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We report on experimental evidence for local amorphization/nanocrystallization at the interfaces between the
B2-ordered Ni�Ti,Zr� phase and the NiTiZr phase with P63/mmc during solidification of a multicomponent
Ni45Cu5Ti33Zr16Si1 alloy. So far there are several well-known mechanisms for interfacial amorphization in the
solid state but no interfacial instability-driven amorphization/nanocrystallization during transition from liquid
to solid state has been reported to our knowledge. The curvature of the interfacial area of the ordered Ni�Ti,Zr�
phase is locally negative accompanying reverse atomic diffusion. This results in the frustration of the strong
ordering tendency of the Ni�Ti,Zr� phase, and induces local amorphization/nanocrystallization.
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Amorphous phases can be prepared by rapid quenching of
melts at cooling rates from 103 to 107 K/s via bypassing the
nucleation of solid phases during solidification.1,2 On the
other hand, it has been found that an amorphous phase can
also form from crystalline solids by mechanical alloying,3

inverse melting,4 and solid-state interdiffusion reactions of
crystalline elements5 as alternative ways for amorphization.
Furthermore, thermodynamic investigations on the transfor-
mation from the crystal to the amorphous phase were carried
out using molecular dynamics simulations for a binary ran-
dom solid solution with varying atomic size ratio and con-
centration, which causes softening of the shear elastic moduli
in the supersaturated solid solution.6 However, the possibility
of amorphization driven by an interface instability during
solidification has not been investigated by both experiment
and simulation so far. Besides basic physical interest in an
additional mechanism of amorphization it is also interesting
to investigate the structure, the transformation behavior and
the thermal stability of an amorphous phase that is driven by
an interface instability in order to develop in situ bulk me-
tallic glass �BMG� composites, suitable as advanced high-
strength materials. BMG composites with a homogeneous in
situ distribution of nanoscale precipitates7,8 or ductile
dendrites9,10 have been shown to overcome the limited mac-
roscopic plastic deformability of monolithic BMGs. Among
composite-forming alloys, Ni-based BMGs and nanostruc-
tured composites can be very attractive for commercial ap-
plications due to their high thermal stability,11 good corro-
sion resistance,12 and high strength.13

So far there were several trials to form Ni-based BMG
composites using typical powder metallurgy methods, such
as warm extrusion.14,15 However, the powder metallurgy pro-
duction route is rather complicated and expensive compared
to conventional casting techniques. Therefore, it is desirable
to further develop Ni-based BMGs and nanostructured com-
posites based on the previous investigations on Ni-Zr-Ti-Si
BMGs.16 From these investigations it is interesting to note
that the Zr content in the Ni-based alloys is generally much

higher than the Ti content. This suggests that Ti is not effec-
tive to improve the glass-forming ability of Ni-based alloys.
However, it can be a hint for the development of the
Ni-based composites instead of monolithic BMGs. Very re-
cently, there was the remarkable finding for a
Ni40Cu10Ti33Zr16Si1 alloy to form an extremely stable amor-
phous phase coexisting with a mixture of crystalline
phases.17 However, there was no detailed report on the amor-
phization mechanism of such an extremely stable
amorphous/crystalline phase mixture during solidification. In
this study we investigate the microstructure of an as-cast
Ni45Cu5Ti33Zr16Si1 alloy in detail to suggest the formation
mechanism of the amorphous phase upon cooling from the
melt.

The multicomponent Ni45Cu5Ti33Zr16Si1 alloys were pre-
pared by arc-melting a mixture of high-purity elements
��99.9% purity� followed by suction casting. The structural
investigation of the sample was performed using x-ray dif-
fraction �XRD, Siemens D500� with Cu K� radiation. De-
tailed microstructural investigations were performed by
high-resolution transmission electron microscopy �HRTEM,
Philips CM 20� coupled with energy-dispersive x-ray analy-
sis �EDX, Noran�. The TEM samples were prepared by the
conventional method of slicing and grinding, followed by ion
milling.

