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a b s t r a c t

The ternary system Ni–Nb–Y exhibits an extended miscibility gap in the equilibrium liquid. The decompo-
sition of the liquid can be used to prepare phase-separated Ni–Nb–Y glasses by means of rapid quenching
of the melt. Phase separation and structure formation take place during quenching in the undercooled
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liquid. The temperature dependence of the critical temperature of liquid–liquid phase separation TC

determines essentially the quenched in microstructures. For Ni contents <60 at.% coarsened hierarchical
microstructures of two-phase glasses are formed. For Ni contents >60 at.% early stages of decomposition
are obtained with correlation lengths in the nanometer-range. In situ small angle X-ray scattering at
elevated temperatures gives evidence of the spinodal character of the decomposition.
pinodal decomposition
mall angle X-ray scattering

. Introduction

Phase separation in metallic glasses was reported already many
ears ago for some metallic glasses [1–6]. Recent reinvestigation
id not confirm the old findings [7–9]. Metallic glasses are usually
omposed of elements with strong negative enthalpy of mixing
Hmix between the main constituents which is related to the

lass forming ability, compound formation and the presence of
eep eutectics [10,11]. At least most glassy alloys with �Hmix � 0
re homogeneous, and phase separation seems to be exceptional.
n the other side, recent development of bulk metallic glasses

BMGs) led to new phase-separated metallic glasses [12–18] by
ntroducing element additions having strong positive enthalpy of

ixing (�Hmix � 0) to one of the main constituent. The first phase-
eparated metallic glass was probably prepared in the Zr–Y–Al–Ni
ystem by Inoue et al. [12]. In 2004 Kündig et al. initiated the
se of element additions with �Hmix � 0 as concept to prepare
two-phase glassy alloys in the Zr–La–Al–Ni–Cu system [13]. In

he following years, phase-separated metallic glasses were suc-

essfully prepared in several alloy systems, like Zr–Y–Co–Al [14],
i–Nb–Y [15], Zr–Nd–Al–Co [16], Cu–(Zr,Hf)–(Gd,Y)–Al [17], and
r–(Ce,Pr,Nd)–Al–Ni [18]. In all these cases, the alloy consists of
lements combining high glass forming ability with demixing ten-
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dency by adding an element having strong positive enthalpy of
mixing to one of the main constituent. Liquid–liquid phase sep-
aration leads to a special microstructure with a length-scale up to
several micron with features of self-similarity as observed by trans-
mission electron microscopy [13,19,20]. In general, the formed
microstructures depend on the thermodynamic properties of the
alloy system as well as on preparation conditions like the cooling
rate or casting temperature. In this paper we analyze the relation-
ship between composition dependent thermodynamic properties
and the structure formation of rapidly quenched Ni–Nb–Y alloys.

2. Experimental

Pre-alloyed ingots were prepared by arc-melting elemental Ni, Nb and Y with
purities of 99.9% or higher in a Ti-gettered argon atmosphere. To ensure homo-
geneity, the samples were remelted several times. From these pre-alloys, ribbons
(3 mm in width and 30 �m in thickness) with nominal compositions Ni54Nb23Y23,
and Ni70Nb15Y15 were prepared by single-roller melt spinning under argon atmo-
sphere. Chemical compositions were analyzed by the titration technique. The
determined values were Ni54.9Nb25.0Y20.1 and Ni71.3Nb13.7Y15.0, respectively. The
casting temperature was 1923 K. High energy X-ray diffraction (XRD) experiments
were conducted at the synchrotron beam-line BW5 at HASYLAB, Hamburg. Inten-
sities were recorded in transmission geometry by a Ge-point detector using a
wavelength of � = 0.01250 nm. Transmission electron microscopy (TEM) was per-
formed with a FEI Tecnai F30 electron microscope. For the TEM investigations, the
ribbons were thinned by Ar ion milling at an accelerating voltage of 2.5 keV under a

