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INTRODUCTION

It is known that ultrarapid quenching from the melt
(USQM) of aluminum alloys leads to the formation of
materials with a unique microstructure due to varying
the chemical composition, formation of metastable
phases, and varying the structure [1, 2]. The purpose of
this study was to analyze the structure of the rapidly
solidified (RS) foils of lightly-doped Al–Fe alloys
depending on the treatment temperature and phase
composition of the samples. The use of the USQM
method is considered promising for increasing such
working characteristics of alloys of the Al–Fe system as
strength and plasticity [3]. There are numerous works
devoted to the structure and properties of RS Al–Fe
alloys. Despite this fact, their study remains topical due
to interest caused by their possible use as high-temper-
ature alloys in the aerospace industry [4–7]. The iron
distribution in RS samples including the variation in the
layer-by-layer elemental composition of the Al–Fe
alloys during the phase transformations is insufficiently
investigated.

The surface of RS foils of the Al–Fe alloys was stud-
ied using scanning electron microscopy and atomic-
force microscopy. Investigation of spatial distribution
of iron in foils of aluminum alloys was also continued
[8, 9] using Rutherford backscattering (RBS) technique
and the computer simulating programs RUMP [10, 11].
To determine the stability of alloys, x-ray structural
analysis of the foils was performed in combination with
the measurements of resistivity and microhardness
after annealing. Preference of the measurement of elec-

trical conductivity during investigation of phase trans-
formations in the RS Al–Fe alloys was reported in [12].
In this work, interrelation of layer-by-layer elemental
and phase composition of the Al–Fe alloys is also dis-
cussed.

EXPERIMENTAL

To fabricate the samples, we used aluminum of
99.99% grade. The alloys Al–0.25, 0.3, 0.5, 0.6, 1.0,
and 1.5 at % Fe were obtained by alloying the mixture
of components in an ISV-0.004-PI-M1 induction vac-
uum electrical furnace. RS foils of 50–70 

 

µ

 

m in thick-
ness and width 5–10 mm were obtained by slopping the
melt drop on the inner surface of rotating copper cylin-
der by the method described in detail in [13]. The cool-
ing rate of the melt was 

 

~10

 

6

 

 K/s [14]. Surface topogra-
phy of the samples was studied using a JEOL1455VP
scanning electron microscope. Three-dimensional (

 

3

 

D)
images of the surface of the foils under study were
obtained using an NT-206 atomic-force microscope
(AFM). Iron distribution over the alloy depth was
investigated at the Friedrich Schiller University of Jena,
Germany, by the method of Rutherford backscattering
(RBS) of helium ions with an energy of 1.4 MeV and
energy resolution of 17 keV with the following experi-
mental geometry: 

 

θ

 

1

 

 = 0°, 

 

θ

 

2

 

 = 10°, 

 

θ

 

 = 170°

 

, where 

 

θ

 

1

 

,

 

θ

 

2

 

,

 

 and 

 

θ

 

 are the angles of flight in, flight out, and scat-
tering of ions, respectively. The experimental spectra of
backscattering were processed with the use of the com-
puter modeling programs RUMP, which allows one to
investigate the concentrations of elements in the sam-
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ples starting from 0.001 at %. The yield of pulses 

 

Y

 

 in
the spectra is a set of random digits depending on the
number of scattered particles entered the detector.
Since in this case we do not speak about the systematic
error, the relative error in determining the iron concen-
tration was calculated as the statistical error and did not
exceed 6%: 

 

ε

 

Fe

 

 = (

 

Y

 

Fe

 

)

 

1/2

 

/

 

Y

 

Fe

 

 [15, 16], where 

 

Y

 

Fe

 

 is the
number of signal pulses from iron. X-ray diffraction
analysis of the phase composition of alloys and deter-
mination of the unit cell parameter of the foils depend-
ing on the annealing temperature of the samples was
carried out using a DRON-3M diffractometer (copper
radiation). To calculate the lattice parameter 

 

a

 

 of the
foils, we studied the (400) diffraction line from alumi-
num; the error in determining 

 

a

 

 was no larger than
0.02% [17]. Microhardness 

 

H

 

µ

 

 of alloys was measured
using a PMT-3 device under the load of 20 g accurate
to 5%. Isothermal annealing was carried out at constant
temperatures for one hour at each temperature. Isochro-
nous annealing of the samples was performed sequen-
tially through 

 

30–40°ë

 

 holding for 20 min at each tem-
perature. To determine the ratio of resistivities 

 

ρ

 

(

 

T

 

)/

 

ρ

 

0

 

,
we used the probe method with the relative error in
determination of 

 

ρ

 

(

 

T

 

)/

 

ρ

 

0

 

 down to 1%.

