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Abstract—The microstructure and physicochemical properties of the surface of rapidly solidified Al–Cr
alloys containing 1 and 3 at % of chromium are studied by means of photoelectron microscopy using synchro-
tron radiation, scanning probe microscopy, and the sessile-drop technique. We find that the surface oxide-
hydroxide layer of foils has a heterogeneous structure with highly dispersed chromium inclusions (possibly
clusters). Chromium and aluminum are predominantly in a metallic state in chromium-enriched regions of
the foil surface. We find that the equilibrium contact angle of wetting of the samples with water depends on
their morphology and the concentration of chromium in the alloys. The wettability is mainly determined by
the chemical composition of the surface of foils and to a lesser extent its roughness. A decrease from poor to
low water wettability of rapidly solidified Al–Cr alloys with an increase in the chromium concentration up to
3 at % is due to the aggregation of chromium inclusions.
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INTRODUCTION
Currently, medium-strength aluminum alloys are

successfully used in the storage and transportation of
compressed hydrogen fuel as an alternative to gasoline
and diesel fuel. High-strength aluminum alloys are
limited in use because of their susceptibility to hydro-
gen embrittlement during operation at elevated pres-
sures [1–3]. Intensive works to create materials from
high-strength aluminum alloys for hydrogen power
engineering and reinforcing elements of hydrogen
lines, therefore, are aimed at avoiding the negative
effect of hydrogen on the mechanical properties of
aluminum materials. Despite the advances of experi-
mental and theoretical studies on the mechanisms and
forms of hydrogen embrittlement [4–6], significant
progress in studying the interaction of hydrogen with
structural microdefects and macrodefects may be
achieved due to new methods of analysis of the struc-
ture and chemical composition of alloys under
nanoscale resolution.

Fundamental studies of the behavior of hydrogen
in aluminum and its alloys require studies of the influ-
ence of physicochemical processes during crystalliza-
tion on the structure and properties of aluminum
alloys depending on the composition of samples, the
method of their preparation, and processing condi-

tions. The behavior of hydrogen in rapidly solidified
aluminum alloys is of particular interest. Despite the
fact that many alloying components of industrial alu-
minum alloys are poorly soluble in aluminum under
equilibrium conditions, an anomalous increase in
their solubility in a solid solution is achievable due to
rapid crystallization [7, 8]. For example, the solubility
of chromium in aluminum in binary aluminum alloys,
for example, exceeds the equilibrium solubility limit
by 3.4 times to reach 1.5 at % as a result of centrifugal
quenching [9]. This expands the possibilities of the
heat treatment of supersaturated solid solutions and
allows improvement in the properties of aluminum
alloys due to alloying with transition metals (chro-
mium, iron, zirconium, titanium, and others) and
rare-earth elements (scandium, yttrium, lanthanum,
and others). Another feature of rapidly solidified
materials is the dispergation of structural components
of alloys during solidification, including the separa-
tion of dispersed inclusions of nonequilibrium inter-
metallic phases, whose composition and structure dif-
fer from equilibrium phases, which leads to hardening
of the samples.

When the kinetics of hydrogen evolution from rap-
idly solidified foils of aluminum and its binary alloys
with chromium and those with iron and zirconium was
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studied, the authors found that the mechanism of
hydrogen trapping by nonequilibrium defects in foils
of aluminum alloys is qualitatively changed in com-
parison with samples obtained with conventional
methods [10–13]. This makes it possible to control the
rate of hydrogen permeation (to slow it down) through
rapidly solidified materials. Modification of the struc-
ture and surface properties of aluminum alloys using
methods of rapid solidification, therefore, is of funda-
mental and practical importance to avoid the hydro-
gen embrittlement of metals and their alloys that are in
contact with an aggressive hydrogen-containing envi-
ronment.