◦
grazing incidence angle of 4 . Anomalous small angle X-ray scattering (ASAXS) was
measured with the JUSIFA beam-line at the DORIS storage ring at HASYLAB/DESY
Hamburg. The measurements were performed in the vicinity of the K-absorption
edge of Ni at 8333 eV. A heating stage under vacuum was used for in situ SAXS mea-
surements. Patterns were recorded 15 min isothermally at elevated temperatures
with a repetition each 30 min.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:n.mattern@ifw-dresden.de
dx.doi.org/10.1016/j.jallcom.2009.10.013
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into the terminal phases Nb and Y in the solid state and by a
miscibility gap in the liquid state with a monotectic tempera-
ture Tmono = 2675 K, and critical temperature Tcrit of about 3000 K,
respectively [23]. The miscibility gap in the liquid of the binary
system extends into the ternary Ni–Nb–Y system up to a high
Fig. 1. (a) Excess free energy �Gexcess of a binary liquid AB (�Hmix = +30 kJ/m

. Thermodynamics of phase separation

Phase separation in the equilibrium liquid occurs in about 10%
f the reported binary phase diagrams [21]. In the case of strong
ositive enthalpy of mixing between the constituents unlike atoms
void compound formation in the solid as well as in the liquid state.
he phase equilibrium is determined by the minimum of the Gibbs
nergy G = H − TS. Binary solution phases, such as liquid and dis-
rdered solid solutions of type AxB1−x, can be described by the
egular-solution type model. The Gibbs energy is a composition
eighted sum of the components plus an excess part of mixing:

= xAGA + xBG + R · T · [xA ln(xA) + xB ln(xB)] + �Gexcess, (1)

here xA, xB are the molar fractions of elements A and B, R is the
as constant, and T is temperature in Kelvin. The extra energy of
ixing �Gexcess is described via interaction parameters iLϕ

A,B(T) as:

Gexcess = xA · xB ·
∑

iLϕ
A,B(T) · (xA − xB)i (2)

Fig. 1a shows the excess part �Gexcess assuming only zero-order
arameter with 0Lϕ

A,B(T) = �Hmix = +30 kJ/mol. The positive inter-
ction parameter results in the double minimum shape of the free
nergy versus composition. For any composition between the two
inima, the alloy lowers the free energy by separating into two

hases. With increasing temperature the entropic part of mixing
ead to a reduction of the composition difference between the two
hases and above the critical temperature the alloy becomes homo-
eneous. From the temperature dependence of the free energy
urves, the phase diagram shown in Fig. 1 can be constructed with
miscibility gap below the critical point (TC, ccrit.). The composition
ependence of the free energy can be distinguished: states where
�G/�c)′′ > 0 are called metastable, and states where (�G/�c)′′ < 0 are
alled unstable. The locus of inflection points (�G/�c)′′ = 0 defines
he spinodal curve. According to Cahn–Hilliard–Cook theory, this
istinction is linked to different transformation mechanism [22].

n the unstable regime, statistical fluctuations spontaneously grow
o an extended concentration wave with a correlation length �. In
he metastable regime locally decomposition starts by nucleation
hich means large-amplitude fluctuations are formed in order to

tart the transformation.
Fig. 2 shows schematically the structure formation of a melt with
miscibility gap upon cooling. Reaching the critical temperature,
he melt becomes unstable. In the spinodal regime the decompo-
ition is initiated via the spontaneous formation and subsequent
rowth of coherent composition fluctuations (spinodal decom-
osition). At later stages the stationary state of the composition
rsus temperature and (b) corresponding phase diagram with miscibility gap.

amplitude is reached and the composition profile may change into a
square-like shape. Further cooling (or longer time) leads to coarsen-
ing of the microstructure due to diffusion and coalescence. The flow
in the liquid leads to a coalescence of the droplets to larger domains.
Hydrodynamical flow, driven by the pressure difference between
points of different curvature at the domains, leads to a reduction
of the interface length, and as a consequence to a more spherical
shape of the domains. Secondary decomposition within the melt
may take place if the diffusivity is too low to reach its equilibrium
composition at each temperature during cooling. Depending on the
difference in mass density the two melts may separate into two
layers. Upon further cooling than the two melts crystallize inde-
pendently at different temperatures. If the glass forming ability is
high and the cooling rate is sufficient, the phase-separated under-
cooled liquids transform into glasses at the corresponding glass
transition temperatures.

