Journal of Alloys and Compounds, 194 (1993) 295-302
JALCOM 7224

295

The structure of amorphous binary metal-metal alloys prepared by

mechanical alloying*

Christian N. J. Wagner and Michael S. Boldrick
Department of Materials Science and Engineering, University of California, Los Angeles, CA 90024-1595 (USA)

(Received December 9, 1991; in final form June 9, 1992)

Abstract

The structures of amorphous binary metal-metal alloys, prepared by mechanical alloying in a high energy ball
mill, can be elucidated by a careful analysis of their neutron and X-ray diffraction patterns, which yield the
topological and chemical short-range order. Neutron diffraction studies showed that amorphous Ni, Ti,g-, alloys
with 24 <x<60 exhibit chemical short-range order, ie. a preference for unlike nearest neighbors. Since V is
invisible for neutrons (almost zero scattering length), the neutron structure factor describes directly the atomic
arrangement between Ni-Ni and Cu—Cu atoms in amorphous Ni-V and Cu-V alloys. A comparison of the
structures of amorphous Cus,Zrs, alloys prepared by mechanical alloying, by proton irradiation at low temperatures
and by melt spinning showed that their atomic arrangements are very similar. Amorphous alloys of Nb, Ta and
W with Fe, Ni and Cu, prepared by mechanical alloying, exhibit atomic arrangements which can be described

by a distorted W structure.

1. Introduction

Since the early 1950s, amorphous metal-metal alloys
have been prepared by rapid quenching from the liquid
or vapor phase in the form of thin foils, ribbons or
films. In the past decade, it has been shown that
amorphous metallic alloys can also be produced by
solid state reactions which include amorphization by
hydrogen reaction with intermetallic compounds, in-
terdiffusion in metallic multilayer films, mechanical
alloying of metal powder mixtures, mechanical working
of intermetallic phases and compounds, and irradiation
of intermetallic phases by electrons, protons or ions
[1].

The process of mechanical alloying consists of an
intimate mixing and mechanical working of elemental
powders in a high energy ball or rod mill. This process
made it possible to produce amorphous alloys of late
transition metals with early transition metals over a
much wider concentration range than is possible by
liquid quenching, and even in alloy systems which did
not yield amorphous phases by rapid quenching from
the liquid state [2].

Mechanical working or grinding in a high energy mitl
is a form of severe plastic deformation at very high
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strain rates which is responsible for the generation of
lattice defects (e.g. vacancies, dislocations). It is well
known that cold-worked metals and alloys exhibit broad
powder pattern peaks. This broadening has been in-
terpreted in terms of the reduction in the size of the
coherently diffracting domains (particle, grain or
subgrain size) and the appearance of microstrain within
these domains [3].

The heavy cold working of the powder in a high
energy ball mill decreases the thermodynamic stability
of the material because of the generation of lattice
defects and the increase in chemical energy due to the
increased solubility in solid solutions or the production
of antisite defects or antiphase boundaries in ordered
phases or compounds. As a consequence, the free energy
of the cold-worked crystalline phase might become
higher than that of the corresponding amorphous phase,
leading to the amorphization of the alloy [1].

In this review, we will summarize the diffraction
theory and experiment employed in the evaluation of
the structure of amorphous binary metal-metal alloys
produced by mechanical alloying. Emphasis will be
placed on two special alloy systems, i.e. amorphous Ti-
base and V-base alloys, where neutron diffraction ex-
periments permit the direct evaluation of one of the
three unknown partial atomic distribution functions.
We will also compare the structures of amorphous
CusoZrs, alloys prepared by three different techniques:
mechanical alloying, liquid quenching and proton ir-
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radiation. Lastly, we will discuss some recent results
on mechanically alloyed Nb-, Ta- and W-base alloys.

2. Theoretical background

The atomic short-range order in binary amorphous
alloys, consisting of elements of types 1 and 2, is
characterized by three atomic pair distribution functions
p;(r) describing the number of j-type atoms per unit
volume at the distance r about an i-type atom [4], i.e.
p1(r), p2(r) and py(r), because pa(r)ic;=pr(r)ic,, ¢
being the atomic concentration of element i. An al-
ternative description of the atomic short-range order
is given by the number—concentration correlation func-
tions p,.(r) [5]. The number—number distribution func-
tion p,.(r) represents the topological short-range order,
responsible for the Bragg peaks in a powder pattern,
the concentration—concentration correlation function
p..(r) describes the chemical short-range order, and the
number-concentration correlation function p,(7) is re-
lated to the size difference between atoms 1 and 2 [6].
The functions p;;(r) and p,(r) are linearly related, i.e.

