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We have applied a combination of x-ray diffraction and x-ray-absorption spectroscopy to probe, in a
self-consistent way, the bulk and local structural changes, respectively, associated with the mechanical
alloying of pure metallic powders of Ni and Mo. From a careful analysis using an analytical atomic-
subshell, we show that the Ni (fcc) atoms are totally involved in the alloying reaction with Mo (bcc)
atoms taking up substitutional positions in the Ni (fcc) lattice. Prior to the formation of the amorphous
phase, at milling times = 10 h, an intermediate and highly distorted NiMo phase forms with an internal
strain of ~2.1X107%. The release of this strain with milling time corresponds to an increase in the Mo
content in the alloy and the nucleation of an amorphous phase together with a subsequent loss of long-
range order of the Ni lattice. The resultant amorphous phase closely resembles §-NiMo and after mil-
ling times =~ 54 h has a nominal composition of NisyMo;s. Its formation is associated with Mo in a resid-
ual but distorted bce environment characterized by a particle size of =70 nm and an internal strain of
1.8 X 1073, The detailed local structure around Ni atoms during this process is presented and discussed.

I. INTRODUCTION

Milling is commonly used in the processing of industri-
al powders both to define a particular parameter, such as
size, shape, and structure, as well as to facilitate the inti-
mate interaction of the components of mixed systems for
subsequent matrix consolidation. Milling techniques
have also provided an effective part of the preparation of
high-temperature alloys.""? In spite of such technological
applications, the fundamental and mechanistic basis for
the physical and chemical processes actually occurring
during milling is poorly understood and defined. In con-
trast the more recent interest in amorphous metallic
phases produced by the cold rolling of metal foils and by
mechanical alloying have stimulated a considerable in-
terest in the fundamental aspects associated with solid-
state reactions. A distinction of terminology between
mechanical alloying (MA), for a starting mixture of pure
elements, and mechanical grinding, for intermetallic
compounds, is generally made.

Since the work of Koch et al.,’ a wide range of alloys
has been found to “amorphize” using solid-state amorph-
ization (SSA) reactions.* However, much of the work has
been carried over from the technological environment of
ball milling and there is a clear need to examine the MA

45

of crystalline materials to establish unequivocally which
kind of materials are “truly” amorphous rather than
micro- or nanocrystalline. In many cases the simultane-
ous observation of both crystalline and amorphous phases
after MA and the “heterogeneous” nature of the resul-
tant product can lead to much confusion in elucidating
and defining SSA processes which are not, as yet, estab-
lished on any firm quantitative basis.

Schematically, two main mechanisms have been en-
visaged for attaining an amorphous state by SSA.

(i) The first assumes that fragmentation of crystallite
size and the introduction of a high level of lattice defects
are responsible for SSA. This model is supported by a
study’ of amorphization by mechanical grinding which
showed the possibility of amorphizing Co-Y intermetal-
lics by the continuous fragmentation and disordering pro-
cesses associated with a prolonged milling action. If this
simple mechanism holds, it should be possible to amor-
phize also pure elements.

(i) In the second mechanism the responsibility for SSA
transformations to an amorphous state have been attri-
buted to a fast diffusion of one element into the host ma-
trix of the other. The driving force for such diffusion is
derived from the strong negative heat of mixing. If this
mechanism occurs, we should be able® to observe
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amorphization at relatively low MA times and eventually
follow the insertion of one element into the host matrix as
suggested by Dubois.’

SSA by MA can also be assisted by moderate thermal
treatment at a temperature below the crystallization tem-
perature of compounds. Such a process has been ob-
served in the case of artificial multilayered binary metal
systems.® Fast diffusion is generally favored by putting
fresh surfaces of pure elements into contact and this is ex-
pected to produce an amorphous phase after reaching a
certain degree of intimate mixing between the two metals.
As this latter requirement can also be achieved through
the reduction of the average crystallite size the difference
in these two mechanisms is, to a certain extent, one of
terminology.

The evaluation of the structural aspects associated
with the nucleation and development of the amorphous
phase by MA is thus crucial for our understanding and
definition of SSA processes. The detailed structural char-
acterization of these processes requires structural probes
capable of examining changes to both the long- and
short-range atomic correlations associated with MA.
This requirement can be met by the application of the
complementary techniques of x-ray diffraction (XRD)
and extended x-ray-absorption fine structure (EXAFS) as
XRD gives information on long-range order, crystal
structure, crystal size, lattice strain, and amorphous con-
tent while EXAFS gives detailed information on short-
range order and the shape of the radial distribution func-
tion (RDF) around the alloying elements.

