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Effects of Rare-Earth Metals on the Thermal Stability
and Glass-Forming Ability of Al–Ni–Co–R Amorphous Alloys
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Abstract—Al86Ni4Co4R6 and Al86Ni6Co2R6 (R = Nd, Sm, Gd, Tb, or Yb) metallic ribbons were produced by
planar f low spin casting. The glass-transition and phase-transformation temperatures of these alloys were
determined in crystallization kinetic studies. Glass-forming criteria for these alloys were calculated from dif-
ferential scanning calorimetry (DSC) and differential thermal analysis (DTA) data. The rare-earth metals
and combinations of transition metals useful to enhance the thermal stability and glass-forming ability of the
alloys were found.
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INTRODUCTION
The development of aircraft, rocket, and ship-

building requires technologists to provide new materi-
als with improved mechanical characteristics, corrosion
resistance, unique electrical and magnetic properties.
The existing crystalline (even though multicomponent)
alloys do not satisfy these requirements. One way out
is to use amorphous metal alloys. Amorphous and
nanocrystalline aluminum alloys with 3d-transition
and rare-earth metals are items with perfect mechani-
cal and corrosion properties [1–5]. Where the transi-
tion metal is nickel, alloys show enhanced microhard-
ness and tensile strength [1]. Cobalt-doped alloys are
distinguished by high corrosion resistance, being
regarded as candidate protective coatings [6]. How-
ever, the compositions and preparation methods for
amorphous metallic alloys are selected empirically
due to the nonexistence of theory that would explain
the high glass forming ability (GFA) of aluminum
alloys doped with 3d and rare-earth metals.

Our previous studies showed that a combination of
nickel and cobalt provides amorphous Al–Ni–Co–R
alloys with higher thermal stability compared to ter-
nary systems [7, 8]. Here we present the results of ther-
moanalytical experiments on aluminum metallic
glasses containing various amounts of 3d metals and
various rare-earth metals. These results were used to
calculate the glass-forming criteria for Al–Ni–Co–R
alloys; the effects of various rare-earth metals on the
thermal stability and glass-forming ability of the alloys
were analyzed.

EXPERIMENTAL

The initial alloys Al86Ni4Co4R6 and Al86Ni6Co2R6

(R = Nd, Sm, Gd, Tb, and Yb) were produced by
alloying pure metals in an induction furnace for 0.5 h
at 1923 K under an argon atmosphere. The chemical
compositions of alloys were analyzed using an atomic-
adsorption spectrometer. Amorphous ribbons (width—
3 mm and thickness—39–45 μm) were produced by
standard planar f low casting under a controlled inert
gas atmosphere. The cell was degassed and then filled
with argon to 103 Pa. The melt was overheated up to
1500–1523 K and then injected to a water-cooled cop-
per wheel. The amorphous structure of ribbons was
verified by X-ray diffraction (CuKα radiation) on a
Bruker D8 Advance diffractometer.

The crystallization kinetics and thermal stability
were studied by differential scanning calorimetry
(DSC) and differential thermal analysis (DTA) on
Perkin-Elmer DSC-7 and Perkin-Elmer DTA-7,
respectively. DTA experiments were carried out under
an argon atmosphere (f low rate: 20 mL/min). The
heating rate in experiments was 20 K/min. Prior to
DTA experiments the setup was calibrated against the
aluminum and gold melting points. Characteristic
temperatures were determined in Pyris Data Analysis
software intended for analyzing data from Perkin-
Elmer instruments.
663



664 RUSANOV et al.

Fig. 1. X-ray diffraction curves for Al86Ni4Co4R6 ribbons.
Curves are shifted up along the vertical axis for clarity.
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Fig. 2. DSC curves for Al86Ni4Co4R6 alloys obtained at
the 20 K/min heating rate. Curves are shifted down along
the vertical axis for clarity (for the samarium alloy, by
0.5 units; for the gadolinium alloy, by 1 unit; for the ter-
bium alloy, by 1.5 units; and for the ytterbium alloy, by
2 units).
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Fig. 3. DSC curves for Al86Ni6Co2R6 alloys obtained at the
20 K/min heating rate. Curves are shifted down along the ver-
tical axis for clarity (for the samarium alloy, by 0.3 units; for
the gadolinium alloy, by 0.7 units; for the terbium alloy, by
1 unit; and for the ytterbium alloy, by 1.25 units).
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RESULTS AND DISCUSSION

All ribbons were amorphous to X-rays (Fig. 1).
Representative DSC curves are shown in Figs. 2 and 3.

