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Abstract The microstructure of the porous Cr—Al metal—
oxide cermet was studied by means of XRD, SEM, EDX as
well as IR and Raman spectroscopy. This cermet was
synthesized by mechanical alloying of Cr—Al powders in
an AGO-2 planetary ball mill followed by hydrothermal
treatment in a special stainless steel die and calcination in
air. As a result, a highly porous monolith comprised of
metal-like particles randomly distributed in the oxide
matrix (Cr,O5; and Al,O3) was formed. Two types of the
composite cores were found in cermets. The first one
consisted of chromium phase containing nanoparticles
sized from 50 to 140 nm and Al-enriched phase at the
interfaces. The second one consisted of new chromium
oxide phases with hexagonal Cr,N-like and fcc CrN-like
structures probably with Cr,O and CrO stoichiometry.
These new phases were stabilized within aggregates of the
nanocomposite particles containing inclusions of alumina.
The relations between different preparation stages and the
cermet microstructure are discussed.
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Introduction

Oxide matrix cermets are used in various sectors of
industry due to their thermomechanical and dielectric
properties [1]. Highly porous cermets prepared from
powder CrAl alloys are promising materials for catalyst
supports, membranes and filter materials. Synthesis of
cermets includes a number of unusual steps. First, powder
alloys were prepared by high-energy mechanical alloying
of aluminium and chromium mixture under air. Mechanical
treatment provide interaction between chromium and alu-
minium eventually leading to formation of amorphous
Cr4Al and Cr,Al phases with alloying time increasing [2].
Then, powdered alloys were partially oxidized under
hydrothermal conditions. Strong porous monoliths were
formed after calcination in air. In general, thermal treat-
ment conditions used for synthesis of cermets are much
milder than are essential for porometals preparation by hot
pressing and high-temperature sintering [1]. Cermets have
developed macroporous structure with pore sizes from 1 to
100 pum. However, unlike porometals that have similar
macroporous structure, cermets additionally have devel-
oped mesoporous structure located in their oxide compo-
nent. Furthermore, the metal particles are evenly
distributed in this mesoporous matrix. So, the contacts
between particles of the porous materials are oxide-like
rather than metal-like. Their mechanical, thermo-physical
and textural properties are largely determined by the ratio
between ceramic and metal components, requiring addi-
tional studies.

The textural and catalytic properties of cermets based
on powder CrAl alloys prepared by hydrothermal treat-
ment followed by calcination were described earlier [3].
Meanwhile, problems of the ceramic component type in
cermet, quantitative relations between ceramic and metal
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components and their spatial distribution in the monoliths
were still a matter of discussion. Initially, it was suggested
that AlgsCry, intermetallides were formed in cermets [3].
However, several researchers observed chromium nitrides
after calcination of Fe and Cr alloys in air at high tem-
peratures [4-6]. More detailed studies of the chromium
nitrides synthesis in nitrogen or ammonia showed that the
presence of oxygen even in trace amounts in nitrogen-
containing environment led to formation of mixed chro-
mium oxynitrides [7, 8]. In this paper, we present detailed
design of CrAl alloy based cermet as a result of structural,
spectral and microstructural studies.

Experimental
Materials

Commercial grade aluminium (GOST 5499-71, not less
than 99.5 wt% Al) and high purity chromium (99.9 wt%
Cr) powders were used.

Synthesis

The monolith preparation procedure included next steps:

(a) Mechanical alloying (MA) of the powdered metal
blend containing 80 wt% of chromium and 20 wt%
of aluminium was carried out using AGO-2 high-
power planetary ball mill. Alloying times were 3, 5
and 10 min. The acceleration of balls was 600 m/s’.
The weight ratio of balls to powder was 200:10 and
ball diameter was 5 mm. An X-ray amorphous
CryAl phase and a weakly crystallized Cr,Al inter-
metallide phase were formed during the mechanical
alloying. Some chromium remained as a metallic
phase.