This paper presents a self-consistent application of this
combination of XRD and EXAFS to probe the detailed
structural changes that take place in the atomic environ-
ment around Ni during the MA of pure elemental
powders of Ni and Mo. Our aim has been to understand
the structural path through which the elemental powders
are driven before achieving amorphization in order to
probe the nature of the atomic forces responsible for the
MA process.

II. EXPERIMENTAL
A. Sample preparation

Pure crystalline elemental powders of Ni and Mo (Alfa
Products, purity better than 99.99%) were mixed in
equiatomic ratio in a hardened tool steel vial with a ball
to powder weight ratio 10:1 and milled with a SPEX
mixer and mill, model 8000. The milling was performed
at room temperature and under argon atmosphere in a
dry box, and care was taken to keep the oxygen contam-
ination lower than 10 ppm. The progress of amorphiza-
tion by milling was examined by periodically withdraw-
ing small quantities of the powder for examination using
XRD and EXAFS.

B. XRD data collection

XRD powder spectra (Cu Ka radiation) of the pure
elemental powders, the milled mixtures, and of an aSiO,
well-crystallized reference standard were collected with a
Philips vertical goniometer with x rays from a highly sta-
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bilized 1.5-kW generator. The diffracted rays were
monochromated with a focusing graphite crystal and
detected with a scintillation counter. XRD data were
collected over an angular range of 26 from 20° to 145°
corresponding to a wave-vector range of 14—75 nm™!.
The scans were collected in the step-count preset-time
mode until a satisfactory signal-to-noise ratio was

reached.

C. EXAFS data collection

The EXAFS data were collected at the synchrotron-
radiation source (SRS) at Daresbury Laboratory. The
SRS operated in a dedicated mode at an energy of 2 GeV
with a stored beam current typically of =150 mA and a
lifetime of =12 h. Spectra were taken above the K edges
of Ni (8.33 keV) and Mo (20.00 keV) using stations 7.1
and 9.2, and silicon (111) and (220), double crystal mono-
chromators, respectively. The latter were detuned to
provide harmonic rejection.” This set up provides an en-
ergy band pass of ~10~* which at the Ni K edge gives an
energy resolution of =O0.5 eV. The incident and
transmitted intensities were measured by ionization
chambers, and care was taken to keep the statistical error
below 0.1%. Energy calibration was carried out using Ni
and Mo foils with the aid of a third ion chamber. The
samples were prepared to thicknesses such that the prod-
uct of the absorption coefficient and the sample thickness
was =2. The principle risk of sample contamination
came from the steel balls used in milling; however, ab-
sorption measurements revealed no traces of these ele-
ments.

III. DATA ANALYSIS
A. XRD data

1. Peak profile fitting

For the assessment of structural changes from line-
profile analysis it is usual to analyze data normalized with
respect to the diffraction wavelength, i.e., we display the
data as a function of the scattering wave vector Sy,
where

Shk,=4‘n'/7ksin6 (1)

and the symbols have their usual meaning. The instru-
ment function for the XRD data was determined with the
aid of an a-SiO, reference standard over the angular
range of the diffractometer. The instrumental function
was convoluted with a broadening function and the re-
sulting shape adjusted to fit the experimental data by the
use of an improved profile-fitting procedure. For the ad-
justable broadening function we used a pseudo-Voigt
function, i.e., a linear combination of Lorentz and Gauss
functions

pV(x)=Ip{n(1+x2)_1+(1—n)exp—[x2( In2)]}, @)
where

x =(20—20,)/w, 4 . 3)
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The adjustable parameters for each peak are I, intensity
at the peak maximum; 26, is the location of the peak
maximum; w, is the peak width at half maximum on the
left-hand side; A is the peak symmetry which equals the
ratio w; /w,; and n is the mixing factor between 0 (Gauss
peak) and 1 (Lorentz peak). The entire procedure of data
collection and treatment for deconvolution has been re-
ported earlier.!0~ 12

2. Estimation of amorphous-phase composition

The formation of an amorphous phase can be detected
by XRD through the observation of a broad “halo” in
the diffraction pattern at a wave vector commensurate
with average atomic correlations in the material. We can
estimate the composition by comparing the ratio (R) of
the relative areas of the halo to one of the main Bragg
diffraction peaks from

x=y[(1—R)/(1+R)], 4)

where x and y are the atomic fractions of the two com-
ponents in the amorphous alloy. For NisyMos, this sim-
ple relation can be used to give a reasonable estimate
(> 10%) of the composition due to the closeness in elec-
tron density for Ni (fcc), Mo (bcce), and 8-NiMo which are
2560, 2700, and 2650 nm 3, respectively.