Figure 1�a� shows a typical XRD pattern of the as-cast
Ni45Cu5Ti33Zr16Si1 alloy. The dominant diffraction peaks
correspond to a CsCl-type phase with B2 structure, which
can be identified as the NiTi compound.18 Since the NiTi
phase can retain the B2 structure also for substitution of Ti
by Zr up to 40 at. %,19 it is feasible to describe the B2 NiTi
compound as Ni�Ti,Zr� where some of the Ti sites may be
occupied by Zr atoms. In addition, there are weak diffraction
peaks, which can be identified as NiTiZr and/or Ni3Ti
phases. However, since the NiTiZr and Ni3Ti phases have the
same space group �P63/mmc� and only a very small differ-
ence in lattice parameters,20 it is very difficult to distinguish
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these phases in the XRD pattern. However, a more detailed
phase identification of these phases is possible using TEM
and EDX �see below� because the NiTiZr and Ni3Ti phases
can be distinguished by chemical analysis. In the range
30° �2��50° the XRD pattern reveals a broad diffraction
background �see enlarged XRD pattern in Fig. 1�b��. This
points to a mixture of Ni�Ti,Zr� as the dominant phase, co-
existing with the NiTiZr and/or Ni3Ti phases in the as-cast
Ni45Cu5Ti33Zr16Si1 alloy.

Figure 2 shows TEM bright-field images ��a� and �b�� and
selected area diffraction patterns ��c� and �d�� for the as-cast
Ni45Cu5Ti33Zr16Si1 alloy. The overall microstructure �Fig.
2�a�� reveals that spherical grains of 500–1000 nm in size
are homogeneously and independently distributed in the ma-
trix. The volume fraction of the spherical grains is approxi-
mately 80%. In contrast, the matrix mainly consists of grains
of 50–200 nm in size. Furthermore, the microstructure of the
matrix is a typical lamellar structure, as indicated in Fig.
2�a�, pointing to a eutectic reaction. Therefore, it is feasible
to assume that the large and spherical dominant grains form
as the primary phase during the solidification.

The details of the microstructure in Fig. 2�b� reveal that
the interfacial curvature of the spherical grains is locally
negative compared to other interfacial areas between the pri-
mary phase and the matrix. As we described above �Figs.
1�a� and 1�b��, the crystalline phases in the matrix can be
probably identified using EDX analysis. The crystalline
phase with a brighter contrast in the inset of Fig. 2�a� and in
Fig. 2�b� exhibits a higher content of Ni ��57±3 at. % �
compared to that ��39±2 at. % � for the phase with darker
contrast. This suggests that the crystalline phase with the
brighter contrast is probably the Ni3Ti phase, as indicated in
Figs. 2�a� and 2�b�.

The selected area diffraction �SAD� pattern in Fig. 2�c�

was obtained from the interfacial area with negative curva-
ture between the primary Ni�Ti,Zr� and NiTiZr phases, as
marked by the circle 1 in Fig. 2�b�. This SAD pattern corre-
sponds to a mixture of the �110� and �100� zone axes of
Ni�Ti,Zr� and NiTiZr, respectively. The line and dotted
circles indicate the diffraction peaks related to Ni�Ti,Zr� and
NiTiZr phases, respectively. As marked by line circles in Fig.
2�c�, there are diffraction intensities from the �001� superlat-
tice spot of the Ni�Ti,Zr� phase, revealing ordering of this
phase. Since these diffraction patterns are strongly over-
lapped, this points to a good structural coherency between
the Ni�Ti,Zr� and NiTiZr phases. Furthermore, there are con-
tinuous diffraction rings in Fig. 2�c� with symmetrical spotty
diffraction peaks of the Ni�Ti,Zr� and NiTiZr phases.

