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Abstract. The solid stale amorphimtion reaction in NirnMoso alloys has teen investigated 
by neutron diffraction and neufmn small-angle scattering. A series of specimens has been 
mechanically alloyed for 2, 4. 8. 16 and 32 hours in a high-energy ball mill. The initial stages 
of the reaction are characterized by the deformation of the parent cryslalline phases. After S 
hours of treatment a change in the samples is observed and those treated for 16 and 32 hours 
consist of an amorphous NiMo phase with some free molybdenum. The intensity of the small- 
angle scattering is much peater for the 2 hour specimen than for the parent, but decreases 
regularly for longer milling times. The Guinier plots show considerable curvature indicative of 
panicles with a range of siles. Graphs of log I ( @  versus log Q show a sequence of changes 
which mnespond to the sequence of changes seen in the d i m t i o n  d a a  The graphs for the 2 
and 4 how samples are linear over an extended range of scattering vector Q. The slope of these 
gmphs is about -3.4, which is indicative of a rough surface having the fractal dimension Of 2.6. 
We tentatively associate this with the mnvoluted surfaces between the nickel and molybdenum 
particles which at? drawn into an inferpeneh'ating filamentary structure in the early stages of the 
mechanical alloying process. 

1. Introduction 

There has been considerable interest recently in amorphous metallic alloys produced by 
solid state reactions, particularly by the mechanical alloying (MA) of crystalline metal 
powders [ 1,2]. One of the basic problems associated with this method of synthesis is 
establishing whether the end product has a genuine amorphous shucture on an atomic scale 
or whether it is microcrystalline or nano-crystalline. It seems likely that all three types of 
structure can occur. In addition, it is probably necessary to consider every new system on 
an individual basis. This is quite unlike the case of metallic alloy glasses where, &er some 
initial uncertainty 13). almost all examples were regarded without question as being truly 
amorphous. 

We have recently verified by neutron and x-ray diffraction studies, that truly amorphous 
CuTi alloys may be obtained in the concentration range 50% < Cu < 75% after 16 hours of 
MA treatment [4]. Furthermore, the amorphization reaction in the CuTi system can extend 
over a wider composition range in specimens having gaseous contaminants [5]. We judged it 
appropriate, now being aware of the significance of gaseous contamination in the samples by 
these neutron studies, to concentrate on the atomic scale changes by which the amorphization 
reaction proceeds. We have chosen for this samples where there is less possibility of 
gaseous contamination so that we may investigate the reduction of crystallite size and the 
distribution of internal strain in the crystallites as the reaction proceeds [6]. These factors 
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can be determined simultaneously from a diffraction pattem providing a proper analysis is 
made of the Bragg peak broadening as a function of scattering vector Q = 4rr sin(6')lA 171. 
However the values of average particle size and of lattice strain content as a function of M A  
time which have been reported in the literature are not in very good agreement 18-IO]. This 
is not just because of the different systems studied by these authors, but also because of the 
different methods of analysis used. The application of the simple Schemer [61 equation to a 
very wide Bragg peak, for example. may give an underestimate of the particle size. because 
the broadening may also be due to the effects of structural disorder and relaxation when the 
crystallite size is small. This shortcoming of the analysis may be avoided by using multiple- 
peak methods, such as those developed by Warren and Averbach [ 111 and by Williamson 
and Hall [12]. Even so, the extrapolation procedure to Q = 0 of peak shape (WA) or 
width (WH), where the strain broadening is supposed absent, may still bias the average 
crystallite size obtained. The application of these methods of analysis can be made most 
successfully with a diffraction pattern having several peaks of satisfactory intensity at high 
Q values. This is difficult to achieve with x-rays because of several inherent limitations. 
Firstly the wavelength of the commonly used Cu Kcr radiation sets a practical limit on the 
scattering vector of Q = 8 A-', while the form factor dependence of the x-ray scattering 
causes a rapid decrease in the intensities of the Bragg peaks with increasing Q values. 
In addition, the overlap of adjacent peaks due to peak broadening can create a problem, 
which is sometimes exacerbated by the growth of intermediate products in the solid state 
reaction, such as intermetallic compounds [13]. Some of these problems can, in principle, 
be resolved with the aid of neutron diffraction. Firstly, the scattering is isotropic, so that 
the fall in intensity of the Bragg peaks with increasing Q value is reduced and depends only 
on the geometrical and temperature effects. Secondly, the use of pulsed neutron scattering 
with a white incident beam [ 141 offers the opportunity of recording diffraction patterns to 
Q values of 3&50 A-'. In addition, the related technique of neutron small-angle scattering 
(SAS) offers an independent method of determining the average particle sizes in powders 
produced by the MA method. Whilst care must be taken to allow for surface effects in 
all SAS measurements, the low absorption of neutrons for most materials means that it has 
advantages over x-ray SAS i n  examining the bulk of specimens. In the present paper we 
shall give a preliminary account of some neutron diffraction and neutron SAS measurements 
on NiSoMoso alloys prepared by the MA technique. 