3. Estimation of particle size and strain

Two separate particle size and strain effects the
diffraction line profile were analyzed using both the
simplified method'? and Warren-Averbach (WA) Fourier
method.'* Particle strain is dependent on the wave vector
S whereas particle size is not.

The simplified method is a variant of the Williamson
and Hall (WH) approach!® in which the integral breadth
(AS) of the diffraction peak is plotted as a function of
S?,. The integral width is calculated, after peak fitting
and allowing for the instrumental broadening function,
from

AS) = {[7/In(2)]V2n +(1—n)m} W, (1+ 4)/2 . (5)

In the Fourier WA method the Fourier transforms of the
mzultiple-order peak profiles are plotted as a function of
Siini-

The two methods differ in that the validity of the
simplified WH approach relies on the absence of pre-
ferred orientation, which seems reasonable for MA me-
tallic powders. Additionally in the WH approach only
average figures of strain and connected size are obtained,
whereas using the Fourier WA method it is possible to
account for distributions in both size and strain.

B. EXAFS data

1. Data-reduction and curve-fitting procedures

EXAFS data were calibrated and background subtract-
ed using the standard programs available at Daresbury
Laboratory and analyzed using the least-squares curved-
wave program EXCURV88.'® EXCURVS88 employs a
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curved-wave formalism, particularly adapted to solving
amorphous or disordered structures. The normalized
EXAFS function [Y(E)] is given by

X(E)=(u—po)/uy » (6)

where p is the absorption coefficient and p is the smooth
background term. The generally accepted formalism for
EXAFS for a given central atom treats it as a simple sum
of sinusoidal waves [x(k)], each arising from a near-
neighbor shell within the structure. In the plane-wave
approximation, we have

—r;

(k)

2
i

x(k)=—3 F,(k)S2(k) exp

i

Xexp(—2k20?)sin[2kr; +,()] | , (7

where r; is the distance from the absorbing atom to shell
i; ¢;(k) is the total phase shift experienced by the photo-
electron; F;(i) is the backscattering amplitude of the
neighboring atoms; N; is the coordination number of the
ith shell; S3(k) and exp [ —r; /T'(k)] are damping terms
corresponding, respectively, to multielectron processes
within the central atom and the effective mean free path
of the photoelectron in the material; and exp(—2k20?) is
a “Debye-Waller” type term. In the latter expression o2
describes structural and thermal disorder and represents
the mean-square average of the difference in atomic dis-
placements. The photoelectron wave number k is given
by

k=[(2m /h*NE —E ,.+Ey)]"?, ®)

edge
where E4,. is the energy position of the absorption-edge
threshold and E, (typically =10-20 eV) is an energy
offset which represents the difference between the mean
potential energy of the solid and that of the lowest unoc-
cupied energy level in the conduction band. E, was
defined as the energy at half the maximum step, corrected
for the presence of a white line. The pre-edge back-
ground, determined by a polynomial interpolation, was
subtracted to the whole spectrum. The atomlike smooth
contribution [uy(E)] to the post-edge absorption was
reproduced by spline polynomial functions.

One of the problems associated with using EXAFS to
analyze the formation of an intermetallic compound such
as the Ni-Mo system is that there are no obvious crystal-
line reference compounds to determine the atomic back-
scattering phase shifts and amplitudes.!” In this study we
calculated the backscattering phases for both Ni and Mo
using the MUFPOT program.'® MUFPOT uses Herman-
Skillman wave functions starting from a muffin-tin poten-
tial assuming a relaxed 1s core-hole model for the absorb-
ing atom. The resultant phases have been tested against
Ni and Mo pure metal spectra with the only parameters
varied to fit the reference spectra being E,, Sy(k), and
I'(k). We did not refine the phases and assume the values
of these parameters to hold for the NisyMos, system after
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milling. Our approach contrasts to that adopted by Teo
et al.'” who fitted different phases, and hence different E,,
values to each of the pair correlations but is, we feel,
much more self-consistent in that only one E, value is
used. The success with which these phases fit the refer-
ence spectra by varying only the parameters E;, Sy(k),
and I'(k) we feel is due to the more accurate phase calcu-
lations using the curved-wave formalism (see Gurman'®).
These refined parameters were transferred and the calcu-
lated phase shifts used in the analysis of the data, allow-
ing determination of the structural parameters », N, and
o? for each shell of neighbors.