The selected area diffraction pattern in Fig. 2�d� taken
from the edge of the Ni�Ti,Zr� grains near to the negative
interfaces between the Ni�Ti,Zr� and NiTiZr phases, as indi-
cated by circle 2 in Fig. 2�b�, reveals a continuous diffraction
ring with symmetrical spotty diffraction peaks, which can be
only identified as the Ni�Ti,Zr� phase. These selected area
diffraction patterns indicate that amorphous/nanocrystalline
phases form at the edge of the Ni�Ti,Zr� grains. However, it
is difficult to observe clear interfaces between the Ni�Ti,Zr�
and amorphous/nanocrystalline phases, suggesting that the
formation of the amorphous/nanocrystalline phases occurs
probably by structural disordering of the Ni�Ti,Zr� phase.
Furthermore, it is worth to note that the amorphous/
nanocrystalline phase forms at the interfacial area with nega-
tive curvature, which should have a different chemical po-
tential in the Ni�Ti,Zr� phase compared to the interfacial area

FIG. 1. XRD patterns �a� and �b� of as-cast Ni45Cu5Ti33Zr16Si1;
�b� detailed XRD pattern for 2� values between 30° and 50°. FIG. 2. TEM bright-field images �a� and �b� with a high-

magnification bright-field image inset, and selected area diffraction
patterns �c� and �d� of as-cast Ni45Cu5Ti33Zr16Si1; �b� circles 1 and
2 indicate the locations of the selected area aperture; �c� and �d� line
and dotted circles indicating the Ni�Ti,Zr� and NiTiZr phases,
respectively.
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with positive curvature during the growth of the Ni�Ti,Zr�
phase due to the effect of the interface curvature on chemical
potential of surface atoms. The ordering and multicomponent
factors in this alloy can be further effective to change the
chemical potential of the surface atoms during solidification.
Furthermore, the EDX analysis at the edge of the Ni�Ti,Zr�
phase, where the amorphous/nanocrystalline phases form,
shows no significant differences in chemistry, compared to
that at the central area of the Ni�Ti,Zr� phase. This is prob-
ably due to the interaction volume and beam size effects in
the EDX analysis.

Figure 3 shows a TEM bright-field image �a� and a HR-
TEM image �b� from the area to form the amorphous/
nanoscrystalline phases, as marked by circle 2 in Fig. 2�b�.
The bright-field image shows a heterogeneous distribution of
nanocrystalline grains of 5–20 nm in size. The central region
surrounded by the nanocrystalline phases, as marked by the
circle in Fig. 3�a�, shows no contrast, which is a typical
characteristic of an amorphous phase. However, the HRTEM
image from the region without a clear contrast in the bright-
field image exhibits a mixture of amorphous and nanocrys-
talline phases on a very small length scale of less than
10 nm, as indicated by the line and dotted squares for the

amorphous and nanocrystalline areas, respectively. This find-
ing also supports that the assumption that the formation of
the amorphous phase is very sensitive to the local chemistry
at the interfacial areas with negative curvature.

A phase transformation from the crystalline state to an
amorphous phase, namely, solid-state amorphization, has
been investigated by theoretical consideration of
thermodynamics21,22 and has been supported by experimental
results.4,23–25 This approach involves that unstable super-
saturated solid solution phases, such as Ti-Cr �Ref. 4� and
Nb-Cr alloys,23–25 transform to the metastable amorphous
phase at the grain boundaries during subsequent heat treat-
ment. This indicates that the grain boundaries of the super-
saturated solid solution are locally more unstable than the
interior of the grains, thus providing a sufficiently large driv-
ing force to nucleate the metastable amorphous phase. More-
over, the thermodymanic model for solid state amorphization
at interfaces and grain boundaries concludes that the energy
of a crystalline-amorphous interface is lower than that of a
crystalline-crystalline interface.22,26 However, these investi-
gations have been done only using mechanical alloying fol-
lowed by heat treatment, indicating local solid state amor-
phization at the interfacial areas.4,23–25 Therefore, it was
unclear whether local interfacial amorphization can also oc-
cur under solidification conditions.