2. Sample preparation and experimental method 

The samples were produced using nickel and molybdenum powders of 99.99% purity 
supplied by Alfa Products, which were mixed in the proportion 38 weight percent nickel 
and 62 weight percent molybdenum to make the equiatomic alloy Ni50M050. The powders 
were milled in a hardened steel vial using a Spex Mixer Mill (model 8ooO). The ball- 
to-powder ratio was 1 0 1  using balls of $'' diameter. The milling was carried out under 
an argon atmosphere to prevent oxidation. Five samples were produced in addition to the 
parent (0 hours), namely MA treated for 2, 4, 8, 16 and 32 hours. An x-ray examination 
of these samples was made through the first broad diffraction halo, immediately after the 
M A  treatment, in order to confirm their structure. A scan of 30" to 60" in steps of 0.05" 
was made using a Siemens D.500 diffractometer and copper Ka radiation A = 1.54178 A. 
The neutron diffraction experiments were made using the LAD instrument [15] at the isis 
neutron source, Rutherford Appleton Laboratory, Chilton. The specimens were measured in 
thin-walled vanadium tubes of 6 mm internal diameter which were weighed full of powder 
to permit a normalization to be made between the different specimens. Table 1 shows that 
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with the exception of the parent sample, for which the packing was presumably different, the 
sample weights were rather similar. A scan with an empty tube, a vanadium normalization 
and background determination were also made. The run times for samples of about 4 g 
varied between 3 hours for the crystalline samples and 11 hours for the amorphous samples. 
The neutron SAS measurements were made on the Lop instrument [16], also at ISIS. The 
powders were placed in ‘Helma’ brand quartz cells of I mm beam path and were illuminated 
with a neutron beam 8 mm in diameter for run times of one hour duration. A measurement 
with an empty quartz cell and a vanadium normalization scan were also made together with 
transmission measurements of all the specimens. 

Table 1. The specification of !he six NisaMoro samples given as funclion of MA time. 

MA time 0 2 4 8 16 32 
Weight 4.445 5.177 5.174 5.026 4.966 5.114 

Normalized sum of Bragg peak intensitiw 

Nickel peaks 4.428 3.886 3.495 0.806 - - 
Molybdenum peaks 2.261 2.064 2.041 1.151 0.984 1.063 
Fractions of lk parent elemenls consumed 

Nickel 0.000 0.127 0.211 0.818 1.OW 1.000 
Molytdenum 0.000 0.090 0.097 0.500 0.566 0.531 
Constitution of the composite samples (%) 

Nickel 50 44 40 9 0 0 
Molybdenum 50 45 45 25 22 23 
a-NiMo Dhase 0 I 1  15 66 78 77 
Composition of 
a-NiMo phase - NirgMo41 Ni6sMo3z NiaM03s N i ~ M 0 3 6  NiGMo3s 