Pnn(r)=01P1(r)+02P2(r) (1)
Pec(r) = [C2p1(r) + €1p,(")]e(7) ()
Pac(r) =c1Ca[p1(r) — p2(r)] 3)

where py(r)=p:1(r) +p12(r), p2Ar)=pu(r)+p2(r) and
a(r) is the generalized Warren short-range order pa-
rameter [7] defined as

a(r)=1—pi(r)cafc,pi(r) +c,p5(r)]
= Pee(PYHPnn(r) — [(c2— €1)lC1Ca)Pac(r)} 4)

We define the intensity S,(Q) scattered by an amor-
phous or randomly oriented polycrystalline sample as

Sa(Q)=1(Q) ~ [ + (NP V(Q)] ©)

where L(Q) is the coherently scattered intensity per
atom, (f*) =c¢,(f1)*> + c,(f>)? is the mean square scattering
factor, {f) =c.f; +c.f, is the mean scattering amplitude,
and p, is the average atomic density. The term
{H*poV(Q) represents the small-angle scattering, and
V(Q) is the Fourier transform of the size function v(r),
ie.

v(r)= (1/V)fs(u)s(u +7r) du

where s(r)=1 inside the volume V of the particle and
zero outside [4].

The scattered intensity S4(Q) is the weighted sum
of the partial structure factors S,.(Q) which are related
to the Fourier transforms of the partial correlation
functions p,.(r), i.e.

Sa(Q) = M[Sua(@) — 11+ () = {H?)
[Sec(@)e1c2— 1] +2 AF(HSnc(Q) (6)

where Af=fi—f,. S.n(Q) includes all (hkl) reflections
in a powder pattern of nanocrystalline materials, S..(Q)/
¢,¢, describes the modulation of the scattered intensity
about the Laue monotonic scattering {f*) — {f)? in binary
alloys with short-range order, and S,.(Q) corresponds
to the size-effect scattering [6]. The Fourier transforms
of Q[S.:(0) —1], OSe(Q)fe1c,—1] and 0S.(Q) vield
the number-concentration correlation functions
A1r{poan(r) — po), 41rp.(r) and 4mrp,(r) respectively.

The intensity S4(Q) per atom can also be expressed
as the weighted sum of the partial atomic structure
factors I,(Q), i.e.

Sd(Q) = (e i) [111(Q) — 1+ (o) U(Q) — 1]

+2¢1f166.[112(Q) - 1] (7
The Fourier transforms of Q[I,(Q) — 1] yield the partial
reduced atomic distribution functions G(r) = 4mr{p,(r)/
¢~ Po)-

In general, the small-angle scattering {f)*p, V(Q) due
to the size of the particles is not observable in amorphous
metals, or is subtracted from the scattered intensity.
For large values of Q, I,(Q) = {f*) and 54,(Q)=0. Since
f{Q) is a slowly decreasing function with increasing Q
for X-rays, it is customary to introduce the total structure

factors or interference functions I(Q) or S(Q), defined
as

1Q)=SAQ/?+1=[L(Q) - (=PI (8)

S(Q)=S4(Q)<f*> + 1=1(Q)/{f*) ©)

The definition of S(Q) has the advantage that it is
valid even when (f)>=0 as is the case for a “zero
alloy”, an alloy containing the appropriate amount of
an element or isotope with negative scattering length
for neutrons.

The total structure factors I(Q) or S(Q) permit us
to evaluate the reduced atomic distribution functions

G,(r) or Gg(r), i.e.
G(r)=(2/m) f Q(Q) —1]M(Q) sin Or dQ
=4ar{[p(r) — Pl )0 (r)
= ziEJ(CifiCiﬁ'/ EGyrv(r)
Gs()= 2/ [ IS~ 1m(Q) sin 0r dQ
=4ar{[p(r) — ol {f )} (r)
= EiEj(C:fiijj/ NG (r(r)
= 4mr{(D F*))Pan(r) — pol + (1 — F*/{F*))peclr)
+(2 Af LOKH)IPac(r)} v(r) (11)

where p(r) is the total atomic distribution function, i.e.