(b) Then, the blend was loaded into a stainless steel die
specially constructed to ensure free access of water.
The die with Cr—Al blend was placed in boiling water
(hydrothermal treatment) and kept there for 4 h
producing a strong monolith. During the hydrother-
mal treatment aluminium hydroxides were formed on
the surface of the alloy particles. They cemented
powder at the places of contact to form porous
monolith.

(c) The granulated product was removed from die, dried
for 1 h at 120 °C and calcined under air with the
temperature slowly increasing up to 1100 °C. The
calcination yielded strong material (cermet). At this
stage the hydroxides were decomposed and the alloy
components interacted with each other and the
components of the air.

Characterization

The phase composition was studied by XRD using a
URD-63 diffractometer with CuKo radiation. Special
computer program POLYCRYSTAL was used to deter-
mine precisely unit cell parameters of Cr, CrN and Cr,N
phases. The average size (L) of chromium particles was
calculated using the Scherer equation:

L(Cr) =

o
B - cosl’

where « is the wavelength, f§ is the half-width of diffraction
peak and 0 is the angle of reflection.

SEM micrographs were obtained using JEOL JSM-
6460LV scanning electron microscope equipped with
energy-dispersive X-ray analyzer EDX-INCA/Energy-350
(Oxford Inst.) for point measurements. Cermet cross-sec-
tion was made by sealing into epoxy and polishing. The
accelerating voltage used for registration of the TEM
images and EDX analysis of large surface segments with
dimensions 35 x 45 = 1.6 10’ um? (Fig. 4) was equal to
25 keV. Smaller surface fragments were analysed by EDX
using the accelerating voltage of 10 keV, which allowed us
to analyse fragments with dimensions 0.5-1.5 pm. The
values of atomic concentrations obtained after the standard
computer processing included decimal values. The data
reported in Table 2 were rounded to integer values. How-
ever, the actual error in the determination of the atomic
concentrations in certain points, including the differences
in the dimensions of the analysis regions for the light and
heavy elements, may be substantially higher, probably, as
high as 10-20 at.%. The approximate stoichiometry of
chromium oxides was estimated assuming that aluminium
oxide had AlO, 5 stoichiometry (Al,O3). The FTIR spectra
were registered using a BOMEM MB-102 spectrometer in
the frequency range 4000-250 cm™' with 4 cm™' resolu-
tion. The samples for FTIR experiments were prepared by
pressing 1.5 mg of cermet with 500 mg KBr into a pellet.
The Raman spectra were registered using a Bruker RFS
100/S FT-Raman spectrometer. The 1064 nm line of Nd-
YAG laser with 100 mW powder was used as the excita-
tion source. The mechanical strength was measured using a
Prochnometr PK-2 instrument for pellets (diameter—
10 mm, height—3 mm). The porosity (&) was calculated
from apparent and real densities of material.

Results and discussion
Crystalline phases according to XRD

According to the X-ray diffraction data (Fig. 1), Cr—Al
cermet mainly consists of chromium, chromia (x-Cr,O3)
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Fig. 1 XRD patterns of cermets synthesized from Cr-Al (20 wt%)
blend with different alloying time: (@) 3 min, (b) 5 min, (c¢) 10 min,
(d) JCPDS data for CrN and Cr,N type structures

and alumina (x-Al,O3) phases as well as chromium nitride-
like phases (‘CtN’, ‘Cr,N’). After longer MA, the inten-
sities of the peaks attributed to the chromium and ‘nitride-
like’ phases increase in comparison to those of chromium
oxide (Fig. 1). The unit cell parameters calculated from
experimental data and literature data for face-centred cubic
chromium collected in Table 1. Experimental value is
close to literature, so chromium phase is free from alu-
minium [9]. The unit cell parameters calculated from
the diffraction data for hexagonal ‘Cr,N’ lattice
(a = b = 4.815; ¢ = 4.470) and face-centred cubic lattice
typical for ‘CrN’ (@ = b = ¢ = 4.155) are quite different
from the literature data. The reported values are
a=>b=48113; ¢ =4.4841 for the Cr,N phase and
a=>b=c=4.140 for the CrN phase [10, 11]. The
comparison of relative intensities of peaks attributed to the
nitride-like phase and Cr° with intensities of the Cr,0O5 and
Al,O3 peaks suggests that concentration of former phases