3. Experimental results 

Figure I shows a comparison between parts of the neuhwn and x-ray diffraction patterns in 
a Q range selected to show the molybdenum ( 1  IO) and the nickel (111) and (200) Bragg 
peaks of the parent unmilled powders. It can be seen from the peak half-widths that the 
instrumental resolution is slightly better in the x-ray case and this is consistent with LAD 
being a dual purpose neutron insmment intended for work on amorphous and crystalline 
samples. The x-ray scattering is proportional inter alia to the square of the atomic number 
and so the intensity of scattering from a molybdenum atom is more intense than from a 
nickel atom, in the ratio (46/28)’. For neutrons this is reversed and the nuclear scattering 
amplitude of nickel bNi = 1.03 x IO-’’ cm is larger than that of molybdenum bMo = 0.695 
x IO-” cm and in fact, is one of the largest values in the periodic table. This means that 
the structural changes in the nickel during the MA process can be more easily followed with 
neutrons than with x-rays. The two techniques are therefore complementaxy to one another 
and the present study augments the x-ray and EXAFS investigations already made by us on 
these NiMo alloys [ 17, IS]. The neutron diffraction patterns of the NiSoMoSo specimens 
were derived from the raw spectra by correcting for counter dead-time, normalizing to the 
spect” of the incident beam monitor and converting from time-of-flight units to scattering 
vector Q [191. The patterns obtained are given as a function of MA time in figure 2. They 
are given over a Q range of 2 A-’ to 21 A-‘ and plotted as the logarithm of the neutron 
intensity in order to improve the visibility of the small peaks at high Q values. A significant 
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5 10 15 20 
Scattering vector Q in k1 

Figure 2. The neukon diffraction patterm of the six NisoMoSo samples an given. plotted as 
the log of intensity against the scattering vector Q. After 16 hours of MA mrment the Bragg 
peaks from the parent crystalline nickel are absent from the diffraction pauems. 

milled for longer periods fall progressively so that for the 32 hour sample is just 20% of 
that of the parent and only 7% of that of the 2 hour sample. The conventional Guinier plots 
of log I (Q) against Q are shown as an insert to figure 4. They all exhibit strong curvature 
which indicate that particles with a range of sizes are present. The graph for the parent 
sample is the distinct lower curve. All of these graphs are linear at the smallest Q values 
where a radius of gyration can be obtained having a value of 450 A for the parent sample 
and 350 8, for the MA specimens. It can be concluded from this that there are some, as yet 
unidentified, features on this length scale present throughout the reaction. 

4. Discussion 

The neutron diffraction pattems of the parent, 2 and 4 hour samples are dominated by the 
Bragg peaks of the nickel and molybdenum, while that for the 8 hour sample is different 



Scattering vector Q in k' 
8 Figure 3. The intensity of h e  small angle scaltering 

signal /(a) is plotted 8s a function of Q for lhe six 
NimMom samples. 

from those for the three shorter MA times. The pattems of the 16 and 32 hour samples show 
clearly that both consist of an amorphous phase and some free molybdenum. However 
this rather discontinuous picture of the amorphization process probably arises because 
these samples monitor the reaction at discrete times. The present study is not a real-time 
investigation of the reaction, as is possible with the multilayer amorphization reaction [231 
or the hydrogen amorphization reaction [24]. Thus the fact that 8 hours of MA treatment 
almost coincides with the disappearance of the nickel in the sample is probably fortuitous 
and gives a misleading view of the continuity of the reaction. 

In order to quantify the consumption of the nickel and molybdenum in the reaction, the 
intensities of the Bragg peaks were measured out to a (2 value of 13 A-' and the sums 
of these intensities I are given in table 1. Note that the ratio between the sums of the 
Bragg peak intensities of the nickel and the molybdenum in the parent sample, (4.428/2.267 
= 1.95) in table 1, is in fair agreement with the ideal ratio R = ~N,b,?,i/NMob~, which 
is R = (bNi/bM,)' = (1.03/0.695)' = 2.20 for a parent alloy of equiatomic concentration. 
Despite the limited number of data points, the disappearance of the Bragg peaks for both 
nickel and molybdenum can be approximated by an equation of the form 

with rNi L 4.4 h and ?MO = 5.9 h. The former figure is in good agreement with the value 
ZM 4.1 h obtained by us from SQUID magnetometry measurements 1211 and the latter 
commensurate with the characteristic time, T M ~  2 5.4 h, for the broadening of the Bragg 
peaks in the x-ray diffraction patterns reported in that study. These sums of the Bragg peak 
intensities can, when normalized, be used to estimate the constitution of the samples during 
the reaction, as shown in the lower part of table 1 .  Clearly the rapid consumption of the 
nickel in the early stages of the reaction, as indicated by the reduction of the Bragg peaks 
for the 0,2 and 4 hour samples, must lead to other changes in those specimens, which can 
be estimated just from the conservation of the numbers of the atoms present. Table 1 shows 
that. if this material transforms directly to the amorphous phase, the 2 and 4 hour samples 
will have only 11% and 15% amorphous material present respectively. This is probably 
close to the limit of detection in the diffraction patterns, bearing in mind the inherently 
low visibility of the diffuse scattering [E]. The amorphous phase is estimated to be about 
66% of the 8 hour sample and this is consistent with the changes observed between the 
diffraction pattems of both the 2 and 4 hour samples and the 8 hour one. 

