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Abstract—Aluminum-based metallic ribbons with the compositions Al86Ni4Co4Nd(Sm)6 and Al86Ni6Co2Nd(Sm)6
were produced by melt spinning. X-ray diffraction characterization showed that the ribbons had an
amorphous structure. Their crystallization kinetics were studied by differential scanning calorimetry and
their resistivity was measured by a standard four probe method. The Al–Ni–Co–REM ribbons were
shown to have a broader temperature range of an amorphous state than do Al–Ni(Co)–REM ternary
alloys. We found compositions with an enhanced glass-forming ability.
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INTRODUCTION
Aluminum-based amorphous ribbons containing

transition metals (TM = Ni or Co) and rare-earth
metals (REMs) offer a unique combination of
mechanical properties and corrosion resistance [1–5].
If nickel is used as a transition metal, the amorphous
alloys possess improved mechanical properties (their
tensile strength reaching 1000 MPa) [1]. At the same
time, cobalt-containing ribbons demonstrate high
corrosion resistance [6]. It is reasonable to expect that
combining these elements in amorphous Al–Ni–Co–
REM alloys will ensure the formation of metallic
glasses with improved mechanical properties and cor-
rosion resistance.

The purpose of this work is to study how the pres-
ence of Nd and Sm and the content of 3d transition
metals influence glass formation in Al–Ni–Co–REM
alloys (containing 4–6 at % Ni, 2–4 at % Co, and 6 at %
Nd or Sm) and their electrical properties.

EXPERIMENTAL
Alloys for amorphous ribbons were prepared by

melting starting materials in an induction furnace at
1923 K over a period of 0.5 h under an argon atmo-

sphere. The chemical composition of the alloys was
determined on an atomic absorption spectrometer.
Amorphous ribbons (2 mm in width and 36–45 μm in
thickness) with the compositions Al86Ni4Co4Nd6,
Al86Ni6Co2Nd6, Al86Ni4Co4Sm6, and Al86Ni6Co2Sm6
were produced by melt spinning under a controlled
inert gas atmosphere. First, we evacuated air from the
chamber, and then it was filled with argon to a pressure
of 103 Pa. The melt was superheated to 1500–1523 K
in the induction furnace and then jetted onto a water-
cooled copper drum.

The structure of the resultant samples was studied
by X-ray diffraction (CuKα radiation) on a Bruker D8
Advance diffractometer. They were characterized by
differential scanning calorimetry (DSC) at heating
rates of 10, 20, and 40 K/min using a PerkinElmer
DSC-7 system. The resistivity of the ribbons was mea-
sured by the four probe method at a heating rate of
10 K/min. The experimental procedure was described
in detail elsewhere [7].

RESULTS AND DISCUSSION
According to X-ray diffraction data, the ribbons

had an amorphous structure (Fig. 1): no Bragg peaks
were detected in their X-ray diffraction patterns. The
main peak of the Al86Ni4Co4Nd6 and Al86Ni6Co2Nd6
ribbons is located at 2θ = 38°–39°, that is, at a 10°

1 Presented at the 16th International IUPAC Conference on High
Temperature Materials Chemistry (HTMC-XVI), July 2–6,
2018, Yekaterinburg, Russia.
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Fig. 1. X-ray diffraction patterns of the amorphous
(1) Al86Ni6Co2Nd6 and (2) Al86Ni4Co4Nd6 ribbons (scan 1
is displaced upward by 100 units).
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Fig. 2. DSC curves of the Al86Ni6Co2Nd6 alloy. The
curves obtained at heating rates of 20 and 40 K/min are
displaced downward by two and five units, respectively.
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smaller angle in comparison with a ribbon containing
8 at % Ni [8]. The prepeak located to the left of the
main peak and characteristic of nickel-containing rib-
bons [8] is shifted by a small angle. No such peak was
detected in our experiments. The presence of Sm
instead of Nd has no effect on the position of the main
peak, but its intensity is higher by 50 units in the case
of the neodymium-containing ribbons.

Figures 2 and 3 show typical DSC curves obtained
at different heating rates.

All of the alloys were shown to have three exother-
mic peaks. In addition, the Al86Ni6Co2Sm6 alloy was
found to have a fourth exothermic peak, with a small
heat effect. The presence of Sm instead of Nd, at dif-
ferent relative amounts of the 3d transition metals,
reduces not only the temperature of the first stage of
crystallization (by 15–20 K) bur also the correspond-
ing heat effect.