@ Springer

Table 1 The experimental and literature values of unit cell param-
eters and coherently scattering domain of the chromium phase in the
cermet with different alloying time of Cr—Al powder

Sample, tma  Unitcell Coherently scattering
parameters (A) domain (A)
(110) (200)
3 min a=b=c=2893 %1 1031 1393
5 min a=b=c=2888+1 682 653
10 min a=b=c=2888 &1 597 475
Reference a=b=c=2.884[8] - -

in the cermet is significantly higher especially for the
cermet prepared after 10 min MA.

Microstructure analysis

According to SEM data (Fig. 2), sample consists of parti-
cles with different size and shape. The particles themselves
are non-uniform as well. It was found that shell of the
particles forming cermet consists of aluminium and chro-
mium oxides. The stoichiometry of chromium oxides var-
ies from CrO; to Cr,O; (Table 2, Shell). The spaces
between particles form open macropores with dimensions
from one to tens micrometres. The oxides form continuous
matrix surrounding evenly distributed composite cores.
Note that the data on the Cr:Al and CrO, stoichiometry
reported in Table 2 are approximate and reflect only the
main trends in the compositions of the certain cermet
fragments that are discussed in the text.

Two dominating types of submicron particles are dis-
tinguished in the polished cuts. The particles of first type
are evidently nanocomposite with chaotically mixed light
and dark spots (Fig. 2b). The other particles are much more
homogeneous and have rounded internal pores with
diameters about 1 pm (Fig. 2¢). The particles of both types
have a shell clearly separated from core and Al:Cr ratio—
1:2+1:1.5 (Table 2). Meanwhile, the shell of the ‘homo-
geneous’ particles has a subsurface layer (Table 2, Point 6)
that is considerably different from the surface one
(Table 2c, Point 6) and has much lower chromium con-
centration (Al:Cr—1:0.5). The two-layer type of coating is
also preserved at places of contacts between particles and
contacts with pores (Figs. 2c, 3c).

The core compositions of two types are substantially
different. The core of the ‘homogeneous’ particles has no
oxygen and large excess of chromium relative to alumin-
ium (Al:Cr—1:5, 1:6, Fig. 3c; Table 2, Points 7, 8). Some
voids inside ‘homogeneous’ metal core are also observed.
The core of the ‘nanocomposite’ particles is characterized
by gradual decrease of the oxygen concentration from the
subsurface regions to the centre from CrO; 5 to CrO; ; and
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Fig. 2 SEM micrographs of different parts of cermet: (a) general
view, (b) ‘nanocomposite’ particle, (¢) ‘homogeneous’ particle

CrOy4 (Fig. 3a, b; Table 2; Points 2, 3, 4).The ratio
between metals is almost constant (Al:Cr—1:2). However,
the darker spots have lower chromium concentrations
(Fig. 3; Table 2, Point 3). At the centre of some ‘nano-
composite’ cores no oxygen has been observed. Note that
the absolute values in the stoichiometry of certain com-
ponents in the microstructure can vary depending on the
EDX analysis conditions. However, there are main ten-
dencies that are preserved. One of them is the lack of
oxygen in the ‘homogeneous’ particles. The oxygen
concentration in all the ‘nanocomposite’ particles tends
to be lower closer to the centre of the ‘core’. Also, the

compositions of the surface and subsurface layers of the
oxide matrix are different. It is these tendencies rather than
the absolute values that will be discussed below.

