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Accurate X-ray diffraction investigation has been made of ten amorphous alloys having
the compositions (Feg ¢Nig.4) 100-x Bx With x = 14 to 24 and (Fe,gq-, Niy ) g9 B,o With

y = 30 to 70 which were obtained by rapid quenching from the melt. Using the common
Fourier analysis, the radial distribution function was calculated from which the distance
and its number of the near neighbour atoms were derived. The present results indicate
that the atomic distribution of metallic glasses with low boron content differs slightly
from that observed previously for a number of metallic glasses of transition metal—
metalloid type. The compositional effect, in particular the boron concentration effect,
on the structure and characteristic structural features of amorphous Fe—Ni—B alloy
glasses is discussed together with the mean atomic volume and the partial atomic volume
of metalloid elements using the measured density data.

1. Introduction
The technique of splat quenching from the liquid
state has been extensively used to obtain metallic
glasses. The well-known glass-forming metallic
alloys are transition metal alloys containing 10
to 30 at % metalloids such as B, C, P and Si. In
particular, interest is focused on the various proper-
ties of amorphous Fe—B and Fe—Ni—B alloys which
have large saturation magnetization and Invar
characteristics. Recently the measurements of glass
transition and crystallization temperature have
been carried out in the amorphous alloy series
(Feo.Nig.a)100-xBx and (Fejoo-yNiy)soBao [11.
The evidence for ordering was the decrease in glass
transition and crystallization temperatures with
increasing boron in the (Feg ¢Nig.4)100-xBx series
and with increasing nickel in the latter series. This
behaviour was opposite to that of the Fe,g9-xBx
_ series wherein the glass transition and crystallization
temperatures increased with increasing boron {1].
Thus, the main purpose of this work is to examine
the structure of the Fe—Ni—B alloys with X-ray
diffraction and to compare these structures with
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those of other amorphous alloys, such as Fe—B
and Fe—P systems.

2. Experimental details
The amorphous samples in the series

(Feg.6Nig.4)100-xBxs x = 14 to 24
(FelOO—yNiy)BOB2O5 y= 30to 70
were prepared in the shape of ribbon (about 0.2 cm

wide and 0.003cm thick) by rapid quenching
from the melt. The experimental set-up as well as

“the procedures for handling the X-ray scattering

intensity, the correction of observed intensity data
and its analysis, are essentially identical to the
procedures employed in the previous works on the
structure of metallic glasses [2,3]. The measure-
ments were carried out in the wave vector (Q)
range between 1.0 and 17.0A™ . In the present
study, the observed intensity data at Q less than
1.0A™! have been smoothly extrapolated to zero
at Q=0.0A"', because the isothermal com-
pressibility data of the Fe—Ni—B glasses are not
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available. The effect of this extrapolation and the
truncation up to Q = 17.0 A™! is known to give no
critical contribution to the radial distribution
function by using the Fourier transformation of
Equation 1, as shown in the previous works [4, 5] .
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where p(r) is the radial density function, pg is the
average number density of atoms and i(Q) is the
socalled reduced interference function directly
derived from the measured intensity data.

The density of the samples was measured using
the Archimedian method.

3. Results and discussion

We begin with a description of the uncertainty
in the structural data obtained in this work.
Accumulated intensity counts, varying from
5x 10* at low angles to 1 x 10° at high angles,
were used to hold the counting statistics approxi-
mately uniform. The error in the normalization
used to evaluate the interference function was
determined by Rahman’s method [6,7] and was
found to be less than 1.3%. Other sources of
systematic error in the X-ray diffraction work of
non<rystalline systems were evaluated following
the detailed discussion of Greenfield er al. [8],
leading to an estimate of 2.3% for the total error
in the interference function of Fe—Ni—B glasses
obtained in this work. Thus, the error bars on
i(Q) are of the order of *0.06 at the first peak,
+0.03 near the value Q=4.0A! and +0.02
beyond Q =6.0A71. As a result, the uncertainty
in the values of the reduced radial distribution
function G(r) is probably similar to that of {(Q),
since the computational error was minimized by
employing the same procedures [9, 10].

The interference function and the radial distri-
bution function for six samples in the series
(Feo.¢Nigp.4)100-xBx are shown in Figs.1 and 2,
respectively. The relevant values such as density
and peak positions are listed in Table I. The results
for five samples in the series (Fe gy Niy )goBao are
given in Figs.3 and 4 and Table II. The peak
positions of i(Q) and G(r) were determined from
the position of the apex of the parabola obtained
with three points near the peak. The error in these
peak positions is of the order of £ 0.01. The area
under each first peak of 4mr®p(r) was used to
estimate the number of near neighbour atoms,
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Figure I Interference function i(Q) of amorphous
(Fey ¢Nig 4)100-xBx alloys. The results of amorphous
Fe,,B,, and Fey P, alloys are taken from the work
of Waseda and Chen [3].

n,. As we have no unique method of evaluating n,
[6], only a value obtained by the following equation
is given in Tables I and II.

