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The effects of cold-rolling on the atomic structure of a FeaoNi40P14B6 commercial 
metallic glass (Metglas 2826) have been investigated by X-ray and neutron diffraction. 
The cold-rolling is seen to produce significant changes in the structure factor S(Q) of this 
glass, and the changes observed are the reverse of those caused by low temperature 
annealing. The structure factor of the rolled specimen has also been simulated 
numerically. This shows that the changes in structure factor observed are consistent with 
a heterogeneous deformation, in which approximately 10% of the sample volume appears 
to have an atomic arrangement which is less well ordered than in the as-received glass. The 
deformation produced by rolling has finally been removed by a heat treatment whose 
parameters were determined with reference to a current model of structural relaxation. 

l .  Introduction 
It is now well established than many of the 
physical properties of metallic glasses may be 
influenced by their atomic structure, and in par- 
ticular that small structural rearrangements can 
have a significant influence on these properties. A 
particularly important example is provided by the 
changes in magnetic properties of ferror~agnetic 
metallic glasses, which can result from low- 
temperature annealing, or from cold-rolling metal- 
lic glass ribbons [1-4].  One important aspect of 
cold-rolling is that it produces an inhomogeneous 
deformation in which a relatively small propor- 
tion of deformed material is found within a matrix 
of undeformed glass, and this can have important 
consequences for the interpretation of the experi- 
mental data [5]. 

Direct observations of the changes in structure 
of metallic glasses, which result from cold-rolling, 
have been made by X-ray diffraction experiments 
[6-8] and by electron diffraction [9]. However as 

the changes produced aye relatively small and diffi- 
cult to observe, no detailed interpretation has yet 
been made of these data. We have been able to 
show in earlier measurements on an FeB glass, 
that the structure factor obtained in neutron dif- 
fraction can be quite sensitive to the small changes 
in structure produced by annealing [ 10]. It appeared 
worth while therefore to extend these neutron 
measurements to the case of cold-rolled metallic 
glasses, and to use the large-volume samples which 
this technique allows. In the present work the 
effects of cold-rolling on the structure of an 
Fe4oNi40P14B6 (Metglas 2826) sample have been 
investigated using X-ray and neutron diffraction. A 
brief account of this work has been presented by 
Guoan et al. [11 ], and the present paper concerns a 
fuller description of both the experimental work; 
the details of the numerical simulations performed 
in order to obtain information about the hetero- 
geneous deformation; and the heat treatment used 
to return the specimens to their as-received state. 
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2. Sample preparation 
The metallic glass Fe40Ni40Px4B 6 (Metglas 2826) 
produced by the Allied Chemical Corporation was 
chosen as a sample material. Normally such multi- 
component glasses do not make suitable candi- 
dates for diffraction experiments, but as this glass 
ribbon was relatively thick (65/1m) and wide 
(1 .67mm) this meant that the large volume of  
material needed for the neutron diffraction experi- 
ments (~  1.5 cm ~) was contained in a significant, 
but not unreasonable ribbon length (~  14m). This 
was helpful from the point of  view of  the rolling 
treatment. The metallic glass specimen was in fact 
first examined in the as-received state using both 
X-ray and neutron radiations and then the material 
cold-rolled and the diffraction experiments 
immediately repeated. 

The cold-rolling was performed using the 

cluster (Sendzimer) mill described by Gibbs and 
Evetts [12]. This mill employs work rollers of  
molybdenum tool steel which makes it possible to 
obtain reductions in ribbon thickness of  up to 
55%. The mill was designed to be driven mounted 
on a lathe and this assisted the rolling of  this 
relatively long ribbon specimen. However, despite 
this mechanical aid it was found that the rolling 
did not produce a geometrically perfect specimen. 
There was curvature of  the ribbon at some points, 
while spikes or ears of  sheared material were pro- 
duced at places on the edges of  the ribbon. Such 
effects are consistent with the fact that such com- 
mercially produced ribbons do not usually have a 
uniform cross-section (see [12], Fig. 3). The 
ribbon was also found to embrittle on rolling, so 
that the rolled specimen often broke and was not 
a continuous length. This embrittlement probably 
arises from the cracks in the edges of the 
material, rather than from some change in the 
microstructure. As a result of  this it was not prac- 
tical to consider a second rolling of  the whole 
specimen length to increase the deformation, and 
measurements of  the thickness before (65b~m) 
and after the first rolling (54/am) showed that at 
17% reduction had been acheived in a single pass. 
The preparation of  the diffraction specimens 
followed our usual methods. The sample for X-ray 
diffraction was made by winding the ribbon on a 
conventional aluminium flat-plate holder, with 
adequate spacer shims added to the clamped part 
of  the plate to allow for the finite thickness of  the 
wound specimen [13]. The neutron samples was 
made by winding ribbon on to one of  the special 