RESULTS AND DISCUSSION

Investigation of morphology of RS Al–Fe alloys
shows that on the surface contacting with the substrate
(cylinder) cavities are formed, in which a cellular struc-
ture consisting of elongated or two-dimensional cells
and isolated grooves is observed (Fig. 1a). Additionally,
certain cells and grooves associated with the grain
boundaries are graphically marked. The surface of foils
contacting with air has a cellular structure (Fig. 1b).
The size of the cells of the foils of the Al–0.6Fe alloy is
from 0.5 to 2.0 

 

µ

 

m. On the sample surface, roughness
is observed on both sides, and the relief of foils on the
side contacting with the substrate is smoother than on
the outer side. Figure 1d shows a three-dimensional
image of the surface of the Al–0.3Fe alloy contacting
with the substrate.

We measured the iron distribution in the near-sur-
face region of the foils of the Al–0.3Fe alloy contacting
in the surface. In a thin (~0.3 

 

µ

 

m) near-surface layer of
the foils, an increased iron content reaching 1.35 at % is
observed. In the near-surface region (from 0.1 to 0.7 

 

µ

 

m),
iron is distributed virtually uniformly (Fig. 2). The
average iron concentration is 0.33 at %.

Investigation of microhardness of the foils of the
Al–Fe alloys during isochronous and isothermal
annealing indicates that annealing of alloys at relatively
low temperatures (up to 110

 

°

 

C) causes a small increase
in 

 

H

 

µ

 

 (Figs. 3a, 3b). An increase in the temperature of
isochronous annealing leads to a virtually monotonic
decrease in microhardness of foils of the Al–0.6 and 1.0 Fe
alloys (Fig. 3a). The qualitatively comparable behavior of
the microhardness is also observed during isothermal
annealing of Al–0.6Fe alloy foils (Fig. 3b). In the same

range of annealing temperatures, a decrease in resistiv-
ity 

 

ρ

 

(

 

T

 

)/

 

ρ

 

0

 

 is observed (Fig. 3c).

Upon heating the foils to 

 

100°C

 

, the unit cell param-
eter 

 

‡

 

 of the foils of the Al–0.5Fe alloy remains invari-
able and equal to 0.4047 nm. The further isochronous
annealing in the temperature range from 100 to 

 

250°C

 

leads to a decrease in the values of the unit cell param-
eter (Fig. 4). For example, after annealing the samples
at 

 

200°C, 

 

a

 

 = 0.4044 nm. After annealing at above

 

200°C

 

, an increase in the unit cell parameter is
observed. The unit cell parameter of pure aluminum
equals 0.4049 nm [18].

Analysis of x-ray diffraction patterns of the foils of
the Al–1.5Fe alloy indicates that annealing at 

 

230°C

 

 for
2 h leads to decomposition of the supersaturated alumi-
num-based solid solution and precipitation of a meta-
stable 

 

Al

 

6

 

Fe

 

 phase. We obtained the coincidence of
interplanar spacings of a new phase 

 

d

 

0

 

 determined by
the location of additional diffraction lines absent in the
X-ray diffraction patterns of as-received foils and the
values of interplanar spacings 

 

d

 

m

 

 calculated for the
metastable 

 

Al

 

6

 

Fe

 

 phase having an orthorhombic crystal
lattice with the unit cell parameters 

 

a

 

 = 0.6492 nm, 

 

b

 

 =
0.7437 nm, and 

 

c

 

 = 0.7885 nm [19] (Table 1). We found
no inclusions of the second phase in as-received RS
alloys in the region of formation of a metastable super-
saturated 

 

α

 

-Al solid solution (iron concentration in the
alloy up to 1.5 at %) [20].