(10)
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o(r)= Z.Z,cficfo (e, (12)
and M(Q) is a modification function [3, 4, 8}, eg.

M(Q) = Sin(1Q/Qunax) (TQ/Qrmax) (13)
or
M(Q){=0 for 0> O (19

QO max being the maximum value of the Q range and a
an artificial temperature factor, e.g. a=0.005.

The total differential correlation function D(r) is
given by

D) =) [ 25.QM() sin 0r a0

={f*)Gs(r) = H?*GAr) =4mr]p(r) — {HH*poJu(r)
= 2.-2,»4W[C,-faﬁp.-j(r )= polol(r)
=4 {{Y[pan(r) = pol + () = (H*)peclr)
+2 Af{Hpac(Niv(r) (15)

The total correlation function 7(r) can be deduced
from D(r), i.e.

T(r) = 4mrp(ryo(r) = 4mr 2. 2, c.f fp,(r) v(r)
=D(r) + 4dmrp{HH*v(r)
=47 {{)*pan(r) + ({f?) = HP)pec(r)
+2 Af {Hpac(Nu() (16)

The radial distribution function R(r) describes the
number of atoms in the spherical shell of radius r and
unit thickness, i.e.

R(r)=4mr*[p(N/{H* ()
=47r?pov(r) +rG(r) =rT(r)/{f)* 17

In amorphous or liquid samples with sizes larger than
micrometers it can be assumed that v(r)=1 over the
range of r where p(r)—(f)’p, is different from zero.
This is not true for nanocrystalline or nanoamorphous
particles with dimensions of 1-3 nm.

The partial coordination numbers N, are defined
as

Noo= [4mp,em(r) ar (18)

where p, (r) are defined in eqns. (1)-(3), m(r)=1 for
F < min and m(ry=0 for r>r;,, and r.;, is the r value
of the minimum after the first peak in 47r2p,.(r).

3. Experimental methods and results

A single diffraction experiment yields only the total
structure factors /(Q) (eqn. (8)) and S(Q) (eqn. (9))

which represent the weighted sums of the three partial

structure factors [,;,(Q) and .,,.(Q) respectively. In order
to determine the three individual partial structure fac-
tors, three diffraction experiments must be carried out,
each with a different set of weight factors cfic;f; (eqn.
(7)) or (f)* (eqn. (6)). This can be accomplished by
preparing three different samples by isomorphous or
isotopic substitution of one or both alloying elements.
However, there are two special cases in neutron ex-
periments, where a single experiment can yield directly
one of the three partial functions. If one of the com-
ponents has a negative scattering length such as Ti,
one can prepare a so-called zero alloy where {f)=0,
eg. NiyTi,, which yields directly the concentra-
tion-concentration structure factor S..(Q) (eqns. (6)
and (9)), i.e. the chemical short-range order. On the
contrary, if component element 2 has a zero scattering
length, such as V, any alloy consisting of elements 1
and 2 will yield directly the partial structure factor
L(Q) (eqns. (7) and (8)). Therefore, many attempts
have been made to prepare amorphous Ti and V alloys
by mechanical alloying.

3.1. Amorphous Ti alloys

The production of amorphous Ni-Ti alloys by me-
chanical alloying was first reported by Schwarz er al.
[9]. They showed that alloys of Ni, Ti,4,_, with 25 <x <75
will become partially or completely amorphous when
appropriate powder mixtures are milled for 24 h in a
SPEX 8000 mixer—mill using a hardened steel vial and
steel balls under an argon atmosphere. In order to
make detailed structural studies by X-ray and neutron
diffraction, Boldrick et al. [10] prepared amorphous
Ni, Tiyp_, With x=35, 50 and 60 at.% under the same
experimental conditions employed by Schwarz et al. [9].