2. Allowing for phase cancellation of backscattered phases

We expect to be able to distinguish between Ni and Mo
atoms in the same shell because of the characteristic
forms of the backscattering amplitudes (Teo and Lee?).
This data, summarized in Fig. 1, illustrate the potential
problems associated with phase cancellation in the
analysis of the EXAFS data of bimetallic systems such as
NisoMos,. This problem has been previously noted by
Teo et al.!” and explained, for the analysis of MoFeS,
cores in double carbanes,?! that under certain cir-
cumstances the Fourier transform (FT) may be drastical-
ly attenuated if more than one type of backscatterer is
present. The total phase functions [A(k)] given by

A(k)= {2k (r, —r,)+ (k) — ¢4 (K)]} , )

where r,,r, and ¢'°(k), ¢ (k) are the distances and
phase contributions for the two backscattering sites. In
particular, if two types of backscatterers are at approxi-
mately the same distance, and if the difference in the total
phase functions [A(i)] is close to 7 over a large part of
the k range, then the amplitude of the FT will be small.
Thus any attempt to fit EXAFS without the correct
phase shift and nearly the correct distances will result in
abnormally small coordination numbers. This will be
clearly demonstrated in Sec. IV B in the analysis of the
Ni/Mo mixed first shell.

=4

=

S
I

Backscattering amplitude

30 60 90 120

k (nm™)
FIG. 1. Wave-vector-dependent backscattering amplitudes
calculated from the data of Teo and Lee (Ref. 20) for Ni (a) and

Mo (b) showing the effects of phase cancellation as a function of
k.
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TABLE I. Radial distribution functions based on the known
crystal structure for the Ni (a¢;=0.3524 nm) and Mo
(@ap=0.3147 nm) starting materials. N is the coordination num-
ber and r is the shell distance (nm) from the central atom.

Ni (fce) Mo (bce)
Shell N f N r
1 12 0.249 8 0.273
6 0.353 6 0.315
3 24 0.432 12 0.445

3. Subshell analysis

The radial distribution functions (RDF’s) for the two
starting metals, Ni (fcc) and Mo (bcc), are given in Table
I. From this it can be seen that the first shell of Ni is well
isolated in terms of distance and thus can be Fourier
filtered and analyzed separately. This is not the case for
the Mo bcc spectra where we expect in the first coordina-
tion shell two subshells located at V'3/2a, and a, re-
spectively, where a,, the Mo bcc lattice parameter, is
0.3154 nm. A further reason for analyzing just the first
shell is dictated by the complexity of the system. Because
the end stage of the milling process is an amorphous
binary alloy, the first shell will very probably contain a
distribution of Ni and Mo distances. The complexity of
the environment is evident from Fig. 2 which shows a
Gaussian-broadened histogram (i.e., broadened with real-
istic Debye-Waller factors for the temperature) of the
partial RDF around Ni in the crystalline alloy 8Ni Mo.?

Due to the increasing structural disorder expected as a
function of milling time we have adopted the subshell
method?® to model the first-shell correlations and hence
follow the formation of the amorphous phase as a func-
tion of milling time. In this we used the following pro-
cedure.

(i) The data were fitted using 12 subshells each having
the fixed coordination number of 1 and allowing only the

§-NiMo atomic pair correlation function

FIG. 2. Atomic pair correlations for §-NiMo showing the
atomic distributions for Ni-Ni and Ni-Mo in the first shell of
this compound.
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atom-atom distances to change, the atom types (either Ni
or Mo) being provided from the NiMo phase composition
determined by XRD.

(i) The data were then presented as a partial RDF
comprising the 12 shells Gaussian broadened by 20?2
where the Debye-Waller factors are those determined by
Teo et al.," i.e., 0.000 16 and 0.000 22 nm? for Ni-Ni and
Ni-Mo, respectively.

Given the total coordination number, and the phase com-
positions obtainable from XRD data, we are thus able to
predict the alloy composition, and therefore the number
of Ni and Mo neighbors. We put in the required number
of single atom subshells and let the r values float. The re-
sult is a histogram which represents the Ni and Mo par-
tial RDF’s around Ni in the amorphous phase.

