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between amorphous ‘‘grains’’ in Ni50Nb20Y30 alloy
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Abstract Some of the authors of this article recently

demonstrated that severe plastic deformation permits the

production of metallic alloys containing two coexisting

amorphous phases from the crystalline multiphase

Ni60Nb18Y22 alloy. The aim herein is to provide a detailed

description of the microstructure of this system of coexis-

ting amorphous phases by transmission electron microscopy

(TEM) analysis. As-cast Ni50Nb20Y30 alloy was coarse

grained and contained mainly NiY phase (grain size 25 lm)

as well as NbNi3, Ni2Y, Ni7Y2, and Ni3Y phases (grain size

3–5 lm). High-pressure torsion (4 GPa, 10 torsions) com-

pletely changed the structure. After severe plastic defor-

mation (SPD), the sample contained two glassy phases and

two other nanocrystalline NiY and Nb15Ni2 phases (grain

size about 20 nm). Bright-field TEM micrographs showed

fine, 5–10 nm, round bubbles of bright Y-rich amorphous

phase embedded in darker Nb-rich ‘‘grains.’’ In turn, the

dark Nb-rich grains were separated by layers of bright

Y-rich amorphous phase a few nanometers thick. This

stricture permits one to speak about mutual wetting of

‘‘grain boundaries’’ in both amorphous phases.

Introduction

Grain boundaries (GBs) exist in almost all crystalline

materials and control the properties of polycrystals, espe-

cially when micro- or nanograined [1, and references

therein]. Moreover, GBs can be defined [2–8] and observed

[9, 10] not only for contact between two misoriented crys-

tals but also for two amorphous ‘‘grains’’ (obtained, for

example, from different amorphous particles after sintering

[9, 10]). The concept of GBs in amorphous materials per-

mits one to model their mechanical properties, in particular

slip localization in amorphous materials [2–8]. The defini-

tion of GBs in metallic glasses is not as obvious as between

two crystalline lattices. However, the contact layers

between different glassy volumes possess lower density

than the bulk of the ‘‘grains’’ (exactly as for conventional

GBs between crystalline grains). They can be formed, for

example, by sintering of amorphous particles that condense

independently from supersaturated vapor [9, 10].

Wetting of conventional GBs plays an important role in

materials science. The simplest case is equilibrium wetting

by a liquid phase (melt). The GB is completely wetted if

the contact angle between the GB and melt is zero. In this

case, the liquid phase has to substitute the GB separating

the two grains. The GB is incompletely wetted if the

contact angle between the GB and melt is finite. In this

case, the GB can exist in equilibrium contact with the

liquid phase. Cahn [11] and Ebner and Saam [12] first

assumed that a (reversible) transition from incomplete to

complete wetting can proceed with increasing temperature,

being a true surface phase transformation. The transition
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from incomplete to complete GB wetting can be observed

if the energy of the two solid–liquid interfaces, 2rSL,

becomes lower than the GB energy, i.e., rGB [ 2rSL.

Cahn’s [11] idea was the motivation for experimental

findings of GB wetting phase transformations, initially

made in Zn–Sn, Zn–Sn–Pb, and Ag–Pb polycrystals [13,

14]. Later, the original experimental data were reconsid-

ered from this point of view, and numerous indications of

GB wetting phase transformations were found, particularly

for Zn–Sn, Al–Cd, Al–In, and Al–Pb [15] and W–Ni, W–

Cu, W–Fe, Mo–Ni, Mo–Cu, and Mo–Fe [16] polycrystals.

The first exact measurements of the temperature depen-

dence of the contact angle with the melt were made using

individual GBs in specially grown bicrystals in the Cu–In

[17], Al–Sn [18], and Zn–Sn [19] systems.

The phase which wets a GB can be not only liquid but

also solid. The transition from incomplete to complete

wetting proceeds also in this case [20–23]. However, the

equilibration kinetics is very slow in this case. Another

important difference is that the transition from incomplete

to complete wetting can proceed not only by increasing but

also by decreasing temperature [23]. The second phase

which wets the GB can be not only liquid or solid but also

amorphous. The GB layers of an amorphous phase usually

form from the wetting liquid phase during quick cooling

[24, 25]. However, there are some indications that the

wetting GB layers of an amorphous phase can form also by

growth of nanocrystals in an amorphous matrix [26–28].