All alloys containing 4 at % nickel and 4 at % cobalt
featured a glass-transition point (Tg) and a quite exten-
sive area of “undercooled liquid” (suspended between
the glass-transition point Tg and the crystallization
onset point Tx), which is not typical of amorphous alu-
minum-based alloys. This fact can serve as evidence
for combinations of 3d-transiiton metals and rare-
earth metals endowing alloys with a high tendency to
amorphization.

The Tg and Tx for all rare-earth metals have rather
close values within the span of 30 K. The highest ther-
mal stability is observed for neodymium and gadolin-
ium alloys. The Tg and Tx are 547, 565 K for neodym-
ium alloys and 539, 560 K for gadolinium alloys.
Samarium, terbium, and ytterbium alloys have lower
glass-transition and crystallization onset tempera-
tures. This can be due to Sm, Tb, and Yb in multicom-
ponent alloys having a variable valence; that is, proto-
types of intermetallic compounds, which are not typi-
cal of neodymium and gadolinium alloys, appear in
the amorphous phase. These compounds, as a rule,
are metastable and appear in the first crystallization
stage [9].

The DSC results for alloys containing 6 at % nickel
and 2 at % cobalt are shown in Fig. 3.

There are two noteworthy distinctions between
DSC curves for these compositions. Firstly, for samar-
ium and ytterbium alloys glass-transition points are
not detected even at high heating rates (40 K/min).
Secondly, the nickel amount in alloys increasing to
6 at % decreases the glass-transition temperature (Tg)
and crystallization onset temperature (Tx) by 20–40 K
RUSSIAN JOURNAL O
for all rare-earth metals. Neodymium and gadolinium
alloys yet have the highest thermal stability, though
the terbium alloy has approached them.

Summarizing DSC results for alloys of various
compositions, we observed that equal amounts of
nickel and cobalt in alloys are most preferable in the
context of enhancing the thermal stability of the
alloys.

In order to have a more intimate insight into the
crystallization of amorphous ribbons, identify solidus
F INORGANIC CHEMISTRY  Vol. 65  No. 5  2020
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Fig. 4. DTA curves for Al86Ni4Co4R6 alloys obtained at
the 20 K/min heating rate. Curves are shifted down along
the vertical axis for clarity (for the samarium alloy, by
37 units; for the gadolinium alloy, by 60 units; for the ter-
bium alloy, by 100 units; and for the ytterbium alloy, by
130 units).
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Fig. 5. DTA curves for Al86Ni6Co2R6 alloys obtained at
the 20 K/min heating rate. Curves are shifted down along
the vertical axis for clarity (for the samarium alloy, by 30 units;
for the gadolinium alloy, by 65 units; for the terbium alloy,
by 105 units; and for the ytterbium alloy, by 140 units).
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and liquidus temperatures, and further calculate glass-
forming parameters, we carried out a series of DTA.
Representative results for alloys containing 4 at %
nickel and 4 at % cobalt are shown in Fig. 4.

The crystallization of amorphous ribbons that con-
tain 4 at % nickel and 4 at % cobalt was found to occur,
as a rule, in three stages, in good agreement with our
previous studies [7–9]. Apart from the major phases
(Al, Al9Co2, Al3Ni, Al3R, and Al11R3), ternary stable
and metastable compounds like Al19Ni5R3 and
Al23Ni6R4 can appear; however, this is beyond discus-
sion here.

Melting for all compositions occurs in several
stages and has an extensive (more than 300 K) two-
phase area. For the solidus temperatures, a nonlinear
variation is observed with a 909-K peak for terbium.
This situation is typical of alloys where the rare-earth
metal is used in low concentrations. As a rule, charac-
teristic temperatures (in the case at hand, solidus tem-
peratures) reach an extreme in the middle of the series.
Noteworthy, for gadolinium alloys the solidus is at
a close temperature (907 K), thereby providing one
more piece of evidence for this rule within the error
bar of DTA temperature determination. As to the liq-
uidus temperature, it decreases monotonically from
1257 K in the neodymium alloy to 1233 K in the ytter-
bium alloy.

Figure 5 shows DTA results for alloys containing
6 at % nickel and 2 at % cobalt.

Devitrification in these alloys has a more intricate
pattern than in 4 × 4 alloys. This process is accompa-
nied by three or four (in the samarium alloy) exo-
therms.
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
In the two-phase area between the solidus and liq-
uidus, however, no significant thermal events appear;
this area also has an appreciable temperature extent (of
about 300 K). The solidus and liquidus temperatures
themselves well correlate with each other and have
maximum values for terbium- and gadolinium-con-
taining alloys.