During the analysis of the cermet chemical composition
by EDX we were surprised to find out that the samples did
not contain significant amounts of nitrogen (Fig. 4). The
detailed analysis of chemical composition also did not
reveal nitrogen (Table 2). However, we carried out EDX
analysis of commercial nitrides AIN; and BN where the
nitride phases predominate according to XRD and IR
spectroscopy of lattice vibrations. A well pronounced peak
of nitrogen was observed in the spectra at the same analysis
conditions in accordance with the XRD data [8, 12].

FTIR and Raman studies

The FTIR and Raman spectra of cermet are presented in
Fig. 5a, b. The spectra correspond to IR and Raman spectra
of a-Cr,O5 with the main peaks at 630 and 580 cm ™! [13,
14]. Minor differences in the frequencies and relative
intensities of absorption bands are apparently related to the
presence of alumina in chromium oxide. The absorption
band at 890 cm™' in the FTIR spectrum might reflect the
presence of Cr(VI) ions [12]. The bands at frequencies below
500 cm ™" are notably widened. According to literature data,
such changes in the spectra of ionic crystals can be explained
by their fine dispersity or non-stoichiometric composition,
i.e. the presence of oxygen vacancies [15, 16].

Absorption bands and Raman lines that could be reliably
attributed to vibrations of chromium nitrides were not
observed in registered FTIR and Raman spectra. According
to the literature data [7, 17], intense wide absorption line
with maximum at 550 cm™' is observed in the FTIR
spectra of chromium nitrides. This line was not observed in
spectra of cermet sample.

Bulk content of ‘nanocomposite’ cores: nitrides or
oxides?

The discrepancy between XRD data suggesting that phases
with the structure of nitrides formed after high-temperature
treatment in air and spectral data proving formation of
chromium oxides is an important feature of obtained
results. The spectral methods show that chromium oxides
predominate in the cermet. According to EDX data, stoi-
chiometry of bulk oxide phases is close to CrO; or Cr,O
(although CrO, 5 was also observed). Hence, the FTIR data
indicates that Cr,0; is the predominating phase.

Earlier, conclusions about formation of chromium
nitrides in chromium alloys with iron were based exclu-
sively on XRD data [4]. XPS data were also discussed [6]
but no actual spectra were presented. Most other
researchers report that nitrogen concentration in chromium
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Table 2 Chemical contents and
appropriate stoichiometry of the
different fragments of cermet

according to EDX data (Fig. 3)

Accelerating voltage is 10 keV

Fragments (picture) Place Points of  Content (at.%) Al:Cr CrO*
analysis
Al Cr
‘Nanocomposite’ particles (a, b)  Shell 1 72 10 18 ~1:2 CrO;
Core 2 59 13 28 ~1:2 CrO 4
3 56 17 27 ~1:1.5 CrOy,
4 42 16 42 ~1:2 CrOg 4
‘Homogenous’ particles (c) Shell/contact 5 58 15 27 ~1:2 CrO,; 3
6 60 25 15 ~1:0.5 CrO;5
Core 7 11 15 74 ~1:5 -
8 0 15 85 ~1:6 -

# Supposing stoichiometry of
A1203:A10175

oxides formed in the intergranular space of particles is very
low (less than 1 at.%) [18]. However, these results were
obtained only for forged plates or rods rather than powders.
The formation of chromium nitride, CrN, was proved both
by structural and spectral methods only for thin chromium
films treated in nitrogen [7]. Still, according to XPS data,
the film contained up to 50 at.% O. The authors made a
conclusion about formation of oxynitride with chromium
nitride structure suggesting that both substances (oxide and
nitride) have similar structures. It should be noted that
there are almost no structural data on ordered chromium
oxide phases with Cr/O ratio smaller than 1.5. The reported
data on CrO phase [19] are considerably different from our
data (Table 3). Orthorhombic structures with approximate
stoichiometry CrsO;5 and CrsO;, were also described [20].
However, both their structure and stoichiometry substan-
tially differ from ones observed by us. Also, there is dis-
crepancy between experimental intensities of obtained
diffraction peaks for different interplanar spacing and
published data for chromium nitrides (Table 3) [8, 9]. So,
obtained results lead us to the conclusion that nitride-like
Cr(Il) and Cr(I) oxides are formed under our conditions
(powder alloys prepared by mechanical alloying followed
by hydrothermal treatment and calcination at high tem-
perature in air).