Can the ‘‘GBs’’ in such an amorphous phase be completely

wetted by the layers of a second amorphous phase? This

work is devoted to the search for such a phenomenon.

Firstly, to study the wetting of a ‘‘GB’’ in one amor-

phous phase by a second amorphous phase, we need a

sample where two different amorphous phases coexist.

Decomposition of one amorphous phase into two or more

amorphous phases can proceed either during synthesis or as

a result of various treatments of the amorphous phase. In

the course of such processes, various amorphous phases

form, with different composition and short-order parame-

ters (i.e., the parameters of the locally favoured atomic

arrangements with specific spatial symmetry). These

amorphous phases usually do not possess distinct (sharp)

interfaces, and the decomposition is similar to spinodal

decomposition [29]. Amorphous phase decomposition has

been observed in various alloys, including Pd74Au8Si18

[29], Pd40.5Ni40.5P19 [30], Pd–Si–Sb [31], Pd80Si20 [32],

Be40Ti24Zr36 [33], Pb60Pd40 [34], Al–Si–X, Al–Ge–X

(X = Ti, Zr, V, W, Mn, Fe, Co, Ni, Cu, Cr, Nb, Mo) [35],

Fe–B–P [36], (Au–Pb–Pt)–(Pb–Sb) [37], Zr–Y–Al–Ni [38],

Fe40Ni40P14B6 [39], Fe90Zr10 [40], Ni70Mo10P20 [41],

Ni70Mo10B20 [42], and Al–Ni–Y [43]. A structural change

of the amorphous phase as a result of deformation has been

observed in Zr- [43–45] and Al-based alloys [46].

Recently, two-phase amorphous alloys were obtained in

several alloy systems: the Zr–La–Al–Ni–Cu system [47],

Ni–Nb–Y [48–55], (Ti, Zr)–Y–Al–Co [56–58], Cu–(Zr,

Hf)–(Gd, Y)–Al [59], Nd–Zr–Al–Co [60], and Zr–(Cu, Ce,

Pr, Nd)–Al–(Ni, Ag) [61–63]. In these materials, decom-

position takes place already in the melt, prior to solidifi-

cation. Recently, metallic glasses simultaneously

containing two (or more) different amorphous phases were

obtained by severe plastic deformation (SPD) [high-pres-

sure torsion (HPT) mode] of crystalline Ni–Nb–Y alloys

[64].

The miscibility gap in the monotectic binary Nb–Y

system extends into the ternary Ni–Nb–Y system up to

70 at% Ni as a consequence of the positive mixing

enthalpy between Nb and Y [49]. Experimental evidence of

phase separation in the melt of Ni58.5Nb20.25Y21.25 (num-

bers indicate at%) has been obtained by in situ X-ray dif-

fraction at elevated temperatures and differential scanning

calorimetry [48–51]. The melt in this alloy separated into

two immiscible liquid phases already before quenching.

Quick cooling of this mixture leads to formation of two

amorphous metallic phases from two pre-existing liquid

phases [48–51]. The microstructure consists of two amor-

phous regions, one Nb enriched and the other Y enriched,

with a size distribution from several nanometers up to

micrometers. From the micrographs published by Mattern

et al. [49–51], it is clear that the Y-rich amorphous phase

separates the ‘‘grains’’ of the Nb-rich amorphous phase.

Therefore, we chose the Ni–Nb–Y alloys for our experi-

ments. In our case, the starting state before HPT is an as-

cast alloy consisting of a mixture of crystalline phases; it

does not contain any amorphous phase.

Experimental

The Ni50Nb20Y30 (numbers indicate at%) alloy which was

chosen for these investigations is indicated by the star in

the Y–Ni–Nb phase diagram in Fig. 1. In previous work,

we investigated the similar alloy Ni60Nb18Y22 [64].