We used the characteristic temperatures for Al–
Ni–Co–R alloys written from DSC and DTA curves
to calculate the best-known glass-forming ability
(GFA) criteria [10–19]. One of the most common cri-
teria is Trg = Tg/Tl; in order to calculate it, one is to use
the glass-transition temperature Tg and the liquidus
temperature Tl [10–12]. As a rule, calculations of
other criteria also require one to know the glass-tran-
sition temperature (Tg): ΔTx = Tx – Tg [13], γ = Tx/(Tg +
Tl) [14], δ = Tx/(Tl – Tg) [15], β = (TgTx)/(Tl + Tx)2
[16], γm = (2Tx – Tg)/Tl [17], γc = (3Tx – 2Tg)/Tl [18],
and ξ = (Tg/Tl) + (ΔTx/Tx) [19], where Tx is the crys-
tallization onset temperature of the amorphous alloy
and Tl is the melting (liquidus) temperature.

The characteristic temperatures and results of cal-
culation appear in Table 1. The values of γ, δ, and β for
the studied alloys well agree with the results of calcu-
lation for other amorphous aluminum alloys (see, e.g.,
calculations in [20]).

At the same time, it can be seen that the existing
criteria in no way reflect the change in the glass-form-
ing ability of Al–Ni–Co–R alloys due to alloying with
various rare-earth metals, although we found this
experimentally. Therefore, it is necessary to introduce
a new criterion that would eliminate these disadvan-
tages, and this criterion should contain information
about the state of the melt before quenching.
l. 65  No. 5  2020
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Table 1. Characteristic temperatures of Al–Ni–Co–R amorphous alloys as determined by DSC and DTA (heating rate: 20
K/min) and the results of calculation of glass-forming ability parameters

Alloy
Tg Tx Tm Tl Trg ΔTx

γ δ β γm γc ξ
K

Al86Ni4Co4Nd6 547 565 904 1257 0.44 18 0.31 0.80 0.09 0.46 0.48 0.47
Al86Ni4Co4Sm6 522 543 900 1244 0.42 21 0.31 0.75 0.09 0.45 0.47 0.46
Al86Ni4Co4Gd6 539 560 907 1236 0.44 21 0.32 0.80 0.09 0.47 0.49 0.47
Al86Ni4Co4Tb6 518 537 909 1234 0.42 19 0.31 0.75 0.09 0.45 0.47 0.46
Al86Ni4Co4Yb6 523 543 893 1233 0.42 20 0.31 0.77 0.09 0.46 0.47 0.46
Al86Ni6Co2Nd6 517 535 896 1203 0.43 18 0.31 0.78 0.09 0.46 0.47 0.46
Al86Ni6Co2Sm6 – 478 900 1188 – – – – – – – –
Al86Ni6Co2Gd6 522 540 898 1212 0.43 18 0.31 0.78 0.09 0.46 0.48 0.46
Al86Ni6Co2Tb6 512 529 908 1235 0.42 17 0.30 0.73 0.09 0.44 0.46 0.45
Al86Ni6Co2Yb6 – 510 892 1168 – – – – – – – –
However, there is another way to solve the prob-
lem, namely, studying the physical and chemical
properties of Al–Ni–Co–R melts. In this case, it is
possible to predict the effect of the alloying element on
the glass-forming ability (GFA) without manufactur-
ing the amorphous ribbons themselves. For example,
we have shown that the paramagnetic Curie tempera-
ture determined from the temperature-dependent
magnetic susceptibility of melts can be a good criterion.
If the additive enhances the interatomic interaction in the
melt (increases the paramagnetic temperature θ), then it
will increase the GFA of the alloys; if it decreases θ, then
it will adversely affect and the glass-forming ability of
alloys [21].

CONCLUSIONS

The crystallization kinetic studies of amorphous
Al–Ni– Co–R alloys with various rare-earth metals
have shown that the alloys typically have a supercooled
liquid field and a glass-transition point (which is not
typical of amorphous aluminum-based alloys) and a
high thermal stability. The calculated GFA criteria
indicate that these alloys exhibit a high tendency to
glass formation. However, these criteria do not allow
one to unambiguously decide which of the rare-earth
elements is preferable.

A combination of 4 at % nickel and 4 at % cobalt is
preferable for producing amorphous Al–Ni–Co–R
alloys, due to it providing alloys highly prone to amor-
phization. A detailed study of the effects of various
rare-earth metals on the characteristic temperatures of
these alloys has shown that neodymium, gadolinium,
and terbium are the best dopants in terms of increasing
glass-transition, crystallization onset, and melting
temperatures.
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