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INTRODUCTION
Porous oxide–metal composite materials based on

aluminum powder synthesized under hydrothermal
conditions at 

 

150–250°C

 

 exhibit a number of unique
properties, and they can be of interest as adsorbents,
catalysts, and supports for catalytically active sub-
stances [1–11]. For example, Tikhov 

 

et al.

 

 [5, 6] found
that a porous composite is promising for the use as a
support for catalytically active components in the pro-
cesses of methane conversion and CO and butane oxi-
dation. Such materials cannot be produced with the use
of currently available methods for the formation of
porous solids. Moreover, they are free of impurities and
catalyst poisons, which are inevitably introduced with
the use of ordinary precipitation and impregnation
methods [9].

A decrease in the synthesis temperature down to

 

100°C

 

 provides an opportunity to reject autoclave
equipment and considerably extends the capabilities of
the process. Data on the mechanism of formation of
porous composites from aluminum are scanty because
the first publications concerning this problem appeared
not long ago. However, the knowledge of the mecha-
nism of the synthesis of these materials is of both fun-
damental and practical importance because it provides
an opportunity not only to theoretically interpret this
synthesis but also to control the structure and properties
of the 

 

Al

 

2

 

O

 

3

 

/Al

 

 system. Tikhov 

 

et al.

 

 [10, 11] believed
that a porous composite was formed under hydrother-
mal conditions in the course of a gas–solid reaction. At
the same time, in a number of publications [12–21] on
the oxidation mechanisms of dispersed aluminum with
water or water vapor, a colloid-chemical character of
the formation of a porous solid in the liquid–solid sys-

tem was assumed. The packing of dispersed aluminum
particles is favorable for the adsorption and capillary
condensation of water vapor, the formation of water
menisci at the sites of contacts between particles, and
the formation of the 

 

Al–H

 

2

 

O

 

 system [20]. The subse-
quent hydration reaction of an oxide film that covers the
surface of aluminum and the formation of a new pore
system by the products of hydrolysis increase its pene-
trability and provide access for water to the metal sur-
face. An analysis of published data [1–21] suggests that
the oxidation of aluminum and the synthesis of com-
posite ceramics are multistage processes. The rates of
individual steps and the properties of synthesized mate-
rials largely depend on the reaction temperature and the
properties of the starting powder. The synthesis of a
porous composite consists of the following stages: the
hydrolysis of an oxide film on aluminum particles; the
hydrolytic reaction of aluminum powder with water;
the transfer of metal ions to a solution; the formation
and precipitation of the aqua hydroxo complexes of alu-
minum on the island nuclei of aluminum hydroxide
resulting from the hydrolysis of the oxide film; the dif-
fusion of water to the reaction surface and the counter-
diffusion of hydrogen and the aqua hydroxo complexes
of aluminum through the growing porous layer of alu-
minum hydroxide followed by precipitation and forma-
tion of a continuous porous cover, which is responsible
for the formation of a porous solid, on the surface of
aluminum particles; and the structural transformations
of aluminum hydroxide in the course of the thermal
treatment of the cermet synthesized. The rate-limiting
step of the synthesis is the slowest step of diffusion,
which is responsible for the transfer of the aqua
hydroxo complexes of aluminum through the growing
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Abstract

 

—The properties of ASD-1 aluminum powder and its oxidation with water at 100

 

°

 

C were studied. It
was found that the microstructure of a surface oxide film and the conditions of oxidation significantly affected
the dynamics of changes in the pH of the solution and in the degree of aluminum conversion into the hydroxide.
Experimental data on the oxidation in combination with electron-microscopic measurements and the determi-
nation of adsorption and texture characteristics resulted in the conclusion that colloid-chemical processes,
which include the dissolution of aluminum and the formation and precipitation of the hydroxo complexes of
aluminum, are fundamental for the synthesis of porous metal ceramics.
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porous hydroxide layer to the outer surface. The subse-
quent thermal treatment is accompanied by crystal-
chemical and structural transformations of the precipi-
tate; these transformations, in turn, can affect the pro-
cess. Thus, the formation of porous metal ceramics
depends on the thermodynamic and kinetic conditions
of the synthesis in a condensed phase. Therefore, it is of
importance to determine the contributions of each par-
ticular steps to the overall process of the formation of a
porous 

 

Al

 

2

 

O

 

3

 

/Al

 

 composite, which will be considered
in a series of papers.

