
ISSN 2070-2051, Protection of Metals and Physical Chemistry of Surfaces, 2022, Vol. 58, No. 1, pp. 84–89. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2022, published in Fizikokhimiya Poverkhnosti i Zashchita Materialov, 2022, Vol. 58, No. 1, pp. 70–76.

NEW SUBSTANCES,
MATERIALS, AND COATINGS
Physicochemical Studies of Material Obtained by Pressing
and Sintering Al Powder Modified with V2O5

V. G. Shevchenkoa, *, V. N. Krasilnikova, D. A. Eselevicha, and A. V. Konyukovaa

a Institute of Solid State Chemistry, Ural Branch, Russian Academy of Sciences, Yekaterinburg, 620990 Russia
*e-mail: shevchenko@ihim.uran.ru

Received January 18, 2021; revised September 20, 2021; accepted September 29, 2021

Abstract—The phase composition and morphology of a synthesized material based on aluminum powder
modified with various concentrations of V2O5 (3, 5, 10 wt %)—compacted in the form of tablets and sintered
at temperatures of 820 and 900°C in He and air—have been studied by X-ray analysis and electron micros-
copy. It is shown that the phase components are uniformly distributed in the plane of the microsection, and
their ratio is determined by the temperature and time of annealing of the pellets. It has been established that,
due to the activation of processes on the surface of modified particles of aluminum powder, it becomes pos-
sible to control the properties of interphase boundaries in oxidizing and inert media.
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INTRODUCTION

Interest in alloys of the Al–V system, which have a
light metal matrix and a high modulus of elasticity [1],
appeared in the first half of the 20th century and is not
weakening even at the present time, which is due to the
prospects for their commercial use in the manufacture
of products for military and aerospace technology [2],
in addition to as biomaterials with high mechanical
characteristics [3, 4]. The development of advanced
industries is impossible without the creation of the
modern materials, especially composites, necessary
for the production of parts with light weight, f lexibil-
ity, and high strength and abrasion resistance. There-
fore, the creation of metal–matrix composites [5] for
the automotive industry, railway transport, and aero-
space industries [6] is of great importance. In addi-
tion, Al–V alloys are very important master alloys that
are widely used for the production of both heat-resis-
tant alloys and some special ones [7, 8]. The addition
of vanadium and aluminum makes it possible to sig-
nificantly increase the mechanical properties of tita-
nium alloys—wear, fatigue, corrosion, and thermal
resistance—and improves the cold working process of
alloys [8, 9]. However, there is a very large difference
in the melting temperatures of the components of the
Al–V system (that of Al is 660°C, and that of V is
1910°C), which leads to difficulties in direct synthesis
of alloys even when using modern methods of heat
treatment. In this regard, in recent years, much atten-
tion has been paid to the creation of alternative meth-
ods for obtaining Al–V alloys and composite materi-

als, among which a special place is occupied by meth-
ods based on aluminothermal reduction of vanadium
upon heating mixtures of aluminum and vanadium
pentoxide [6, 7, 10]. Despite their obvious efficiency
and versatility in the production of aluminum-vana-
dium alloys, these methods have a common disadvan-
tage, which is the need to use high-energy methods of
physical impact—for example, high-energy grinding
for homogenization of the components of the Al–
V2O5 system [7, 9–11]. The use of these methods is
associated with the likelihood of contamination of the
material with undesirable impurities, as well as the
need to strictly adjust the mixing mode of the reagents
due to the possibility of their spontaneous combustion
under mechanical action [8, 10].

We have developed a method [12] for modifying
aluminum powders with vanadium pentoxide, which
allows direct contact of V2O5 with the surface of Al
particles without changing their original shape and
introducing undesirable impurities that are inevitable
when using mixers and attritors. Vanadium pentoxide
is added to the aluminum powder as a V2O5·nH2O
hydrogel, which has a high covering ability with
respect to the surfaces of oxides and metals [13, 14].
The completeness of combustion of the modified
powder is achieved by mixing the components of the
Al–V2O5 system at the molecular level.