Table 1 lists the temperatures of the observed peaks
in the DSC curves of the alloys.

 Increasing the nickel content of the neodymium-
containing ribbons to 6 at % was shown to reduce the
temperatures of all three stages of crystallization. The
temperatures of the first and second peaks were lower
by 30 K, and that of the third peak decreased by 23 K.
In addition, the heat effect of the first stage was
smaller than that in the case of the alloy containing 4%
Ni, whereas the heat effects of the second and third
stages were larger. The third peak of these ribbons had
a simple shape. Moreover, the glass transition in the
Al86Ni6Co2Nd6 ribbons was only detected at high
heating rates (20–40 K/min), in contrast to the
Al86Ni4Co4Nd6 ribbons.

The results obtained for the alloys containing 6 at
% Ni and 2 at % Co differ significantly for the neo-
dymium- and samarium-containing ribbons. In addi-
tion to the fact that no glass transition was detected in
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the samarium-containing material, the first stage of its
crystallization was shifted to lower temperatures by
almost 46 K (at a heating rate of 10 K/min). Moreover,
the heat effect in the first stage of crystallization
decreases by almost three times. At the same time,
these ribbons are similar in the nature of the second
stage of crystallization (its temperature is 11 K higher
in the case of the samarium-containing material). The
peak temperature of the third stage of crystallization in
the samarium-containing ribbons is higher than in the
neodymium-containing ribbons (at any heating rate).
It should be especially emphasized that, in this case,
the heat effect in the samarium-containing material is
considerably larger. In addition, at all heating rates the
Al86Ni6Co2Sm6 alloy was found to have a fourth peak,
at temperatures near 730 K, in contrast to the other
samples. It seems likely that not only does a combina-
tion of 6 at % Ni, 2 at % Co, and 6 at % Sm consider-
ably decrease the thermal stability of the amorphous
state of the alloy, but it also stimulates an additional
stage of crystallization.

At all heating rates, the glass transition temperature
(Tg) is well-defined for the Nd-containing materials,
which is atypical of amorphous aluminum-based
alloys. The glass transition of the Sm-containing alloy
with 4% Ni + 4% Co was only detected at high heating
rates (20–40 K/min). This result correlates with previ-
ously reported DSC data for samarium-containing
ternary alloys, whose Tg was never determined at a
heating rate of 10 K/min [9–14].

The activation energy (Ep) for each stage of crystal-
lization was evaluated by the Kissinger method [15],
according to which

( ) = +2
p p pln const,T E RTv
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Fig. 3. DSC curves of the (a) Nd- and (b) Sm-containing alloys
at a heating rate of 40 K/min. The curves of Al86Ni6Co2Nd6
and Al86Ni6Co2Sm6 are displaced downward by four units.
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Fig. 4. Plots of ln(T2/v) against 1/T for the Al86Ni4Co4Sm6
alloy.
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where Tp is the peak temperature, v is the heating rate,
and R is the gas constant. 

The calculation results are presented in Fig. 4 and
Table 2.

The activation energy was determined to be E1 =
439 kJ/mol for the first stage of crystallization in the
Al86Ni4Co4Nd6 alloy, E2 = 240 kJ/mol for the second
stage, and E3 = 208 kJ/mol for the third stage. Replac-
ing Nd by Sm increases E1 to 408 kJ/mol. The activation
energy increases by more than 100 kJ/mol for the second
stage of crystallization and by more than 60 kJ/mol for
the third stage. The addition of cobalt as a second
transition metal considerably increases the activation
energies for the first and second stages of crystalliza-
tion in comparison with the values obtained by Ille-
kova et al. [10] for an Al89Ni6Sm5 ternary alloy.

Reducing the amount of Co from 4 to 2 at %
reduces the activation energy for the first stage of crys-
tallization to 353 kJ/mol, but increases the activation
energies for the second and third stages to 339 and
216 kJ/mol, respectively.

Increasing the percentage of nickel in the samar-
ium-containing alloys reduces the activation energy
for the first stage of crystallization by almost a factor of
1.5, but raises the activation energy for the second
stage of crystallization to 454 kJ/mol. The activation
energy for the third stage of crystallization drops by
40 kJ/mol. The activation energy for the samarium-
containing alloy with 6 at % Ni and 2 at % Co is sub-
stantially lower (by more than 90 kJ/mol for the first
stage of crystallization) than that for the neodymium-
containing alloy.