4. Phase separation in liquid and glassy Ni–Nb–Y alloys

Fig. 3a shows the calculated binary Nb–Y phase diagram (CAL-
PHAD method), which is characterized by complete decomposition
Fig. 2. Schematic representation of the structure formation during cooling a phase
separating liquid.
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Fig. 3. Calculated phase diagrams (a) binary Nb–Y, (b) pse

i content as shown in Fig. 3b by the pseudo-binary section
i–Nb50Y50. With increasing Ni content, the monotectic temper-
ture and the critical temperature are lowered. The extrapolation
f the critical temperature TC for Ni content >60 at.% (metastable
ndercooled liquid) is also depicted by the triangles in Fig. 3b.

The phase separation of Ni–Nb–Y alloys in the liquid state leads
o a particular microstructure of the cast samples. Fig. 4 shows the
EM images of a Ni54Nb23Y23 alloy obtained for different casting
onditions (Fig. 4a and b cast on a copper plate, Fig. 4c melt spun
ibbon). Coarse microstructure with grey deformed spheres (NiNb-
ich) in the dark matrix gives clear evidence of the phase separation
f the liquid at T = 1573 K (Fig. 4a) which is below the critical tem-
erature TC = 1770 K of the alloy. Casting under the same conditions
rom T = 1973K which is above TC leads to a finer microstructure
Fig. 4b). Decomposition and growth of the liquids take place during
asting. The size of the liquid droplets varies between contact side
bottom) and free surface (top) of the sample as a consequence of

he gradient of the cooling rate. Rapid quenching of Ni54Nb23Y23 by

elt spinning reduces the size of the inhomogeneities furthermore
y three orders of magnitude (Fig. 4c). Fig. 5 shows the microstruc-
ure in more detail by the TEM image. An inhomogeneous spherical

Fig. 4. SEM images of Ni54Nb23Y23 (a) cast from T = 1573 K, (b) ca
inary section Ni–Nb50Y50 of the ternary Ni–Nb–Y system.

microstructure is visible with a sharp interface between precipi-
tates and matrix. Local electron diffraction and high resolution TEM
proved an amorphous structure for both regions. The contrast in the
TEM image is related to local differences in chemical compositions,
as measured by energy dispersive X-ray analysis (EDX). The spheri-
cal dark precipitates are Nb-enriched with an average composition
of Ni50Nb44Y6, and the grey matrix phase is Y-enriched with an
average composition of Ni58Nb7Y35, respectively. Both are not sin-
gle phase regions. We observe a distribution in size with some
features of self-similarity. Y-enriched precipitations exist inside
the Nb-enriched spheres, and the grey matrix contains Nb-rich
precipitates, which are visible down to a size of <10 nm. Similar
microstructures were reported in the literature [13–20] also for
other phase-separated glassy alloys.

XRD measurements also confirm the glassy state of the two-
phase structure. Fig. 6a shows the structure factor S(q) of the
Ni Nb Y two-phase metallic glass as calculated from the XRD
54 23 23
diffraction data. The first diffuse maximum of S(q) exhibits a shoul-
der on the low-q side due to the superposition of the scattering
intensities of the two amorphous phases, also seen in the electron
diffraction of the TEM (Fig. 5, inset). We also measured the struc-

st from T = 1773 K, and (c) rapidly quenched from 1923 K.
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ig. 5. TEM bright field images and electron diffraction patterns of Ni54Nb23Y23 glass
apidly quenched from 1923 K.

ure factors of rapidly quenched amorphous Ni50Nb50 and Ni58Y42
s single phase references for the two-phase glass. Fig. 6a compares
he averaged sum of the structure factors of the two binary amor-
hous phases with the measured curve. The calculation agrees well
ith the experimental data.

