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Nbg;3Sits7 ribbons were prepared by rapid quenching of the liquid on a rotating copper wheel using
various values of rotating speed. It was found that the melt spun ribbons consisted of an amorphous
matrix; however the critical cooling rate for the formation of fully amorphous ribbons was achieved
at rather high values of wheel speed. Crystallization occurs upon annealing above 971 K. The Vickers

hardness of the amorphous ribbons was found to be 915 HV, an unusually high value for a binary alloy. The
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atomic structure of the amorphous Nb-Si alloy was studied using real space pair distribution (PDF)/radial
distribution functions (RDF) derived from high precision X-ray diffraction data acquired with high-energy,
monochromatic synchrotron light in transmission.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since the discovery of the first glassy alloy in 1960 [1], the field
of metallic glasses has been extensively developed. A large num-
ber of alloys have been quenched to a glassy state, and a great
increase of the maximum thickness of glassy metallic specimens
from less than 100 pm to nearly 10 cm has been achieved, associ-
ated with a strong decrease in the critical cooling rate from 106 K/s
to 1K/s for the suppression of crystallization in the liquid state.
This progress has come along with the better understanding of
the criteria for easy glass formation [2-6]. The above achievements
together with the enhanced properties of metallic glasses, such as
high mechanical strength and large elastic deformation, good cor-
rosion and wear resistance and good soft magnetic properties have
led to several applications including sensors, parts for sport prod-
ucts and various springs, ornaments, micro-mirror and micro-tools,
medical implants and more [7-10]. In addition, recent investiga-
tions on the atomistic level, using state of the art characterization
tools such as synchrotron radiation and simulations have improved
our understanding of the atomic structure and its correlation with
the properties of metallic glasses [11-16].

A considerable amount of research efforts has been focused
on refractory materials (RM) such as Nb-Si based alloys mainly
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because of their high melting temperatures, high oxidation resis-
tance and good mechanical properties [17-19]. In addition, Nb-Si
binary alloy system has attracted the attention of several inves-
tigators because of the possibility to form the metastable NbsSi
intermetallic compound with A15 (cubic) structure which has high
superconducting transition temperature in the range of 19-27K
[20,21]. Being metastable and thus not appearing in the equilibrium
Nb-Si phase diagram, A15-Nb3Si does not form with conventional
methods for materials preparation. Furthermore, Nb3Si may also
form a body centred tetragonal structure which appears to be stable
attemperatures higher than 1770 °C(Fig. 1)[22]. On the other hand,
A15-Nbs3Si phase can be synthesized by devitrification of amor-
phous Nb-Si alloys upon annealing under high pressure [23,24].
Amorphous Nb-Si alloys can be prepared in the form of thin films
(~100 nm) by sputtering deposition [25] and pulsed laser quench-
ing at high cooling rates in the order of 10'2K/s [26], as well as
in the form of foils and ribbons by rapid quenching via splat cool-
ing and melt spinning, respectively [27,28]. However, some reports
suggested the coexistence of amorphous and crystalline phases in
ribbon specimens prepared by melt sinning [29,30]. In the present
work, we report on the glass forming ability of the Nbg; 3Siig7
eutectic alloy by rapid quenching (melt spinning) and the crystal-
lization behavior of the amorphous ribbons upon annealing.

2. Experimental procedures
Nbg;3Si137 master ingots (nominal composition) were carefully prepared by arc

melting the pure elements in an argon inert atmosphere. The ingots were remelted
at least five times in order to ensure homogeneity. Ribbons were produced from
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Fig. 1. Thermodynamic equilibrium phase diagram of the binary Nb-Si system [22].

the master ingots by rapid quenching of the liquid using the single roller melt
spinning technique operating under helium atmosphere. The linear velocity of the
rotating copper wheel was in the range of 43-64ms~'. Examination of the pro-
duced ribbons by electron dispersive spectroscopy (E.D.S.) established that they
contained 82.3 £ 1.5 at.% Nb and 18.7 & 1.5 at.% Si. Differential scanning calorimetry
(DSC) was employed to study the thermal stability of the produced ribbons using
a SETARAM HF-DSC device at a constant heating rate of 0.083 K/s. Ribbon samples
were encapsulated under vacuum in quartz tubes and consequently annealed at var-
ious temperatures in the range of 873 K and 1373 K for 10 min. The annealing took
place in a Heraeus laboratory oven, whereas the encapsulated samples were left to
cool down to room temperature in air. The structure of as cast and annealed samples
was studied by X-ray diffraction (XRD) using a Panalytical X'Pert Pro diffractometer
with Cu K, radiation. The microhardness was measured using a Buhler Micromet
device equipped with a Vickers type indenter by applying a load of 50 g for 10s.