flat plate holders described by us in detail else- 
where [14]. The brittleness of  the rolled ribbon 
prevented the same techniques being used, and so 
short lengths of  ribbon were stuck to the appro- 
priate X-ray specimen mount  and a slight modi- 
fied neutron specimen mount used to 
accommodate the whole ribbon cut into short 
lengths. Care was taken to make compact X-ray 
and neutron specimens which were geometrically 
as similar as possible in the as-received and rolled 
states. 

3. Experimental measurements and data 
analysis 

The X-ray experiments were performed using a 
Philips PWl050  vertical diffractometer in con- 
junction with a molybdenum target and a 
(graphite) curved crystal monochromator.  A range 
of  scattering angles 5 ~ < 20 < 160 ~ was covered in 
0.5 ~ steps with a pre-set time of  200 sec per step, a 
total scan time of 17 h. The data were processed 
using an extensively modified version of  a 
computer program supplied by Wagner [15]. The 
structure factors S(Q) obtained for the quenched 
and rolled specimens are shown in Fig. 1. The 
neutron diffraction experiments were made with 
the 10H diffractometer, Dido Reactor AERE Hat- 
well, which has three neutron detectors, and oper- 
ates with an incident wavelength of  0.1 nm. A 
magnetic field of  1 kG was applied to the sample 
in a continuous magnetic circuit with no demag- 
netizing fields. This field was applied in the H II Q 
configuration which is required to suppress the 
magnetic neutron scattering in this kind of  experi- 
ment [14]. A range of  scattering angles 10.5 < 
20 < 124.5 ~ was covered in a 0:20 mode with a 
step length of  0.2 ~ using a pre-set count monitor. 
The total scan time was 22h, and the scans were 
repeated three times for quenched and rolled 
specilnens. The neutron data were analysed using 
our own programs and the normalization made by 
the self-consistent I (~) ,  I(o) method [16] after 
appropriate corrections. The structure factors 
obtained are shown in Fig. 2, and it was estimated 
that the total error including experimental effects 
and analysis was of  the order of  2cA. 

4. Structural changes observed as a result of 
cold-rolling 

It can be seen flom Figs. t and 2 that lhe S(Q) 
curves obtained with the two radiations are rather 
similar, allowing for the lower value of Omax for 
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Figure 1 Structure factor curves 
for Metglas 2826 obtained using 
MoKc~ X-radiation. The solid 
line is for the specimen as- 
received and the dashed line for 
the same material after cold- 
roiling. 

the neutron curves, and this similarity can be 
understood if the glass Fe40Ni4oP14B6 is considered 
to be a pseudo-binary alloy of  transition metal T, 
(Fe, Ni) and metalloid M (P, B). In this case the 
weighting terms for the partial structure factors 
[17] are found to be similar for X-rays and 
neutrons. 

Sx(Q) = 0.810STT(Q ) + 0.180 STM(Q ) 

+ 0.010SuM(Q) 

strictly at Q = 0 (1) 
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Figure 2 Structure factor curves for Metglas 2826 
obtained using thermal neutrons of h = 0.1 rim. The solid 
line is for the specimen as-received and the dashed line for 
the same material after cold-rolling. 
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and 

SN(Q) = 0.777STT(Q) + 0.209STM(Q) 

+ 0.014SMM(Q) (2) 