To identify the phases forming in different stages of
crystallization, the ribbons were annealed for a short
time, following which their structure was examined by
X-ray diffraction. The ribbons were annealed during
continuous heating at a rate of 10 K/min, followed by
rapid cooling. The highest annealing temperatures
were determined from the DSC results and corre-
sponded to the first, second, and third peaks in the
DSC curves of the alloys. The X-ray diffraction results
for the Al86Ni6Co2Sm6 sample are presented in Fig. 5.

Pure aluminum was found to precipitate in the first
stage of crystallization of the Al86Ni6Co2Sm6 alloy
(Fig. 5, 570-K scan). The large width of the observed
peaks in both the diffraction pattern and DSC curve of
this sample suggests that aluminum precipitated in the
form of nanoparticles. We observed the formation of
the intermetallic phase Al9Co2 in the second stage of
crystallization and the metastable compound Al4Sm
(or possibly Al11Sm3 with a distorted lattice) in the
third stage. At a temperature near 738 K, the metasta-
ble intermetallic phase Al4Sm converted into Al3Sm, a
INORGANIC MATERIALS  Vol. 56  No. 1  2020
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Table 1. Temperatures of the crystallization peaks in the DSC curves of the amorphous Al–Ni–Co–Nd(Sm) alloys

Composition Heating rate, K/min Tg, K Tp1, K Tp2, K Tp3, K Tp4, K

Al86Ni4Co4Nd6

10 540.7 563.6 628.9 644.3 –

20 542.5 566.9 637.4 654.1 –

40 544.2 571.8 647.7 666.8 –

Al86Ni4Co4Sm6

10 – 546.9 605.6 637.8 –

20 524.1 550.6 610.5 645.3 –

40 529.7 555.4 617.5 654.7 –

Al86Ni6Co2Nd6

10 – 539.3 600.5 621.7 –

20 514.5 542.7 605.7 630.9 –

40 515.4 548.7 612.6 641.6 –

Al86Ni6Co2Sm6

10 – 482.9 611.8 642.5 737.4

20 – 490.4 614.8 653.7 748.5

40 – 495.8 620.9 661.9 761.2
stable compound with a rhombohedral lattice (Fig. 5,
773-K scan).

On the whole, the Al86Ni4Co4Sm6 alloy exhibits
similar crystallization behavior, but there are some
distinctive features. First, the precipitation of alumi-
num nanoparticles in the first stage of crystallization
begins at a 60-K lower temperature in comparison
with the Al86Ni6Co2Sm6 alloy. Second, in the third
stage the stable intermetallic phase Al3Sm with a cubic
lattice is formed at once. Subsequent heating of the
material is not accompanied by any heat effects. After
heating to 700 K and cooling to room temperature, the
material consisted of Al, Al9Co2, and cubic Al3Sm.

The X-ray diffraction results for the Al86Ni4Co4Nd6
alloy are presented in Fig. 6. Like in the case of the
samarium-containing alloy, essentially pure alumi-
num precipitates in this alloy in the first stage of crys-
tallization. Judging from the shape of the peaks in the
INORGANIC MATERIALS  Vol. 56  No. 1  2020

Table 2. Activation energies (kJ/mol) for different stages of crys-
tallization in the amorphous Al–Ni–Co–Nd(Sm) alloys

Composition E1 E2 E3 E4

Al86Ni4Co4Nd6 439 240 208 –

Al86Ni4Co4Sm6 408 351 273 –

Al86Ni6Co2Nd6 353 339 216 –

Al86Ni6Co2Sm6 262 454 239 259
X-ray diffraction pattern and DSC curve of this alloy,
the pure aluminum particles in it are considerably
larger than the aluminum nanoparticles precipitating
in the samarium-containing alloys. In the second and
third stages, the stable intermetallic compounds Al9Co2,
Al5Co2, and Al3Nd are formed, persisting to room
temperature. It is worth noting that, after heating to
700 K, we observed reflections corresponding to the
AlNd3 compound, even though the existence of this
compound at 6% neodymium appears unlikely. It is
quite possible that there was a small amount of a ter-
nary compound whose X-ray diffraction pattern was
not represented in existing databases. Further investi-
gation is needed to resolve this issue.

