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Abstract. The solid state amorphizing transformations during mechanical alloying and
mechanical grinding of a Ni=V binary system were observed by neutron total scattering using
a spaliation pulsed neutron facility. The topological mechanisms of crystal-to-amorphous
solid structure transition are interpreted in terms of the transformation of octahedral struc-
ture units into tetrahedral structure units and the modification of ways of connecting tetra-
hedral structure units from vertex-sharing into face- and/or edge-sharing ones,

1. Introduction

Traditionally metallic amorphous alloys have been quenched from liquid or vapour
phases by rapidly removing the kinetic energy of atoms moving in the energized state.
As an alternative approach to conventional procedure, in this work attention has been
paid to the solid state amorphizing transformation [1, 2] in which atoms jn stable equi-
librium crystals are mechanically excited and frozen into a metastable solid state with a
topologically disordered atomic structure,

Depending on the starting materials, a mechanically driven solid state amorphizing
transformation (MD-SSAT) using milling techniques can, from the thermodynamic point
of view, be one of two different categories: mechanical alloying (Ma) or mechanical
grinding (MG). The mA process synthesizes amorphous alloys by reacting elemental
crystalline powders through long distance solid state chemical diffusion, being often
accompanied by a negative heat of formation. In the MG process, crystalline alloys or
compounds are transformed into the amorphous solid state by destroying the periodical
long-range order of atomic arrangement without long-distance movement of atoms.

Several models for the thermodynamic mechanism of MD-5SAT have been proposed:
local melt-quenching 3], asymmetric solid state interdiffusion [4], excess defect accumu-
lation [5], lowering of the melting point in supersaturated solid solutions [6], elasticity
instability [7] and so on.

This paper will describe the topological rearrangement and chemical mixing of atoms
during MD-SSAT of a Ni-V binary system as an example of a transition metal alloy
observed by neutron total scattering. All measurements of the total neutron scattering
were carried out using the HIT spectrometer installed at a spallation pulsed neutron
source, KEK, Tsukuba. The MD-sSAT in both the MA and MG processes were performed
using a conventional ball milling technique in an argon gas atmosphere at ambient
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temperature. Detailed procedures for the experiments have been described in previous
works [8, 9].

2. Topological short-range structure in the Ma process

The topological structure of amorphous metals is approximately described in terms of
the dense random packing of spherical atoms constructed from tetrahedral structute
units exclusively [10]. In the FCC or BCC crystalline lattices. however, both tetrahedral
and octahedral structure units are included in a ratio of two-to-one. This implies that
octahedral structure units have to be transformed into tetrahedral structure units dunng
the MA process if amorphous alloys are directly synthesized from FCC or BCC lattices
without formation of intermediate crystalline phases.

Fukunaga et af [11] and Suzuki [12] have observed the topological structure change
during the Ma process of 4Ni(Fcc) + 6V(BcC) — ViV (amorphous) as a function of
milling time by total neutron scattering. The angular differential cross section (do,/
dQ )i for a Ni-V binary alloy measured by total neutron scattering is related to the
Faber-Ziman [13] total neutron structure factor S(Q):

(do/dQ )0 = N(BY S(Q) + N((B?) - (b)?) (1)

where {(b) = cnibw; + cvbv. (b2 = cnibi + cvbi, (BY = (cnibwy + evby)?, ¢ and b, are
the concentration fraction and ccherent neutron scattering length of an i-species atom,
Nis the number of chemical formula unitsinvolvedin the alloy sample and Q = 4z sin 6/
A. Results in figure 1 are shown in terms of the Faber—Ziman formalism.

The Faber—Ziman total neutron structure factors $(Q) foraNi-V alloy are expressed
as a weighted sum of three partial structure factors Syn(Q). Suiv(@) and S\w(Q)
associated with Ni-Ni, Ni-V and V-V pair correlations:

S(Q) = winiSnini (@) + 2w Sniv (@) + wyvSw () (2)

where wy; = c;c;b,b;/(b)’ is the weighting factor for the i~j pair correlation. The §(Q) of
Ni~V alloys can be approximated to the Ni-Ni partial structure factors Sy,(Q) except
in the extremely low Ni-content region, because the coherent neutron scattering length
of a V nucleus (by = —0.0382 x 107" cm) is negligibly small compared with that of a Ni
nucleus (by; = 1.03 x 10~ cm).