The result of  this is that Sx(Q) and SN(Q) will 
be alike, and this is generally the case with tran- 
sition metal-metalloid glasses (except for cobalt- 
based glasses because cobalt has a low value of  the 
nuclear scattering length). Thus, as in the case of  
the FeB glass examined in our annealing work 
[10] the neutron method does not provide any 
special improved visibility between the alloy com- 
ponents, but rather the two radiations (neutrons 
and X-rays) provide mutual confirmation of  the 
changes in S(Q) observed. A second and somewhat 
related point is that the information obtained 
from the Fourier transform of the total S(Q) in 
the case of  a metallic glass like Metglas 2826 is 
essentially information about the topological 
arrangements of  the atoms. The conditions which 
are necessary to allow the chemical arrangements 
of  the constituent atoms to be studied are not ful- 
filled in this case [18]. The disorder and the struc- 
tural arrangements which are being studied, are 
therefore topological, and this means for example 
that the results from simple one-component model 
systems can be used in order to try and understand 
the nature of  these topological changes. 

A comparison of  the curves in Figs. 1 and 2 
allows the following observations to be made. The 
structure factors o f  the as-quenched specimens 
show the characteristic features common to most 
metallic glasses, namely a sharp first peak, second 
peak with shoulder on the high Q side and well 



TABLE I The positions of peaks in the structure factors of as-received and cold-rolled Metglas 2826, Q1, Q2 etc are 
given with corresponding peak positions in the reduced RDFs, rl, r 2 etc. The second peak shoulder is described by 2s. 
The heights of the first peak in S(Q), S(Q 1 ) is also given and the coordination number n 1 from the RDF. 

Sample state Radiation Peak height and positions in S(Q) in nm Radial distances in the reduced RDF in 
nm and the coordination number from the 
RDF 

QI Q2 Q2s Q3 S(Q1) r I r 2 r2s r~ r h 

As-received X-ray 0.315 0.530 - 0.787 0 .340  0 .262  0 .430  0.491 0.634 11.4 
Neutron 0.312 0 .538  0 .620  0 .790  0 .348  0 .257  0.434 0.639 11.5 

Cold-rolled X-ray 0.310 0.533 - 0.790 0 .309  0 .257  0.430 0.636 11.2 
Neutron 0.310 0.535 - 0.800 0 .304  0 .254  0.434 0.642 11.3 

developed oscillations out to Qmax. The structure 
factor of the rolled sample shows the same basic 
features but the height of the first peak is notice- 
ably reduced, of order 10% and also its position is 
shifted slightly to lower Q value. The subsequent 
peaks in S(Q) are also reduced by a smaller pro- 
portion, and their position in Q remains roughly 
unchanged, while the second peak shoulder 
becomes less distinct. The form of S(Q) at the 
onset of the first maximum is also altered. A 
numerical description of these changes is given in 
Table I. In general the changes in peak height are 
larger than those which have been observed by dif- 
fraction experiments elsewhere, although there is 
not in fact a clear picture of the likely magnitude 
of the changes, which must depend on factors such 
as the elastic moduli, hardness and packing density 
and thermomechanical history of the glass 
involved. 

For example, in an early demonstration of the 
effects of cold-rolling on metallic glass structure 
[6] showed that when a Pds0Si2o glass was 
deformed by 20% and by 40%, the height of the 
first peak in the diffracted intensity distribution 
I(Q) was reduced by 4% and 6% respectively. In a 
later study on a similar PdsoSi2o glass it was found 
that a 20% deformation produced no change in the 
height of the first peak in the structure factor and 
a 40% deformation produced a 4% reduction in 
this peak height [9]. Very small changes in S(Q) 
were also observed [8] for the case of a Pds0Si20 
specimen, 20% cold-rolled after annealing, while a 
greater deformation of 35% was found to reduce 
the first maximum in S(Q) by only 1%. In contrast 
very much greater changes (~ 40%) in the intensity 
profile I(Q) were observed [9], when making 
selected area electron diffraction measurements on 
the deformed regions in an NiTsB17Sis specimen. It 
appears that the changes observed in our present 

study lie between the limits of the changes 
observed elsewhere, while the excellent agreement 
between our two sets of data obtained with differ- 
ent radiations provides independent confirmation 
of these somewhat larger changes in S(Q). 

