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Abstract. Two types of rapidly solidified ribbons were
obtained from the systems AIl-Ni-Si and AIl-Ni-Si-Cu. By
XRD, TEM and DSC analysis the ribbons were proved to be
amorphous. By annealing at 350°C nanocrystalline alloys
were obtained. It was found that when the amorphous alloys
are annealed at 190°C and 220°C, an unknown metastable
hexagonal phase is presented, which could not be identified
when annealing at 350°C is provided. Both studied alloys
Al7aNi16Siio and Al74NiisSisCuo show that when annealed at
190°C a residual amorphous phase is observed. It is located
mainly at the phase boundaries.

Keywords: amorphous, nanocrystalline, phase analysis.

L. INTRODUCTION

Amorphous and nanocrystalline alloys from Al-Ni-Si
ternary system are of great science interest because of their
unique combination of physical and mechanical properties.
Many researchers paid attention to the study of the structure
and properties of these materials [1] - [4]. However,
information on the phase diagram of Al-Ni-Si and alloys

based on it is limited [5], [6]. AIzNi and AlsNi> phases,
which have orthorhombic and trigonal crystal lattices
respectively, are known to exist in the range of increased
aluminium content of the Al-Ni-Si phase diagram.

The authors of [7] - [10] had investigate alloy from Al-
Ni-Si system and it was clarified that a metastable
hexagonal phase is formed in amorphous AI-Ni-Si alloys
upon annealing below a temperature of 200°C. This
hexagonal phase is with crystal lattice parameters a = 6.55-
6.59 A, ¢ = 3.83-3.86 A. It disappears when the alloy is
subjected to further annealing above 300°C.

In our previous work [11], AluNieSip and
Al74Ni;5SisCuy alloys were investigated in the amorphous
state and after annealing at 350°C. In the course of the
investigation, it was found that the transformation of the
microstructure from amorphous to crystalline proceeded in
two steps and an unknown hexagonal phase was released,
which disappeared after annealing at 350°C. To identify
this metastable phase, further studies were conducted on
the fine structure of the alloys.
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The aim of the study was to investigate the phase
characteristics of the amorphous alloys AluNieSijo and
Al74NiisSisCuy annealed at 190°C and 220°C and to
determine the presence of the mentioned hexagonal phase
at different annealing temperatures in the studied alloys.

II. MATERIALS AND METHODS

The investigated alloys Al74NiisSijo and Al74NijsSisCuy
were synthesised from the metals Al, Ni, Si and Cu with a
purity of 99.99%. The ligatures and ribbon fabrication
processes (Chill Block Melt Spinning method) were
described in detail in our previous publication [12].
Annealing at 190°C, 220°C and 350°C was performed to
obtain the crystalline structure and to study the types of
phases.

The chemical composition of the ribbons was
determined using a HIROX 5500 scanning electron
microscope (SEM, HIROX Europe, Limonest, France)
with a BRUCKER EXDS system (BRUCKER Co.,
Germany).

Bruker D8 Advance powder X-ray diffractometer
(Karlsruhe, Germany) with Ni-filtered Cu Ko radiation and
a LynxEye solid state position sensitive detector was used.
The PDF-2 (2021) database of the International Centre for
Data Diffraction (ICDD) and the DiffracPlusEVA software
package v.4.0 (Bruker AXS 2010-2014, Karlsruhe,
Germany) were used for phase analysis.

Differential Scanning Calorimetry (DSC) analysis was
performed on a STA 449 F3 Jupiter calorimeter connected
to a QMS 403 Aéolos Quadro mass spectrometer in an Ar
environment. The protective Ar flow rate in the apparatus
during the analysis was 30 mL s-1 and the purge Ar flow
rate through the samples studied was 20 mL s-1. The
heating rate was 20 K min-1.

HRTEM JEM 2100, (JEOL Ltd., Japan) with an
acceleration voltage of 200 kV in SAED and HRTEM
modes was used for microstructural observation of the
obtained alloys.

III. RESULTS AND DISCUSSION

The base alloy composition of Al-Ni-Si is close to
eutectic and is optimal for producing an amorphous alloy.
Based on research to combine good GFA, mechanical
properties and corrosion resistance [13]-[15], the amount of
copper added was set at 2 at. %. Taking into account the
chemical analysis provided [11] and based on the results
obtained, the designations of the alloys are Al74Nij6Siio and
Al74Ni158i9Cu9.