Bragg reflection peaks observed for a Ni(FcC) crystal, as shown in figure 1, are
already widened even before mitling due to a broad resolution of the HIT spectrometer,
which is designed for the measurement of liquid and amorphous structure factors, Thus,
we do not discuss the initial stage, corresponding to the break of iong-range order in the
Ni{Fcc) lattice by mechanical milling.

The prepeak located around Q = 1.9 A~! begins to appear after 100 h of milling
time. With a further increase of milling time, the prepeak becomes very obvious and the
negative height is contributed to this in the low-Q range below about 1.5 A-!, Such
behaviour of the prepeak has been found commonly in the Syn{Q) of Ni-early transition
metal amorphous alloys prepared by sputter deposition and melt quenching [14].
However, we cannot exclude the possibility of a negative height being caused by the
disordered medium-range (~10 A) correlation between Ni and V atoms existing in the
non-uniform amorphous solid state.

The neutron total structure factor of MA amorphous alloys often shows significant
intensity in the small-angle scattering region corresponding to @ < 0.3 At [9]. Such a
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Figure 1. Neutron iotal structure factors S(Q) for the MA process of
4ANi(Fe) + 6V(BCC) — NiV(amorphous) as a function of milling time.
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small angle scattering intensity can be also observed during the Ma process of Ni-V
binary system. This means that Ni-V amorphous alloys prepared by the Ma process are
not completely uniform in the medium/Jong-range scale (~100 A) structure.

When milling time is greater than 400 h, the (200) Bragg reflection peak is practically
lost and vibrations in high-Q region disappear. The rapid reduction in the (200) peak
height suggests that octahedral structure units in the Ni(Fcc) lattice are almost totally
destroyed during the Ma process.

The phenomenon suggested above is clearly demonstrated in the neutron radial
distribution functions RDF defined as the Fourier transform of the Faber—Ziman neutron
total structure factors S(Q) truncated at Q... = 30 A~! (figure 1) without using any
artificial modification functions. As shown in figure 2, the second peak located around
r = 3.5 A and the fifth peak around r = 5.6 A are lost drastically with increasing milling
time, while the other peaks are only broadened. Figure 3 is an illustration of the FCC
lattice, in which the second and fifth neighbouring atoms surrcunding a central atom
just occupy the Kkey sites so constructing octahedral structure units. Therefore, the
characteristic behaviour of RDOF observedin figure 2 certainly suggests that the topological
mechanism of MD-SSAT starting from the FCC crystal is based on the transttion of octa-
hedral structure units into tetrahedral structure units.

3. Topological short-range structure in the MG process

Figure 4 shows changes in the Faber-Ziman neutron total structure factors S{(Q) as a
function of milling time for the MG process of the Ni,V ¢ intermetallic compound starting
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Figure 2. Neutron Rprs for the Ma process of
4Ni(FcC) + 6V(BCC) — Ni,V (amorphous) as a
6o 1 2 3 (A‘f 5 & 7 function of milling time.

from the crystalline state (o phase, space group; P4y,..,). The MG process provides
broadening of Bragg reflection peaks, with less ripples in the high O region, @ > 5 A1,
and drastic changing in peak profiles located in the low Q region, @ <4 A~!. In contrast
to the Ma process of a mixture of Niand V powders, no small-angle scattering intensities
appear in 5(Q) during the Ni,V, compound MG process.

The first sharp diffraction peak corresponding to the (101) Bragg reflection peak is
abruptly and severely diminished. However, the (220) peak just remains, forming a so-
called prepeak as often observed in the neutron $(Q) of Ni-early transition metal
amorphous alloys [14]. The subpeaks located on both sides of the (411) main peak
broaden to form a single halo by overlapping with the main peak. The peaks in ${Q) are
never equally modified during the MG process, but only specified peaks follow selectively
dramatic evolutions.

The neutron total radial distribution functions RDF of NiyV alloys are defined by
Fourier transforming the S{Q) truncated at Q.. = 30 A~!, Results are shown in figure
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Figure 3. Atomic arrangement surrounding a central atom in a FCC lattice.