An equally important point is that the origin of 
the differences between these results referred to 
above may lie, either wholly or partly, in the dif- 
ferent thermomechanical histories of the speci- 
mens concerned. The degree of structural relaxa- 
tion at any time is a complex function of thermo- 
mechanical history [19, 20], and the state of 
relaxation will govern the ease of mechanically 
activated motion. Although the precise history of 
the present sample material is not known, it had 
an anneal for at least 10 s sec at 300 K, between the 
initial glass-forming process and the start of these 
experiments. Thus according to Equation 11 as 
given in [20], all those atomic rearrangements 
having values of activation energy, E, less than 
1.25 eV have already given their contributions to 
changes in S(Q). The structure factor measured 
initially was therefore characteristic of the as- 
received, rather than the as-quenched material. 
Furthermore a period of approximately 6 x 
104sec elapsed between the cold-rolling and the 
second set of neutron experiments. Thus any 
structural changes brought about by the cold- 
rolling, which had activation energies E less than 
1.06eV for thermally induced relaxation would 
have been activated before the second set of dif- 
fraction measurements. Hence the changes in 
S(Q) which are seen after cold-rolling reflect not 
only the cold-rolling process, but also the thermal 
history up to the time of the measurements. This 
may be one source of apparent discrepancy 
between sets of data obtained under different 
circumstances in different laboratories described 
above. 
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tion curves obtained from X-ray data 
on Metglas 2826 which has an atomic 
density of 84.1 atomsnm -3. The solid 
line is for the specimen as-received, 
and the dashed line for the same 
material after cold-rolling. 

The changes of  structure, in real space, as 
expressed by the appropriate curves, are of  a 
rather similar nature to the changes in S(Q). The 
rolling treatment is seen to cause a slight reduction 
in the magnitude of  the oscillations in the RDF. 
This is illustrated by means of the X-ray data, in 
Fig. 3. The neutron curves are similar, with slightly 
lower resolution on account of  the smaller value of  
Qmax. Table I gives some numerical values of  par- 
ameters from G(r) and the RDF and shows that 
the changes in S(Q) do not result in very large dif- 
ferences in the values of either the radial atomic 
distances or the coordination number. 

One interesting point is that the cold-rolling 
appears to have exactly the opposite effect on the 
structure to that produced by low temperature 
annealing. Both X-ray [21] and neutron diffrac- 
tion experiments [10] show that annealing pro- 
duces an increase in the peak heights, and a general 
sharpening of  the features in S(Q). 

5. Models, and simulation of structural 
deformation 

In view of  the infleunce of deformation on the 
physical properties of  metallic glasses it, is not 
suprising that several authors have discussed the 
possible mechanisms of  this deformation. Often 
crystalline defects have been used as a starting 
point, and to a certain extent an amorphous solid 
can be considered to be a material with an 
extremely high density of  dislocations. Since 
defects can be defined - as for example in a con- 
tinuous medium, without recourse to a crystalline 
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lattice there is no fundamental problem over their 
definition in amorphous solids.Chaudhari [22] for 
example, has suggested that the effects of  deform- 
ation can be qualitatively associated with the 
presence of screw dislocations alone, and that at 
low temperatures deformation occurs primarily 
through the motion of  dislocations. A common 
feature of several of  these kind of  models is that 
they imply the structure defect is not a vacancy- 
like defect, and some experimental evidence for 
this is provided by positron annihilation experi- 
ments on cold-rolled metallic glasses [23]. On the 
other hand, by using the ideas of  viscous flow in 
the liquid state and extrapolating to amorphous 
materials, it was suggested [24] that the structural 
defects are individual sites where the preferred 
short range order is perturbed, and that since the 
viscosity is related to the defect concentration, 
viscosity will be reduced in slip-band regions 
during deformation. A rather different approach 
to structural defects is provided by the recent 
work of Egami et al. [25] in which defects are 
defined in terms of the distribution of internal 
stresses, and local symmetry. Computer simulation 
suggests that motion of  dislocation-like, vacancy- 
like, and interstitial defects can all occur during 
plastic deformation. Motion of  vacancy-like 
defects is also a feature of  earlier computer simu- 
lation [26], which shows the chain collapse of 
holes which results in step nucleation and propaga- 
tion on a macroscopic scale. 