Both of these alloys are very close to the composition

Ni58.5Nb20.25Y21.25 studied previously [49–51]. The com-

positions of our Ni50Nb20Y30 and Ni60Nb18Y22 alloys are

positioned in the phase diagram slightly to the left and to

the right of the composition Ni58.5Nb20.25Y21.25 studied

previously [49–51]. The Ni50Nb20Y30 alloy was prepared

by using high-purity components (4 N Ni, 3 N Nb, and 3 N

Y) for vacuum induction melting. Alloy pellets (20 g) were

melted in a contactless levitation heater at 2500 �C for

about 3 min. After melting, the induction heating was

switched off, and the melted pellets dropped down into a

heavy copper crucible. However, the cooling rate was not

fast enough to form the amorphous phase. After grinding,
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sawing, and chemical etching, as-cast disks of these alloys,

with 10 mm diameter, were subjected to HPT at room

temperature under pressure of 4 GPa in a Bridgman anvil-

type unit (10 torsions, duration of process about 300 s).

X-ray diffraction (XRD) data were obtained by using a

Siemens diffractometer (Co Ka radiation). Transmission

electron microscopy (TEM) investigations were carried out

by using a JEM-100CX microscope at accelerating voltage

of 100 kV with TEM samples prepared by mean of ion

milling. They were cooled by liquid nitrogen during

preparation to avoid changes to their structure. Scanning

electron microscopy (SEM) and electron-probe micro-

analysis (EPMA) were carried out by using a Zeiss Supra

50VP microscope equipped with a LINK energy-dispersive

spectrometer produced by Oxford Instruments. Grain size

D was estimated by the Scherrer formula D = 0.9k/bcos h
(where k is the wavelength, b is the physical line broad-

ening, and h is the diffraction angle) [65]. The b value was

determined by subtracting the broadening of a standard

sample from that of the investigated sample. In the case of

nanoscale materials, the contribution of the instrumental

broadening to the full line width is insignificant.

Results and discussion

The X-ray diffraction spectrum of the Ni60Nb18Y22 alloy

before deformation is shown in Fig. 2a. The as-cast sample

contains several crystalline phases. The spectrum is well

described by a deconvolution into the peaks of NiY, NbNi3,

Ni2Y, Ni7Y2, and Ni3Y phases. No contribution from

amorphous phase(s) was detected. An SEM micrograph of

the as-cast Ni50Nb20Y30 alloy is shown in Fig. 3. The

microstructure contains large spherical grains of NbNi3
phase (mean grain size about 25 lm) surrounded by a

mixture of NiY, Ni2Y, Ni7Y2, and Ni3Y phases (grain size

3–5 lm). The Ni60Nb18Y22 alloy [64] contained the same

Fig. 1 Liquidus projection of the Y–Ni–Nb ternary phase diagram

obtained by the CALPHAD method [66]. The composition of the

ternary Ni50Nb20Y30 alloy chosen for these investigations is marked

by the star

Fig. 2 a X-ray diffraction spectrum of the Ni50Nb20Y30 alloy before

deformation. The main phase component is the NiY phase. Other

phases are NbNi3, Ni2Y, Ni7Y2, and Ni3Y. b X-ray diffraction

spectrum of the Ni50Nb20Y30 alloy after HPT, consisting of two halos

corresponding to two amorphous phases (thick lines), superimposed

on the peaks of the crystalline phases NiY and Nb15Ni2 (thin lines)

Fig. 3 SEM micrograph of the Ni50Nb20Y30 alloy before deforma-

tion. Some of the large NbNi3 particles are indicated by arrow heads
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phases as the Ni50Nb20Y30 alloy, but in slightly different

volume ratios. The Ni60Nb18Y22 alloy [64] contained

more nickel than the present alloy or samples of

Ni58.5Nb20.25Y21.25 quenched from the liquid state [49–51].

Unfortunately, few experimental data on the ternary Y–Ni–

Nb phase diagram are available. The phase diagram

(Fig. 1) was calculated using CALPHAD [49, 66]. In our

experiments, as well as in previous study [48–52], no ter-

nary phases were observed. Ternary Y–Ni–Nb phases are

also absent from the existing databases [67, 68].