(101)

(411)

Ni40VB0 MG 0h

Ni40V60 MG 26 h

Ni40V60 MG 35 h

Ni40V60 MG 50 h

Ni40V60 MG 100 h

Ni40V60 MG 200 h

Ni40VE0 MG 400 h

O—=NWsD-1DO
T

E r
10
Q

Figure 4. Neutron total structure factors S{Q) for the MG process of Ni V(crystalline ¢
phase) — Ni,V(amorphous) as a function of milling time.
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5. The first peak, located at around r = 2.5 A, represents the first nearest neighbours
in Ni-Ni correlations, of which distance and coordination number are little changed
between the beginning and end of the MG process. The second peak appearing around
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Figure 6. Atomic arrangement in a unit cell of crystalline @ phase,

r =4 A never shows significant variations in its profile. The third peak located slightly
above 7 = 5 A is dramatically widened and lowered with progressing MG process. The
intermediate region between the second peak and the third one rises gradually with
increasing milling time. ' T

The atomicarrangementin a unit cell constructing the crystalline o phase is illustrated
in figure 6. Atoms in the unit cell occupy the five different kinds of topological sites. A
and D sites in figure 6 are only occupied by Ni atoms, while B and E sites are only
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Figure 7. Coordination polyhedra existing in a
(¢} around C-site crystalline o phase.

occupied by V atoms. The C site is occupied by Ni or V atoms according to the Ni-to-V
atom ratio in o phase.

Atomic environments surrounding the five different sites in the o phase are repre-
sented in terms of the coordination polyhedra, which are illustrated in figure 7. Both A
and D sites are the centres of 12-coordinated icosahedra including pentagonal con-
figurations, which are characteristically found in quasicrystalline and amorphous metals.
As in Frank—Kasper phases, all the polyhedra shown in figure 7 are constructed from
tetrahedral structure units. There are three possible ways of connecting tetrahedral
structure units to each other in these coordination polyhedra: face sharing, edge sharing
or vertex sharing, as shown in figure 8.

All the Ni-Ni correlations existing in the coordination polyhedra can be classified
into three groups according to the three kinds of sharing in tetrahedral structure units.
As shownin figure 8, however, there is an extreme case where it is difficukt to distinguish
between edge sharing and face sharing [15]. Therefore, the classification of Ni-Ni
distances belonging to inter-tetrahedral structure units into three groups cannot be
unique. If the Ni-Ni nearest-neighbour distance in an intra-tetrahedral structure unit is
about 2.5 A, the Ni-Ni distances in inter-tetrahedral structure units are about 5 A for
vertex sharing and 4 A for face sharing, respectively.

As some of the tetrahedral structure units existing in the coordination polyhedra,
shown in figure 7, are distorted, and the connecting angles for vertex sharing or edge
sharing of two tetrahedral structure units vary, the Ni-Ni distances in inter-tetrahedral
structure units are broadly spread around r = 4 and 5 A, respectively. The Ni-Ni dis-
tances existing in the intermediate region between r =4 and 5 A come partly from the
edge-sharing of two-tetrahedral structure units. The three way distribution of Ni-Ni
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Figure 8. Three possible ways of connecting tetrahedral structure units.
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Figure 9. The classification of Ni~Ni distances
found in coordination polyhedra in Ni,V, crys-
talline ¢ phase into three possible ways of con-
necting tetrahedral structure units.

distances for connecting tetrahedral structure units existing in ¢ phase is shown in
figure 9.

Based on the result of figure 9, we can conclude that the second peak around r = 4 A
in ROF corresponds to the face-sharing Ni-Ni correlation in inter-tetrahedral structure
units, which almost remains, without significant changes, during MG process. On the
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Figure 10. Neutron total structure factors (@) of Ni-V amorphous alloys prepared by the
Ma process as a function of V content.

other hand, the third peak around » = 5 A in the RDF corresponds to the vertex-sharing
Ni-Nicorrelation in inter-tetrahedral structure units, which is drastically destroyed with
the progress of milling. This implies that the conversion from vertex sharing to face
sharing between tetrahedral structure units preferentially bappens along with the dis-
tortion of the tetrahedral structure unit during the MG process of the Ni,V, (o phase)
crystalline intermetallic compound.,

4. Chemical short-range order in mMa amorphous alloys

The balt milling technique can provide Ni-V amorphous alloys over a wide chemical
composition range from 43 to 70 at. %'V [16], which includes the whole region of crys-
talline o phase in its equilibrium phase diagram. Figure 10 shows, as a function of V
content, the neutron total structure factors (@), which are almost the same as the Ni-
Ni partial structure factors Sy @), of Ni-V amorphous ailoys obtained after 400 h of
the MA process. The overall behaviour of Sy (Q2) is found to be almost the same over
the entire chemical composition range.