A further insight into the nature of the changes taking place in the specimens is given by 
the SAS data particularly when they are plotted as log I ( Q )  versus log Q, see figure 4. The 
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-5.0 -4.0 -3.0 -2.0 

WQ) 
Figure 4. The neutron small angle intensity data are presented as log / ( Q )  against log Q for 
the six Nij()MoSO samples. The inset shows the corresponding Guinier plots, fog I ( Q )  versus 
Qz whose curvature indicates that there is a range of crystallite sizes presenl in the samples. 

use of such graphs has become widespread, stimulated by studies of systems which exhibit 
fractal characteristics. The slope of the graph S can be related to the fractal dimension D 
of the interfaces between different regions of the sample, according to the relation S = 6 - D  
1261. In figure 4 the graph for the parent is curved, even on this log-log scale, but the 
graphs for the 2 and 4 hour samples are linear over a wide Q range. The graphs for the 
16 and 32 hour samples are also similar to one another and appear to show two regions 
of slope similar to the 2 and 4 hour samples. The graph for the 8 hour sample appears 
to be intermediate between those of the 2 and 4 hour and the 16 and 32 hour specimens. 
These data were derived from a very preliminary experiment and, as yet, it has not been 
possible to address the question of surface scattering by the contrast matching technique. 
However there is some evidence from more recent trials by us on NiTi specimens [27] and 
independent SAS measurements [28] on CuTi specimens made by the MA method, that the 
observed scattering is not due to surface effects. In addition, the similarities between the 
sequence of changes observed in these SAS data and the sequence of changes observed in 
the diffraction pattems of figure 2 provide some evidence that the changes seen are not 
surface effects. The slope of the SAS graphs of the 2 and 4 hour samples in figure 4 is -3.4 
so this is consistent with rough surfaces between different regions of those samples which 
have a fractal dimension of 2.6. Whilst the origin of these effects is not known, we can 
postulate that the surfaces are those between the nickel and molybdenum particles of the 
sample. Optical micrographs of powder particles fused together after short milling times 
show very convoluted profiles of the constituents, see for example figure 1, of Hellstem 
and Schulz [291. It is probably unwise to attempt an interpretation of the log-log graphs of 
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the other specimens which are linear over more restricted ranges in log Q. 
The peak intensity values in table 1 show that the fraction of molybdenum left 

unconsumed in the reaction appears to be tending towards 40%. i.e. ~1.063/2.267 2 
0.984D.267 rr 0.40. The final composition of the amorphous NiMo phase may therefore 
be close to Ni~oMos~,o.~ = Ni62MoB, and this is almost identical with the estimate of 
‘NiSoMoj1’ obtained by us earlier 117, IS]. It is not possible, incidentally, to remove the 
excess molybdenum by just increasing the concentration of nickel in the starting material. 
Trudeau and Schultz [30] have, in fact, examined nickel-rich NMo alloys, but they have 
found only nanocrystalline structures. On the basis of having detected very high levels 
of iron contamination [15-20 atomic percent] in their NiMo samples milled in steel vials. 
they have suggested that the samples produced by us previously, must have been aided 
and stabilized by iron contamination. Quite apart from the fact that such high levels of 
contamination of a crystalline phase would be visible in x-ray diffraction, our recent SQUID 
magnetometry measuremenls. which are very sensitive [21], have shown quite clearly that 
no such gross contamination occurs. A Ni~oMo~o sample ball milled by us in a steel vial 
under argon for 48 hours, for example, had a small residual magnetization consistent with 
there being 2.3% of the original nickel still unreacted. If this magnetization arose instead 
from an iron impurity, the fraction present would reduce below 0.7% because the iron has 
a larger magnetization. This value is not compatible with the much higher figures quoted 
by Trudeau and Schultz [30]. 