HPT completely changed the structure. No indications

of the NbNi3, Ni2Y, Ni7Y2, and Ni3Y phases present in the

starting coarse-grained alloy were observed in the sample

after HPT. Only the NiY crystalline phase, which also

existed in the as-cast state but with somewhat different

parameters, remained after the deformation. The corre-

sponding XRD pattern is shown in Fig. 2b, showing the

partly superimposed halos of the two amorphous phases

with maxima at q1 = 25.1 nm-1 (2h1 = 41.4�) and

q2 = 28.8 nm-1 (2h2 = 48.6�) and peaks of two other

crystalline NiY and Nb15Ni2 phases. These values are very

close to the halo positions (q1 = 26.3 nm-1 and

q2 = 29.5 nm-1) observed in the quenched alloys [49].

The area under the scattering curve corresponding to the

amorphous phase with q2 = 28.8 nm-1 (and also the

amount of this phase) is about three times higher than that

of the amorphous phase with q1 = 25.1 nm-1. The maxi-

mum for the larger scattering vector is slightly higher, as

also reported for the quenched alloys [49]. The peak

broadening of the phases permits estimation of their grain

size as about 20 nm. Both the Ni2Y and Nb6Ni7 phases

exist in equilibrium below 1000 �C [49].

After HPT, the samples were inhomogeneous and con-

tained mainly either crystalline or predominantly amor-

phous areas, both of which were equiaxial, with size of

about 500–1000 nm, and randomly mixed in the sample. In

other words, the size of these areas was at least one order of

magnitude higher than the grain size of all crystalline

phases before HPT (Fig. 3). We did not observe any pro-

nounced nonuniformity, such as shear bands, in the shape

or spatial distribution of the crystalline or amorphous areas.

The detailed mechanism of the formation of crystalline or

amorphous areas during HPT is still unclear and will be the

subject of detailed investigation in the future (for example,

by stepwise increase of the degree of deformation as in

[69]).

Figures 4 and 5 show TEM micrographs of the sample

after HPT. Figure 4 shows a bright-field image of an

amorphous part of the sample. There are no diffraction

rings corresponding to the crystalline phases, and only an

amorphous halo appears in the selected-area electron dif-

fraction (SAED) pattern. However, it is not symmetric and

can be separated into two halos (see the inset to Fig. 4,

where the radial distribution of scattered electrons is

shown). The peak positions (q1e = 25.7 nm-1 and q2e =

29.5 nm-1) correspond to those in the XRD spectrum

(q1x = 25.1 nm-1 and q2x = 28.8 nm-1). Though two

halos were observed in the XRD spectrum, they were not

resolved in the SAED pattern due to the lower angular

resolution of this method. Nevertheless, the contrast

between the two different amorphous phases is visible.

Figure 5 shows a dark-field image of a crystalline part of

the sample. The corresponding SAED pattern is shown in

the inset. The diffraction rings in this pattern are from the

Fig. 4 Bright-field TEM micrograph of the Ni50Nb20Y30 alloy after

HPT taken from a predominantly amorphous area. X marks a large

grain of Nb-rich amorphous phase (appears dark). Arrows in the left
part of the micrograph indicate small bubbles of Y-rich amorphous

phase (appear bright). Arrows in the bottom part of the micrograph

indicate layers of Y-rich amorphous phase (appear bright) between

large grains of Nb-rich amorphous phase (appear dark). Insets show

the electron diffraction pattern and the radial distribution of scattered

electrons

Fig. 5 Dark-field TEM micrograph of the Ni50Nb20Y30 alloy after

HPT taken from a predominantly crystalline area. Inset shows the

electron diffraction pattern. The dark-field micrograph was taken

using one of the reflections of a NiY crystalline phase
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NiY phase. The size of the NiY grains is about 20 nm,

which is consistent with the XRD data.

Figure 4 shows that the amorphous region contains two

different amorphous phases, seen as dark and bright. This

contrast appears to arise from the different densities of the

two amorphous phases. Similar to previous work [49–51],

the dark regions are Nb rich whereas the bright regions are

Y rich, since the atomic weight of niobium is higher than

that of yttrium, similar to the contrast observed previously

[48–52]; such an interpretation of the TEM pattern contrast

is supported by the XRD analysis. Alternatively, this

bright–dark contrast of the amorphous materials may

appear due to lower density in slip bands after deformation

[70]. However, in this case, the morphology of the dark and

bright zones and the microstructure differs a lot from that

shown in Fig. 4.