The aim of this work is a comprehensive study of
the microstructure, composition, and chemical state
of the surface of rapidly solidified Al–Cr binary alloys
with scanning photoelectron microscopy (SPEM) and
scanning probe microscopy (SPM) to determine the
effect of the alloying element chromium on the chem-
ical composition and properties of rapidly solidified
foils. High-resolution synchrotron radiation (SR)
photoelectron microscopy and SPM make it possible
to determine the elemental composition and visualize
the surface structure of an object at a submicroscopic
level. The sessile-drop technique was used as an
express and highly sensitive method for studying the
physicochemical properties of the surface of the sam-
ples. Considering that the surface layer of rapidly
solidified alloys is in a special physicochemical state
and its properties are different from the bulk properties
of a material, the degree of wettability of foils with dis-
tilled water was measured from the contact angle as a
sensitive indicator of the microstructure and chemical
composition of the surface of solids.

EXPERIMENTAL
Rapidly solidified Al–Cr alloys containing 1 and

3 at % Cr were obtained via the centrifugal quenching
of a melt with one-sided heat removal, when a drop of
melt was splashed onto the inner surface of a copper
cylinder. The cooling rate of the melt was no lower
than 106 K/s [14] at a rotational speed of 1500 rpm of
a cylinder with a diameter of 20 cm. The thickness of
the foils was 50–100 μm and the width was 5–10 mm.
The foil surface in contact with air was chosen to ana-
lyze the microstructure, composition, and properties.

The microstructure and chemical composition of
the Al–Cr alloy foils were studied by means of SPEM
method in the 2D microscopic imaging and spectro-
scopic modes at the ESCA microscopy beamline in
the synchrotron radiation facility ELETTRA at an
electron-beam energy of the storage ring of 2.4 GeV. The
photoelectrons were recorded on a PHOIBOS 100-mm
hemispherical energy analyzer equipped with a 48-chan-
nel detector developed in ELETTRA [15]. The energy
analyzer was installed at an angle of 60° to the direc-
tion of radiation incident normally on the surface of
the samples. Electrons emitted from an extended por-
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tion of the sample surface irradiated with photons are
detected in the multichannel operation mode of the
analyzer, which allows one to obtain two-dimensional
images of the foil containing information about the
distribution of elements in various chemical states over
the surface. The analyzer in the spectroscopic mode of
X-ray photoelectron spectroscopy (μ-XPS) detects
photoelectrons emitted from a submicron region of
the surface. The photoelectron spectra of core elec-
trons (electrons on inner shells of an atom) allow the
identification of chemical elements and analysis of the
chemical composition of a small area of the sample
surface.

The foil surface during the SPEM experiments was
irradiated with photons having an energy of hν = 650 eV.
The foil was purified from excess carbon during etch-
ing of the sample surface with argon ions with an
energy of 2 keV. The working vacuum in the experi-
mental chamber of the spectrometer was 10–7 Pa. The
diameter of the SR beam focused by means of the
Fresnel zone plate was ~120 nm. The photon energy
was calibrated from the signal of a gold film according
to the position of the Fermi level and Au4f7/2 core
level. The analysis depth at a photon energy of 650 eV
was several nanometers, the energy resolution was
0.3 eV, and the spatial resolution was less than 0.1 μm.
Other experimental details are described elsewhere
[16]. The processing of μ-XPS spectra (subtraction of
the nonlinear background with the Shirley method [17]
and normalization) was performed with Igor Pro soft-
ware. The NIST database was used to analyze the chem-
ical state of elements [18].

The morphology and roughness of the foil surface
in contact with air were studied using SPM on an NT-206
atomic force microscope in the contact mode in air; Si
standard and CSC-38 probes were used. Images 36 ×
36 μm in size were processed using SurfaceXplorer
software (Mikrotestmashiny, Belarus) [19]. The arith-
metic average roughness Ra was found from the data
obtained from four to five areas selected randomly for
each alloy. The relative measurement error of Ra was
about 3.5%.

The wettability of the samples with distilled water
was found via the sessile-drop technique in air from
the equilibrium contact angle θ measured by means of
digital processing of the droplet profile with a volume
of 50 μL on the foil surface in contact with air. The
drops were placed (up to four on one foil) with the help
of syringe at the equipment described in [20]. The sta-
bilization time of the foil–distilled water system was
60 s under ~18°С. The error in measuring the equilib-
rium water contact angle was ~1°.

