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Abstract

It has been demonstrated for the first time that severe plastic deformation (SPD) permits
to produce the metallic alloys containing two coexisting amorphous phases from the crystalline
multiphase alloy. The as-cast NigoNbig Y22 alloy was coarse-grained and contained mainly NiY
phase (grain size 25 um) and also NbNis, Ni»Y, NirY2 and NizY phases (grain size 3-5 pm).
High pressure torsion (4 GPa, 10 torsions) completely changed the structure. The sample after
SPD contained two glassy phases and two other nanocrystalline NiY and NbisNiy phases
(grain size about 20 nm). The coarse-grained alloy was mainly ferromagnetic with a small
paramagnetic component. After SPD the alloy becomes strongly diamagnetic with a small
ferromagnetic component. Therefore, it has been revealed that severe plastic deformation
allows one to produce the composite amorphous alloys.
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1. Introduction

It is well known that the quenching from li-
quid state permits to synthesize the amorphous state
(metallic glass) [1-3]. Recently the multicomponent
alloys were discovered whose quenching from the melt
permitted to produce simultaneously two coexisting
amorphous phases. The first phase-separated metallic
glass was probably prepared in the Zr-Y-Al-Ni sys-
tem by Inoue et al. in 1994 [4]. In 2004, Kiindig et
al. obtained the two-phase amorphous alloys in the
Zr-La-Al-Ni-Cu system [5]. Later the phase-separated
metallic glasses were manufactured in several alloy
systems: Ni-Nb-Y [6-13], (Ti, Zr)-Y-Al-Co [14-16],
Cu-(Zr, Hf)-(Gd, Y)-Al [17], Nd-Zr-Al-Co [18], Zr-
-(Cu, Ce, Pr, Nd)-Al-(Ni, Ag) [3, 19, 20]. In these
materials the decomposition and structure formation
take place already in the melt prior to solidification.

These alloys have exotic properties such as extraordin-
ary plasticity [17, 21] and may be extremely interest-
ing for various applications [1, 10, 22]. Therefore, it
is important to find other methods for the synthesis
of metallic glasses containing simultaneously two (or
more) different amorphous phases.

The Ni-Nb-Y system has been chosen for the exper-
iments. It has been shown that the miscibility gap of
the monotectic binary Nb-Y system extends into the
ternary Ni-Nb-Y system up to 70 at.% Ni as a con-
sequence of the positive mixing enthalpy between Nb
and Y [7]. The experimental evidence of phase sep-
aration in the melt of Ni58,5Nb20_25Y21,25 (numbers
indicate at.%) was obtained by in situ X-ray diffrac-
tion at elevated temperatures and differential scanning
calorimetry [6-9]. The melt in this alloy separated in
two immiscible hquld phases Ni58_5Nb20,25Y21_25 and
NisgNbig.1 Y309 already before quenching. The quick
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cooling of this mixture leads to the formation of two
amorphous metallic phases from two pre-existing li-
quid phases [6-9]. The microstructure consisted of two
amorphous regions, one Nb-enriched and the other Y-
enriched, with a size distribution from several nano-
metres up to micrometer-dimension.

Severe plastic deformation of crystalline alloys also
permits to transform them into amorphous phase [23—
27]. The goal of this work is to try to obtain the coex-
isting amorphous phases by the high pressure torsion
(HPT). In our case we would try to obtain two coexist-
ing amorphous phases not from two coexisting liquids
(or from one amorphous phase) but from the mixture
of crystalline phases.

2. Experimental

The NigogNbigYss (numbers indicate at.%) alloy
which was chosen for the investigations is shown by
the asterisk in the Y-Ni-Nb phase diagram (Fig. 1a).
It is very close to the composition Nisg 5Nbsg 25Y21.25
studied in [7-9]. The NigoyNb13Y2 alloy was prepared
by using high purity components (4N Ni, 3N Nb and
3N Y) for vacuum induction melting. After grinding,
sawing and chemical etching, as-cast disks of these al-
loys, with 3 mm in diameter, were subjected to HPT
at room temperature under a pressure of 4 GPa in
a Bridgman anvil type unit (10 torsions, duration of
process about 300s). X-ray diffraction (XRD) data
were obtained on a Siemens diffractometer (Co Ka
radiation). Transmission electron microscopy (TEM)
investigations were carried out on a JEM-100CX mi-
croscope with an accelerating voltage of 100 kV. Scan-
ning electron microscopy (SEM) and electron-probe
microanalysis (EPMA) were carried out in a Supra
50VP microscope equipped with a LINK energy-
dispersive spectrometer produced by Oxford Instru-
ments. Grain size D was estimated by the Scherrer
formula D = 0.9)\/8cosf (here X is the wavelength, (3
is the physical line broadening and 6 is the diffraction
angle) [28]. The magnetic properties were measured
on a superconducting quantum interference device
SQUID (Quantum Design MPMS-7 and MPMS-XL).
The magnetic field was applied parallel to the sample
plane (in plane).