In this paper, we present the results of a study of the
properties of parent aluminum powder and a surface
oxygen film and their effects on the occurrence of a
chemical reaction and on the texture formation of the

 

Al(OH)

 

3

 

/Al

 

 composite.

EXPERIMENTAL

The ASD-1 aluminum powder was obtained by
sputtering a melt of commercially pure aluminum with
an inert gas in a liquid hydrocarbon. The shape and sur-
face structure of powder particles and the microstruc-
ture of the composite synthesized were studied by scan-
ning electron microscopy on a Cam Scan instrument.
The particle-size composition of the powder was deter-
mined on a TA automatic particle analyzer (Coultron-
ics, France). The specific surface area was measured on
a Model 2100 analyzer (Micrometrics, USA). The bulk
density was determined in accordance with 

 

GOST

 

(State Standard) 

 

19440–74.

 

In the study of an oxide film on the surface of alumi-
num particles, various procedures were used in order to
obtain reliable and complete information on the struc-
ture, phase composition, and thickness of this film. The
structure and phase composition of the oxide film were
studied by transmission electron microscopy on a
UEMV-100V instrument; the interplanar spacing was
determined from the diameters of diffraction rings with
the use of an IZA-2 comparator. Aluminum particles
were prepared for electron-microscopic studies with
the use of a carbon replica—a matrix holder, which is
transparent to electrons, for an oxide cover from which
a metal nucleus was etched in a weakly alkaline solu-
tion [22–24]. The oxygen content of the powder was
determined on a Model O2A2002 automatic analyzer
(Leybold–Hereus, Germany). The concentration of alu-
minum oxide in the initial powder was calculated
from the oxygen content. The thickness of an oxide
film on aluminum particles was calculated using the
equation [25]

 

(1)

 

where 

 

m

 

 is the oxide content (wt %), 

 

ρ

 

 is the density of
anodically grown amorphous aluminum oxide
(3.17 g/cm

 

3

 

) or the density of 

 

γ

 

-alumina (3.32 g/cm

 

3

 

 [26]),

 

and 

 

S

 

 is the specific surface area of the powder. The

δ m
ρS
------,=

 

structural transformations of oxide films were studied
with the use of thermograms obtained on a Q-1500D
instrument (Paulik, Hungary). Aluminum powder was
heated in air at a rate of 5 K/min, and the DTA, DTG,
and TG curves were recorded simultaneously.

The oxidation of aluminum with water (5 g of pow-
der in distilled water at 

 

100°C

 

) was performed in a bea-
ker with intense stirring using a magnetic stirrer or
under batch conditions in a closed mold of corrosion-
resistant chromium–nickel steel. The degree of oxida-
tion (

 

α

 

) was determined by measuring the release of
hydrogen with a laboratory gasometer on the assump-
tion that aluminum hydroxide is the reaction product.
In the course of oxidation with intense stirring, the pH
of the solution was monitored with the use of an LP-5
vacuum-tube potentiometer with a glass electrode. The
X-ray diffraction analysis of the resulting precipitate
was performed on a DRON-3 instrument (Cu

 

K

 

α

 

 radia-
tion); identification was performed using reference
data.

The macropore-size distribution of the 

 

Al(OH)

 

3

 

/Al

 

composite was determined by stereological analysis on
a Mini-Magiscan automatic image analyzer using the
Genias 26 program. For this purpose, the photographs
of fractured sample surfaces obtained on the Cam Scan
scanning electron microscope at magnifications of 25,
50, 250, 500, 1000, and 4000 were used. The gas-per-
meability coefficients and maximum and average
macropore sizes were determined in accordance with

 

GOST

 

 (State Standard) 

 

25283-82

 

 using as test samples
disks 35 mm in diameter and 10 mm in thickness.

To determine adsorption and texture characteristics,
the adsorption–desorption isotherms of benzene vapor
at 

 

20°C

 

 were analyzed, which were obtained gravimet-
rically in a vacuum system with the McBain–Bakr
quartz spring balance [27]. The samples were preheated
at 

 

140°C

 

 in a vacuum for 4 h. Experimental points were
measured to the relative pressure 

 

P

 

/

 

P

 

s

 

 = 0.9; next,
extrapolation to 

 

P

 

/

 

P

 

s

 

 = 1.0 was performed. The specific
surface area, average pore radius, and sorption pore
volume were calculated from the adsorption isotherms.