Note that no spectral information on the structures with
CrO or Cr,O stoichiometry is available. So, the widening
of the absorption bands at frequencies below 500 cm™'
might be caused by such structures where the octahedral
coordination of chromium with oxygen atoms is preserved.

‘Homogeneous’ cores: where is the aluminium located?

As mentioned above, presence of well-crystallized chro-
mium metal core is typical for the ‘homogeneous’ particles
of the chromium—aluminium cermet. Meanwhile, the EDX
data show that these cores contain significant amounts of
aluminium. However, it is well known [1] that aluminium
is very poorly soluble in the chromium lattice. Also, unit
cell parameters of chromium in the cermets calculated from
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XRD data are close to known for pure chromium (Table 1).
This result suggests that aluminium is mostly located
between chromium grains. Indeed, average crystalline size
of chromium particles (~480-1400 A, Table 1) is much
smaller than the dimensions of ‘homogeneous’ particles
determined by SEM as well as the size of the regions
analysed by EDX. Probably, aluminium observed by EDX
is located at the boundaries of these grains as alloy with
chromium. The same was proposed for FeAl alloys formed
under mechanical alloying [21].

The other question concerns the void formation in cer-
met particles. During calcination at high temperature part
of aluminium can be segregated on the surface and oxi-
dized. It results in formation of a protective thin oxide film
on the surface similar to that formed in FeCrAl alloys,
which substantially improves the stability of such particles
to bulk oxidation [22]. This process can explain the
enrichment of aluminium in oxide sublayer for ‘homoge-
neous’ cores (Fig.3c; Table 2). Also, this redistribution of
aluminium-containing phases between volume and surface
as well as the formation of X-ray invisible (probably—two-
dimentional) Cr4Al or Cr,Al phases located at grain
boundaries, can result in formation of the large pores inside
the ‘homogeneous’ cores. The formation of some ordered
CryAl or Cr,Al phases from amorphous ones have been
proposed earlier based on thermal analysis data [2].

Cermet design

As already mentioned, the cermet microstructure is char-
acterized by two types of cores covered by oxide film
(Fig. 6). In ‘nanocomposite’ cores the aluminium concen-
tration is approximately constant whereas oxygen concen-
tration gradually decreases towards the centre. This
changes stoichiometry from CrOj at the surface to CrO .
near centre of the particles. Apparently, layered structure of
‘nanocomposite’ with aluminium oxide regions alternating
with the regions enriched with chromium in different oxi-
dation states suppresses oxygen diffusion from surface
towards the centre and prevents chromium from oxidation



J Mater Sci (2010) 45:3160-3168

3165

Fig. 3 SEM micrographs of different parts of cermet: a, b ‘nano-
composite’ particle; ¢ ‘homogeneous’ particles. Different points of
EDX analysis are numerated (See Table 2): (/) shell of ‘nanocom-
posite’ particle; (2), (3), (4) core of ‘nanocomposite’ particle from
edge to centre; (5), (6) shell/contact of ‘homogeneous’ particles; (7),
(8) cores of ‘homogeneous’ particles. The analysis was carried out
using the accelerating voltage 10 keV. The size of the analysis
regions is approximately equal to that of the selected areas

to CryO5 at high temperatures. The dimensions of such
‘nanograins’ are substantially smaller than the effective
size of spots analyzed by EDX. So, these ‘nanograins’
cannot be analyzed individually. Thus, it is the ‘nano-
composite’ structure of the particles that can lead to the
formation of nitride-like phases similar to observed for thin
films [7].