The structure factors $(Q) (eqn. (9)) of the amorphous
Ni-Ti alloys are shown in Fig. 1. These factors were
deduced from the measured X-ray and neutron dif-
fraction intensities using Ag Ka radiation and an Si
solid state detector with the scanning 26 technique and
the time-of-flight method at IPNS Argonne National
Laboratory respectively. The scattering lengths f; of Ni
and Ti have the same sign for X-rays, but opposite
signs for neutrons, producing strikingly different values
of the average scattering amplitude (f) for the different
Ni-Ti alloys including the so-called zero alloy where
{fy=0 for neutrons. This difference in {f) is strongly
reflected in the appearance of the structure factor S(Q)
which is dominated by the topological short-range order
San(Q) in the X-ray data because the weight factor
O in S(Q) (egns. (6) and (9)) is 0.986 for all
three alloys, but by the chemical short-range order
S..(Q) in the neutron data where {f)*(f*)=10.045 for
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Fig. 1. X-ray and neutron total structure factors S(Q) (eqn. (9)) of amorphous Cu-Ti and Ni-Ti alloys prepared by mechanical
alloying and the structure factors S(Q) of the corresponding liquid-quenched alloys (——-).

the alloy with 35 at.% Ni. Both neutron and X-ray
structure factors of the mechanically alloyed Ni,sTigs
agree very well with those of the liquid-quenched ribbons
(Fig. 1), indicating that their structures are very similar.
Fukunaga et al. [11] prepared a true zero alloy with
the composition Ni,,Ti,s by mechanical alloying for 800
h in a conventional ball milling apparatus with a rotating
speed of 110 rev min~'. The neutron S(Q) is also
shown in Fig. 1 and quite similar to that observed in
NisTigs.

The atomic distribution functions Gg(r) as defined
in eqn. (11) are shown in Fig. 2. In the Fourier
transformation, all X-ray and neutron structure factors
S(Q) measured by Boldrick et al. [10] were terminated
at Q=16 A~1 and 9 A~ respectively, using the
Lorch function M(Q) given in eqn. (13). The neutron
data of Fukunaga ef al. [11] extended to 30 A=, The
X-ray G,(r) which represents largely
G () = 47r[p,n(r) — po] exhibits a first peak at r; =2.75

in the alloy with 35 at.% Ni. The r; values decrease
with increasing Ni concentration. The neutron Gg(r)
functions are dominated by the chemical short-range
order or concentration-concentration correlation func-
tion G.(r)=4mrp.(r). As has been observed for the
structure factors S(Q), the atomic distribution functions
of mechanically alloyed and liquid-quenched samples
of identical compositions are quite similar as shown in
Fig. 2.

The first negative peak in the alloys with 24 and 35
at.% Ni corresponds to the unlike Ni-Ti nearest neigh-
bors, and combined with the first peak in the X-ray

Gs(r) permits the calculation of the generalized Warren
short-range order parameter «; from afr) defined in
eqn. (4), i.e.

= f a(rm(r) dr=N_/[Npn+Noo(c:—cr)lerc,]  (19)

In general, the term N, (¢, —c¢;)/c ¢, =(c;—¢,)(N;—N>)
is small when the difference in atomic sizes of the
alloying elements is less than 10%, and might be
neglected in Ni-Ti alloys. In this case @, reduces to
the Warren—-Cowley short-range order parameter a,.
for crystalline alloys. Values of a;=-0.15 and
a,.= —0.10 were found in the amorphous alloys with
24 at.% Ni and 35 at.% Ni respectively.

Amorphous alloys of Cu-Ti can also be prepared by
mechanical alloying [13]. The X-ray and neutron struc-
ture factors S(Q) for Cus,Tise, prepared in a SPEX
8000 mill under an argon atmosphere using a hardened
steel vial and steel balls [14], are shown in Fig. 1. As
has been the case for Nis Tiso, the X-ray pattern is
dominated by S,,,(Q) whereas the neutron data represent
predominantly S..(Q). More recently neutron diffraction
data of amorphous Cu-Ti were obtained by Ivison ez
al. [15] when studying the influence of hydrogen con-
tamination on the amorphization reaction during me-
chanical alloying. They observed that amorphous alloys
could be prepared only in the concentration range
50-75 at.% Cu in hydrogen-free samples by mechanical
alloying.
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Fig. 2. Total reduced atomic distribution functions Gg(r) (eqn. (11)) of amorphous Cu-Ti and Ni-Ti alloys evaluated from the
structure factors in Fig. 1. The light full curves represent the X-ray Gg(r) of NigTiy [9] and NisTisy [12]. G4(r) for liquid-quenched

alloys are also shown (---).

