspond to an
Al2O3/Al matrix [2] and differ only in the value of
adsorption. This provides support for the above hypoth-
esis that the micropore and mesopore structures of
MOx/Al2O3/Al composites primarily depend on the tex-
ture of alumina formed by the oxidation of aluminum
powder, whereas the dopants only modified the proper-
ties of this oxide.

At the same time for high-porosity additives (MgO
and Al2O3) (Fig. 4a), the isotherms approached the H3
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type, which is characteristic of slitlike pores [19]. For a
composite with powdered alumina added, a very nar-
row pore-size distribution was observed, which is not
typical of ordinary γ-Al2O3 [20].

The pore structure was described in detail based on
the analysis and comparison of the shapes of adsorp-
tion–desorption curves (Fig. 4b). This method is based
on a comparison of experimental curves with a standard
adsorption isotherm obtained on a nonporous sample
[21]. The outer surface area Souter of oxide particle
aggregates of composites [2] was evaluated from the
slope of the linearized desorption branch of an iso-
therm. The extrapolation of this portion of a straight
line to the ordinate axis allowed us to determine the
total micropore and mesopore volume V‡ within aggre-
gates. After the extrapolation of the linearized adsorp-
tion branch of a plot to the ordinate axis, we calculated
the volume of ultramicropores Vµ with molecular sizes,
and the total specific surface area SΣ of composites was
calculated from the slope of the straight line. The aver-
age width of micropores and mesopores was found
from the following equation for slitlike pores:

(20)

Note that the outer surface area of samples contain-
ing oxides (~14–60 m2/g) considerably increased as
compared with that of the matrix of Al2O3/Al (~3 m2/g).
For MgO and Al2O3, this was likely due to the effect of
the textures of powder dopants. For the other samples,
this was more likely due to the fact that dopant particles
prevented the aggregation of the primary particles of
aluminum oxides (hydroxides) at the step of their for-
mation as well-crystallized aggregates. The ultrami-
cropore and mesopore volumes of composite samples
with low-porosity dopants (except for TiO2) noticeably
increased (by a factor of 2–4) (Table 2). It is likely that
oxide dopants, which were partially dissolved in water
condensed on the surface of particles, were introduced
between the planes of the layered structure of alumi-
num hydroxide to facilitate the development of its
micropore and mesopore structures. The average pore
size changed to a lesser extent; therefore, we can con-
clude that the addition of oxide dopants is favorable for a
decrease in the average size of primary alumina particles.

2.2. Nonadditivity of specific surface areas. The spe-
cific surface area of a multicomponent system (Sα) with a
pronounced interface depends on the concentrations and
intrinsic specific surface areas of these components:

(21)

Because oxide dopants affect the reactivity of alumi-
num, the alumina content of composites and the con-
version of aluminum change. As found previously [2],

 is also not a constant value, and it decreases from

~250 m2/g at α = 0.05 to ~150 m2/g in the range of α =
0.06–0.25. Therefore, we chose  = 250 m2/g for a

composite containing TiO2 and a value of 150 m2/g for

h 2V a/ SΣ Souter–( ).=

Sα xSAl y'SAl2O3
zSMOx

.+ +=

SAl2O3

SAl2O3

the other samples. Table 3 summarizes experimental
values (SΣ), as well as the results of the calculations of
Sα on the assumption that encapsulation has no effect
on the specific surface area of dopants.

As can be seen in Table 3, except for a sample with
CaO, the specific surface areas of composites calcu-
lated on the assumption that properties are additive are
lower than experimental values. This provides support
for the hypothesis on the additional dispersion of
hydroxide (oxide) components. It is most likely that the
products of hydrolysis and partial dissolution of MOx
affect the process of aging of the hydroxo compounds
of aluminum as well as the particle size, structure, and
aggregation of hydroxo poly compounds [22, 23], to
change the texture of the resulting aluminum oxide.
This is also evident from a dramatic change in the sur-
face macrorelief of a composite (according to scanning
electron microscopic data) as compared with an
Al2O3/Al matrix (Fig. 3). Flaky aggregates are typical of
composites with MgO, whereas clotted aggregates are
characteristic of La2O3 and TiO2. Needle-shaped aggre-
gates are formed in composites with calcium oxide; this
can be due to the formation of calcium aluminates.

An inverse effect of hydrothermal treatment and an
aluminum hydroxide matrix on the nonadditive disper-
sion of dopants can also occur. Calcium oxide, which
remained in the mold after washing, can remain on the
surface of Al2O3 as clusters; lanthanum hydroxide was
converted into an oxide; magnesium oxide and alumi-
num oxide did not undergo such noticeable transforma-
tions. In general, it is believed that the synergism of
properties, which manifests itself in the dispersion of
composite particles, is typical of the test samples of
metal ceramics to some extent.

It is likely that the main effect of oxide dopants on
the properties of composites consists in the dispersion
of alumina particles. We estimated  from Eq. (20)
on the assumption that the specific surface area of MOx

remained almost unchanged; this value was ~200 or
~440 m2/g for a composite with CaO or La2O3, respec-
tively. This makes it possible to additionally control the
texture of the resulting Al2O3.

In general, based on the experimental results and
calculated data, we can conclude that complex physic-
ochemical processes occur in the course of encapsula-
tion of powdered oxides in an Al2O3/Al matrix. These
physicochemical processes facilitate the appearance of
nonadditive properties of the resulting composites as
compared to their individual components. Even at the
stage of loading powders, the introduction of oxide
dopants increased the porosity of the mixture (at least
in the materials tested). The hydrolysis or partial disso-
lution of oxides accompanied by substance removal
from the mold into the mother liquor of an autoclave
can occur under hydrothermal conditions to consider-
ably decrease the concentration of a dopant (such as
CaO). A combination of hydrothermal treatment with

SAl2O3
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calcination can facilitate the thermal decomposition of
a hydroxide to an oxide (La2O3). Dopants considerably
affect the oxidation of aluminum and hence the concen-
tration of Al2O3 in the composite; they also affect the
nonadditive texture properties of composites to facili-
tate the dispersion of alumina particles. High-porosity
oxide dopants such as MgO and Al2O3 can exert a direct
effect on the texture of MOx/Al2O3/Al composites.

Figure 5 schematically shows the formation of the
macrotexture of MOx/Al2O3/Al composites. Scheme ‡
illustrates the case of a denser packing of powders as
compared with the initial aluminum, whereas scheme b
shows a looser packing, which is favorable for an
increase in the macropore volume of the composite. In
this case, the conversion of aluminum remained
approximately constant in versions a and b. Scheme c
occurred in our case, according to which a looser pack-
ing was compensated by a higher conversion of alumi-
num. As a result, only the ratio between the volumes of
micropores and mesopores localized in an oxide matrix
and macropores localized between the particles of a
powder mixture was changed.
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Fig. 5. Schematic diagram of the formation of the macrotex-
ture of MOx/Al2O3/Al composites: (a) a packing of pow-
ders without changes in the conversion of aluminum, (b) a
looser packing of powders without changes in the conver-
sion of aluminum, and (c) a looser packing of powders with
an increase in the conversion of aluminum.