Annealing of the foils of the Al–1.5Fe alloys in the
temperature range 

 

300–600°C

 

 initially leads to a
decrease in intensity of diffraction lines of the metasta-
ble 

 

Al

 

6

 

Fe

 

 phase and then to their disappearance. Simul-
taneously, we observed new diffraction lines belonging
to a stable 

 

Al

 

3

 

Fe

 

 phase having a monoclinic crystal lat-
tice with the parameters 

 

a

 

 = 1.5520 nm, 

 

b

 

 = 0.8099 nm,

 

c

 

 = 1.2501 nm, and 

 

α

 

 = 107°43'

 

 [19]. Table 2 presents
interplanar spacings 

 

d

 

m

 

 calculated for the metastable

 

Al

 

6

 

Fe

 

 phase and interplanar spacings of a new phase 

 

d

 

experimentally calculated for foils annealed at 

 

500°ë

 

 for
1 h. Since the values of 

 

d

 

 and 

 

d

 

m

 

 coincide, we can assume
that a stable 

 

Al

 

3

 

Fe

 

 phase is precipitated during decompo-
sition of the aluminum-based solid solution at 500

 

°

 

C.

We previously found that the RS foils of lightly-doped
Al–Fe alloys have a microcrystalline structure [21]. The
average size of foil grains is several microns and
decreases as the iron concentration in the alloy
increases. The results of this investigation of the struc-
ture of the surfaces of the RS Al–Fe alloys shows that
during URQM of the Al–Fe alloys, a cellular structure
is formed similar to the structures found in the RS Al–
Zn and Al–V alloys [13, 22, 23]. AFM studies indicate
the presence of transverse inhomogeneity of the surface
of foils along the 

 

Z

 

 axis, which constitutes on average
~0.01 

 

µ

 

m. By the data [24], longitudinal sizes and dis-
tribution of air cavities on the surface of the foils of the
Al–Cu alloys obtained by the method of melt spinning
close to the URQM method used in this work depend
on the drum material and its linear velocity.
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Comparison of distribution profiles of iron over the
depth of foils of the Al–0.3 Fe and Al–0.25, 2.0 Fe
alloys obtained in the induction furnace and in quartz
cells [8] allows us to formulate regularities of redistri-
bution of the doping component of iron during the
ultrarapid solidification of lightly-doped binary alumi-
num alloys. In a thin near-surface layer of all investi-
gated objects, the iron content exceeds the eutectic con-
centration ~0.8 at % [25] by a factor of 1.7–2.5 and is
above the experimentally measured concentration in
the bulk by a factor of 4.5–6.9. Notice that an increase
in the iron content in a thin near-surface layer of RS Al–
Fe alloys corresponds to the data obtained for binary
aluminum alloys containing Cu, Co, Ni, Ge, and Sb

[26–30]. It is found that this effect is independent of the
concentration of the doping element. It is known that
the USQM process leads to an increase in the concen-
tration of nonequilibrium vacancies in the alloy [31].
Vacancies are able to form mobile complexes “atom of
dissolved element–vacancy” and diffuse to the surface,
which is their sink, along with the doping element even
at such high rates of cooling and solidification of the
melt as during USQM [32–34]. Therefore, apparently,
excess of the doping element is formed in a thin near-
surface layer precisely due to the fact that the atoms of
dissolved elements are transferred with vacancies in the
direction of the surface of the foils and grain boundaries
[33]. Based on the data on the grain structure of the RS

 

2 

 

µ

 

m

2 

 

µ

 

m

2.5

0

33

5.1

 

Z

 

, nm

 

Y

 

, 

 

µ

 

m

2.5

5.1

 

X

 

, 

 

µ

 

m

 

Z

 

, nm
20
17
13
9
5
1

–3
–7

–11

(a)

(b)

(c)

 

Fig. 1.

 

 Microstructure of the surface of the foils of the Al–0.6 Fe alloys contacting (a) with the substrate and (b) with air. (c) Typical
3D image of the surface of the Al–0.3 Fe alloy contacting with the substrate. (a) Certain cells and grooves related with grain bound-
aries are marked graphically.
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foils of the aluminum alloys [21], the layer-by-layer
elemental analysis of RS alloys by the RBS method was
performed over the depth of the columnar grain. The
distribution of components in the grain is averaged over
the section area of a beam 1 mm in diameter, which
constitutes up to 105 columnar grains according to esti-
mates. Comparison with the previously obtained RBS
results for the Al–Fe alloys [8] confirms reproducibility
of the data.