We now discuss and describe the morphology, spatial

distribution, and topology of the mixture of two amorphous

phases. In the case of conventional GB wetting, the liquid

phase can completely separate solid grains from each other,

forming a continuous intergranular layer (so-called com-

plete wetting with zero contact angle at the GB). Other-

wise, a liquid phase forms an array of liquid inclusions or

droplets between grains (incomplete wetting with nonzero

contact angle). In the case of incomplete wetting, neigh-

boring grains partially contact each other. Indeed, finely

mixed layers and grains of two different amorphous phases

are visible in thin areas of the sample (Fig. 4). Fine,

5–10 nm, round bubbles of bright amorphous phase are

embedded in the darker ‘‘grains’’ (they are really bubbles,

since only sphere-shaped rather than rod-shaped ‘‘parti-

cles’’ are visible in Fig. 4). Such small bubbles of Y-rich

amorphous phase are indicated in the left part of Fig. 4 by

two white arrows.

The bright ‘‘bubbles’’ are seen more clearly in thinner

portions of the TEM sample. In thicker portions of the

sample, multiple, 5–10 nm ‘‘bubbles’’ superimpose and

become less visible. The dark Nb-rich amorphous phase

(indicated by the X in Fig. 4) separates all spherical areas

of the bright phase from each other. Bubbles of the bright

phase do not form contacts with neighboring bright grains,

even when the distance between them is very small. This

means that the dark amorphous phase prevents the bright

phase from forming contacts, as it would do if it com-

pletely wetted the possible ‘‘GBs’’ between the bright

grains. Such GBs would form if the bubbles of the bright

phase grew together, as for amorphous particles formed

individually from the gas phase [9, 10].

The dark ‘‘matrix’’ grains are slightly elongated with

size of 20–200 nm. The dark grains of Nb-rich amorphous

phase (marked by the X) are in turn separated by thin layers

of the bright amorphous phase. Two such layers of Y-rich

phase (a few nanometers thick) between the large grains of

Nb-rich phase are shown by white arrows in the bottom

part of Fig. 4. This can be interpreted as indicating that the

bright phase also completely wets the GBs between dark

areas. This situation is similar to the wetting of conven-

tional GBs by a second solid phase [20–23]. This second

solid phase can also contain GBs, which can, in turn, be

completely wetted by the first phase. In such a case, the

microstructure would contain only interphase boundaries

but no GBs.

This microstructure radically differs from that obtained

by melt-spinning [49–51]. The heterogeneities in phase-

separated amorphous metallic alloys obtained by quench-

ing from the melt range in size from nanometers to

micrometers, exhibiting features of self-similarity [48–52].

In other words, the bright phase contains spherical dark

regions, which in turn contain smaller bright spheres, and

so on. Such Russian matreshka-doll-like structure forms as

a result of sequential formation of Nb- and Y-rich phases

during cooling of the melt in the dome-like immiscibility

area, which broadens with decreasing temperature [49].

Among the three elements in the investigated ternary

Ni–Nb–Y alloy, the Ni–Nb and Ni–Y couples have con-

siderable negative mixing enthalpy (about -40 kJ/mol for

Ni50Nb50 [71] and -28 kJ/mol for Ni80Y20 [72]). This

negative mixing enthalpy indicates the presence of inter-

metallic bonds between atoms in the mixture. On the other

hand, the mixing enthalpy for the Nb–Y couple is positive

(about ?35 kJ/mol [73]), which is the reason for the sep-

aration of the Ni–Nb–Y alloys into Nb- and Y-rich phases.

As a result, during solidification, a polycrystalline alloy

forms, predominantly consisting of two phases, namely

NiY and Ni3Nb. The binary Ni–Nb and Ni–Y phase dia-

grams contain also other intermetallic phases.