It should be clear that the use of 12 single-atom sub-
shells does not necessarily mean 12 sets of independent
parameters. Examination of the correlation matrix
shows strong correlation amongst Ni-Ni and Ni-Mo dis-
tances. The use of subshells to establish a possible corre-
lation between neighbors does not make any a priori as-
sumptions as to the form of the first-shell radial distribu-
tion function. This is not the case if we were to assume,
for example, an asymmetric Gaussian distribution. We
have preferred to use the subshell method to determine
how the Ni and Mo neighbors are grouped together
within the first shell. As is shown in Sec. IVB and in
Figs. 12-15, the final fit is made for only two subshells:
one for Ni-Ni and one for Ni-Mo, the weighting of these
subshells being determined from the XRD results. Thus,
using this combination of techniques, the number of in-
dependent parameters is considerably reduced.

IV. RESULTS AND DISCUSSION

A. Long-range order versus milling time

Figure 3 shows the XRD patterns of the MosyNis, sys-
tem subjected to MA at increasing times. Initially (lower
curve) the spectrum consists of a weighted sum of the
powder patterns of bcc Mo and fcc Ni. From a deeper
inspection in the pattern of untreated sample, the line
profiles appear slightly broader than the instrumental
resolution due to a weak combination of size and/or
strain effects which are present in the as-received com-
mercial powders.

A mechanical process of 2 h is already sufficient to in-
duce a considerable broadening in the diffraction line
profiles, reflecting the likely presence of particle-size
reduction and increased lattice disorder. The effect is
more marked after 5-h milling time although an addition-
al feature is worthy of note; the Ni fcc (111) and (200)
peak profiles are considerably asymmetric and the (220),
(311), and (222) lines are partially overlapped with the
nearby Mo profiles. At this stage of milling the pattern
can still be decomposed into just the Ni (fcc) and Mo
(bcc) components which, although highly distorted,
represents a crystalline phase.

After milling the powder for 10 h the fcc Ni line
profiles are completely absent in the pattern and an amor-
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FIG. 3. X-ray powder diffraction data taken of NiMo as a
function of milling time showing the formation of an amor-
phous phase after =10 h.

phous NiMo phase as demonstrated by the well-defined
bump at ~30 nm ' is observed together with the
broadened peak profiles of the bcc Mo metallic phase.
These persist with further broadening in the pattern even
after milling for 16 and 28 h and are accompanied by an
increase in the amorphous contribution to the total pat-
tern. The lattice parameter of bcc Mo calculated from
the position of the observable line profiles remains un-
changed during the milling. The latter is expected given
the nonsolubility of Ni in Mo reported in the phase dia-
gram,24 where, in contrast, Mo is reported soluble in Ni
up to 20 wt. % at room temperature.

Figure 4 shows an enlarged view of the zone in the
XRD data which encompasses the (110) Mo bcc and the
(111) Ni fcc line profiles, together with the first halo asso-
ciated with the amorphous phase. For the samples milled
up to 10 h there is some merit in including in the fit a
profile which corresponds to the (111) Ni line. The
wave-vector location of this line gives a lattice parameter
of 0.351 nm which is close to the crystallographic value
of 0.3524 nm for pure Ni. However, for the samples
milled for 28 h and longer no trace of this peak is ob-
served. Table II shows the estimated composition of the
amorphous phase as deduced from the ratio of the area
encompassed by the (110) Mo bcc line profile to that un-
der the amorphous halo as a function of milling time. In
this case, the crystallinity,'? i.e., the fraction of crystal-
line substance in the sample, clearly refers to the Mo bcc
phase. From these we are able to calculate the amor-
phous phase which, after some 54 h of milling, results in
a nominal composition of NisyMo;5. Both the shape and
position of this main halo for the amorphous phase does
not significantly change with the milling time. If we ap-
ply the Ehrenfest relation®>2¢ for the position of the main
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r Ni(111)
Mo (110) \k
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FIG. 4. Selected area of Fig. 1 showing in detail the x-ray
line profiles for Mo(110) and Ni(111). Curve deconvolution
shows the loss of the Ni(111) peak at ~10 h milling time and
the development of the NiMo amorphous phase. The bcc
Mo(110) remains but is considerably broadened with milling
time due to increased lattice strain.

halo, we obtain a nearest-neighbor distance of 0.256 nm,
a value which is shorter than the average of Ni-Ni and
Mo-Mo distances in pure metals. As the Ehrenfest equa-
tion was worked out for diatomic gaseous molecules this
result should be used with some caution.