3. Results and discussion

The X-rays diffraction spectrum of the NiggNb;g-
Yoo alloy before deformation is shown in Fig. 2a.
The main phase component is the NiY phase. The
as-cast sample contains also other crystalline phases.
The spectrum is well described by deconvolution into
the peaks of the NiY, NbNis, Ni2Y, Niz Y, and NigY
phases. No input of the amorphous phase(s) was de-
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Fig. 1. (a) Liquidus projection obtained by the CAL-

PHAD method of the Y-Ni-Nb ternary phase diagram [31].

The composition of the triple NigoNb1gY22 alloy chosen

for investigations is marked by the asterisk. (b) Calcu-

lated pseudo-binary section of the ternary phase diagram
NigoY 40-NigoNbag [7].

tected. SEM micrograph of the as-cast NiggNbigYao
alloy is shown in Fig. 3. The microstructure contains
the large spherical grains of the NbNiz phase (mean
grain size is about 25 pm) surrounded by the mix-
ture of NiY, Ni»Y, Ni; Yy and NigY phases (grain size
3-5 um). In Fig. 1b the calculated pseudo-binary sec-
tion of the ternary phase diagram NiggY 40-NiggINbyg
is shown [7]. The composition of our alloy is very
close to this pseudo-binary section (Fig. 1b) and is
nearly in the middle of the horizontal axis. Neverthe-
less, only the NiY, NiYy and NbNiz phases observed
in the as-cast sample are present in the pseudo-binary
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Fig. 2. (a) X-rays diffraction spectrum of the NiggNbigY22
alloy before deformation. The main phase component is
the NiY phase. Other phases are NbNis, Ni2Y, Niz Y2 and
NigY. (b) X-rays diffraction spectrum of the NiggNbigYa22
alloy after HPT. It consists of two halos from two amorph-
ous phases (1 and 2) which are superimposed over the
peaks of crystalline phases NiY and NbisNis.

section (Fig. 1b). Two other phases NizY and Ni;Y,
are not represented in the calculated phase diagram
(Fig. 1b). And vice versa, the phase NbgNi7 (Fig. 1b)
was not observed in the as-cast sample. The coarse-
-grained alloy was mainly ferromagnetic with a small
paramagnetic component (Fig. 4a). It is known that
NizY and NirYs phases are ferromagnetic [29, 30].
The information about magnetic properties of other
phases in the Y-Ni-Nb system is absent, to the best
of our knowledge. Unfortunately, there are only few
experimental data on the ternary Y-Ni-Nb phase dia-
gram. The phase diagrams (Fig. 1) were calculated
using CALPHAD (7, 31]. In our experiments, as well
as in [6-10], no ternary phases were observed. Ternary
Y-Ni-Nb phases are also absent in the existing data-
bases [32, 33].

High pressure torsion completely changed the

T

Fig. 3. SEM micrograph of the NigoNbisgY22 alloy before
deformation.
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Fig. 4. (a) Magnetization curve of the NigoNb1sY22 alloy

before deformation. It is mainly ferromagnetic with a small

paramagnetic component. (b) Magnetization curve of the

NigoNb1sY22 alloy after deformation. It is mainly diamag-
netic with a small ferromagnetic component.

structure. The NbNisz, NisY, NizY5 and NigY phases
present in the starting coarse-grained alloy completely
disappeared after HPT. Only NiY crystalline phase
which existed in the as-cast state remains after HPT.
The respective XRD-pattern is shown in Fig. 3b.
It contains the partly superimposed halos of two
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Fig. 5. TEM micrographs of the NigoNbisY22 alloy after

HPT. (a) Predominantly amorphous area (bright field, in-

sets show enlarged portion of a micrograph and the elec-

tron diffraction pattern); (b, c) predominantly crystalline

area, (b) bright field, (c) dark field. Inset shows the elec-
tron diffraction pattern.

amorphous phases with maxima at ¢ = 25.1nm™!

and ¢» = 28.8 nm ™! and peaks of two other crystalline
NiY and NbjsNis phases. It is very close to the halos

positions ¢; = 26.3nm ™! and ¢, = 29.5nm ! observed
in the quenched alloys [7]. The area under scatter-
ing curve corresponding to the amorphous phase with
¢ = 28.8nm~! (and also the amount of this phase)
is about three times higher than that of the amorph-
ous phase with ¢; = 25.1nm~!. The maximum for
the larger scattering vector is slightly higher, as in
the quenched alloys as well [7]. The calculation of the
areas below scattering curves and diffraction maxima
for the crystalline phases show that their fraction ratio
is about 1 : 1. The peak broadening of the phases per-
mits to estimate their grain size as being about 20 nm.
HPT completely changes also magnetic properties of
the alloy. Along with remaining ferromagnetism beha-
vior, the strong diamagnetism is observed (Fig. 4b).