From the structure factors the atomic pair correlation func-
ions g(r) = �(r)/�0 were calculated by the Fourier transform of
(q). For all alloys, the first maximum of g(r) consists of several
omponents corresponding to the weighted partial atomic pair cor-
elations. In the binary Ni58Y42 alloy three maxima exist which can
e attributed to the nickel–nickel (r1

Ni–Ni), nickel–yttrium (r1
Ni–Y)

nd to the yttrium–yttrium (r1
Y–Y) nearest neighbour distances.

or the binary Ni50Nb50 glass the individual contribution are not
esolved. The weighted sum of the g(r) curves of the two binary
lasses is in a good agreement with the experimental data of the
ernary Ni54Nb23Y23 two-phase metallic glass (Fig. 6b). The dis-

1
ance rY–Y = 0.355 nm is well separated in the binary as well as
n the ternary alloy due to the larger atomic diameter of yttrium
0.364 nm) compared to that of niobium (0.286 nm).

In contrast to the quenched metallic glasses with extended het-
rogeneities, the microstructure becomes different for Ni–Nb–Y

ig. 6. (a) Structure factor of rapidly quenched Ni54Nb23Y23 in comparison with those of b
(r).
Fig. 7. TEM bright field images and electron diffraction patterns of Ni70Nb15Y15

(rapidly quenched from 1923 K).

glasses having a Ni content >60 at.%. Fig. 7 shows the microstruc-
ture of the rapidly quenched Ni70Nb15Y15 alloy. The bright field
TEM images points to an almost homogeneous microstructure.
The amorphous structure is confirmed by high resolution TEM
and local electron diffraction (inset Fig. 7). The XRD pattern and
thermal behaviour (not shown here) also indicates the glassy
state for as-quenched Ni70Nb15Y15 ribbon. To check whether the
microstructure is really homogeneous, X-ray small angle scattering
(SAXS) was measured. This method provides integral information
on existing inhomogeneities in electron density with a size ranging
from the nanometer up to the micron range [24]. The calibrated
SAXS curves d�/d˝(q) (q is the magnitude of the scattering vector,
q = 4� sin 	/�, scattering angle 2	, wavelength �) depend on differ-
ences in electron density, but also on the volume fraction, size, and
shape of the inhomogeneities built up from the different phases
[24]: ∫

d�

d˝
(�q) = �̃2(�r) exp(i�q�r)d3r, (3)

where �̃2(�r) represents the so-called auto-correlation function,
which is calculated from the spatial distribution of the electron

inary NiY and NiNb glasses and (b) corresponding atomic pair correlation functions
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Fig. 8. SAXS curves d�/d˝(q) of glassy Ni–Nb–Y alloys.

cattering-length density �(r). The scattering length can be tuned
y variation of the energy at the X-ray absorption edges of the

nvolved elements which is explored for anomalous small angle
-ray scattering (ASAXS) [25]. In the case of an isotropic structure,

he scattering curves averaged over all orientations are given by
24]:

d�

d˝
(q) =

∫
4� · r2
̃2(r)

sin(qr)
qr

dr, (4)

here 
̃2(r) = �̃(r)2 − V�2
0 is the square of the so-called electron

ensity fluctuation 
(r) = �(r) − �0, which is calculated from the
ifference of the electron scattering-length density �(r) and the
verage electron scattering-length density �0 in the sample vol-
me V. The SAXS curves d�/d˝(q) of the two samples measured
t the energy E = 8291 eV, 42 eV below the Ni–K edge are shown in
ig. 8. For the rapidly quenched Ni54Nb23Y23 the strong SAXS inten-
ities clearly reflect the presence of chemical inhomogeneities in
he samples. The slope in the linear range (of log(I) versus log(q)),

= −3.7, points to a polydisperse microstructure. The polydisperse
haracter of the microstructure (also seen in the TEM image Fig. 5)
s a result of the structure formation during quenching (Fig. 2).
n contrast, the Ni70Nb15Y15 glass show weak contribution in the
AXS data for q > 0.2 nm−1. The curve give evidence for the exis-

ig. 9. In situ SAXS d�/d˝(q) of Ni70Nb15Y15 glass at T = 723 K repeatedly recorded
ach 30 min up to 450 min.
Fig. 10. Integral intensity of the maximum of the SAXS curves at elevated temper-
atures versus time.

tence of correlated fluctuations in electron density for the Ni–Nb–Y
alloys by the maximum at q = 1.2 nm−1. Using the rough relation-
ship between correlation length � in real space and peak maximum
qmax in reciprocal distances � = 2�/qmax one obtains � = 5 nm for the
Ni70Nb15Y15 glassy alloy.