RESULTS AND DISCUSSION
Figures 1a and 1b show the two-dimensional

SPEM images of a characteristic region of the foil air-
side surface of Al–1 at % Cr alloy obtained via the
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 1  2020
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Fig. 1. Photoelectron mapping of rapidly solidified Al–1 at % Cr alloy foil: (a) SPEM image of Al2p, (b) SPEM image of Cr3p
of a characteristic area of the foil surface, the corresponding (c) Al and (d) Cr distribution maps together with (e) distribution
map of metallic Al relative to Al2O3 oxide. The size of each image is 130 × 130 μm2.
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recording of Al2p and Cr3p photoemission signals,
respectively. The same features of the surface relief of
the sample are dominant in both figures due to the
contribution of topographic contrast. The SPEM
images, therefore, were processed to remove topo-
graphic artifacts [16]. Figures 1c and 1d show the pho-
toelectron maps of aluminum and chromium distribu-
tion over the surface of the foil: the processed SPEM
images, whose compositional contrast is determined
by the elemental composition of the surface region of
the rapidly solidified samples. The local heterogeneity
of contrast of the image (Fig. 1d) indicates that there
are finely dispersed zones on the foil surface with a
high concentration of chromium (possibly as clusters)
and zones with a low amount of chromium. Consider-
ing that processing of the photoelectron maps allows
one to study the change in the chemical composition
of the samples with lateral resolution, Fig. 1e also
shows a distribution map of Al in the metallic state rel-
ative to that in the oxidized one obtained after the pro-
cessing of SPEM images recorded at photoelectron
energies corresponding to the bond energies of metal-
lic Al and Al2O3 oxide, respectively. Analysis indicates
that there are areas on the foil surface, where alumi-
num is predominantly in the metallic (unoxidized)
state. There is, for example, a region 1 (Fig. 1a), which
visually seems to be light (Fig. 1e) in comparison with
the darkened region 2 (Fig. 1a), which corresponds to
the area, in which Al is mainly in the oxidized state.

Micro-XPS analysis of the foil surface of the Al–1
at % Cr alloy was performed in submicron regions des-
ignated as A and B (Fig. 1a) and in areas of a finite size
of the same area (Fig. 1a, section 1 of 25 × 24 μm2 in
size and a section 2 of 60 × 10 μm2 in size). Figure 2
shows the photoelectron spectra of Al2p and Cr3p. There
are two lines in the Al2p spectra (Figs. 2a and 2b). The
first one with a bond energy of 72.8 eV corresponds to
aluminum in the metallic state and has the highest
intensity in the spectra measured in regions A and area 1.
The second line with a peak position at 73.4–76.0 eV,
which is typical for Al–O bonds, is relatively wide and
shifts to the region of higher bond energies if the area
of analysis is changed to region B and area 2. Analysis
of the 3p line of Cr in the range 41.6–43.5 eV (Figs. 2c
and 2d) showed that there is chromium only in region
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A and area 1, whereas it is not detected in region B and
area 2.

The change in the spectra of the Al2p level (Figs. 2a
and 2b) from the region with a high amount of chro-
mium (curves A and 1) to that with a low amount of
chromium (curves B and 2) indicates that the low-
energy component corresponding to metallic alumi-
num (72.8 eV) has the highest intensity in the regions
enriched in chromium. Al2O3 with a bond energy of
75.7 eV is a predominant phase in regions with a low
amount of chromium. This allows us to conclude that
chromium inhibits the oxidation of aluminum on the
surface of the foil. In addition, hydroxides also appear
in the foils together with oxidized aluminum and
metallic aluminum, and broadening of the Al2p pro-
file at high bond energies confirms this fact. A satis-
factory approximation of the photoelectron spectra of
the core level of Al2p aluminum was obtained in pre-
vious experiments [21] for Al–3 at % Cr alloy, taking
into account the formation of Al(OH)3 and AlOOH
hydroxides. It is difficult, however, to prove the origin
of aluminum hydroxides according to μ-XPS analysis
because of the complex multicomponent structure of
the spectra and disagreement between the reference
and literature data on the bond energies of the high-
energy components of aluminum lines [18]. As a
result, the phase composition of the pure aluminum
foils and its alloys with chromium is additionally
planned to be studied with X-ray diffraction analysis.