Criektp 1

Cr

o]
Cr

Cr

Al u

Cr

KeV

Fig. 4 EDX spectrum of the polished cermet obtained from an area
35x 45 = 1.6 x 10° um?. Accelerating voltage is 25 keV

The ‘homogeneous’ cores consist of chromium metal
grains divided by aluminium enriched boundaries. These
boundaries are, probably, CrAl intermetallides with amor-
phous or two-dimensional structure.

The synthesised cermet has fairly high porosity ~42%.
It is somewhat higher than in porometals prepared by
pressing and high-temperature calcination [23]. The frac-
tion of pores larger than 10 um in the total pore volume is
rather high also (Figs. 2a, 3a). In our case external pressure
was not applied for powder filling during the cermet syn-
thesis. So, average dimensions of pores in the cermets are
larger. Relatively low bulk density of the cermet monolith
~3 g/em® compared to chromium metal is due to both
high porosity and the contribution of chromium and alu-
minium oxides. The mechanical strength of the cermet
(~20 MPa) is lower than that of porometals because
mechanically strong contacts between the particles in cer-
mets have oxide nature. However, it is still higher than that
of traditional porous oxide ceramics.

Main stages of the cermet preparation and their relation
to the cermet microstructure

(1) Mechanical alloying. As it was shown above based on
the XRD and differential dissolution data, MA suc-
cessively leads to the formation of amorphous and
weakly crystallized CryAl and CrpAl phases [2] in
agreement with the general principles of mechanical
alloying for metal systems [24, 25]. In addition, the
mean dimensions of the powdered particles decrease.
The obtained information on the specific features of
the structure and microstructure allowed us to
understand better the processes taking place during
MA. First, MA undoubtedly makes both the metal
particles and the grains smaller. This tendency is
reflected in the gradual decrease of the mean crys-
tallite size with the MA time (Table 1). Second, the
amorphous phases are predominantly localized at the
boundaries of the grains. It is natural to assume that
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Table 3 Diffraction parameters for sample with 10 min mechanical alloying with references
hkl ‘Cr,O’ Cr,oN [9] hkl ‘Cro’ CrN [10] hkl CrO [19]
dhkl I hkl dhkl I hkl dhkl I hkl dhkl I hkl dhkl I hkl
110 2.407 9 2.4056 15 111 2.393 22 2.394 80 - 2.44 10
002 2.242 12 2.2419 21 200 2.076 100 2.068 100 - 2.26 10
111 2.121 100 2.1200 100 220 1.462 29 1.463 80 - 2.04 10
112 1.642 32 1.6404 19 - - - - - - 1.90 30
like nanocomposites consisting of chromium and
amorphous aluminium particles. These two types of
particles form two types of cores during the cermet
formation under the oxidative treatments. Most likely,
the loose particles are formed first, followed by the
denser particles. However, according to the XRD data
obtained for the cermets (Fig. 1), the relative amounts
of the cores belonging to the two types (chromium
and nitride-like phases) grow in parallel. So, either
the formation of these two particle types is very slow
or the two types are formed during MA in indepen-
dent parallel processes. Also, the loose particles
might result from the aggregation of the nanoparticles
after their size reduction [26]. These hypotheses need
additional studies for verification.
o s M . e (2) Hydrothermal treatmept. The hydrotherm.al treatment
metallie core susfise stractire coraTe Core cements the metal particles into a mechanically strong
monolith. The surface of the aluminium metal particles
Fig‘. 6 Multisca}e model (?f the porous .Cr—Al—ban.:d cermet: a CrO is oxidized by water to form various hydrated products
grains, b CrAl, intermetallides at the grain boundaries; c, d, e surface
oxide layers with different composition; f, g, # CrO, with nitride that stay at the places of contact between the aggregates
structure; i alumina and glue them [3, 27]. Apparently, the first surface
oxide layer is formed due to the interaction of the
particle surface with water (Fig. 3d; Table 2, ‘Shell’).
the two types of the particles observed in the cermets The amorphous aluminium particles included into the
correspond to the two types of particles formed during loose nanocomposites mentioned above might also
MA. The particles of one type are formed in the undergo partial oxidation.
processes described earlier [1] that are accompanied (3) Calcination. The high-temperature calcination in air