In order to analyze the behaviour of the decomposition in
the undercooled liquid state, in situ ASAXS measurements were
performed at elevated temperatures. In situ patterns recorded dur-
ing isothermal annealing at T = 723 K are shown in Fig. 9. With
increasing time, the height or integral intensity of the maximum of
the ASAXS curve enlarges. The maximum position qmax = 1.2 nm−1

remains unchanged during the heat treatment. A similar behaviour
is observed for another sample measured at T = 748 K. The integral
intensities of the SAXS curves as a function of time are shown in
Fig. 10. It can be seen from the semi-logarithmic plot that the inten-
sity increases linear for the early stages. At later stages the growth
diminishes and converges to a stationary stage. Both SAXS curves
can be transformed into each other by a scaling factor describing the
same thermally activated process of decomposition. The retention
of the amorphous state of the samples during heat treatment was
proven by subsequent XRD measurements of the annealed samples.

5. Discussion

The microstructure formation during rapid quenching of
Ni–Nb–Y liquids is related to the phase diagram and especially to
the phase separation in the undercooled melt. As shown in Fig. 3b
the critical temperature TC decreases with increasing Ni content.
For rapidly quenched Ni54Nb23Y23 the microstructure represents
a coarsened state of spinodal decomposition, growth of the melts,
and secondary decomposition within the liquids (Fig. 2). For the
alloys with higher Ni content, the phase separation proceeds in the
metastable undercooled liquid at much lower temperatures. Lower
temperature means slower kinetics of decomposition and growth
after the phase separation. Furthermore, less time is required to
reach the glass transition temperature Tg where the undercooled
liquids become frozen into the glass. So, early stages of decompo-
sition can be obtained by rapid quenching.

The structure formation by spinodal decomposition is usually
described by the Cahn–Hilliard theory [22]. The decomposition is

initiated via the spontaneous formation and subsequent growth of
coherent composition fluctuations. Using Eq. (4) the ASAXS inten-
sity was calculated for a concentration fluctuation c(r) = A cos(1.26r)
as a function of the amplitude A at a constant fluctuation length
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ig. 11. (a) Concentration fluctuation c(r) and (b) corresponding SAXS intensity I(q)
s function of amplitude A.

f 5 nm. The corresponding I(q) curves with an increasing inten-
ity of the maximum at about 1.2 nm−1 are shown in Fig. 11. In
he calculated scattering curves as well as in the experimental
AXS data (Fig. 9), the position of the maximum of I(q) does not
hange. This means that for the Ni70Nb15Y15 glass the fluctuation
ength remains constant during the decomposition process. The lin-
ar Cahn–Hilliard theory gives an exponential time dependence for
he scattered intensity [22]. This in agreement with the experimen-
ally observed dependence of I(q) of early stages during annealing
f the Ni70Nb15Y15 glass. At later stages the stationary state of the
mplitude is reached and composition profile may change into a
quare-like shape which gives reason for the deviation from the
xponential growth of the SAXS intensity. The constant correlation
ength as well as the exponential increase of the intensity with time
oint to spinodal decomposition mechanism in the supercooled
tate of Ni70Nb15Y15 glass.

. Conclusions
In alloy systems with strong positive enthalpy of mixing
etween the main components a miscibility gap may occur in the
quilibrium liquid, or in the metastable undercooled liquid, respec-
ively. For the ternary Ni–Nb–Y system an extended miscibility gap
xists in the equilibrium liquid. Due to high glass forming ability,

[

[

[

Compounds 495 (2010) 299–304

phase-separated Ni–Nb–Y metallic glasses can be prepared by rapid
quenching of the melt. The temperature dependence of the crit-
ical temperature of liquid–liquid phase separation TC determines
essentially the formed microstructures. For high Ni contents early
stages of decomposition are obtained. In situ small angle X-ray
scattering at elevated temperatures gives evidence of the spinodal
character of the decomposition. Liquid–liquid phase separation
can be used as a concept to prepare new phase-separated metal-
lic glasses with particular microstructures not possible by other
methods.
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