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The phase transition temperatures for amorphous metals based on aluminum Algs7(Ni,Fe)s(REM)s system were
determined by differential scanning calorimetry (DSC). The mechanisms of formation and growth of nanocrystals
in an amorphous matrix were predicted using kinetic models (Matusita model). It was found that after annealing at
the temperature of stable nanocrystalline growth, an X-ray amorphous structure with a volume fraction of
disordered nanocrystalline phases of solid state of Al(X), GdFe2, AlFezNi, GdFe: for the amorphous metal alloy
(AMA) Alg7Y4GdiNisFes alloy and microcrystalline phases of solid state of Al(X), GdFez AlFezNi for the
AlgzGdsNisFes alloy are formed, which significantly affects the mechanical properties of the Alsz(Ni,Fe)s(REM)s
system. The effect of annealing on the mechanical properties of amorphous aluminum-based alloys was
investigated using Oliver-Pharr and Young's modulus methods it was found that thermal modification of AMAs:
Alg7GdsNisFes as a result of heat treatment of AMAS from 5 to 15 min., the microhardness increases from 0.20 GPa
to 2.75 GPa, and when heat treated for 60 min at atemperatures of Tz = 645+5 K, 647+5 K, it decreases to 0.35 GPa

and 0.45 GPa, respectively.
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Introduction

Amorphous alloys have a valuable set of mechanical
properties. First and foremost, they are characterized by a
combination of high hardness and strength [1-3]. The
microhardness of a material characterizes the strength of
the bond between atoms in the structure, so changes in
microhardness indicate changes in the structure of the
amorphous phase. Therefore, it is obvious that an increase
in microhardness during annealing is associated with both
free volume reduction and ordering processes.

The main requirement for use as structural materials
is structural stability at high temperatures. It is known that
AMA based on aluminum mainly crystallizes in three
stages when heated. Doping with p-, d- and f-elements
changes the temperature and number of crystallization
stages. The first stage is nanocrystallization, which is

178

comprehensively studied and described by many authors
[4-9].

Thus, the authors [4] showed that annealing at
temperatures 50-100 K lower than the nanocrystallization
temperature results in the delamination of the amorphous
phase into two different compositions: AF1 is enriched
with atoms of d-elements, AF2 is enriched with atoms of
f-elements. The temperature of nanocrystallization
depends on the quantitative ratio and the nature of the
alloy components: after heating, aluminum nanocrystals
are formed at higher temperatures, Alg;NiipGds [10] at
T=444 K; A|87Gd5Nig [11] at T=510 K, A|goNisGd7 [10]
at T= 437 K, AlgsY10Nis [11] at T= 524 K, AlgsNisLas [9]
at T=522 K, AlgNisYgCo; [12]at T=556 K,
Alg;GdsNisFes [ll] at T=558 K, Alg7Y+Gd:NisFes [11] at
T=543 K.

As can be seen in some alloys based on Al
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crystallization occurs much easier due to the presence of
hardened crystal cores with an average arrangement of
atoms [13-14]. The authors of [11] reported on
crystallization in some amorphous aluminum alloys at
temperatures significantly lower than their crystallization
temperatures. At a high particle density (1022-10%° m~3) of
hardened nuclei, their further growth can be stopped due
to the reduction of diffusion layers that regulate crystal
growth. The following can occur at grain boundaries: ()
one layer of dopants; (Il) clean grain boundaries (no
dopant layer); (l11) two-layered; (IV) multilayer (more
than two layers of atoms). In the case of transformations
of amorphous structures, it is necessary to take into
account the following processes, which are different in
nature: 1) diffusion jump of an atom into a free node in the
first three coordination spheres; 2) atom desorption from
the open surface; 3) adsorption of an atom on an open
surface; 4) release of atoms from closed cavities.

All these processes will affect the numerical values of
the Kinetic parameters by which the crystallization
processes are analyzed. The crystallization kinetics of
vitreous materials can be described by three kinetic
parameters, namely: crystallization activation energy (1);
the Avrami index, which reflects the mechanism of crystal
nucleation and growth (2); the frequency factor
characterizing the maximum possible speed of the process
(3) [15-21]. The purpose of this work is to study the
influence of the duration of isothermal annealing of
AMAs at the temperatures of the second stage of
crystallization and alloying additions in five amorphous
aIons: A|87Y5Ni8, A|g7Gd5Ni8, A|87Y4Gd1Ni3,
Alg7Y4Gd:NisFes and AI87Gd5Ni4Fe4, on the Kkinetic
parameters and products of their crystallization.