Thus, the crystallization onset temperatures and
activation energies obtained here provide conclusive
evidence that the Al86Ni4Co4Nd6 alloy has a broader
stability range of its amorphous phase and is more
thermally stable in comparison with the samarium-
containing alloy. The 4% Ni + 4% Co combination is
preferable to the 6% Ni + 2% Co combination for
amorphous phase stabilization.

Figure 7 shows typical resistivity curves of the
Al86Ni4Co4Sm6 and Al86Ni6Co2Sm6 alloys and a previ-
ously studied Al86Ni8Sm6 sample [8].

The resistivity of the amorphous alloys was found
to be rather high, at a level of 120 μΩ cm. It is a weak
function of temperature and has a negative tempera-
ture coefficient for all of the alloys. During crystalliza-
tion, the resistivity decreases by more than a factor of 2,
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Fig. 5. X-ray diffraction patterns of the Al86Ni6Co2Sm6
sample.
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Fig. 6. X-ray diffraction patterns of the Al86Ni4Co4Nd6
sample.
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Fig. 7. Relative resistivity curves of the Al86Ni8Sm6 [8],
Al86Ni4Co4Sm6, and Al86Ni6Co2Sm6 alloys.
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passing through three stages (their temperatures are
identical to those evaluated from the DSC data to
within ±3 K). It should be emphasized that, in the case
of the samarium-containing ribbons, replacing 8 at % Ni
by 6 at % Ni + 2 at % Co extends the temperature range
of the amorphous state by 30 K (Tx1 shifts from 439 to
468 K). Further increasing the amount of Co to 4 at %
extends the temperature range of the amorphous state
by 100 K (Tx1 shifts from 439 to 535 K). Note that anom-
alous R(T) behavior was also observed at T  730 K.

Resistivity curves of the neodymium-containing
alloy with 4 at % Ni and 4 at % Co have a number of
distinctive features as compared to the samarium-con-
taining alloy. The second stage of the decrease in resis-
tivity during crystallization occurs in a wide tempera-
ture range (the resistivity gradually decreases with
increasing T), whereas the third stage is represented by
a small segment of the curve compared to the second
stage. Above 650 K, the resistivity rises linearly with
increasing temperature. No anomalies were detected
near 730 K.

The anomalous R(T) behavior around 730 K in the
case of the samarium-containing alloys is attributable
to the cubic-to-rhombohedral phase transformation
of the intermetallic compound Al3R. Such polymor-
phic transformations are typically not accompanied by
considerable heat effects, but show up in temperature
dependences of electron-sensitive properties [16].

The observed decrease in resistivity with increasing
temperature for the amorphous phase can be
accounted for as follows: Heating of amorphous Al–
TM–REM alloys is known to cause phase separation
well below the crystallization temperature. The effect
was discovered by Gangopadhyay et al. [17] and was

�

later confirmed many times for a variety of alloys (see,
for example, Radiguet et al. [18] and Abrosimova et al.
[19]). The formation of low-resistivity microregions
consisting of essentially pure aluminum, whose size
considerably exceeds interatomic distances, in a disor-
dered amorphous matrix leads to a reduction in the
total resistivity of the alloy. The larger the volume frac-
tion of such microregions, the lower the resistivity of
the material. When the crystallization of the ribbon
reaches completion, its resistivity passes through a
minimum and then begins to rise with increasing tem-
perature, which is characteristic of crystalline alloys.
This issue was addressed in detail previously [8].
INORGANIC MATERIALS  Vol. 56  No. 1  2020
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Thus, the present resistivity data confirm that the
neodymium-containing amorphous alloys are more
thermally stable than the samarium-containing alloys
and that the 4% Ni + 4% Co combination is more
preferable than the 6% Ni + 2% Co combination for
amorphous phase stabilization.

CONCLUSIONS

The present DSC and resistivity data demonstrate
that the amorphous Al–Ni–Co–Nd(Sm) alloys have
a broader temperature range of an amorphous state (by
100 K) than do Ni- or Co-containing ternary alloys
and exhibit more complex crystallization behavior.
Neodymium is more preferable than samarium for
improving the glass-forming ability of these alloys,
and the 4% Ni + 4% Co combination is better than 6%
Ni + 2% Co.
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