The Cr3p X-ray photoelectron spectra (Figs. 2c
and 2d) demonstrate that chromium is mainly in the
metallic state in the chromium-rich regions (curves A
and 1). It should be noted, however, that the bond
energy at 41.6 eV of a low-energy component having
the highest intensity and corresponding to metallic
chromium is lower than the published data (41.9 [22]
and 42.1 eV [23]). In addition, an unusual high-energy
“oxide” peak, whose decomposition components are
assigned to chromium oxides, is observed in the
μ-XPS spectra (curves A and 1). A comparison with
the available published data on the bond energy of core
Cr3p levels for CrO2 (43.5 eV [24]) and Cr2O3 (43.9 eV
[25]) shows that there is a general tendency that the
signals are shifted towards lower bond energies in the
Cr3p spectra in contrast to the Al2p spectra. In addi-
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 1  2020
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Fig. 2. Photoelectron spectra of: (a and b) Al2p and (c and d)
Cr3p states measured for various surface regions of rapidly
solidified Al–1 at % Cr alloy. Curves A and B correspond
to submicron regions A and B in Fig. 1a, whereas curves 1
and 2 correspond to regions 1 and 2 of the same area of
600 μm2 in Fig. 1a.
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tion, the bond energy of the Cr2p3/2 main peak in the
spectral profiles of Cr2p electrons measured previously
for Al–3 at % Cr alloy [21] is 574.0 eV, which is in good
agreement with the published data (573.8–574.7 eV)
[18]. The shape of the Cr2p and Cr3p photoelectron
spectra of Al–1 at % Cr alloy and Al–3 at % Cr alloy
foils indicates that chromium is insignificantly oxi-
dized on the surface of the foil in those areas enriched
in chromium (designated as A in Fig. 1a). This fact
may be indirect evidence of the segregation of a large
fraction of chromium in the surface layer of the sam-
ples into clusters, during the localization of which it
interacts less actively with atmospheric oxygen and
moisture.

Figure 3 shows the typical topography of the foil
air-side surface of Al–Cr alloys. The surface morphol-
ogy of the samples has an aperiodic grain structure
with a grain size of 1–5 μm. The microrelief includes
heights, cavities, and flat areas together with disor-
dered acute-angled and obtuse-angled conical struc-
tures (Figs. 3a and 3b). The grain height above the foil
surface is 100 nm in some areas. The arithmetic aver-
age surface roughness differs by 9% for Al–1 at % Cr
alloy and Al–3 at % Cr alloy foils and is 39.2 and
42.7 nm, respectively. Figure 3c shows the equilibrium
water contact angles for Al–Cr alloys. The inserts in
Fig. 3a and 3b show the shape of distilled water drop-
lets placed on the air-side surface of the rapidly solid-
ified foils. We found that chromium changes the hydro-
phobic properties of pure aluminum foils (99.99%),
which are poorly wetted with water (θ = 87.7° for the air-
side surface of Al foils) [20]. When the nominal con-
centration of chromium increases in alloys from 1 to
3 at %, there is a decrease in the contact angle θ from
86.2° to 75.2°, respectively.