I. Objects and methods of research

The object of the tests were AMAs alloys with the
Composition: Alg7GdsNisFes and AlgYsGdiNisFes in the
form of ribbons with a thickness and width of 20-25 um
and 3 mm, respectively, which were obtained at the
Institute of Metallurgy of the Ukrainian Academy of
Sciences (Kyiv) by melt spinning method in a helium
atmosphere on a copper drum rotating at a speed of
~30 m/s. The melt was prepared from pure metals and
binary compounds REAI; (RE =Y, Gd). The purity of the
starting metals was as follows: Al (99.999 wt.%), Ni
(99.99 wt.%), Y (99.96 wt.%), Gd (99.96 wt.%) and Fe
(99.99 wt.%). Rare earth metals in the form of binary
compounds Al;Gd and Al;Y were mainly obtained by the
method of arc melting from metals of the same purity.

The following experimental techniques were used to
study changes in physical and chemical properties due to
heat treatment:

Differential scanning calorimetry (DSC, Perkin-
Elmer Pyris 1) with different heating rates of 5, 10,
20 K/min of samples. The obtained data were evaluated
using the standard Pyris program. X-ray diffraction
method was used for samples in their initial state and
annealed at T3 (second peak) for different times of 5, 15,
30, 45, and 60 min. The X-ray diffraction analysis was
performed by wusing the PANalytical Empyrean
Diffractometer with Cu-Ko radiation (A Koy = 1.5418 A)
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and the P1Xcell detector. Phase analysis was done basing
on the HighScore Plus PANalytical software integrated
with the ICDD PDF4 + 2016 crystallographic database
[22-23]. High resolution electron microscopy (HREM,
JEM 3010). HREM observations were used to confirm (or
not confirm) the conclusions reached by DSC and X-ray
methods. Static tensile testing was carried out on an
INSTRON 5982 testing machine. The traverse speed of
the machine during testing was 1 mm/min. Tensile curves
were recorded in the coordinate system: stress o - relative
strain & Mechanical properties of AMAs were
investigation using Micro Combi Tester (Micro Scratch +
Microindentation) MCT3 (Oliver-Pharr method, type of
indentors: Berkovich and material: Diamond; Indentation
Parameters: max load: 100.00 mN, loading/ unloading
rate: 200.00 mN/min, pause: 10.0 sec).

The mechanisms of the formation of the crystalline
phase in AMAs were established using the Matusit model
[24]:

m

fa } ¢,
RT

In[—In(1 — a)] = —nIn(B) — 1.052 1)
where o is the volume fraction of crystalline phases; n is
Avrami's index; m is the dimension growth parameter, C-
constant. The Matusita model provides additional useful
information about the mechanism and direction of growth
during the crystallization of AMAs based on the
relationship between the Avrami exponent n and the
dimension growth parameter m [21]:

()

where b is a parameter characterizing the nucleation rate;
p is a parameter characterizing the type of transformation.
Correspondence of the numerical values of the parameters
m, p and b to the features of the growth of crystalline
phases in the amorphous matrix [25-27].

n=>b+pm,

I1. Results and Discussion

In fig. 1, there is presented the example of process of
heating results (DSC) obtained for Als7Y4GdiNisFes alloy.
During the heating process carried out DSC in aluminum-
based alloys, a three-stage crystallization was observed,
leading to the formation of a-Al, phases and metastable
Al-(Y, Gd) phases. One can see that the AMAs based on
aluminum undergoes three-stage crystallization leading to
the formation of a-Al, and metastable phases Al-(Y,Gd).

The annealing temperature in further research steps,
was determined from the third crystallization step (Ts) at
the second DSC maximum in the temperature range 323—
900 K with a heating rate of f = 20 K/min.

From fig. 1 (b) it can be seen that the crystallization
temperatures increase as the heating rate () increases.
AMAS A|g7Gd5Ni4F€4 and A|37Y4Gd1Ni4F€4 were
annealed for 5, 15, 30, 45, and 60 min. at temperatures
specific (determined from DCS analysis) to each sample:
645+5, 647+5 K, respectively. The rate of heating the
furnace to the selected temperature was about 17-
20 K/min.

Fig. 2 shows the dependence of the change in the
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Fig. 1. (@) DSC-curves (B =10 (1 — black curve), 15 (2 —red curve), 20 (3 — blue curve) K/min) of an example
amorphous metal alloys of Alg7Y4Gd1NisFes in the temperature range 323-900 K.
T1— temperature of nucleation, T,— temperature of growth and T3 — temperature of formation of a-Al nanocrystals;
(b) DSC-curves for AMAS Alg7YsGdiNisFes in the temperature range of 695-615 K (second peak of crystallization)
at different heating rates () 1-10 K/min, 2-15 K/min, 3-20 K/min.
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Fig. 2. The dependencies of In[-In(1—a)] on Int at different volume fraction of crystalization for AMAs:
(8) 1 — Alg7Y4Gd1NisFes, 2 — Alg;GdsNisFes; (b) The dependencies of local crystallization activation energy on
crystalization volume fraction for the AMAs for second peak of crystallization:
1- A|37Gd5Ni4Fe4, 2— A|g7Gd1Y4Ni4Fe4_