We proposed the developed method in order to
activate the oxidation of aluminum powders as com-
ponents of metallic fuels in energy condensed systems
[13, 15–17]. By adjusting the concentration of V2O5 in
84
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Fig. 1. DTA and TG curves of (a) the initial ASD-4 powder and (b) the same powder with the addition of 5 wt % V2O5 obtained
by heating in air.
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the gel, it is possible to obtain dispersed systems with
different amounts of vanadium pentoxide, as well as
other oxides of transition metals [18]. In this regard, it
is of interest to use the developed approach not only to
control the reactivity of fuels based on powdered alu-
minum, but also to synthesize aluminum–vanadium
alloys and composite materials.

The main goal of this work is to assess the possibil-
ities of using the modification of aluminum particles
with vanadium pentoxide hydrogels to obtain compos-
ite materials. A concentrated gel containing 5.5–
6.0 wt % V2O5 was used as a modifier. Within the
framework of the general task of the work, a study was
undertaken of the influence of the concentration of
V2O5 and heat-treatment conditions for morphology
and phase composition of the sintered material.

EXPERIMENTAL

The modifier was synthesized according to the fol-
lowing procedure. Ten grams of vanadium pentoxide
of analytical grade are taken and melted in a platinum
crucible at a temperature of 750°C. The resulting
homogeneous melt is poured into a porcelain mug
with a capacity of 1000 mL with distilled water (900 mL)
with vigorous stirring. The resulting colloidal solution
with a vanadium concentration of about 6.5 g/L is
evaporated to form a gel with a vanadium-pentoxide
content of 5.5–6 wt %, which is used further as a mod-
ifier. The mixing of the initial aluminum powder with
the modifier at a given concentration of vanadium
oxide was carried out in a porcelain mortar, the result-
ing mass was dried at a temperature of 80°C for 1 h,
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then heated at 350°C for 0.5 h for complete dehydra-
tion of the material, which is limited by dehydration.
V2O5 · nH2O [19]. Typically, to obtain a modified pow-
der containing 5.0 wt % V2O5, 9.5 g of ASD-4 alumi-
num powder in a porcelain mortar was mixed with 8.4 g
of gel of nominal composition V2O5·nH2O with a
vanadium pentoxide content of 5.96 wt %. The result-
ing mixture was dried at 80°C for 1 h with stirring and
finally heated at 350°C for 0.5 h. The effective com-
bustion point of the obtained sample in air is 776°C,
which is 265°C is lower than the value of this parame-
ter for unmodified ASD-4 powder (Fig. 1). The pow-
ders were then pressed into tablets with a diameter of
10 mm (0.7 g of powder) at a pressing pressure of 3.92 MPa
(40 kg/cm2). All tablets obtained a mirrorlike f lat sur-
face. According to the scheme described above, com-
pacted samples with a content of 3, 5, and 10 wt %
V2O5.

X-ray phase analysis was performed on a Shimadzu
diffractometer (СuKα radiation) using the YCPDS-
DICDD Powder Diffraction File (PDF2). The sur-
face morphology of the synthesized material was stud-
ied using a JEOL JSM-6390LA scanning microscope
equipped with an energy dispersive X-ray analyzer
(EDX). The density and volume of the samples were
determined on an AccuPyc II 340 helium pycnometer.

RESULTS AND DISCUSSION
Table 1 shows the results of X-ray full-profile anal-

ysis by the Rietveld method [20] of compacted pow-
ders (tablets) after annealing for 1 h in He at a tem-
perature of 820°C. The analysis was performed on the
Y OF SURFACES  Vol. 58  No. 1  2022
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Table 1. Results of phase analysis of samples sintered in He at a temperature of 820°C