The atomic structure of the amorphous Nb-Si binary alloys was investigated
using real space pair distribution functions (PDF) derived from high precision syn-
chrotron radiation X-ray diffraction data acquired in transmission mode at the ID11
of the European Synchrotron Radiation Facility (ESRF). The photon energy used
was 70keV corresponding to an X-ray wave-length of about 0.0177 nm. Further
experimental details are given in Refs. [31,32].

3. Results and discussion

According to the equilibrium phase diagram of the Nb-Si binary
system, Fig. 1, a deep eutectic appears in the Nb rich side at 18.7%
Si with melting temperature at 2193 K (1920°C) [22]. It is well
known that most glass forming alloys are near eutectic composi-
tions. Compared to the other compositions, the near eutectic liquids
are stable at temperatures closest to the glass transition temper-
ature [33,34]. Thus, the Nb-Si eutectic composition is expected to
possess the highest possibility to form amorphous phase during
quenching from the liquid state among the binary Nb-Si alloys.

Fig. 2 presents the XRD patterns from Nbg 3Sig 7 ribbons pre-
pared by melt spinning at various values of linear velocity of the
rotating copper wheel. The pattern corresponding to specimens
prepared at the lowest used linear velocity (43 ms~1) shows succes-
sive diffuse diffraction halos, characteristic of an amorphous phase.
However, weak Bragg peaks are superimposed to the amorphous
halos indicating the coexistence of crystalline phases within the
amorphous matrix. Most of these peaks correspond to the A15-
Nbs3Si metastable phase which has a cubic structure. In addition,

the presence of a Nb3Si phase with body centre tetragonal (bct)
structure and a NbsSiz-bct intermetallic phase cannot be excluded.
With increasing the linear velocity of the rotating copper wheel up
to 57ms~! and thus increasing the cooling rate, the Bragg peaks
become even weaker, indicating a decrease of crystallinity in the
melt spun samples. With further increase of the copper wheel
velocity the Bragg peaks disappear entirely suggesting that the melt
spun ribbons are fully amorphous and thus that the critical cooling
rate for the formation of fully amorphous ribbons can be reached
with wheel speed as high as 64 ms~!. It is believed that the high
cooling rates achieved at high wheel velocities suppress long range
atomic diffusion required for the nucleation and growth of the com-
peting phases such as the Nb solid solution (equilibrium phase),
NbsSiz-bct (equilibrium phase), Nb3Si-bct (stable above 2043 K)
and the metastable A15-NbsSi-cubic, all of which form at compo-
sitions far from the eutectic, thus favouring the formation of the
amorphous phase [27]. However, the above observations indicate
that the ability of the eutectic Nbgq3Siig7 alloy to form a glass is
sensible to the cooling rate and that the critical cooling rate for

Fig. 2. X-ray diffraction patterns of melt spun Nb-Si ribbons prepared using differ-
ent values of wheel linear velocity in the range of 43-64ms~1.
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Fig. 3. (Inset a) X-ray diffraction 2D-pattern of an amorphous Nb-Si alloy, (a) the
corresponding interference function Qi(Q), (b) the calculated pair distribution func-
tion PDF(r) and (inset b) a close-up of the first PDF peak.

preparing fully amorphous samples is rather high. Therefore this
system can be characterized as a marginal glass former, in agree-
ment with previous studies [30]. The glass forming ability of Nb-Si
alloys has been shown to depend strongly not only on the cooling
rate but also on the purity of the alloy and the starting elements
[35].

The X-ray diffraction 2D-pattern of an amorphous Nb-Si alloy
acquired using synchrotron radiation in transmission is shown in
the inset of Fig. 3a, while the corresponding interference function
Qi(Q) calculated from the XRD intensity profile after the necessary
corrections is shown in Fig. 3a. The pair distribution function PDF(r)
obtained by Fourier transformation is shown in Fig. 3b. A detectable
medium-range order maintains until about 2 nm of the interatomic
distance. A close-up of the first PDF peak is shown in the inset of
Fig. 3b; the positions corresponding to the interatomic distances
obtained using Goldschmidt atomic are also depicted. As expected,
first PDF peak is dominated by the contribution of Nb-Nb atomic
pairs.