degree of crystallinity on the annealing duration in the are highlighted in Fig. 5.
coordinates In[-In(1-o)] versus In t. As can be seen, the The crystal growth is diffusion-controlled [3, 5, 15],

value of n (crystallization rate) of AMA for the as indicated by the decrease in the growth rate due to the
Alg7Y1GdiNisFes alloy increases from 1.61 to 2.01. That depletion of the interface between the amorphous

is, the heating time and temperature increase to 647+5 K matrix/crystal and the atoms of the main component.

do not significantly affect the value of n. This can be Thus, the process leads to an increase in the number of a-
explained by the model of the free volume formed by Y Al nanocrystals (average diameter of a-Al nanocrystals
atoms (r = 0.181 nm) with the main component of Al for Alg7GdsNisFe4 at annealing for 60 min. at T3 =645+5K
(r =0.143 nm). The complete replacement of Y by Gd in is 35 + 7 nm, for Alg7YsGd1NisFe4 at annealing for 60 min.
the Alg;GdsNisFes alloy leads to an increase in the at T3 =647+5 K is 25 £5 nm [5, 15]) but not in their size,
crystallization rate even at T = 64545 K, from n = 2.46 to resulting in a corresponding increase in the microhardness
n =3.01. Alloying AMA Alg7Y4Gd:1Nig with 4 at.% Fe of the alloy (Fig. 3b) for AMA Alg;GdsNisFes, when heat
leads to an increase in the crystallization temperature by treated from 5 to 45 minutes. With further heating, the
35-40 K [5, 15] and a decrease in the n value with amorphous-nanocrystalline composite microstructure is
increasing heating temperature. Iron atoms form diffusion transformed into a fully crystalline state with the
layers that inhibit the growth of crystals in the volume of formation of intermediate or final equilibrium phases [29,

the amorphous matrix. As the heating temperature 30].

increases, the phase boundary shifts due to the diffusion As a result of heat treatment of Alg;GdsNisFes and
of Al atoms, and the growth rate of the crystalline phase Alg7YsGdiNisFes AMAs for 5-60 min, the following

increases accordingly. These assumptions are illustrated structural transformations occur:
by the HREM image (Fig. 5). The areas of the interface
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Fig. 3. Changes in values (a) modulus of Young and (b) microhardness due to annealing for AMAs:
1 — Alg;GdsNisFes (black points), 2 — Alg7Y4GdiNisFes (red points).
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Fig. 4. The graphs from the tensile test for initial AMA: 1 — Alg;GdsNisFes, 2 — Alg7Y4GdiNisFes,

amorph  Alg;GdsNisFes —  nano(a-Al(REE)-rich —
Al(X)+GdFe,+AlFe;Ni

amorph Alg7Y4GdiNisFes — nano(Al(X))+nano(GdFez)+
nano(AlFe;Ni)

The microhardness of the nanocrystalline and
crystalline alloys of the AMAs system obtained from the
initial AMAs depends on the stability of the amorphous
matrix in the intercrystalline space [28]. Obviously, its
significant increase is associated with interatomic
interaction and changes in free volumes in the
quasicrystalline structure. The change in microhardness
with the annealing time of AMAs is shown in Fig. 3(b);
this dependence is non-monotonic: thermal modification
of AMA Alg;GdsNisFes as a result of AMAs heat
treatment from 5 to 15 min, the microhardness increases
from 0.20 to 2.75 GPa. For Alg;Y.GdiNisFes, the
microhardness values decrease after annealing, which can
be explained by the model of the free volume, which is
formed by the atom Y (r=0.181 nm) with the main
component Al (r=0.143nm). At higher annealing
temperatures (645, 647 K) and longer annealing times
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(60 min.), the nucleation processes are significantly
inhibited and the volume fraction of the nanocrystalline
phase increases mainly due to grain growth [3, 13], which
leads to a decrease in microhardness with values of 0.3-
0.5 GPa.

The tensile strength for aluminum alloys in the
amorphous state state is approximately 800 MPa, and in
the partially crystallized state after isothermal heat
treatment — 1500 MPa. The tensile strength of pure
crystalline Al (99.99%) is 45 MPa. The tensile test
characterizes the properties of AMA the tensile strength,
as shown in fig. 4 shows that this indicator is 3.4 times
higher (fig. 4) for AMA Alg;Y.Gd;NisFes compare to the
A|g7Gd5Ni4F€4.