The ultimate compression strength of the samples
(

 

10 

 

× 

 

10

 

 mm) was determined in accordance with

 

GOST

 

 (State Standard)

 

 25282–82

 

 with the use of a uni-
versal testing machine at a traverse speed of 1 mm/min.

RESULTS AND DISCUSSION

 

Structure and Properties of Parent Aluminum Powder

 

The surface of ASD-1 powder particles is smooth,
and the shape is near spherical (Fig. 1a). In contrast to
this, PA powders, which were used by Tikhov and coau-
thors [5–7, 10, 11], as a rule, consist of either coarse
particles coated with a layer of small particles (Fig. 1b)
or a conglomerate of particles close to each other in size
(Fig. 1c); this is characteristic of sputtering an alumi-
num melt in water. A spherical shape with a smooth sur-
face is most convenient for studying the kinetics and
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mechanism of formation of a porous composite. This
shape makes it possible to study surface morphology
changes in the course of a chemical reaction, to identify
interparticle contacts, and to analyze the mechanical
rupture of samples. Therefore, we used commercially
pure ASD-1 powder as a test material; it had a pycno-
metric density of 2.7 g/cm

 

3

 

, a bulk density of
1.56 g/cm

 

3

 

 after shaking, a specific surface area of
0.145 m

 

2

 

/g, and an average particle size of ~20 

 

µ

 

m.

The oxide film on ASD-1 powder particles is trans-
parent to electrons and not ideally smooth. A fine relief
as hollows, folds, and convexities (Fig. 2a), which are

formed on sputtering the powder because of a differ-
ence between the thermal expansion coefficients of the
oxide cover and the metal nucleus, can be seen on the
film surface. The electron diffraction pattern (fuzzy dif-
fuse rings in Fig. 2b) suggests an amorphous structure
of the oxide film due to a high rate of cooling sputtered
aluminum droplets (

 

~10

 

5

 

 K/s [28]), which results in
kinetic limitations on the formation and growth of the
island nuclei of a crystalline oxide film [29].

In the course of the thermal treatment of the powder
in air at 

 

550°C

 

, an amorphous oxide film was com-
pletely crystallized for 0.3–0.5 h with the formation of

 

(‡) (b) (c)

 

Fig. 1.

 

 Particle shapes of (a) ASD-1 and (b, c) PA-4 aluminum powders obtained by sputtering a melt (

 

×

 

2500

 

).

 

(‡) (b) (c)

(d) (e) (f)

 

×

 

10000

 

×

 

31000

 

×

 

12000

 

×

 

25000

 

Fig. 2.

 

 Microstructure and electron diffraction patterns of oxide films on the particles of (a–c) the parent ASD-1 aluminum powder
and (d–f) the ASD-1 powder thermally treated in air at 

 

550°C

 

.
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γ

 

-Al

 

2

 

O

 

3

 

 crystallites, which are opaque to electrons
(Figs. 2d, 2e). This was supported by the results of cal-
culating the electron diffraction pattern, which includes
pronounced reflections characteristic of the crystal
structure (Fig. 2f). The crystallites were irregular poly-
gons in shape and about 100–300 nm in diameter. Nar-
row regions transparent to electrons were observed at
the boundaries between crystallites; it is likely that
these regions had another structure.

Some characteristics of an oxide film on the parent
ASD-1 powder are given below.

An analysis of the thermoanalytical curve of the oxi-
dation of ASD-1 powder in air indicates that the weight
of the powder somewhat decreased at 

 

120–180°C

 

(Fig. 3, TG curve), and a small endothermic effect due
to the removal of physically adsorbed water is visible
(DTA curve). In the temperature range 

 

500–700°C

 

, the
DTA curve exhibits two extrema, which are indicative
of heat release at 

 

520–550°C

 

 and heat absorption at

 

655–670°C

 

. An exothermic peak corresponds to the
conversion of the amorphous oxide into crystalline

 

γ

 

-Al

 

2

 

O

 

3

 