TABLE 1. DATA FROM XRD ANALISYS

State of the Defined phases

alloy in Al74Nii6Sito in Al74NiisSisCu2
Amorphous - -
f‘;&?led | AL, ALNi, hexagonal | Al, Al:Ni, hexagonal
Annealed at | Al, ALNi, NiSi, | Al Al3Ni, NiSi,,
220°C hexagonal,Ni;SiAls, hexagonal, Ni;SiAls,

AlgNiz A19N12

Annealed  at s e Al, AI3Ni, NiSi,, CusgNi,
3500C Al, ALI3Ni, NiSi, (ALCu)Ni,
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The XRD data are given in Table 1. The microstructure
of the rapidly solidified Al74NijeSijo and Al74NijsSioCus
ribbons is shown to be completely amorphous. The nature
of the crystalline phases in the annealed samples was
determined. From the phase composition data it can be seen
that only three types of phases are present when annealed
at 190°C - hexagonal metastable, Al and Al;Ni. The
greatest variety of phases is recorded at annealing at 220°C.
The hexagonal phase is present in the alloys at annealing
temperatures of 190°C and 220°C. At higher annealing
temperatures, the amount of hexagonal phase is
significantly reduced compared to the lower annealing
temperature and is completely absent at annealing at 350°C.
The authors of [7] have shown that the hexagonal phase,
which can be clearly determined, is formed from the
amorphous phase in the sample annealed at 175°C. During
annealing at higher temperatures the hexagonal phase is
transformed into three other phases, namely fcc-Al, Si and
Al3Ni phases.
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Fig. 1. The fragment of XRD diagrams of Al;4Ni;6Sij alloy annealed
at 190°C and 350°C.

The TEM observations of the structure of alloys (Fig.
2) after annealing at 190°C contains small light inclusions,
mainly at the phase boundaries. The presence of inclusions
is not observed in the structures of the alloys during
annealing at 220°C and 350°C. These inclusions could be
a residual amorphous phase [7].
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(d)

Fig. 2. Fig. 2 TEM images of (a) annealed at 190°C Al74Ni6Si;9 alloy;
(b) annealed at 190°C Al4Ni;5SisCu, alloy; (c) annealed at 220°C
AlNi6Si alloy; (d) annealed at 220°C Al74Ni;sSisCus, alloy

Differential scanning calorimetry (DSC) studies were
provided to determine the thermal resistance,
transformation temperature intervals, phase transition
temperatures and the crystallization mechanism in heating
mode of the new Al74Ni6Siio and Al7aNiisSisCu, alloys.
Fig. 3 shows the results from DSC analysis of the alloys in
the amorphous (a) and crystalline state after annealing in an
argon atmosphere at temperatures of 190°C (463K) (Fig. 3
(b)), 220°C (493K) (Fig. 3 (¢)) and 350°C (623 K) (Fig. 3
(d)) respectively. According to [7], the first peak at DSC
diagrams corresponds to the crystallization of the
amorphous phase and the crystallization of the hexagonal
phase is presented between the first and the second
endothermic peaks.

168

350°C

(b)

Fig. 3. DSC diagrams of (a) Al74NiSijo and (b) Al74Ni;sSigCu, alloys
in amourphous state and annealed at different temperatures.

The peaks proving the content of amorphous part in the
specimens of Al74Ni;sSioCu, annealed at 190°C are smaller
than those of the specimens of Al74Nii6Siio annealed at the
same temperature.

In [10] it was shown that the hexagonal phase has a
specific outlines. In our TEM observations (fig. 4) a phase,
whose morphology strongly resembles the one studied in
[10], is observed in our structures.

Diffraction reflections correspond to a hexagonal close-
packed structure, the reciprocal lattice plane (031), which
may indicate the presence of a hexagonal phase. Diffraction
rings can belong to different phases, fig.4 (b).
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Fig. 4. TEM observations of Al4Ni;sSiyCu, annealed at 190°C - (a) BF
image; (b) SEAD pattern

IV. CONCLUSIONS

The crystallisation of the amorphous alloys Al74NiisSiio
and Al74Nii5SigCuy obtained by the CBMS method during
continuous heating in the DSC proceeds in two stages in
the temperature ranges (452+453)K and (529+535)K. In
the first stage, the amorphous phase is transformed into fcc-
Al and hexagonal phase, and in the second stage, fcc-Si and
orthorhombic Al3Ni phase are formed from the hexagonal
phase. These processes were demonstrated by DSC heating
of the alloys at 463K (190°C) and 493K (220°C). TEM
structural observations of both Al4NijsSiic and
Al74Ni;5Si9Cu9 alloys annealed at 190°C showed a residual
amorphous phase located at the phase boundaries of both
the fcc-Al and hexagonal phases. It was found that after
annealing at 3500C the transformation of the
microstructure from amorphous to crystalline was
complete and the metastable hexagonal phase was not
observed.

ACKNOWLEDGEMENTS

This study is funded by the project “Study of the
rheological and corrosion behavior of amorphous and

nanocrystalline aluminum-based alloys”, Contract with
BNSF NeKP-06-H37/13 of 06 December 2019.