3.2. Amorphous V alloys

The fact that V has an almost zero scattering length
for neutrons was first utilized by Lemarchand et al.
[16] to determine the partial structure factor Inp;(Q)
in liquid Ni-V alloys. However, no amorphous V alloys
have been prepared so far by rapid quenching from
the liquid state. Therefore, it was quite a surprise when
Fukunaga and coworkers [17, 18] reported the amor-
phization of Cu-V and Ni-V alloys by mechanical
alloying even though the size difference between V and
Ni or Cu atoms is only 5%.

The changes in the Cu—Cu partial structure factor
Icucu(Q) and the partial radial distribution function
Reuco(r) =47peucu(r)/cc. as a function of milling time
are shown in Figs. 3 and 4 respectively. After 30 h of
mechanical alloying, the Cus,Vs, alloy has a nano-
crystalline structure. All (hkl) reflections can be rec-
ognized in the maxima of I,,(Q), and the face-centered
coordination shells are visible in the radial distribution
function. After 60 h of milling, the diffraction pattern
indicates that the structure of the alloy has become
amorphous and it remained unchanged after milling
for an additional 60 h. The structure factor and the
radial distribution function of the Cu, Vs, sample, milled
for 120 h, are shown in Figs. 3 and 4 respectively. The
disappearance of the second and fifth coordination
shells, which are found mainly in the octahedral units

of the f.c.c. structure, has been used by Fukunaga et
al. [17] to postulate that the amorphous structure
consists mainly of tetrahedral units which are responsible
for the third, fourth, sixth and seventh coordination
shells and are distinguishable in the amorphous struc-
ture.

Similar observations were made by Fukunaga et al.
[18] during the amorphization of Ni-V alloys. The
NiyoVe, alloy slowly changes from a nanocrystalline to
an amorphous structure with increasing milling time.
In addition, they observed that /\;;(Q) is independent
of concentration for the Ni-V alloys with 30-55 at.%
Ni, an assumption used by Wagner [4] and his coworkers
and Waseda [19] to evaluate the partial functions in
liquid alloys.

3.3. Amorphous Zr alloys

The amorphization of alloys of Zr with late transition
metals by mechanical alloying was first reported by
Hellstern and Schultz [20]. A detailed comparison of
the structures of amorphous CusZrs, prepared by
mechanical alloying, melt spinning and proton irradia-
tion was made by Lee ef al. [21]. The structure factors
I(Q) of equiatomic CuZr are shown in Fig. 5 and it
is readily visible from the curve which represents the
superposition of the three I(Q) that all three CuZr
samples possess a similar structure. The same conclusion
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{f)* with maxima at r=2.75 and 3.18 A is produced
by the partial atomic distribution functions p¢,z.(r) and
pz:z:(r). No subsidiary peak is found between 2.5 and
2.6 A corresponding to Cu—Cu neighbor distances in
Cu alloys. It is possible that the weight factor W, =c f.c;f;/
{(fH*=0.18 for the partial function pc.c,(r)/cc, in eqn.
(12) is too small to produce a visible subsidiary peak
or shoulder on the first peak of T(r)/{f)? or, what is
more likely, that the nearest-neighbor distances between
Cu-Cu and Cu-Zr atoms are quite similar, producing
only one peak at r=2.75 A.

The structure factor of NiseZrs, is shown in Fig. 5.
A small pre-peak at 0=1.5 A~ below the first peak
is visible which has been interpreted as evidence for
chemical short-range order in amorphous alloys [22].
However, no pre-peak was observed in the X-ray struc-
ture factors of liquid-quenched (Ni, Co)—(Zr, Hf) alloys
[23]. The correlation function T(r)/{f)* of NisyZrs, is
shown in Fig. 6 which agrees very well with the data
of Petzoldt et al. [24]. It is qualitatively similar to the
corresponding function of Cus,Zr,, except that the first
peak is broader and exhibits only a small splitting. The
correlation function T(r)/{f)* for FesyZr [25], also
shown in Fig. 6, is dominated by the Zr-Zr partial
function with its maximum at r=3.16 A, identical to
the Zr-Zr distances found in amorphous Cu-Zr and
Ni-Zr alloys. Using this value for the hard sphere
diameter of Zr, Saw and Schwarz [26] have shown that
the amorphous Zr alloys such as Ni-Zr can readily be
modeled by a dense packing of hard spheres with
chemical short-range order, i.e. a slight preference for
unlike nearest neighbors.