Although it is generally maintained that a large nega-
tive heat of mixing is a necessary condition to establish-
ing amorphization, recently Gaffet and Harmelin?"?
have reported partial amorphization by ball milling pure
silicon and germanium powders. To determine whether a
similar process was taking place in NiMo we have exam-
ined a pure fcc Ni powder which had been milled for 16
h. The results are given in Fig. 5 together with the pat-
terns of unmilled and of 16-h MA NisMos,, in the
wave-vector range where the first amorphous halo of the
NiMo alloy is expected. For the pure Ni powder a per-
fectly linear background can be traced under the (111)
and (200) peaks after carrying out our numerical pro-
cedure. This means that under MA the pure Ni, al-

TABLE II. Estimated amorphous alloy composition calcu-
lated using Eq. (4) based on the ratios of the measured areas of
the Mo(110) peak profile to the amorphous halo centered at a
scattering wave vector around 30 nm ™! in Fig. 3.

Milling Ratio of Amorphous alloy
time (h) Iro(110) /T amor composition
10 0.48 NisoMo,;
16 0.38 NisoMOzz
28 0.24 NisoMO:”
54 0.14 Ni50M033

v
E
>
'é | S e
5 (b)
s
>
2
Q
=
) (a)
Ni(111)
A Ni(200)
25 30 35
S(nm-')

FIG. 5. X-ray powder patterns comparing the milling of
NiMo with that of pure Ni powder illustrating that a-Ni is not
formed on milling the pure metal. (a) NiMo after no milling, (b)
NiMo milled for 16 h, and (c) pure Ni milled for 16 h.

though fragmented and distorted, maintains the original
fcc structure and no transformation to a pure Ni amor-
phous phase is observable. This contrasts the behavior of
the NisoMos, milled for the same time and points out the
importance of a small negative excess of enthalpy of mix-
ing.

Further structural information comes from the analysis
carried out, using the simplified method, on the line
profiles of the Mo XRD peaks. Figure 6 shows the in-
tegral breadth (AS) plotted as a function of the square of
the profile S;;; position. In the unmilled samples the
broadening is distributed uniformly in reciprocal space
which suggests an absence of any significant distortion in
the “as-received” metallic powders. Conversely a
marked slope, due to strain, can be seen in the data for
the samples milled for 2 h. This further increases to

Integral Breadth AS (nm™")

° -

wn o

w Sa

- o

]

\\\

u\‘l

0 1500 3000 4500 6000
s (nm™2)

FIG. 6. Plot of the integral breadth against the square of the
scattering vector for the Mo peak profiles for the (110), (200),
(211), (220), (310) and (321) reflections measured as a function of
milling time. The slopes of these linear plots are proportional
to the strain disorder induced by the milling process whilst the
intercept is proportional to the particle size.
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FIG. 7. Results of the Warren Averbach analysis of the data
given in Fig. 3 showing the crystallite strain (a) and particle size
(b) as a function of milling time. The data is deduced using the
(110) and (220) reflections.

~2.5X107° in the 5-h milled sample but decreases
slightly before leveling off at ~1.8X 10~ somewhere be-
tween the 50 and 10-h milling time from where it remains
constant up to milling times of 54 h. These results are
mirrored in the more detailed WA Fourier analysis sum-
marized in Fig. 7. The coincidence of the two analyses
confirm the lack of any significant preferred orientation
effects during milling. The increase in particle strain is
closely paralleled by the decrease in particle size down to
constant value of =70 nm at 5—10 h of milling. The lev-
eling off of both particle size and strain effects as evi-
denced from Figs. 6 and 7 directly correlates with the loss
of crystalline order in the Ni fcc structure and the forma-
tion of an amorphous NiMo phase.

The decrease in the Mo particle size as function of MA
treatment is in general agreement with observations on
other systems such as NiTi (Ref. 29) and the overall
strain behavior is interesting in that it reaches a max-
imum between 2 and 5 h MA before decreasing slightly.
The exact mechanism associated with this strain relaxa-
tion is unclear but we note that the relaxation relates to
the release of Mo into the amorphous alloy (see Table III)
both from its bcc environment but more importantly
from the distorted fcc phase formed between 2 and 5 h
MA. We presume the loss of the latter defective struc-
ture is the essential precursor to the amorphous phase
formation as evidenced after 10 h MA. Thermodynami-
cally the NiMo (fcc) defective phase can be regarded as
being a metastable precursor to the stable amorphous-
phase formation which is energetically preferred as it
releases the strain energy accumulated in the early (crys-

TABLE III. Least-squares fits to the Ni K-edge EXAFS data
for the milling times up to 5 h.