The authors are indebted to our colleagues Jordan
Georgiev, PhD, Ivan Penkov, PhD, Georgi Stefanov, PhD
(IMSETHAC-BAS) and prof. Daniela Kovacheva, PhD,
ass. prof. Nikolay Marinkov, PhD (IIC — BAS) for their
help and support in the preparation and for the XRD and
DSC analyzes of the alloys.

169

(1

(2]

(3]

(4]

(3]

(6]

(71

(8]

(]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

REFERENCES

B.-J. Yang, J.-M. Yao, Y.- S. Chao, J.-Q. Wang, E. Ma,
“Developing aluminum-based bulk metallic glasses, ““ Philos.
Mag., vol. 90, 2010, p.p. 3215-3231.

S. Pauly, S. Gorantla, G. Wang, U. Kiihn, J. Eckert,
“Transformation-mediated ductility in CuZr-based bulk metallic
glaases,” Nat. Mater., Vol. 9, 2010, p.p. 473-477.

S.—Y. Kim, G.-Y. Lee, G.-H. Park, H.-A. Kim, A.-Y. Lee, S.
Scudino, K.-G. Prashanth, D.-H. Kim, J. Eckert, M.-H. Lee, “High
strength nanostructured Al based alloys through optimized
processing of rapidly quenched amorphous precursors,”
SCIENTIFIC REPORTS, vol. 8, 2018, p. 1090,
DOI:10.1038/s41598-018-19337-7.

J. Ma, F. Ren, G. Wang, X. Yi, Y. Li, J. Wen, “Electrochemical
performance of melt-spinning Al-Mg-Sn based anode alloys,” Int.
J. Hydrogen Energy, vol. 42,2017, p.p. 11654-11661.

K. W. Richter, H. Ipser, “The AI-Ni-Si phase diagram between 0
and 33.3 at.% Ni,” Intermetallics, vol. 11, 2003, p.p. 101-109

G. Beuers, C. Batzner, H.L. Lukas, In: Petzow G, Effenberg G,
editors. Ternary alloys, vol. 7, 1993. p. 467

Mgr. J. Zigo, “Local structure in rapidly-quenched al-si based
systems,” Dissertation Thesis, 2017.

0.S. Muratov, O.S. Roik, V.P. Kazimirov, N.V. Golovataya, V.K.
Nosenko, G.M. Zelinskaya, T.M. Mika, V.E. Sokol'skii, “X-ray
diffraction studies of the Ni—Si and AI-Ni-Si melts,” Journal of
Molecular Liquids 200, 2014, p.p. 213-222

M. Gogebakan, M. Okumus, “Structure and crystallization
kinetics of amorphous Al-Ni-Si alloy,” Materials Science-Poland,
Vol. 27, No. 1, 2009, p.p. 78-87

J. M. Legersy, M. Audier , P. Guyot “Characterization and
Kinetics of the Crystallization of AI-Ni-Si Amorphous Alloys,”
Materials Science and Engineering, 97, 1988, p.p. 385-390.

V. Dyakova, Y. Mourdjeva, H. Spasova, G.Stefanov, Y. Kostova,
“Effect of Cu as Minority Alloying Element on Glass Forming
Ability and Crystallization Behavior of Rapidly Solidified Al-Si-
Ni Ribbons, ” Environment. Technology. Resources. Rezekne,
Latvia Proceedings of the 14th International Scientific and
Practical Conference. Vol. 3, 2023, p.p 69-73

V. Dyakova, G. Stefanov, 1. Penkov, D. Kovacheva, N. Marinkov,
Y. Mourdjeva, S. Gyurov, “Influence of Zn on Glass Forming
Ability and Crystallization Behaviour of Rapidly Solidified Al-
Cu-Mg (Zn) alloys,” J. Chem. Technol. Metall., vol. 57, 2020, p.p.
622-630.

J.-H. Perepezko, R.-J. Hebert, “Amorphous aluminium alloys—
Synthesis and stability,” JOM, vol. 54, 2002, p.p. 54, 34-39.

T. Egami, Y. Waseda, “Atomic size effect on the formability of
metallic glasses,” J. Non-Cryst. Solids, vol. 64, 1984, p.p. 113—
134.

X. Xue-Kui, T.-S. Magdalena, L. Yan-Hui, W. Wei-Hua, W. Yue,
“Structural changes induced by microalloying in Cu46Zr47—x
Al7Gdx metallic glasses,” Scr. Mater., vol. 61, 2009, p.p. 967—
969.

K.L. Sahoo, R. Sahu, “Glass transition and crystallization of Al-
Ni-La based metallic glasses studied by temperature modulated
DSC”, Journal of Non-Crystalline Solids, 365, 2013, pp. 33-36,



	I. Introduction
	II. Materials and Methods
	III. Results and Discussion
	IV. Conclusions
	ACKNOWLEDGEMENTS