Fig. 4 shows the DSC curve of a Nbg; 3Sijg7 amorphous ribbon.
An exothermic peak with onset at Tx =971K is observed, corre-
sponding to the crystallization reaction of the amorphous phase.
A second smaller in intensity and relatively wide exothermic peak
appears on the right shoulder of the crystallization peak at 1043 K.
It is believed that this is associated with grain growth phenomena
of the formed crystals, since no dramatic difference can be observed

Fig. 4. DSC trace of Nbg; 3Si1s7 amorphous ribbons.

between XRD patterns obtained after annealing at lower (1013 K)
and higher (1123 K) temperatures than the temperature of this peak
(Fig. 5).

The reduced glass transition temperature (T;g =Tg/Tm ), which is
often used as one of the parameters associated with the glass form-
ing ability, is about 0.44, while good glass forming alloys exhibit
typically Tg/Tm values of 0.5-0.6 [2]. The rather low value of reduced
glass transition temperature (Ty¢) implied by a low value of Tg/Tn,
is another indication of the difficulty of the Nb-Si alloy to form
amorphous phase.

X-ray diffraction patterns of Nbgq 3Siqg 7 ribbons after annealing
for 10 min at different temperatures are presented in Fig. 5. The
XRD curve of a ribbon annealed at 873 K indicates that the amor-
phous phase is preserved during heating up to this temperature, in
agreement with the DSC results in Fig. 4. Upon heating to a higher
temperature (1013 K), the amorphous phase crystallizes into a body
centred tetragonal (bct) Nb3Si phase and a body centred cubic (bcc)
Nb solid solution. With further annealing to higher temperatures up
to 1373 Kthe intensities of the Bragg peaks become higher and their
full widths at half maximum (FWHM) become smaller indicating
grain coarsening of the formed crystals. However, no evidence of
phase transformation in the temperature range of 1123-1373 Kcan
be observed from the XRD spectra (Fig. 5), in agreement with the
DSC observations. The above results indicate that the metastable
A15-Nb;Si-cubic phase does not form upon annealing of the amor-
phous Nbgq 3Siig7 phase under the conditions used in this study.
This finding is in agreement with older reports [23,24] claiming the

Fig. 5. X-ray diffraction patterns of melt spun Nbg; 3Si;g7 ribbons after annealing
for 10 min at various temperatures.
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Fig. 6. Optical micrograph of a Vickers indentation track on Nbg; 3Si1g7 amorphous
ribbons.

need of application of high pressure of the order of 10 GPa during
annealing of the amorphous Nb-Si in order to favour the formation
of this interesting metastable phase. In addition, the results shown
in Fig. 2 indicate the formation of small quantity of this metastable
phase during rapid quenching and imply that lowering the cooling
rate upon solidification may favour the formation of A15-Nb3Si on
the expense of the amorphous Nb-Si phase.

The microhardness of the melt spun amorphous ribbons, mea-
sured using a Vickers-type indenter, was found to be around
915 HV. This high value of microhardness is among the highest
ever reported for a binary amorphous alloy. Using the well known
relation HV ~ 30y which connects the hardness (HV) with the yield
stress (oy) of metallic materials [36,37] the above mentioned hard-
ness leads to a yield stress (oy) higher than 3 GPa. Compared to
the compressive yield stress of about 1 GPa which was reported
for a crystalline alloy with similar composition (Nbg,Si;g) [38], the
mechanical strength of the amorphous phase is about three times
higher. Observing the optical micrograph of a Vickers indentation
of Fig. 6, clear evidence of the formation of shear bands with no
cracking can be seen in the vicinity of the indentation track, indi-
cating that the Nb-Si binary amorphous ribbons may exhibit some
plasticity.

4. Conclusions

The glass forming ability and the crystallization upon annealing
of the Nbgy3Si1g7 eutectic composition was investigated. It was
found that high linear velocity of the wheel was needed to form
fully amorphous ribbons by melt spinning and thus the ability of
this alloy to form glass can be characterized as marginal. Upon

annealing, the amorphous phase crystallizes above 971K to a bct-
NbsSi intermetallic phase and a bcc-Nb solid solution. The melt
spun amorphous ribbons possess very high microhardness.
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