Whilst it is clear that it is not possible to decide 
which of  these models is appropriate from our dif- 
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Figure 4 The experimental S(Q) 
curve for the as-received Metglas 
2826 derived from X-ray 
diffraction is shown by the solid 
line. The calculated S(Q) curve 
based on the hard-sphere model 
of a liquid metal discussed in 
the text, is shown by the dotted 
line. 

fraction data alone, not least for the fact that dif- 
fraction data represent a volume average over the 
whole specimen, while it is agreed that inhomogen- 
eous deformation is highly localized. Nevertheless 
the structure factor curves do contain information 
about modifications to the atomic scale structure 
induced by rolling. A common feature to most of 
these models is this idea of  an inhomogeneous 
deformation in which a high level of  defects is con- 
centrated in the deformed regions which have 
reasonably well defined boundaries. To a first 
approximation, if we assume that a fairly uniform 
deformation can be associated with some regions 
(which may extend beyond the observable shear 
bands), then the structure factor of  rolled material 
might be represented in a simple additive way. 

S(Q)~onea = (1 - V)S(O)as-quen~h~ 

+ VS(Q)deformed (3) 

where V is the volume proportion of  the deformed 
material in the specimen. If the structure factor 
S(Q)aefo~moa could be measured with any pre- 
cision then the factor V could be evaluated. 
Alternatively either one or both of  the structure 
factors on the right-hand side of  Equation 3 can be 
simulated, in order to obtain some reasonable esti- 
mate of  V. 

In order to choose a suitable form for 
S(Q)deforme d it is necessary to make some deduc- 
tions about the possible atomic arrangements in 
the deformed region. First it is clear that both 
deformed regions and matrix are truly amorphous, 
and that as under-cooled liquids, the geometrical 

arrangements of  atoms in both cases must bear 
some resemblance to that of  the liquid state. In 
fact the structural similarities (and the differences) 
between the same metal alloys in both liquid and 
glassy states were systematically investigated in 
many diffraction measurements; see for example 
[27]. These differences, and particularly the loss 
of  detail in S(Q) in the liquid are similar to the 
variations in S(Q) produced here by rolling. 
A possible reason for this is that the application of  
a load to a metallic glass causes a significant reduc- 
tion in viscosity within the shear bands while the 
removal of  the load, on exit from the work rollers, 
is accompanied by a rapid increase in viscosity. 
This sudden increase in viscosity is analogous to 
the increase which takes place during the initial 
vitrification of  the glass, and suggests that whilst 
melt-spinning represents a thermal quenching, 
cold-rolling produces an effective "pressure 
quench". Whilst both of  these quenching processes 
lead to "liquid-like" structures, the implication is 
that the pressure quench gives a m o r e  disordered 
atomic arrangement in these deformed regions. 

In the absence of  structural data on the Metglas 
2826 specimen in the liquid state, we chose first to 
simulate S(Q)deforme d by using a calculated curve, 
namely a hard-sphere simulation for liquid metals 
[28], as modified by Greenfield et al. [29]. It is 
possible that this curve could overestimate the dis- 
order in the deformed regions, but this could com- 
pensate for having a sharp boundary between 
deformed and undeformed parts of  the specimen. 

The calculated curve based on this hard-sphere 
model is shown in Fig. 4, together with the experi- 
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Figure 5 The result of  the  simu- 
lation o f  the structure factor 
curve for the  cold-rolled Metglas 
2826 is shown. The solid line is 
the exper imental  result f rom 
X-ray diffraction, and the 
dashed line the simulated S(Q) 
curve. 

mental S(Q) for the as-received specimen. The cal- 
culated curve has been based on a hard-sphere dia- 
meter a = 0.222 nm, and a packing fraction r /=  
0.445, and these values were chosen in order to 
match closely with the experimental curve for 
values of  Q between 0 and ~ 7 0 n m .  It may be 
noted that this hard-sphere diameter is signifi- 
cantly smaller than the Goldschmidt diameter of 
the real atoms iron and nickel, and this appears to 
be a normal feature of this kind of simulation 
[291. 