3.4. Amorphous Nb, Ta and W alloys

In contrast to vanadium, the diameters of Nb, Ta,
Mo and Ta atoms are much larger than those of Cu,
Ni, Fe and Mn, yielding a size difference of 10% or
more which constitutes a favorable condition for amor-
phization. Indeed, the first publication reporting the
production of an amorphous alloy by mechanical alloying
was by Koch et al. [27] on the Ni-Nb system. More
recently, it was observed that amorphous alloys can be
formed in Cu-Ta [28, 29], Fe-Ta {30}, Cu-W [31],
Fe-W [32] and Mn-W, Fe-Mo and Mn-Mo [33] by
mechanical alloying.

During the process of mechanical grinding of W
powder in a high energy ball mill, Boldrick et al. [32]
observed the formation of an amorphous phase after
2 50 h milling time. Chemical analysis by X-ray fluor-
escence revealed that the milled W powder contained
40 at.% Fe and Cr as a result of the abrasion of the
stainless steel balls and the hardened steel vial used
in the process. The structure factors I(Q) of the W-Fe
alloys are shown in Fig. 7. After 20 h of milling, the
alloy containing about 25 at.% Fe and Cr is predom-

20
16
“W-Fe
ﬂ Iﬂ\ 20h
LA Al ppes_
G, VU ,
g Wk
R . - 50h
F e
S8
A W-Fe50h
- / amorphous |
B W
4
N TCu-Ta
cemeet 1200
A
0 &J j H
0 5 10 15

Qin A
Fig. 7. X-ray total structure factors of mechanically alloyed W-Fe
powders milled for 20 h yielding a Wos(Fe, Cr),, alloy and milled

for 50 h yielding a Wey(Fe, Cr)y alloy. Also shown is the neutron
total structure factor of amorphous CusTa,, [28].

inantly nanocrystalline with a particle size of 45 A and
internal strains of 0.5%. By increasing the milling time
to 50 h, the Fe and Cr content of the alloy increased
to 40 at.%, and the structure of this alloy consists of
a mixture of an amorphous phase and a nanocrystalline
phase with a particle size of 30 A. On subtracting the
nanocrystalline peaks in the diffraction pattern, we
obtained the structure factor of the amorphous WyFe,,
alloy shown in Fig. 7, which is dominated by the W—-W
partial structure factor Iyw(Q).

The radial distribution functions R(r) shown in Fig.
8 clearly indicate that the W-Fe alloy milled for 20 h
is crystalline with the first coordination shell closely
corresponding to that observed in polycrystalline W,
ie.r,=2.74 A. The amorphous WFe,, alloy possesses
a short-range atomic order similar to that found in
mechanically alloyed Ni,Nbg, [34] and Cu,,Ta,, [28]
also shown in Fig. 8, which can be based on a distorted,
more open b.c.c. lattice (W structure) [28].

Neutron scattering experiments revealed that a strong
small-angle scattering is present in the structure factors
of mechanically alloyed Ni,,Ti;s [11], CusoVse [17],
Niy Ve [18] and Cuy,Ta,, [28] as shown in Figs. 1, 3
and 7, clearly indicating that concentration fluctuations
extending over a few tens of Angstréms are present
in amorphous samples prepared by mechanical alloying.
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Fig. 8. X-ray radial distribution functions of W,¢(Fe, Cr),, powders
milled for 20 h and Wgy(Fe, Cr)y powders milled for 50 h. Also
shown are the X-ray radial distribution function of the Niy,zNbg,
alloy [34] and the neutron radial distribution function of the
CuyTa,, alloy [28].

Such fluctuations are absent in the liquid-quenched
Ni,,Ti, alloy, as shown in Fig. 1.
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