The neutron radial distribution functions RDF for the Ni-Ni correlation in Ni-V
amorphous alloys, defined as the Fourier transform of $(Q) truncated at Q,,,, = 23 A,
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are shown as a function of V content in figure 11. The RDF are also very similar to each
other. The behaviour mentioned above suggests that the Ni-Ni correlation is rigidly
preserved with little change over the whole range of chemical composition in Ni~-V
amorphous alloys.

In order to evaluate the chemical short-range order persisting in Ni-V amorphous
alloys prepared by the Ma process, we obtain the coordination numbers of Ni atoms
around a Ni atom by calculating the area under the first peak of the RDF. Results are
shown in figure 12 in which the shaded area corresponds to the range of contributions
from the Ni-V correlation to the first peak area in the RDF.

The crystalline o phase (space group; Py/,..,) has a definite degree of the chemical
order among five different atomic sites in its unit cell, as shown in figure 6. We suppose
a chemically disordered o phase [16] in which both the Ni and V atoms are randomly
distributed on all sites of the unit cell. The coordination numbers of Ni-Ni correlations
in both the chemically ordered and disordered Ni-V o-phase alloys are plotted as a
function of V content in figure 12. '

Figure 12 shows that the coordination number of Ni-Ni correlations in Ni-V amor-
phous alioys prepared by the Ma process follows those in the chemically ordered ophase
quite closely. This means that the MA process, starting from elemental Ni and V metal,
provides the atomic-scale mixing of metallic elements to form homogeneous Ni-V
amorphous alloys, of which chemical short-range structures are rather similar to those
of their crystailine counterparts of ordered o-phase alloys.

Itis noteworthy that the range of chemical composition over which Ni-V amorphous
alloys can be formed by the MA process is apparently wider than that of the crystalline o
phase found in the equilibrium phase diagram of the Ni-V binary system and is extended
to the side of lower V content. However, as shown in figure 13, the position of the
prepeak in the neutron ${Q) of Ni-V amorphous alloys is sharply decreased within the
range of single-o phase with decreasing V content, but remains nearly constant in
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Figure 13. Position of the prepeak in the neutron S(Q) of Ni-V amorphous alloys prepared
by the MA process as a function of V content.

g

Cryst. Temperature (°C)
8 (42}
3 S

]

ma

45

50 55 60 65 70 75

V- rantant (At 200

Figure 14, Crystallization temperature of Ni-V amorphous alloys prepared by the MA process
as a function of V content.

the range of V content less than 55 at.%V outside the single-o phase range, which
corresponds to the two-phase mixture of the o phase and the Ni,V phase. Figure 14 also
shows that the crystallization temperature of Ni-V amorphous alloys is nearly constant,
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around 570 °C within the single-o phase range. These observations suggest again the
strong conservation of chemical short-range order of the crystalline o phase even in Ni-
V amorphous alloys prepared by the ma process. :

5. Conciuding remarks

The structural evolution in the solid state amorphizing transformation was observed for
both the Ma and the MG of a Ni-V binary system by ncutron total scattering using a
spallation pulsed neutron facility. The topological mechanism of the erystal-to-amorph-
oussolid structure transition can be interpreted in terms of the mutation of an octahedral
structure unit into a tetrahedral structure unit, and the reconnecting of tetrahedral
structure units by vertex sharing to face and/or edge sharing.

The Ni-V binary system is a compound-forming system accompanied by a negative
heat of formation. Aithough the Cu-Ta binary system is an immiscible system, having
a positive heat of formation in the equilibrium state, it is expected that the topological
mechanism for the solid state formation of Cu-Ta amorphous alloys by mechanical
alloying [17] is essentially similar to that observed for the Ni-V binary system.

The atomic-scale mixing during mechanical alloying of Ni and Ti metals has been
verified directly by observing the Bhatia—Thornton [18] partial structure factor Scc(Q)
for the concentration—concentration correlation in a Niy, 3Tis5 ; neutron zero-scattering
alioy [19].

The broadening of Bragg reflection peaks in the crystalline state is rapidly saturated
at an early stage of mechanical milling. The breaking of the long-range order in the
crystalline state by accumulating defects is not directly transferred to the amorphizing
transformation, in which topological rearrangements in the short- and medium-range
order have to take place as described in this paper. Careful observations of S(Q) in the
range of small- and wide-angle scattening overlap should be helpful to the investigation
of the total mechanism of the structural evolution from crystal to amorphous solid. The
relationship between the topological mechanism and the thermodynamic mechanism of
a mechanically driven solid state amorphizing transformation is also of interest and we
hope to investigate this next,
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