The result of fitting the structure factor of the 
rolled sample is shown in Fig. 5, in which the 
calculated curve has a value of V =  0.14, that is 
14% of the deformed S(Q), and 86% as-received 
S(Q). The agreement between the experimental 
and simulated curves is very good, except perhaps 
at small Q values, and the average difference 
between the curves is less than 3%, which is com- 
mensurate with the experimental uncertainty. 

In order to establish that this result did not 
depend too sensitively on the structure factor 
chosen for the deformed regions, it was decided to 
make a second simulation based on experimental 
data rather than a model calculation. Ideally a 
structure factor curve for liquid Metglass 2826 
should be used, but as this was not available it 
was decided to produce a curve by modifying the 
structure factor curve of another similar alloy for 
which such data exists, according to the following 
considerations. There are of course two 
coordinates for any structure factor Q, S(Q) which 
might be independently scaled in various ways. We 
will consider the ordinate, Q, first. The position of 
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the first peak in S(Q) reflects very accurately the 
first neighbour distance in real space r, and hence 
from a knowledge of the average Goldschmidt 
diameter of the transition metal atoms, it is pos- 
sible to deduce the likely position of the first peak 
in S(Q). In addition the positions of the subse- 
quent peaks are also quite well defined because the 
ratios of the positions of the first/second and 
second/third peaks are well described by predict- 
able numbers. These are characteristically different 
for the liquid and glassy states [27], but vary little 
for glasses of the same kind (e.g. transition meta l -  
metalloid types). In addition we have found inde- 
pendently, from measurements on transition metal 
glasses, which can be made over wide composition 
ranges, that these interpeak ratios hold reasonably 
fixed out to even the fifth or sixth maxima in 
S(Q). Thus if a simple linear scaling is made in Q, 
in order to bring the first maximum to a desired 
position, then the subsequent maxima will also 
occur in predictable positions. For the case of the 
abscissa it is known that the amplitude of the 
oscillations in S(Q), about unity, are determined 
mainly by the packing density of the material. In 
general a predic/;able reduction in the amplitude of 
these oscillations occurs in going from the glassy 
to liquid states. In order to produce a structure 
factor curve for molten Metglas 2826 we have 
therefore used our own data for 2826 glass, 
together with the published curves for liquid and 
glassy FesoP13C~ [30] and made a simple linear 
scaling of Q, and S(Q) (i.e. I S ( Q ) - 1  l) axes. A 
thorough search of the literature has suggested 
that the FeaoPa3C7 alloy is the most appropriate 
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Figure 6 The experimental S(Q) 
for the as-received Metglas 2826 
is shown by the solid line, and 
the curve produced from data 
on F%oP~C 7 shown by the 
dotted line. 

candidate for this process. Fig. 6 shows the experi- 
mental S(Q) curve for the as-received Metglas 
2826, together with the curve we have produced 

for "liquid 2826". These curves may be compared 
with the original data for Fea0P13C? (Fig. 1 in 
[30]). The result of  a simulation of  the structure 
factor of  the cold-rolled Metglas 2826 based on 
the curves given in Fig. 6, is shown in Fig. 7. It is 
interesting to note that the overall agreement is 
less good than when the hard-sphere liquid model 
was used, Fig. 5, but that the volume fraction of 
disordered material is less, 8% as opposed to 14%. 
We conclude therefore that a likely value of  the 
deformed volume may be close to the mean of 
these two figures, say around 10%. 

There are relatively few other determinations of  

the disordered volume fraction with which com- 
parison of  the present value can be made. An esti- 
mate of  the deformed volume V can be made from 

the electron microscope examination of  an 
NTsBtTSis glass [9], although this estimate is sub- 
ject to the qualification that shear bands in ribbon 
specimens and thin films may be different in 
character [31]. An electron micrograph (Fig. 7 in 

[9]) shows bright bands associated with the dis- 
ordered regions which occupy of  the order of  t 9% 
of  the area of  the micrographs of  that thin film. 
The selected area diffraction patterns of  this speci- 
men which have already been referred to above 
show that when the disordered region alone was 
examined the first peak in the intensity distribu- 
tion was reduced by about 40%. This figure 
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implies that if the disordered region occupied 
approximately 10% of the total volume, then the 
decrease in the first peak in I(Q) when the whole 
sample was irradiated would be around 6%, which 
is commensurate with the 10% change in S(Q) 
observed in our present study. 