In the ideal NiY phase, each Ni and/or Y atom is sur-

rounded by eight atoms. The first coordination sphere

consists of atoms of the other element. In the Ni3Nb com-

pound, each Nb atom is surrounded by 12 Ni atoms. It is

reasonable to suppose that compositional fluctuations take

place in Nb-doped NiY. In such a lattice, some Y atoms are

substituted by Nb, enabling formation of Ni–Nb clusters. At

the same time, the Y and Nb atoms have the tendency to

repel each other. In the liquid state, clusters exist where Y

and/or Nb atoms are surrounded predominantly by Ni

atoms. Such clusters can have different configurations and

coordination numbers. During rapid crystallization, Ni–Nb

and Ni–Y clusters in the NiY lattice acquire configuration

consistent with its translational invariance, but the compo-

sitional order of the lattice is disturbed. Such compositional

fluctuations are generated also by inclusion of Ni–Y clusters

in the Ni3Nb lattice. The magnitude of such compositional

fluctuation is determined by the crystallization rate.

Recovery of such compositional short-range order is hin-

dered by the large size of the Y ions.
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It is known that SPD leads to formation of nanocrys-

talline structures in various materials [74, 75]. The grain

refinement behavior is controlled by the processes of dis-

location glide and disclination rotation. This results in self-

similarity with increasing deformation, and the mean grain

size attains a certain value of about 0.1 lm. At this

deformation stage, a dynamic equilibrium appears, and the

average density of the extended structural defects (dislo-

cations, disclinations, and GBs) reaches a steady-state

value.

The Ni–Nb–Y alloy is a multiphase polycrystalline

material after solidification from the liquid state. Its crys-

tallites (grains) exhibit large compositional fluctuations

determined by the short-range compositional ordering.

Retention of different types of short-range compositional

order turns out to be energetically favorable during melt

crystallization. Such retention takes place during local

deformation, restoring translational invariance but not the

compositional order.

Formation of trans-crystallite shear bands begins during

the deformation. Along with formation of extended struc-

tural defects, this leads to destruction of the short-range

compositional order in these bands. Since the topological

order is also destroyed in these shear bands, this makes

recovery of the short-range compositional order through

migration of small atoms (Ni atoms in our case) both pos-

sible and energetically favorable. Rearrangements taking

place in the material are accumulated during this recovery.

These rearrangements can possess different topological

order, including also clusters with noncrystalline atomic

arrangement, resulting in amorphization of crystallites

adjacent to the shear band. The energy of plastic deforma-

tion serves as a driving force for this amorphization process,

therefore amorphization can advance into the crystallites

during successive deformation cycles. Amorphization ini-

tiation induced by compositional disorder has been

observed in computational experiments [76–80].

The existence of amorphous alloy with a stable, self-

similar heterophase structure is of particular interest. To

clarify this issue, note that a mixed diffusive–viscous flow

can arise in multicluster bulk metallic glasses due to the

effect of external stresses. Together with diffusive transfer

along intercluster interfaces, this flow can give rise to

cluster refinement due to trans-cluster shear [78]. Results of

experimental investigation and description of this defor-

mation mode can be found elsewhere [78]. It is important

to note that the viscosity of the amorphous phase decreases

significantly during mixed diffusive–viscous flow due to

the acceleration of structural relaxation under the external

stress. The mean cluster size in the investigated initial glass

was about 10 nm [78]. This assessment gives an impres-

sion of a typical limiting scale of amorphous structure

refinement.

In the amorphous alloy with separated amorphous pha-

ses, two processes take place during deformation, i.e.,

cluster refinement and mixing of clusters with different

composition. Qualitatively, it is clear that more rigid

clusters (in our case Ni–Nb) have to be divided by a more

pliable phase with lower viscosity (i.e., Ni–Y). In so doing,

the complete wetting condition should be fulfilled. So, the

more pliable and less viscous phase plays the role of a

wetting GB phase, as found earlier in polycrystalline alloys

[16–19].

Conclusions

SPD of Ni50Nb20Y30 alloy by high-pressure torsion enables

the production of alloys containing two different coexisting

amorphous phases (as well as crystalline phases). The

topology of the spatial distribution of the two amorphous

phases permits one to speak about mutual wetting of

‘‘GBs’’ in one amorphous phase by the layers of another

amorphous phase.
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