Time Atom N r (nm) o? (nm?)
0 Ni 12 0.249 0.000 10

2 Ni 8.6 0.249 0.00011
Mo 2.6 0.252 0.000 14

5 Ni 7.0 0.251 0.000 12
Mo 32 0.255 0.00013
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talline) stages associated with the amorphous-phase for-
mation by MA.

B. Short-range order versus milling time

Ni and Mo K edge EXAFS data as a function of mil-
ling time are given in Figs. 8 and 9, respectively. The Ni
data show that the Ni reference powder is clearly fcc; the
first four shells are easily distinguishable. Up until 5 h

54 h

28h
16h
10h

5h

2h

kX (k)
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28h
16h
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10h
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Fourier transform

2h

T T

0.2 0.4 0.6
r(nm)

FIG. 8. Ni K-edge EXAFS data of NiMo as a function of
milling time. Note the decrease in amplitude in the k-weighted
EXAFS data (a) and the corresponding loss of long-range corre-
lations in the corresponding Fourier transform (b) as a function
of milling time.

o
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there is a steady decrease in the EXAFS amplitudes and a
change in the fine structure. This is mirrored by the
changes in the Fourier transforms. The first shell is
greatly reduced in amplitude and the more distant shells
are strongly attenuated with respect to the first peak. For
longer milling times (10 h and more) there are no more
significant distant correlations and all the evaluable order
is concentrated in the first shell. This evolves with mil-

x
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FIG. 9. Mo K-edge EXAFS data of NiMo as a function of
milling time. Note that whilst there is a decrease in amplitude
in the k-weighted EXAFS data (a) some long-range correlations
can still be observed in the corresponding Fourier transform (b)
as a function of milling time.
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ling time, although the amplitude remains constant. The
data taken at the Mo K edge show less dramatic changes
as for all of the milling times used the bcc structure of
bulk Mo is evident. It is clear, however, that the first-
shell amplitude decreases with milling time, indicating a
loss of Mo from the bcc structure and its presumed parti-
cipation in the amorphization process.

For the reasons outlined in Sec. IIIB3 a detailed
analysis was only carried out on the Ni K edge data.
Table IIT summarizes the modeled fits to the data taken
at the intermediate milling times (2 and 5 h) and confirms
the general trends found in the Fourier transforms, i.e., a
gradual insertion of Mo into the Ni fcc lattice together
with the associated dilation of the Ni-Ni and Ni-Mo
correlations as function of milling time. For milling
times greater than 5 h the use of such fitting to structur-
ally characterize the amorphous phase is not realistic as
the distance range of the Ni-Ni and Ni-Mo correlations
becomes too broad to be modeled using two shells.

However, to highlight the effects of the antiphase can-
cellation effect we have fitted the 5-h spectrum to a single
shell of Ni atoms at 0.249 nm. The coordination number
is varied between 4 and 12 and by varying the correlation
between N and o the best fit was obtained. The results
are summarized in Fig. 10 and clearly show that the best
fit, without considering the effects of the phase of the Mo
contributions is 6, is clearly unrealistic. In contrast a
mixed Ni/Mo first shell provides a more realistic first
shell of =10-12 atoms. To confirm that this is relevant
to our case we have plotted the difference in the phase
function [A(k), see Eq. (9)] for Ni and Mo over the k
range used in the EXAFS analysis for different values of »
in Fig. 11. It shows that for small values of 7, i.e., small
differences between the Ni-Ni and Ni-Mo distances, the
phases essentially cancel [A(k)=1r], and thus, particular-
ly for wave vectors greater =60 nm™ ! there will be a
severe attenuation of A(k).

The validity of the mixed shell fit is further demon-
strated in Fig. 12 which shows the correlation maps be-
tween the two subshell coordination numbers, i.e., Ni-Ni
(N,) and Ni-Mo (¥,) from the least-square fits to the
spectra taken after 2- and 5-h milling. The importance of

5h  milling time
54

o Ni only shell
o mixed Ni/Mo shell

Fit Index
w

1 Typical level for fit
Index using a mixed shell

L 8 12

Coordination Number

FIG. 10. Plot of the fit index as a function of coordination
number for the 5-h milled sample, assuming only Ni atoms are
present, demonstrating the effects of phase cancellation from
the Mo backscattering atoms. The fit using the subshell analysis
is also shown.
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50j

Difference in total phase function A(k)

T T

30 S0 70 90 110 130
k(nm™)

FIG. 11. Wave-vector-dependent total phase function [A(k)]
based on calculations of the backscattering amplitudes for
different values of the difference (Ar) between Ni-Ni and Ni-Mo
distances calculated from the data of Teo and Lee.® r
(nm)=0.0 (a), 0.02 (b), 0.04 (c), 0.06 (d), 0.08 (e), and 0.10 (f).
The position for total phase cancellation [A(k)=1] is marked.

using the correct phase shifts and accurate distances to
determine the Ni-Ni and Ni-Mo correlations is clear.
The same spectra could have been fitted equally well with
one pure Ni shell with coordination numbers of =6 and
=~4, respectively, which would not be a credible physical
model for a metallic solid.