A further and perhaps more appropriate com- 
parison can be made with the more detailed obser- 
vations of shear bands which have been made by 
electron microscopy [31]. Donovan and Stobbs 
have examined shear bands in both NiTaP24 and 
Fe4oNi4oB2o metallic glasses. The NiP specimens 
which were produced by electro-deposition were 
deformed as free films on their microscope grids 
and also when still attached to brass substrates. In 
the first case shear bands of thickness 20nm and 
having characteristic separation of 2/~m were 
observed. This gives a volume fraction of mater- 
ial in the shear band of 1%. In the latter case shear 
bands with thickness between 40 to 60nm and 
separation between 0.2 to 1.0/~m were observed, 
giving a larger volume fraction 8.5%. The 
Ni4oFe4oB20 (Vitrovac E0040, a commercial 
sample not unlike Metglas 2826) was supplied as 
fast-quenched ribbon, and deformed in bulk and 
thinned by electropolishing. Shear bands having 
thickness 10 to 20nm and spacing l g m  were 
observed, which when aligned at 45% to the 
ribbon, as in the present case, gives a volume frac- 
tion of 2%. 

These estimates are of the volume fraction of 
material within the electron microscope image of 
the shear bands. There is in fact some reason to 
believe that these regions are associated with the 
highest levels of stress, while the disordered 
volume measured in the diffraction experiments 
may extend over larger regions. Evidence for the 
first of these assertions comes from measurements 
of the variation of magnetic properties produced 
by cold-rolling [4]. Calculation shows that the 
dramatic changes in coercive force observed can be 
accounted for if a relatively small volume, 1.5%, is 
associated with the highest levels of stress (close to 
yield strength, where close-packed regions may 
approach the theoretical strength). This volume 
fraction is essentially the same as that attributed 
to the shear bands, as obtained above. On the 
other hand evidence for the existence of strain 
fields which may atomically disorder the material 
beyond the shear band boundaries is provided by 
the observations of the interactions of shear bands 
(Fig. 12 in [31]), which shows relative displace- 
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ments (0.03/am) of the order of twice the shear- 
band width (10 to 20nm). A somewhat related 
point is that there is also evidence [31, 32] that 
structural alteration can be retained even after 
removal of the shear band itself. 

The conclusions deduced from these simula- 
tions are therefore that the diffraction measure- 
ments and the changes in structure factor observed 
are consistent with the cold-rolled material having 
a fraction of disordered material (~  10%), and that 
this value is within a f ac to fo f  5 of the volume of 
the shear-band regions (2%) as deduced by direct 
observation. In addition the variations in the 
atomic scale structure produced by the cold- 
rolling, and which can be characterized by a kind 
of "pressure quenching" mechanism are consistent 
with an increased disorder in which there is a more 
liquid-like arrangement of atoms. 

6. Annealing treatment for the relief of 
deformation 

In addition to the analysis of the effects of cold- 
rolling the present measurements have also permit- 
ted an investigation of the possible reversibility of 
these structural changes to be made. In this con- 
text it is generally understood that structural 
relaxation and deformation are manifestations of 
the metastability of metallic glasses for which 
several metastable glassy structures may be separa- 
ted from one another by various energy barriers. 
Structural re-arrangements which still preserve the 
glassy state occur through the activation of differ- 
ent processes, possibly the motions of individual 
atoms or groups of atoms - but which have not as 
yet been unequivocally identified. The annealing 
of the cold-rolled specimen provides an 
opportunity of illustrating the general point that 
cold-rolling has a "disordering effect" and anneal- 
ing an "ordering effect" on metallic glass structure, 
but more specifically because the processes of 
structural change are conveniently described in 
terms of statistical thermodynamic models, an 
appropriate choice of heat treatment can provide 
independent confirmation of " log- t ime" kinetics, 
and the underlying principles of the relaxation 
model based on a spectrum of activation energies 
[20]. 