Therefore, we can conclude that interpretation of the
results of the layer-by-layer elemental analysis carried
out by the RBS method for the foils of aluminum alloys
is realistic. The question of the effect of the surface
roughness of the sample on the shape of the RBS spec-
tra is considered in [35, 36]. It is stated that, first, in the
case of beam incidence along the normal to the surface
(the geometry considered in this work), the effect of
roughness on the shape of the RBS spectrum is mini-
mal. Second, for samples with a nonuniform surface,
due to the presence of hills and valleys, the yield of par-
ticles in the high-energy region decreases. Due to this,
the atomic concentration in the surface layer of the
sample is below the actual value. However, this effect is
insignificant if the beam size is comparable with the
size of inhomogeneities [36]. In cast bulk samples, a
nonuniform over the depth distribution of doping ele-
ments in the near-surface layer is not observed by the
RBS method in the limits of depth resolution [37].

The authors of [6, 38] found that in the supersatu-
rated Al–Fe solid solutions obtained by USQM, iron
atoms are not statistically distributed in the aluminum
lattice. It was reported [39] that the melts of the Fe–Al
system are inhomogeneous and contain clusters. The
bulk content of clusters depends on the concentration of
alloy components. Therefore, a certain increase in
microhardness at the initial stage of isochronous

annealing and isothermal annealing at 60°ë can be
apparently associated with redistribution of iron atoms
in the α solid solution, which leads to the additional
formation of cluster groups enriched by iron atoms and

0 0.2 0.4 0.6
Depth, µm

1.2

0.9

0.6

0.3

CFe, at %

Fig. 2. Typical distribution profile of iron in the Al–0.3 Fe
alloy over the depth obtained by modeling the RBS spectra
from the surface of the samples contacting with the sub-
strate using the RUMP program.
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Fig. 3. Variation in microhardness Hµ of the foils (a) of the
Al–0.6 and 1.0 Fe alloys after isochronous annealing and
(b) of the Al–0.6 Fe alloy after isothermal annealing. (c) Tem-
perature dependence of the ratio ρ(T)/ρ0 for the foils of
alloys Al–0.25 and 0.6 Fe.
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is capable of causing strengthening of the alloys. In
[40, 41], it was found that the formation of clusters
leads to an increase in Hµ at the initial stage of anneal-
ing for the systems Al–Zn and Al–Mg with a high con-
tent of zinc and magnesium. The authors of [42]

assumed that the decomposition of the supersaturated
solid solution in the Al–Ge system starts from the for-
mation of the Gunier–Preston zones strengthening the
alloy. Further annealing in the temperature range 100–
200°C leads to a decrease in the unit cell parameter of
the alloy foils, which is associated with the decomposi-
tion of the Gunier–Preston zones. Partial destruction of
cluster groupings and an increase in the fraction of iron
atoms statistically distributed in the lattice was
observed after annealing at 200°C of the RS Al–Fe
alloys. This phenomenon, similarly to dissolution of the
Gunier–Preston zones at the stage of preprecipitation,
leads to a decrease in the parameter a [43]. Decompo-
sition of the supersaturated aluminum-based solid solu-
tion, which is accompanied by depletion of a primary
solid solution by iron atoms, causes a decrease in
microhardness and resistivity of alloys. The decrease in
resistivity after annealing points to precipitation of the
atoms of the doping element and coagulation of inclu-
sions [44–46]. The increase in the unit cell parameter of
the foils of the Al–0.5 at % Fe alloy after annealing
above 200°C also indicates the decomposition of the
aluminum-based supersaturated solid solution. It fol-
lows from the curves of isochronous annealing that the
process of precipitation and coagulation of iron-con-
taining phases is dominant at the annealing temperature
up to 500°C. The established temperature ranges of
decomposition agree with the results [4, 47], where the
Al alloys containing from 5.0 to 20.0 at % Fe obtained
by melt spinning were studied.