6.0

N2 4.01

2.51

FIG. 12. Correlation plots produced from the MAP routine in
EXCURVES8 for (a) milling time 2 h, contour increment 2.899, fit
index 2.245, (b) milling time 5 h, contour increment 3.252, fit in-
dex 0.525, showing the correlation between the coordination
numbers for Ni-Ni (¥,) and Ni-Mo (N,) correlations.
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The evolution of Ni-Ni and Ni-Mo correlations as a
function of the amorphization process can be easily seen
from the subshell analysis of the Fourier filtered Ni K-
edge first-shell EXAFS data. The least-squares fits to
these are shown in Fig. 13 together with the partial
RDPF’s in the form of Gaussian-broadened histograms de-
tailing the relative weighting of the Ni-Ni and Ni-Mo
correlations which are shown in Fig. 14. For comparison
Fig. 15 shows the corresponding broadened histogram
for 8-NiMo in comparison to the 54-h milled NiMo sam-
ple. It can be seen that after about 10 h milling time the
Ni-Ni and Ni-Mo correlations remain fairly constant in
mean distance but change in relative weighting as a func-
tion of milling. At 10 h the Ni-Ni distance dominate the
intermetallic correlations as the amorphization process is
in its early stage but the situation reverses by 54 h milling
time which closely resembles the pair correlation expect-
ed for the amorphous 6-NiMo. The 54-h milled NiMo
differs from the latter in that the Ni-Ni correlations are
broader than the pure alloy which in turn gives rise to the
asymmetric peak profile of the partial RDF. This result
is very similar to the amorphization reaction in a Zr-Co
multilayered structure reported by Schroder, Samwer,
and Koster.’® In the solid-state amorphization reaction

Sh
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-24‘ ’
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-6 , -6 ‘ .
40 80 120 40 80 120
k(nm=") kinm-")
FIG. 13. Least-squares fits (— — —) to the Fourier filtered
first-shell y(k) EXAFS data (——) as a function of milling
time.
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FIG. 14. Results of a subshell analysis of the Fourier-filtered
first-shell Ni K-edge data displayed as a series of Gaussian-
broadened histograms as a function of milling time.

(SSAR) studied by these authors, they found that initially
cobalt was consumed and amorphous Zr,;,Cogy was
formed, and later the rest of the zirconium was consumed
so that the final composition of the amorphous alloy be-
came Zr,,Cogq,. This shows once more the similarities be-
tween SSAR in thin multilayers and ball milling.'?

V. CONCLUSIONS

From this investigation it is clear that important
structural changes occur around Ni and Mo during mil-
ling and that it is only with a combination of XRD and
EXAFS analysis that we have been able to describe the
kinetics of the reaction, the start of the amorphization,
and the resulting solid structures. X-ray diffraction
demonstrates that the cold work by MA introduces con-
siderable strain both on the Ni and Mo phases. This ob-
servation is quantified through a comparison of the
profile analysis (Fig. 7) and the subshell analysis of the Ni
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Atomic pair correlation function

t t T t

0.20 0.24

FIG. 15. Comparison of the 54-h milled sample from Fig. 13
with the corresponding histogram derived for §-NiMo.

K-edge EXAFS data (Fig. 14) which show that the amor-
phous phase of NiMo nucleates after a substantial inser-
tion of Mo into the fcc Ni lattice, until a critical internal
stress is reached, followed by loss of long-range order. At
the early stage of milling (2 h) some Mo diffuses into the
Ni lattice taking advantage of the fragmentation of crys-
tallites. This disorder increases at 5 h of milling with the
Ni phase in a highly disordered condition when addition-
al Mo was diffused into Ni. It is presumably in this con-
dition of atomic concentration, disorder content, and size
fragmentation that further MA drives a transformation
to the amorphous condition, as actually manifested in the
10-h milled powder. The subsequent slow reactivity of
the rest of the Mo towards an entirely amorphous condi-
tion can be explained by different solid solubilities of Mo
in the Ni,Mo(;_,) amorphous phase and in the fcc
Ni, Mo, _,, phase.
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