 [22–24]. Simultaneously, a stepwise increase
in the powder weight due to an increase in the rate of
oxidation was observed. The transition into a crystal-
line state was accompanied by an increase in the den-
sity of the oxide and, consequently, by a decrease in its
volume and specific surface area. As a result, open
channels were formed in the oxide film, and the metal
nucleus became naked. This nucleus was oxidized by
atmospheric oxygen [30] at separate sites to result in a

 

O

 

2

 

 content, 
wt %

O

 

2

 

 content, 
g/m

 

2

 

Al

 

2

 

O

 

3

 

 con-
tent, g/m

 

2

 

Film 
thick-

ness, nm

Phase 
composi-

tion

0.29 0.02 0.0425 13.4 Amor-
phous

 

stepwise increase in its weight. After the oxidation of
the metal nucleus, the oxide cover became continuous
once again, as evidenced by the deceleration of oxida-
tion in the range 

 

570–700°C

 

; this is consistent with
published data [31–33].

 

Oxidation of Aluminum Powder with Water
and the Structure of Reaction Products

 

The kinetic curve of changes in the pH of solution
on the oxidation of aluminum powder with an amor-
phous oxide film is 

 

S

 

-shaped (Fig. 4, curve 

 

1

 

), which is
characteristic of topochemical processes [34]. At the
step of an induction period, the adsorption of 

 

H

 

2

 

O

 

 mol-
ecules, the hydration of the oxide film [13, 15–18, 20],
and the formation of aluminum hydroxide island nuclei
took place. Based on a great body of published data
[12–21], the overall process can be represented by the
following reaction scheme:

 

Al

 

2

 

O

 

3

 

 + 

 

xH2O  Al2O3 ⋅ xH2O, where x = 2...3;

Al2O3 ⋅ xH2O + (7 – x)H2O + 2OH– 

 2[Al(OH)4(H2O)2]–.

The hydration of the oxide film affected its homogene-
ity and continuousness; this is favorable for the access
of water to the metal surface and for the occurrence of
hydrolytic chemical reactions, which are characterized
by an increase in pH [17]:

2Al + 6H2O  2Al(OH)3 + 3H2,

Al(OH)3 + 6H2O  [Al(H2O)6]3+ + 3OH–,

Al203 + 9H2O  [Al(OH)3(H2O)3],

[Al(OH)3(H2O)3] + 3H2O  [Al(H2O)6]3+ +3OH–.

The precipitation of the hydroxo complexes and aqua
hydroxo complexes of aluminum from solution onto
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Fig. 3.

 

 Thermal analysis curves of the oxidation of the
ASD-1 powder in air.
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Fig. 4.

 

 Kinetic curves of changes in the pH of solution in the
oxidation of the ASD-1 aluminum powder in water: (

 

1

 

) the
initial powder and (

 

2

 

) the powder treated in air at 550

 

°

 

C.
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aluminum hydroxide island nuclei, which were formed
in the course of the hydration of the oxide film, was
accompanied, depending on the reaction temperature,
by the formation of a porous layer of pseudoboehmite

 

(AlOOH 

 

⋅ 

 

y

 

H

 

2

 

O)

 

n

 

 

 

+ [Al(OH)

 

4

 

(H

 

2

 

O)2]

 

–

 

 

 (AlOOH 

 

⋅ 

 

y

 

H

 

2

 

O)

 

n

 

 + 1

 

 + (3 – 

 

y

 

)H

 

2

 

O + OH

 

–

 

or aluminum hydroxide

 

[Al(H

 

2

 

O)

 

6

 

]

 

3+

 

 + 3[Al(OH)

 

4

 

(H

 

2

 

O)

 

2

 

]

 

–

 

 

 4[Al(OH)

 

3

 

 

 

⋅ 

 

y

 

H

 

2

 

O)] + 4(3 – 

 

y

 

)H

 

2

 

O.