The SPEM results of the rapidly solidified Al–1 at % Cr
alloy are in good agreement with those obtained previ-
ously for rapidly solidified Al–3 at % Cr alloy [21],
and they make it possible to find the following regular-
ities of the microstructure of the surface layers of foils
of Al–Cr alloys. Nonequilibrium crystallization
during the rapid cooling of a melt leads to oxide-
hydroxide surface layers including a low amount of
chromium and having an inhomogeneous structure:
there are areas with high and low amounts of chro-
mium on the foil surface. Photoelectron mapping of
the surface of the foils during the recording of Cr2p
[21] and Cr3p photoemission signals suggests that
chromium clusters are formed on the surface of the
foils. Figure 1d indicates that light shaded aggregates
(agglomerates) mainly consisting of metallic chro-
mium apparently segregated into clusters are unevenly
distributed over the surface of the foil. Although it is not
possible to assess the size and structure of the clusters by
means of SPEM, there is a decrease in the bond energy
of 3p core chromium electrons in the rapidly solidified
Al–1 at % Cr alloy despite the fact that there is no shift
in the position of the core aluminum peaks. This effect
not observed in Al–3 at % Cr alloy (probably due to
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the aggregation of chromium precipitates) is due to an
increase/decrease in bond energy of core electrons of
cluster atoms compared to those in bulk samples. This
makes it difficult to identify the chemical state of a
material from chemical shifts of photoelectron lines in
the presence of metal clusters and their oxides in the
matrix [26, 27]. Numerous theoretical and experimen-
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 1  2020
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Fig. 3. Morphology and wettability of rapidly solidified
foils of: (a) Al–1 at % Cr and (b) Al–3 at % Cr alloys, and
(c) the histogram of the equilibrium water contact angle of
wetting versus nominal amount of chromium in the alloys.
The inserts (a) and (b) show the shape of droplets on the
surface of the samples.
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tal data obtained for transition and noble metals indi-
cate that the sign and magnitude of a shift in the bond
energy measured with SPEM depend on the size of
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clusters (from some nanometers to 100 nm and
higher), the chemical state, the mutual arrangement of
their atoms, and the substrate material [26, 28, 29]. It
is preferable, therefore, to compare only experimental
data obtained for similar samples. It is interesting to
note, however, that there is an increase in the bond
energy of 2p3/2 and 3p core levels by 0.35 and 0.45 eV,
respectively, for chromium nanoclusters (with an aver-
age size of 1.5 nm) on a graphite surface [29] in com-
parison with those positions of Cr2p3/2 and Cr3p lines
at 574.40 and 42.10 eV, respectively. In-situ SPEM
analysis of the samples showed that there is no oxida-
tion of chromium nanoclusters.

Another characteristic feature of rapidly solidified
foils of Al–Cr alloys is the local suppression of alumi-
num oxidation in submicron regions enriched in chro-
mium. Meanwhile, despite a different composition,
different preparation conditions of samples, and oxi-
dation methods, our experimental data are in agree-
ment with the fact that aluminum segregates on the
surface in Al–Cr alloys, whereas chromium is either
mainly located below the oxide layer or it incorporated
into the oxide film in the metallic state [30, 31]. Such
a behavior of chromium in the surface layer of samples
is probably due to the predominant oxidation of alu-
minum owing to the large free formation energy of its
oxide, which was experimentally observed in the oxi-
dation processes of iron–chromium–aluminum
alloys [32].