Surface character,
annealing time, h

Contents V2O5 in the original samples, wt %

3 5 10

phase composition of samples after annealing, wt %

Before polishing, 1 h

Al, 98.3
Al2O3, 0.0

Al3V, 0.7
Al10V, 0.2
V2O3, 0.8

Al, 86.3
α-Al2O3, 1.7
γ-Al2O3, 9.3

Al3V, 0.4
V2O3, 2.3

Al, 79.8
α-Al2O3, 1.7

γ-Al2O3, 14.3
Al3V, 0.2

V2O3, 4.0

After polishing, 1 h

Al, 91.2
γ-Al2O3, 7.7

Al3V, 0.5
V2O3, 0.6

Al, 88.6
γ-Al2O3, 10.1

Al3V, 0.4
V2O3, 0.9

Al, 84.8
γ-Al2O3, 12.9

VO1.15, 2.3

Table 2. Volume and density of studied samples

Sample and synthesis conditions Density, g/cm3 Volume, cm3

Al–3% V2O5, He, 1 h 2.7969 0.2342
Al–3% V2O5, He, 2 h 2.8486 0.2960
Al–3% V2O5, O2, 1 h 2.7909 0.3989
Al–5% V2O5, He, 1 h 2.8008 0.2927
Al–5% V2O5, He, 2 h 2.8899 0.2819
Al–10% V2O5, He, 1 h 2.7769 0.2532
Al–10% V2O5, He, 2 h 2.9360 0.2653
real (external) surfaces of the tablets after annealing
and the internal sections from a depth of 0.5–0.7 mm,
which were subjected to grinding and polishing.

It follows from Table 1 that, after sintering in He
from the end (outer) surface of the tablet, a decrease in
the content of metallic aluminum is observed with an
increase in the concentration of vanadium pentoxide.
At the same time, the formation of aluminum oxides
of both modifications (γ- and α-Al2O3), the total con-
centration of which increases with increasing concen-
tration of V2O5. Along with this, there are intermetallic
compounds of Al3V, Al10V composition corresponding
to the region of the Al–V diagram that is rich in alumi-
num [21]. As the V2O5 content increases, the concen-
tration of intermetallic compounds decreases, but the
amount of the V2O3 phase increases from 0.8 to 4 wt %
with the addition of 10 wt % modifier.

One of the important characteristics of composite
materials is their specific gravity (density), since the
mass of the structure, in combination with the
strength characteristics of the material, often deter-
mine the possibility and prospects of its use.

Table 2 shows the values of the volume and density
of some of the obtained samples under various synthe-
PROTECTION OF METALS AND PHYSICAL
sis conditions: a content of V2O5 of 3–5–10 wt %, a
surrounding environment of O2 and He, a sintering
duration of 1–2 h, and a temperature of 820°C.

It follows from Table 2 that, with an increase in the
sintering time of the pellets in He, their density
increases, which is associated with a change in the
ratio of the phase components in the material (see
Table 1 and the following text). When synthesized in
air (O2), the density changes to a lesser extent (Al–3%
V2O5 sample). From the reference data [22], only the
density of V2O5 (3.362 g/cm3) is less than the density
of Al2O3 (3.96 g/cm3). The rest of the phases in the com-
posite have densities higher than that of Al (2.699 g/cm3)
and its oxide. The maximum increase in the density of
the obtained materials does not exceed 7.5%.

The results of X-ray phase analysis after grinding
and polishing showed that, under similar annealing
conditions in an inert atmosphere, as in the first case,
the concentration of metallic aluminum decreases.
However, in this case, only γ-Al2O3 is fixed and, after
annealing, the content of the intermetallic compound
decreases in correspondence with the concentration of
V2O5. At 10% pentoxide, intermetallic phases are
absent, but oxide VO1.15 (2.3%) is fixed.
 CHEMISTRY OF SURFACES  Vol. 58  No. 1  2022
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Fig. 2. SEM images of the surface of thin sections of mate-
rials: (a) Al + 3% V2O5, (b) Al + 5% V2O5, and (c) Al +
10% V2O5.

(b)

10 μm

10 μm

10 μm(c)
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It follows from the results obtained that annealing
of the samples in a He atmosphere is accompanied by
the appearance of intermetallic and oxide phases. The
reason for their appearance is the thermite reaction

(1)

during which a large amount of heat is released
(915.6 kJ/mol) [23]. The interaction of oxides V2O5
and Al2O3, as a result of which the oxide phase AlVO4
[23], as well as the formation during the heating of the
furnace and the heat of reaction (1) of atomic V and its
interaction with aluminum, as a result of which inter-

+ → +2 5 2 310Al 3V O 5Al O 6V,
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metallic Al–V compounds of a certain composition
are formed.