by the densification of the aggregates. The particles of
the second type are looser and appear to be something
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results in dehydration of the hydrothermal oxidation
products and deeper oxidation of the metal particles.
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This process forms the second ‘subsurface’ layer in
the shell of the metal particles with the composition
different from that of the surface (Fig. 3d). Complete
oxidation of the chromium metal particles is, appar-
ently, prevented by the formation of amorphous
intermetallides at the boundaries of the grains, which
are stable to oxidation: Cr,Als—at 350-380 °C and
Cr,Al at 800 °C [2]. So, the decrease of the chromium
grain size and consequent growth of the total grain
boundary (Table 1) intensify the peaks related to
chromium metal relative to those of chromium oxide
Cr,0; (Fig. 1).

For the loose ‘nanocomposite’ particles, the mechanism of
oxidation by oxygen from the air appears to be different.
Initially, the aluminium metal particles undergo additional
oxidation. It is particularly accelerated at the aluminium
melting point (660 °C) [28]. The oxidation of the chro-
mium particles begins at higher temperatures [2]. However,
it is known that the oxidation of metals is limited by dif-
fusion [29]. So, the oxygen mobility in the formed oxide is
of decisive importance. The oxygen mobility in aluminium
oxide is substantially lower than that in transition metal
oxides [30]. So, the alumina particles formed at lower
temperatures hinder the chromium oxidation taking place
at higher temperatures. We believe that this is the main
reason why chromium oxides in lower oxidation degrees
not observed before are formed in this system. At higher
oxidation rates, these intermediate oxidation states of
chromium are not stable, quickly undergoing deeper oxi-
dation. The observed growth of the amount of the nitride-
like chromium oxide phase relative to that of Cr,O; at
longer MA of the initial powder (Fig. 1) prove that the
‘nanocomposite’ and ‘homogeneous’ particles are formed
in parallel during MA, at least, under our experimental
conditions.

The formation of cavities in the metal particles is a
separate problem. These cavities might be formed when
aluminium is melted on the surface and oxidized. However,
they are usually formed at the metal/oxide boundary [31].
The formation of some ordered Cr4Al or Cr,Al phases with
the density exceeding that of the amorphous phases is the
most likely reason.

Thus, different elements of the oxide matrix cermets
with a complex microstructure are formed at different
synthesis stages.

Conclusion
The cermet prepared by mechanical alloying of chromium

and aluminium (20 wt%) powders followed by hydrother-
mal treatment at 100 °C and calcination at 1100 °C has

very complex microstructure. It has the following charac-
teristic features:

(1) Mechanically strong contacts between the particles
are formed by oxide matrix. Two types of cores are
observed randomly distributed in the oxide matrix.
The ‘homogeneous’ cores predominantly consist of
chromium metal with internal pores and layers of
chromium—aluminium alloy located at the chromium
grain boundaries. The ‘nanocomposite’ cores consist
of mixed particles of alumina and chromium oxides.

(2) Chromium oxide phases with nitride-like structure
and supposed stoichiometry CrO and Cr,O are
located in the ‘nanocomposite’ cores.

(3) The relations between different stages of the cermet
preparation and design were discussed. The powder
MA stage was found to be the most important for the
cermet microstructure.

The combination of the oxide matrix with dispersed
metal component improves the mechanical strength and
increases the thermal conductivity of the cermet compared
to traditional highly porous oxides. In comparison with
traditional porous metals, CrAl cermets are more resistant
to high-temperature oxidation. Finally, the synthesized
cermet monolith has sufficiently high mechanical strength
(~20 MPa) and porosity (~42%) with large pores
(1-10 um) to be used as a catalyst or membrane support.
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