 

The steps of an induction period and reaction develop-
ment were absent from the oxidation of powder with a
crystalline oxide film, which was formed on heating the
parent material in air at 

 

550°C

 

 (Fig. 4, curve 2).
An analysis of the experimental results and published

data on pH changes in the course of reaction [17, 20] sug-
gests that the ability of an oxide film to undergo hydrol-
ysis primarily depends on its continuousness and
homogeneity. An amorphous oxide film has a homoge-
neous structure; therefore, there is no clearly defined
Al–oxide film interface. At the same time, the lattices of
crystalline γ-Al2O3 and aluminum are incoherent (lat-
tice parameters are 0.780 and 0.404 nm, respectively),
and an interface between γ-Al2O3 crystallites and an
aluminum support exists. This fact explains the higher
penetrability of a crystalline oxide film, although the
crystalline oxide film is more stable to the action of
water, compared to the amorphous film. As a result, the
access of water to the metal surface is facilitated even
at the initial step of the process, and a porous precipitate
is rapidly formed at the surface of particles.

The degree of oxidation depends on experimental
conditions (Fig. 5). The intense stirring of aluminum
powder in water is accompanied by the appearance of
turbulent flows at the surfaces of spherical particles;
this facilitates the transfer of the aqua hydroxo com-
plexes of aluminum to the solution and significantly
hinders their precipitation as a porous deposit onto the
surface of aluminum. Because of this, ~50% conversion
of the metal into the hydroxide was observed even in
the first 3.5 h, and a white flocculent precipitate of alu-
minum hydroxide (according to X-ray diffraction data,
this was bayerite) was accumulated at the bottom of the
reservoir. Zaporina et al. [20], who used electron
microdiffraction and thermal analysis, found that bay-
erite (α-Al(OH)3) was also formed in the reaction of
aluminum powder with water vapor at 25°C and a rela-
tive humidity of 90%; gibbsite (α-Al(OH)3), pseudo-
boehmite (γ-AlOOH), and aluminum oxide (γ-Al2O3)
traces were also detected (endo effects at 283 and 420–
523°C). The composition of the reaction products of
aluminum with water depends on only the reaction tem-
perature and time [17]. At the step of the development
of reaction, the products were X-ray amorphous, and
endothermic effects in the region 120–300°C were due
to the decomposition of the amorphous hydroxide. A
noticeable portion of water was removed at 350–470°C,

     

      

which corresponds to the temperature range of boeh-
mite degradation. Zhilinskii 

 

et al.

 

 [18] detected four
endo peaks in the DTA curves of the reaction products
of aluminum powder with water; these peaks were due
to the removal of physically adsorbed water and the
decomposition of the amorphous hydroxide at 

 

100°C

 

and the decomposition of bayerite at 

 

280°C

 

 and of
pseudoboehmite at 

 

356–370°C

 

. The intensity of the
peak due to the decomposition of bayerite increased
with increasing reaction temperature, and an additional
peak due to the decomposition of pseudoboehmite
appeared at 

 

405–410°C

 

.

 

Pore Structure of the Al(OH)

 

3

 

/Al Composite

 

The aluminum nucleus included in a porous alumi-
num hydroxide cover 1–1.5 

 

µ

 

m thick can be seen in the
electron micrograph of the fracture of the porous

 

Al(OH)

 

3

 

/Al

 

 composite synthesized at 

 

100°C

 

 for 2.5 h
(Fig. 6a). The neighboring cover is devoid of a nucleus,
which remained in the adjacent fragment of the frac-
tured sample. The inner part of the cover has a rela-
tively smooth surface, whereas its outer part and the
contact zone have developed rough surfaces. This also
provides support to the scheme proposed for the forma-
tion of a porous composite. This scheme includes the
hydrolysis of an oxide surface, the diffusion of the
hydroxo complexes of aluminum through a porous bay-
erite layer, and the deposition of these complexes on the
outer surface of the growing bayerite layer. The aggre-
gation of aluminum particles in the course of oxidation
for 2.5 h occurred without a noticeable change in their
shape and without visible mechanical rupture of the
pore structure formed. The resolving power of a scan-
ning electron microscope did not allow us to identify
the pore structure of the precipitate in more detail.
However, it is believed that the precipitate was formed
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Fig. 5.

 

 Changes in the degree of oxidation of aluminum with
water depending on reaction time: (

 

1

 

) with stirring and (

 

2

 

)
in a closed mold.
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by the packs of bayerite particles joined to each other
(Fig. 6b). Ultramacropores in the synthesized material
are cavities between packed 

 

Al(OH)

 

3

 

/Al

 

 composite
particles, which are joined at the sites of contact.