During heating, V2O5 loses part of its oxygen,
forming oxide phases, in which vanadium is in lower
oxidation states (V2O3 and VO1.15). The number of
these phases, with an increase in the content of V2O5
in the original powders, increases. At the same time,
there is a decrease in the content of intermetallic com-
pounds. Apparently, the process of decomposition of
vanadium oxides is not completed during an hour’s
exposure.

The results of a 2-h holding in He at a temperature
of 820°C showed a decrease in the amount of metallic
aluminum and an increase in the concentration of alu-
minum oxide and intermetallic compound. So, in a
sample containing 5% V2O5, after holding in He for
2 h, the amount of Al is 75.4%, the total content of γ-
and α-Al2O3 9s 22.5% and that of Al3V is 2.1%, and
oxide phases based on V are absent.

Thus, based on the results of X-ray phase analysis,
after annealing at 820°, the main phases are γ- and
α-Al2O3 modifications of aluminum oxide, metallic
aluminum, intermetallic phases of the Al–V system,
and vanadium oxides with a lower valence (V2O3,
VO1.15). The ratio of these phases is determined by the
temperature and time of pellet annealing.

Additional information on the processes occurring
during the high-temperature annealing of tablets with
different modifier contents was obtained by analyzing
the microstructure of sintered materials. Figure 2
shows images of the surface of thin sections obtained
by scanning electron microscopy after an hour of sin-
tering of tablets in He medium.

It follows from Fig. 2 that, with an increase in the
concentration of V2O5, not only does the shape of the
particles change, but also the contrast in the images of
structural elements associated with an increase in the
concentration of aluminum oxides formed during the
thermite interaction (Eq. 1). This is due to the
charging of the surface with a decrease in the electron
drain from the dielectric surface of the oxide phases.
Morphological analysis, with a simultaneous elemen-
tal analysis of the surface of thin sections, showed that
the lightest areas are represented by Al3V.

As an example, Fig. 3 shows images of the surface
of thin sections obtained by the SEM method after
sintering samples in an inert atmosphere at a tempera-
ture of 900° within 1 h. It can be seen that the phase
components are fairly uniformly distributed in the
plane of the microsection. From analysis of the micro-
structure of the composite by the EDX method, it fol-
lows that there are three regions (white, gray, and
black), which correspond to three phases in the struc-
ture of the sample, which is consistent with the results
[14] obtained for samples subjected to joint grinding of
powders of aluminum and V2O5. Dark areas corre-
spond to α-Al2O3, white ones to the Al3V intermetallic
Y OF SURFACES  Vol. 58  No. 1  2022
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Fig. 3. SEM image of the surface of thin sections after
annealing in He for 1 h at 900°С (3 wt % V2O5 content).
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Fig. 4. SEM image of the surface of thin sections after
annealing in air for 1 h at 900°С (3 wt % V2O5 content).
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compound, and gray ones to an aluminum matrix with
fine oxide inclusions.

A similar picture is observed in the case of anneal-
ing the samples in an air atmosphere. Figure 4 shows
an image of the surface of thin sections after sintering
in air for 1 h at a temperature of 900° with samples
containing 3 wt % V2O5. Comparison with Fig. 3
shows the practical identity of the microstructure of
materials synthesized in oxidizing and inert media.

This result can be explained by the fact that the
intensification of the oxidation of the starting alumi-
num is observed at temperatures of about 600°C [22],
when the protective properties of the oxide film are
lost as a result of the formation of γ-Al2O3 and loss of
continuity at the time of aluminum melting. Vana-
dium pentoxide, being an oxygen supplier, consoli-
dates particles on the surface of samples after melting
of aluminum and thermal interaction. During anneal-
ing inside the pellet, the amount of the Al2O3 oxide
phase depends on the amount of modifier (V2O5)
added. As a result of the processes occurring directly in
the pressed sample, a composite material is formed
with interphase boundaries that are formed directly in
the course of interaction. Such conditions are favor-
able for purposes of eliminating the effect of the real
PROTECTION OF METALS AND PHYSICAL
surface of the powders during conventional sintering
methods in systems in which thermal interaction of
the components does not occur.
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