The overall schedule for the present experi- 
ments has been largely determined by the avial- 
ability of the neutron diffraction instrument, 
which was arranged in the usual way within the 
SERC/UKAEA neutron beam programme. Thus 



TABLE II Thermo-mechanical history of the Metglas 
2826 material from which the diffraction specimens were 
made. 

Schedule of events Time invervals 
at ~ 300 K 

Original melt spinning I 

Diffraction experiments: as-received I 

I *Cold rolling treatment 
17% reduction 

Diffraction experiments: cold rolled 

J *Heat treatment 
1.1 X 104sec at 573 K 

1 Diffraction experiments: annealed 

> 108 sec 

2.6 X 10Ssec 

4.5 X l0 s sec 

4.0 X 107sec 

4.5 X 106sec 

several months after the initial n e u t r o n  experi- 
ments on the as-received and cold-rolled specimens 
an oppor tuni ty  arose to measure the same sample 
in a relaxed (annealed) state. It was deduced at 
that time, that a heat t reatment  of approximately 
3 h at 300~ would be appropriate to return the 
sample to its as-received state. The full specifica- 
tion of  the thermomechanical  history of  the Met- 
glas specimens up to the time of  these final diffrac- 
tion experiments is given in Table II. This is the 
first time, as we are aware, that such a specifica- 
tion has been made in a study of  this kind. 

The time and temperature of  the heat treat- 
ment were based on the assumption that the cold- 
rolling had created processes having small activa- 
tion energies [33]; that processes having energies 
of  less than 1.23 eV would have been annealed out 
in the 4 x 10?sec period of  storage at room tem- 
perature, and that processes with energies E <  
1.94eV were removed in the 300~ anneal (1.1 x 
10 4 sec). 

In the event, electronic malfunctions in the 

neutron experiments meant that incomplete data 
were obtained. However the results of  the X-ray 
experiments on the annealed specimen, which 
were done at the same time, (and like the neutron 
experiments performed and analysed in precisely 
the same manner as the earlier experiments 
described in Section 3) confirmed that the heat 
t reatment  had produced the desired result of  re- 
storing the structure of  the sample towards its as- 
received state. This is illustrated in Fig. 8, which 
shows the structure factors S(Q) obtained for the 
as-received and post-annealed samples, both  curves 
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Figure 8 The structure factor S(Q) curves obtained by 
X-ray diffraction for the Metglas 2826 in the as-received, 
and heat-treated conditions are shown independently and 
superimposed to illustrate the extremely close similarities 
between the two curves. 

individually and also superimposed. This super- 
position shows that the positions and heights of 
the peaks in the S(Q) curves are faithfully repro- 
duced and that any disagreement is significantly 
less than the experimental  uncertainty in the data 
points - which derive directly from the observed 
intensity distribution. This superposition provides 
a striking demonstration of  both  the reversibility 
of  the structural changes induced, and the correct- 
ness of  the application of  " l o g - t i m e "  kinetics. 

7 .  C o n c l u s i o n  

X-ray and neutron diffraction experiments have 
been made on a sample of  Fe4oNi4oP14B6 metallic 
glass (Metglas 2826) in order to determine the 
nature of  the structural changes produced by a 
cold-rolling treatment.  Despite many detailed 
experimental differences between the two 
measurements, including such factors as significant 
differences in the duration of  the scans (one day 
and three days respectively), there is good agree- 
ment between the X-ray and neutron data 
obtained. The cold-rolling appears to cause signifi- 
cant changes in the structure factor curves, which 
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are consistent with an increased atomic disorder. 
The structure factor of the rolled specimen has 
been successfully simulated with the aid of calcu- 
lated S(Q) curves based on a hard-sphere model of 
a liquid metal, and also on the scaled experimental 
data for a similar alloy in the molten state. These 
simulations support the concept of an inhomogen- 
eous deformation produced by rolling and allow 
an estimate to be made of the volume fraction of 
the disordered materials. This fraction is roughly 
commensurate with the volume of material in the 
shear band regions. A heat treatment has also been 
used to demonstrate the reversibility of the struc- 
tural changes produced. 
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