The lattice parameters of aluminum metal and bay-
erite are significantly different. The incoherence of the
lattices explains the low adhesion of the deposited
hydroxide to the metal, a higher mechanical strength of
the porous cover of bayerite compared with the strength
of its joint to the metal support, and the absence of the
fragmentary degradation of the cover. In the oxidation
of aluminum powder in a closed vessel (mold), the pro-
cesses of the hydrolysis of aluminum, the precipitation
of the hydroxo complexes of aluminum, and the growth
of a porous bayerite layer were maximally localized in
mother liquor microvolumes adjacent to the surface of

particles in the region of interparticle contacts. The
aggregation of particles and the formation of a bound
disperse solid occurred by the polynuclear deposition
of bayerite onto the contact zone and the surface of alu-
minum particles. However, the formation of a porous
bayerite layer facilitated the transfer of the oxidation
process to the diffusion region. Therefore, the metal
conversion into the hydroxide was no higher than 15–
20% even after hydrothermal synthesis for 7.5 h, and
the compression strength of the porous composite was
no higher than 10–15 MPa. The strength of the material
synthesized primarily depended on the amount of the
building material: the hydroxo complexes of aluminum
deposited in the contact zone. In turn, the amount of the
hydroxo complexes depends on the slowest process: the
diffusion of these complexes from the reaction surface
to the outer surface of the growing porous layer of bay-
erite.

Figure 7 demonstrates the results of the stereologi-
cal analysis of the pore structure of the 

 

Al(OH)

 

3

 

/Al

 

composite. The material synthesized exhibited a uni-
form ultramacropore-size distribution because of the
spherical shape of powder particles and the homogene-
ity of their packing. The average particle size of the
ASD-1 aluminum powder was ~20 

 

µ

 

m; therefore, the
average ultramacropore size lay within the range 5–7 

 

µ

 

m.
Such a ratio is typical of permeable powder materials
obtained by powder metallurgy methods. The results of
the stereological analysis are consistent with the results
obtained in the determination of maximum and average
ultramacropore sizes in accordance with 

 

GOST 25283–
82.

 

 The gas-permeability coefficient of the material
synthesized was equal to 

 

~2.2 

 

×

 

 10

 

–13

 

 m

 

2

 

, which corre-
sponds to the permeability coefficient of a permeable
powder material prepared by the sintering of bulk ASD-
1 aluminum powder.
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Fig. 6.

 

 Microstructures of interparticle contacts and bayerite shells in the porous Al(OH)

 

3

 

/Al composite: (a) 
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Fig. 7.

 

 Bar diagram of ultramacropore-size distribution in
the porous Al(OH)

 

3

 

/Al composite synthesized.
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Figure 8 demonstrates an isotherm of benzene
adsorption–desorption on the precipitate of bayerite
formed in the oxidation of aluminum under conditions
of intense stirring (curve 

 

1

 

) and an isotherm of benzene
adsorption–desorption on the porous 

 

Al(OH)

 

3

 

/Al

 

 com-
posite (curve 

 

2

 

). The isotherm of bayerite exhibits a
characteristic hysteresis loop in the region of capillary
condensation at a relative pressure 

 

P

 

/

 

P

 

s

 

 > 0.1, and it is
of type 1 according to the IUPAC Classification [35]. A
typical distinctive feature of the adsorption isotherm on

the porous composite is the nonconvergence of iso-
therm branches, which can be explained primarily by
the occurrence of narrow spots in pores; in the course
of desorption, the migration of adsorbate molecules
through these narrow spots is difficult [35]. The table
summarizes the adsorption and texture characteristics
of 

 

Al(OH)

 

3

 

/Al

 

 composites synthesized by the treatment
of aluminum with water for 2–7 h. In the first 2 h of the
synthesis, the structure of the material was formed
almost completely, and its further changes were insig-
nificant because of diffusion limitations due to the for-
mation of a porous bayerite layer on the surface of the
aluminum particles.

Thus, we performed an integrated study of the prop-
erties of the ASD-1 aluminum powder and the porous

 

Al(OH)

 

3

 

/Al

 

 composite obtained from this powder. The
formation of the porous composite under various con-
ditions was studied. The composite was found to con-
sist of isolated aluminum particles covered with a bay-
erite shell, which exhibits a micropore structure with
transport pores between globules.
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