In Fig. 5 the TEM micrographs of the sample after
HPT are shown. It was possible to obtain the micro-
graphs from the predominantly amorphous (Fig. 5a)
and predominantly crystalline (Fig. 5b) areas. Figure
5a shows the bright-field image of the amorphous part
of the sample. There are no diffraction rings for the
crystalline phases and only one amorphous halo in
the selected area electron diffraction (SAED) pattern.
Though two halos were observed in XRD spectrum,
they cannot be resolved in the SAED pattern due to
the lower angular resolution of this method. Never-
theless, the contrast between two different amorphous
phases occurs. This contrast is due to the different
densities of two amorphous phases. Similar to [7-9],
the dark regions are Nb-rich and bright regions are
Y-rich, since the atomic weight of niobium is higher
than that of yttrium.

The finely mixed layers and grains of two differ-
ent amorphous phases are visible in the thin areas
of the sample. The fine 5—-10nm round bubbles of
bright Y-rich amorphous phase are embedded in the
darker Nb-rich “grains” (see the inset with higher
magnification). These dark grains are slightly elong-
ated and have a 20-200nm size. The Nb-rich dark
grains are in turn separated by the few nm thick lay-
ers of the bright Y-rich amorphous phase. This mi-
crostructure radically differs from that obtained by
the melt spinning [7-9]. The size of the heterogen-
eities in the phase-separated amorphous metallic al-
loys obtained by the quenching from the melt ranges
from nanometer- to micrometer dimension with the
features of self-similarity [6-10]. In other words, the
bright phase contains spherical dark regions, and they
in turn contain the smaller bright spheres, etc. Such a
Russian-matreshka-doll-like structure forms as a res-
ult of sequential formation of Nb- and Y-rich phases
during the cooling of the melt in the dome-like immis-
cibility area which broadens with decreasing temper-
ature [7].

In Fig. 5b the bright and dark field images of the
crystalline area of the HPT-treated sample are shown.
The SAED pattern contains only strong lines of the
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NiY phase together with weak Nby5Nis reflections and
no amorphous halo(s). The size of crystalline grains is
about 20 nm and coincides well with the data obtained
from the shape of XRD peaks.

The requirements for the formation of a two-phase
amorphous metallic alloy are on the one hand a high
glass-forming ability, and on the other hand a strong
de-mixing tendency of components. Second condition
is in the contradiction to high glass-forming ability
[2]. In case of quenching from the liquid phase, two
amorphous phases form from two liquid phases already
separated in the de-mixing area of the phase diagram.
In case of the severe plastic deformation the situation
is quite different. Due to the high shear deformation,
SPD leads to the grain refinement and formation of
the nano-grained structure [34, 35]. With increasing
deformation the stationary state (and stationary grain
size about 100 nm) can be reached when the formation
of new defects is compensated by the dynamic recov-
ery [36]. In our case the as-cast material is multiphase,
inside the crystalline grains there exist the composi-
tional fluctuations combined with local compositional
short-range order. The severe shear during HPT des-
troys the short-range order in the alloy leading to the
formation of the amorphous phase. The possibility of
the growth of the amorphous areas by the movement
of the amorphization front during SPD was demon-
strated in the simulations [37-40]. In the two-phase
amorphous metallic alloys the specific microstructure
may form during the viscous flow where the “grains”
of the more rigid amorphous phase are surrounded by
the less rigid ones like in Fig. 5a [41-43]. Therefore,
it is demonstrated that severe plastic deformation al-
lows one to produce the composite amorphous alloys.
Though HPT permits to produce only rather thin
samples, the utilization of another SPD techniques
(like for example of the equal-channel angular press-
ing) would allow to manufacture the bulk amorphous
composites.

4. Conclusions

We demonstrated for the first time that the severe
plastic deformation by high pressure torsion permits
to obtain metallic alloys containing simultaneously
two different coexisting amorphous phases. The ori-
ginally ferromagnetic coarse-grained NiggNbigYoo al-
loy becomes almost fully amorphous and diamagnetic
(with a small ferromagnetic component). Therefore, it
is demonstrated that severe plastic deformation allows
one to produce the bulk composite amorphous alloys.
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