Fig. 5 shows the HRTEM-image of Alg;GdsNisFes
AMAs after a 60 min. annealing at the temperature of the
end of the second stage of AMASs crystallisation. Crystals
of intermetallic compounds of various different
compositions are formed in the alloy volume [31]. It can
be seen that annealing for 60 min. results in almost
complete crystallisation of AMAs with a residual
amorphous matrix (Fig. 5). As can be seen from the
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70.00 nm

Fig. 5. HREM—ifnages of various sectons of the AMAs tape Alg;GdsNisFe, annealed for 60 min. at Ts = 645+5 K.
(Scale shown in images).

HREM-images, an amorphous matrix with a low
concentration of all components is formed between the
crystals. The bonds between the crystals are weak, and a
loose structure with low mechanical properties is formed.
Therefore, annealing for 60 min. does not strengthen the

AMAs and leads to a decrease in all mechanical
parameters.
Conclusions

X-ray diffraction analysis showed that the

nanostructure is formed in the alloys after 5 minutes of
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annealing, and after another 15 minutes it leads to the
formation of a microcrystalline structure. It is shown that
the temperature range, annealing time, and kinetics of
crystallization of AMA alloys depend on the elemental
composition of AMA (base metal, rare earth and
amorphizing alloy additives, and their quantitative ratio).
It has been shown that the value of n (crystallization rate)
of AMA for the Alg;Y4GdiNisFes alloy increases from
1.61 to 2.01. The activation energy for the alloys for iron-
containing yttrium-containing AMAS, the activation
energy practically does not change during the
crystallization process. Thermal modification of AMASs:
Alg7GdsNisFes as a result of heat treatment of AMAs from
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5 to 15 min., the microhardness increases from 0.20 to
2.75 GPa, and when heat treated for 60 min at a
temperatures of T3 = 64545, 647+5 K, it decreases to 0.35
and 0.45 GPa.
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MexaHiuHi BJacTUBOCTIi aMOpQHHUX MeTaJIeBUX CILIABIB CHCTEMHU
Alg7(Ni,Fe)s(REM)s micsisi KOpoTKOYaCHOTro Biamasy

Ulvsiscoruii nayionanshuil ynieepcumem imeni Ieana @panxa, Jveis, Yipaina,
2Cinesvxuii ynisepcumem é Kamosiyax, Kamosiye, ITonvwa, krystyna.khrushchyk@us.edu.pl

Metonom audepeHnianbHoi ckanyrouoi kanmopumetpii (JICK) BusHaueHO TemmepaTypu (a3oBHX MEpeXoiB
amopdHux MeraniB Ha ocHOBi amominito Alg7(Ni,Fe)s(REM)s. 3a nomomoror kiHeTH4HHX Mojenel (MoJeib
Marycira) nepeadaueHo MeXaHi3MH yTBOPEHHS Ta POCTYy HAaHOKPUCTAJIB B aMmop(dHiit MaTpuii. BcranosneHo, mo
MICJIS Biay TPU TEMIIEPaTypi cTabiIbHOTO POCTY HAHOKPUCTATIB YTBOPIOETHCS PEHTIeHaMOp(hHA CTPYKTYpa 3
00’€MHOI0 YaCTKOI HEBIOPSAKOBAaHUX HaHOKpHUcTaniunux (a3 teepaoro crany Al(X), GdFez, AlFexNi, GdFe;
st amopguoro meranesoro ciuaBy (AMC). YrBoproerses cruiaB AlgrYsGdiNigFes ta mikpokpucraniuni dasu
teepaoro crany Al(X), GdFez AlFeaNi st crutaBy Alg7GdsNisFes, 1o icTOTHO BIUMBaE Ha MeXaHidHi BIACTHBOCTI
cucremu Alg7(Ni,Fe)s(REM)s. JlocmikeHo BIUIMB Bigmany Ha MeXaHiyHi BIACTHBOCTI aMOP(GHHUX CIUIaBiB Ha
OCHOBI aJIFOMIHIIO 3a JOTMOMOTor MeToziB Moxyis OmiBepa-®appa ta FOHra. BeranoBneHo, mio TepmiuHa
moaudikamist AMC: AlgzGdsNisFes B pesynbrari Tepmoo6pook AMC Bing 5 10 15 XB, MIKPOTBEPIICTh 3pOCTaE
Bix 0,20 mo 2,75 I'Tla, a mpu Tepmiuniii 0Opobui mpotsarom 60 xB 3a Temmeparyp Tz = 645+5, 64745 K
3meHtryerhest 10 0,35 1 0,45 I'Tla, BigmosiaHO.

Kiawuosi cioBa: amopdHi MeTangeBi CIUTaBd Ha OCHOBI ajllOMiHIIO, Au(epeHIliagbHa CKaHy4a
KaJIOpUMETPisl, MIKpOTBEPIiCTh, HAHOKPHCTATI3aIlisa, Moays FOHra.
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