In this study, we have observed the formation of
amorphous/nanocrystalline phases at the negatively curved
interfacial areas of the primary ordered Ni�Ti,Zr� phase dur-
ing solidification. This type of amorphization is entirely dif-
ferent from the previously reported solid-state amorphiza-
tion, since it occurs without any subsequent heat treatment
directly during solidification. Furthermore, there are no clear
interfaces between the primary ordered Ni�Ti,Zr� and
amorphous/nanocrystalline phases in the as-cast specimen.
This suggests that the formation of amorphous/
nanocrystalline phases at the interfacial area is strongly re-
lated to an order-disorder transition of the primary Ni�Ti,Zr�
phase during solidification. From the kinetic disorder trap-
ping model of Boettinger and Aziz,27 it is established that the
velocity of the growth controls the degree of ordering in
intermetallic compounds. From this, it is possible to under-
stand that there can be a significant decrease of the degree of
chemical ordering at the interfacial area in the present alloy.
Moreover, a transformation of the ordered NiZr2 and NiTi
compounds has been demonstrated using molecular dynam-
ics simulation.28,29 In case of the ordered NiTi phase, the
ordered intermetallic compound transforms into an amor-
phous phase with increasing the lattice instability by either a
certain amount of chemical disordering or by a composi-
tional shift from its exact stoichiometry with a range of the
Ni content from 15 to 62 at. %.29 Based on the microstruc-
ture and the phase identification presented in Figs. 2�a� and
2�b�, it is feasible to suggest a pseudoeutectic reaction by
which the Ni�Ti,Zr� phase forms as a primary phase with
ejecting the solute into the remaining liquid, followed by the
formation of coexisting NiTiZr and Ni3Ti phases, forming
the matrix. Dendritic growth of the primary ordered
Ni�Ti,Zr� phase may be very difficult because the growth of
this phase seems to be governed by diffusion-controlled ki-
netic growth.30 In addition, the growth of the primary or-

FIG. 3. TEM bright-field image �a� and HRTEM image �b� from
the negatively curved interfacial area in as-cast Ni45Cu5Ti33Zr16Si1.
The circle in �a� is the corresponding area for HRTEM in �b�. The
line and dotted circles in �b� indicate the amorphous and nanocrys-
talline areas, respectively.
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dered Ni�Ti,Zr� phase in the Ni45Cu5Ti33Zr16Si1 alloy can be
even more difficult than for the binary NiTi compound due to
the multicomponent nature of this alloy, which is expected to
frustrate the growth of the crystalline phases.31 Such com-
plexity of the chemical ordering of the primary Ni�Ti,Zr�
phase can be effective to promote the order-disorder transi-
tion at the interfacial area of the primary Ni�Ti,Zr� phase.
Consequently, there can be different chemical diffusion, i.e.,
chemical potential, between the ordered and the disordered
areas in the Ni�Ti,Zr� phase to eject the solutes into the re-
maining liquid phase causing an instability of the interface
between the primary Ni�Ti,Zr� compound and the remaining
liquid. As a result, one can observe a negative curvature of
the interfaces between the Ni�Ti,Zr� phase and the matrix.
Moreover, a classical solidification model at an off-eutectic
composition has pointed out that locally different chemical
potentials tend to form a cored structure by an interfacial
instability.32 Therefore, it is reasonable to assume that the
local chemical concentration of the solutes will be different
according to the curvature of the interfaces of the primary
Ni�Ti,Zr� phase, thus stimulating the disordering of the
Ni�Ti,Zr� compound in the Ni45Cu5Ti33Zr16Si1 alloy, and
leading to the formation of the amorphous/nanoscrystalline
phases at the negatively curved interfacial areas in the
present. Such an interfacial instability-driven nanocrystalli-

zation has been also observed in a well-known Zr-based bulk
metallic glass composites.33,34

In summary, amorphization/nanocrystallization driven by
an interface instability has been observed in an as-cast
Ni45Cu5Ti33Zr16Si1 alloy during solidification. The
amorphization/nanocrystallization occurs at the interfacial
area with negative curvature of the interface between the
Ni�Ti,Zr� and NiTiZr phases without any clear interface. In
contrast the central region of Ni�Ti,Zr� phase is well ordered.
This indicates that the occurrence of interfacial
amorphization/nanocrystallization in the Ni45Cu5Ti33Zr16Si1
alloy is strongly related to the negative curvature, causing
reverse atomic diffusion to frustrate the ordering tendency of
the Ni�Ti,Zr� phase during solidification. These findings are a
hint that interfacial instability-driven processes upon solidi-
fication may in fact be quite common in complex multicom-
ponent alloys. This opens fascinating perspectives for further
investigations and tailoring of phases and microstructures of
advanced BMGs and composite materials.
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