The experimental increase in the degree of hydro-
philicity of the foil surface during alloying aluminum with
chromium within the concentration range of 1–3 at % Cr
indicates that the wettability of the foils strongly cor-
relates with the chemical composition of their surface.
Indeed, the equilibrium water contact angle decreases
by only 1.5° despite the fact that the roughness of the
foils increases after the introduction of 1 at % of chro-
mium (Ra of aluminum air-side surface is 17 nm for
areas with a size of 20 × 20 μm2 [33]); in other words,
the wetting properties of Al–1 at % Cr alloy negligibly
differs from those of pure aluminum foils, which are
poorly wetted with water (θ value is 90°). This con-
firms the conclusion that the surface regions of the
samples contain a low amount of chromium, and
metallic chromium aggregates segregate into clusters,
which are unevenly distributed over the surface of the
foil. An increase in the amount of chromium in the
alloy up to 3 at % decreases the equilibrium water con-
tact angle of wetting by 13% with a slight increase in
roughness of the foil. As a result, an increase in the
degree of hydrophilicity of the foils with an increase in
the chromium concentration in the alloy is probably
due to the aggregation of chromium precipitates and
an increase in the amount of chromium regions with a
low amount of aluminum oxide and its hydroxides
despite the fact that the surface of the foils has a low
amount of chromium, which leads to a decrease in the
contact angle. At the same time, Al–3 at % Cr alloy
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 1  2020
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foils possess low wettability, because the angle θ
remains large enough to be 75.2°. The latter is of great
interest, because a contact angle of 90° between the
water drop and the surface of the sample is a condi-
tional boundary that determines the degree of its wet-
tability with water in accordance with a general divi-
sion of the materials into hydrophobic and hydro-
philic. Considering that water spreads well on high-
energy surfaces of materials with metallic, covalent or
ionic bonds [34, 35], aluminum is expected to exhibit
hydrophilic properties. Indeed, numerous experimen-
tal studies indicate [36–38] that Al samples and its
alloys are well wetted with water, and the equilibrium
contact angle of wetting, as a rule, is several times
lower than 90° despite different preparation methods
of the surface. Nevertheless, there are some data that
large wetting angles θ within 70°–90° are typical of
aluminum and some of its alloys during their contact
with water [20, 39–41]. The authors assumed that this
effect is probably due to aluminum oxides and hydrox-
ides [42, 43] on the surface of the materials and their
interaction with the atmosphere. The authors, how-
ever, noted that the role of the composition and chem-
ical state of the surface of aluminum materials during
homogeneous/heterogeneous wetting remain poorly
understood.

The study of structure and physicochemical state of
the surface of alloys are especially important for the
development of materials used in aggressive liquid and
gas environments. Currently, chromium alloying is
widely used to increase the thermal stability and cor-
rosion resistance of industrial alloys [3, 44]. As a
result, the behavior of chromium in aluminum mate-
rials obtained via various technologies of both surface
[45, 46] and bulk alloying is actively studied. Our
results expand modern ideas about the microstruc-
ture, including the chemical and phase composition,
of oxide films/oxidized surfaces of aluminum alloys
and the effect of the surface on the physicochemical
properties of alloys obtained via nonequilibrium crys-
tallization. Additional studies of the evolution of struc-
ture and the properties of materials depending on the
composition of samples and heat treatment are required
for a more complete understanding and determination of
the potential for rapid crystallization to modify the struc-
ture and properties of aluminum alloys, including for
practical applications in hydrogen material science.

CONCLUSIONS
The microstructure of rapidly solidified Al–Cr

alloys was studied with photoelectron spectroscopy
using SR, scanning probe microscopy, and the sessile-
drop technique and the effect of chromium on the
chemical composition and surface properties of the
samples was investigated. Finely dispersed chromium
inclusions distributed nonuniformly over the surface
of the samples were found in the surface area of foils
with a low amount of chromium. Chromium leads to a
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change in the ratio of the characteristic features of
metal and oxide components in the photoelectron
spectra of aluminum. The metal component of the
Al2p core level spectra corresponding to aluminum in
the metallic state is predominant in regions enriched
in chromium, whereas there is an increase in the rela-
tive amount of Al2O3 oxide and aluminum hydroxides
in regions with a low amount of chromium. SPM data
showed that the roughness of the foils during the dop-
ing of aluminum with chromium within 1–3 at %
increases slightly and is 39.2 and 42.7 nm, respectively.
The relationship between the equilibrium water con-
tact angle and the physicochemical state of the surface
of rapidly solidified alloys indicates that the wettability
of the foil surface is mainly determined by its chemical
composition. When 3 at % chromium is introduced,
the degree of hydrophilicity of the foils increases: the
contact angle θ decreases by 13% up to 75.2°. We
showed, therefore, that SR makes it possible to expand
the capabilities of photoelectron spectroscopy and
perform mapping with visualization of the distribution
of elements in various chemical states over the surface
of samples with a submicron spatial resolution. We
also showed that the sessile-drop technique can be
successfully used along with direct methods to study
the structure of samples (both at submicroscale and
nanoscale) for macroanalysis of structural and chem-
ical heterogeneity of materials obtained via nonequi-
librium crystallization.
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