The fact that annealing at relatively low tempera-
tures leads to the formation of clusters of iron atoms in
the α solid solution can be explained by redistribution
of elements in the foils of the Al–Fe alloys annealed at
140°C. We previously found the tendency to a decrease
in the iron concentration in a thin near-surface layer at
this temperature in alloys containing 0.25 and 2.0 at %
Fe [8]. As the annealing temperature of the Al–2.0 Fe
alloy increased to 500°C [8], a decrease in the iron con-
centration was observed on the surface of foils with a
simultaneous increase of its content over the depth. It
seems likely that the decrease in the concentration of
the doping element is caused by its diffusion into the
sample bulk. The probable cause of iron redistribution
at 500°ë is the decomposition of the metastable Al6Fe
phase and precipitation of the stable Al3Fe phase. The
effect of redistribution of elements due to annealing of
the RS Al–Zn and Al–Ge alloys and the tendencies in
the variation of the layer-by-layer composition of the
foils with increasing the annealing temperature to
500°C was reported in [22, 23, 48]. Note that for the
annealing of the RS Al–4.0 Zn and Al–5.0 Ge alloys, it
is found that the concentration of the doping element in
the thin near-surface layer increases as the annealing
temperature increases. Thus, diffusion in the Al–Zn,
Ge, and Al–Fe alloys during annealing proceeds in
opposite directions: to the foil surface and to its depth.
The character of zinc distribution over the depth in
unannealed foils of the Al–Zn alloys—depletion of the

0 100 300 500
Tann, °C

0.4044

a, nm

200 400 600

0.4045

0.4046

0.4047

0.4048

0.4049

Fig. 4. Variation in the unit cell parameter a of the foils of
the Al–0.5 Fe alloy after isochronous annealing.

Table 1.  Comparison of interplanar spacings d0 and dm of
the Al6Fe phase

θ, deg d0, 10–4 µm dm, 10–4 µm hkl

12.2 3.64 3.64 102
13.0 3.42 3.43 021
21.1 2.14 2.14 222
21.7 2.08 2.08 310
24.9 1.83 1.83 310

Table 2.  Comparison of interplanar spacings d and dm of the
Al3Fe phase

θ, deg d, 10–4 µm dm, 10–4 µm hkl

6.0 7.37 7.376 200
6.65 6.65 6.68 011
7.7 5.75 5.77 111
9.3 4.77 4.78 012

10.4 4.27 4.26 112
11.2 3.97 3.96 003
11.5 3.86 3.83 021
12.6 3.53 3.54 220
15.1 2.96 2.97 004
18.6 2.41 2.41 210
20.9 2.16 2.17 224
23.8 1.91 1.91 333
26.2 1.74 1.75 306
29.8 1.58 1.59 036
31.9 1.46 1.47 336
37.4 1.27 1.28 063
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thin near-surface layer and an abrupt increase in the
zinc content by a factor of 1.7–2.6 in the layer up to
0.2 µm and the subsequent virtually uniform zinc dis-
tribution over the sample depth—qualitatively differs
from regularities of distribution of iron and germanium
in the foils of the Al–Fe and Al–Ge alloys. To establish
general regularities of distribution of elements over the
depth of the foils of the Al alloys and to investigate the
correlation of distribution profiles of doping elements
and phase composition of alloys, it is necessary to con-
tinue the investigation of physical processes during
USQM of aluminum alloys and during annealing of
obtained foils.

CONCLUSIONS

Structural and phase analysis of the foils of the
lightly-doped Al–Fe alloys is performed. During
ultrarapid quenching, a cellular structure is formed on
the surface of the foils contacting with air; the cell size
varies from 0.5 to 2.0 µm. Cavities are formed on the sur-
face contacting with a substrate; in these cavities, the cel-
lular structure is also observed. For the first time, a trans-
verse nonuniformity of the surface of the foils of the Al–
Fe alloys equal to ~0.01 µm is established. A thin near-
surface layer is enriched by iron: for the Al–0.3 Fe
alloy, the iron concentration exceeds the calculated
value by a factor of 4.5. Annealing of the Al–Fe alloys
at the initial stage at the temperature ~110°ë leads to an
insignificant increase in microhardness, which can be
explained by redistribution of iron atoms in the α solid
solution, which leads to the formation of their clusters.
During the subsequent increase in the annealing tem-
perature of the foils, decomposition of the supersatu-
rated aluminum-based solid solution takes place. The
decomposition is accompanied initially by precipita-
tion of the metastable Al6Fe phase with the subsequent
precipitation of the stable Al3Fe phase.
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