- 
0 2 4 6 8 1 0 1 2  

Scattering vector Q in k1 
Figure S. The procedure used lo separate the qstll l ine 
and amorphous componenfs of the neutron diffraction 
pattern of the NiSnMoSn specimen (a) MA m t e d  
for 32 hours, is shown. The pattern of crystalline 
molybdenum (b) is recovered numerically after profile 
fining and then subtracted f” the experimental curve 
as shown. 

Scattering vector Q in k1 

i 1 :  .- I 
,$ 0 2 4 6 8 10 

Radial distance r in A 
Figure 6. The total structure factor S(Q)  of the 
NisaMon, specimen h t ~  m b d  for 32 hours. which was 
derived from the d i b t i o n  pauem given in figure 5, is 
shown in the upper figure. The pair correlation function 
g ( r )  = p ( r ) / p d r )  derived from it by Fourier Vansfarm 
is given in the lower figure. 
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In addition to information about the timescales of the reaction, we were interested in 
determining the structure of the transformed amorphous NiMo alloy and have used the peak 
fitting program developed by us earlier [3 1 J to subtract the Bragg peaks of the crystalline 
molybdenum. The peak shape for pulsed neutron scattering is a complex asymmetrical 
function involving two exponentials [I91 but when broadened, as in the present case, a 
skewed curve of the type used by us previously (311 Seems to result in an acceptable fit- 
Figure 5(a) gives the neutron diffraction pattern of the 32 hour sample and figure 5(b) the 
synthesized pattern of the BCC molybdenum which was produced. The lower figure shows 
this subtracted from the original, in order to give the diffuse pattern of the amorphous phase. 
This latter pattern was then normalized by the I ( O ) ,  I(o0) method 1321, to give the total 
structure factor shown in figure 6. This curve was Fourier uansformed to give the pair 
comlation function shown in the lower part of figure 6. This g ( r )  has a similar form, in 
the positions and relative magnitudes of the peaks, to the g ( r )  function of an amorphous 
NisoMoso specimen prepared by sputter deposition [33]. The present first-neighbour distance 
of 2 5 4  8, is slightly lower than the value from the sputtered sample [33]. This is not 
unexpected since the present NMo specimen is not precisely equiatomic as discussed 
above. In addition, the large neutron scattering amplitude of nickel will emphasize the 
weighting factor for the Ni-Ni correlations in the g ( r )  curve. The first-neighbour distance 
of 2.54 8, agrees with the value of 2.56 8, estimated by applying the Ehrenfest relation 
to the position of the first amorphous halo in the x-ray diffraction patterns of the NMo 
alloys studied by us previously [17,18]. The overall similarity between the pair correlation 
functions of the present sample and the amorphous NiSoMo50 sputtered sample together 
with the 'conventional' appearance of the total structure factor is most encouraging. They 
illustrate that genuine amorphous alloys can be produced even in those reactions which are 
'incomplete' in the sense of having some fraction of the starting material unconsumed. 

5. Conclusions 

The amorphization reaction in NisoMoso alloys has been studied by neutron diffraction and 
neutron small angle scattering and it has been confirmed that 32 hours of MA treatment 
leads to the production of a two-phase sample having an amorphous component with a 
composition close to Ni62Mo38 and some free molybdenum. The strong scattering from the 
nickel, which occurs with neutrons, has allowed some estimates to be made of the timescales 
of the reaction. The sequence of the changes observed in the diffraction experiments agrees 
well with that seen in the small-angle scattering experiments. The small-angle scattering data 
for the 2 and 4 hour samples provide evidence for the existence of rough surfaces having 
fractal characteristics between different parts of those samples. We tentatively associate 
this with the type of convoluted interfaces observed between the alloy constituents in 
optical micrographs. A characteristic of fractals is the repetition of a motif by simultaneous 
translation, rotation and reduction (as opposed to just translation in crystallography). It is 
not surprising therefore, that fractal characteristics should be seen in alloy composites in 
the early stages of the MA process by ball-milling. The reduction in size of the constituents 
and the welding together and folding and bending of the particles to produce a filamentary 
composite was, in fact, fully described by Benjamin in his seminal articles in the 1970s 
[34,35]. 

We propose to extend these measurements to alloys having shorter periods of MA 
treatment in order to obtain a more accurate measurement of the consumption of the 
constituents. in addition, further neutron small-angle scattering experiments are in hand, in 
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which the contrast matching technique will be used in order to isolate the scattering from 
the surfaces of the powder particles. 
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