@

where 7y is the edge of the left-hand side of the
first peak and r, corresponds to the first minimum
on the right-hand side of the first peak in the
4nr? p(r) curves. This method is considered math-
ematically the best one; however, the validity of
this method is doubtful when ripples appear due
to the experimental error [6]. Although the
present results fortunately are not subject to this
problem, the experimental uncertainty in the value
of n; is difficult to quantitatively estimate. Based
on the error in the normalization procedure for
evaluating the interference function, an uncertainty
of £ 0.5 in n; is suggested. :

X-ray, neutron and electron diffraction investi-
gation has revealed the general features in the
structure. of metallic glasses [11]. Thus it is now
well accepted that metallic glasses for most of the
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TABLE I Density, peak positions and near-neighbour correlation in amorphous (Fe, (Ni; ,)}100-xBx alloys

boron

Density (g cm™3)

Q@A™ G(1) () n,
£
;ontent amorphous crystal 1st 2nd shoulder 1st 2nd shoulder (atoms)
14 7.82 792 3.04 5.25 6.08 2.57 4.29 4.98 11.7
16 7.78 7.94 3.02 5.26 6.07 2.58 4.30 4.98 11.7
18 7.75 7.89 3.02 5.28 6.08 2.58 4.30 4.99 119
20 7.70 7.78 2.99 5.26 6.08 2.59 4.32 5.01 12.1
22 7.65 7.72 2.98 5.28 6.10 2.59 4.32 5.01 11.8
24 7.61 7.68 2.98 5.30 6.10 2.58 4.32 5.02 12.3

* After annealing in evacuated quartz capsule at 500° C for 20 min.
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Figure 2 Radial distribution function G(r) of amorphous
(Fe, ¢Nig 4)100-xBx alloys. The results of amorphous
Fe,,B,, and Fe,,P,, alloys are taken from the work of
Waseda and Chen [3].

transition metal—metalloid alloys have the follow-
ing two characteristic features: (1) a second peak
shoulder in the interference function i(Q) is
observed; (2)a second peak of the radial distri-
bution function G(r) is split, and the first sub-peak
is more intense than the second one.

As shown in the present results of Figs. 1 to 4,
the basic profiles of i(Q) and G(r) for amorphous
Fe—Ni—B alloys can be classified into the same
group as other metallic glasses, i.e. the profile of
all samples is composed of a relatively sharp first
peak and subsequent smaller oscillations. The
second peak shoulder in i(Q) and the second peak
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Figure 3 Interference function i(Q) of amorphous

(Fe;0-yNiy)eo B, alloys.
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Figure 4 Radial distribution function G(r) of amorphous

(Fe o9-yNiy)so B, alloys.



TABLE II Density, peak positions and near-neighbour correlation in amorphous (Fe,;q_yNiy)s, B, alloys

nickel Density (gcm™?) QY (A™) G@) (A) n,
*

;ontent amorphous crystal 1st 2nd shoulder 1st 2nd shoulder (atoms)
30 7.62 7.72 2.98 5.25 6.08 2.59 4.31 5.02 11.9
40 7.70 7.78 2.99 5.26 6.08 2.59 4.32 5.01 12.1
50 7.74 7.87 2.99 5.25 6.06 2.59 4.30 4.98 11.7
60 7.79 7.90 3.00 5.24 6.07 2.58 4.28 4.98 12.2
70 7.84 7.97 3.02 5.24 6.08 2.58 4.28 4.97 12.1

* After annealing in evacuated quartz capsule at 500° C for 20 min.

splitting in G(r) are also observed. Recently,
Waseda and Chen [12] reported the anomalous
structural behaviour of an amorphous FegsB g
alloy, the functions i(Q) and G(r) of which are
given in Figs. 1 and 2 for comparison. The anomaly
lies in the heights of the sub-peaks of the second
peak of the FegB,, (Fig. 2) which are reversed as
compared with other amorphous transition metal—
metalloid alloys. That is, the height of the right-
hand sub-peak (the second sub-peak) of FegsBi4
is greater than that of the left-hand sub-peak (the
first sub-peak) whereas the reverse is true for the
Fe—B alloys with 20at % or more boron and for
the more general class of amorphous alloy such as
FegyP1;. For convenience, the function of G(r)
for the typical transition metal-metalloid glasses
examplified by amorphous FegPy; is also illus-
trated in Fig. 2. Similar behaviour in G(r) was
also found in the present results with the boron
content of 14 and 16at %, although the first
sub-peak of amorphous Fe—Ni—B alloys is more
pronounced than that of FegB 4, i.e. the sub-peak
height ratio of the Fe—Ni—B alloys with 14 and
16at.% boron still differs from that of other
transition metal—metalloid glasses. This slight
difference in the sub-peak height ratio between
Feg B¢ and (Feg ¢Nig4)saBis is caused by the
compositional effect due to the presence of nickel.
With increasing boron content, the first sub-peak
is enhanced and the corresponding peak height
ratio of the second peak splitting with boron
content more than 20 at % becomes similar to that
of other transition metal-metalloid glasses. As
shown in Figs. 2 and 4, the anomalous structural
behaviour in G(r) depends on the boron content
but is almost independent of the concentration of
metallic elements (Fe and Ni). Since there is no
clear difference in the atomic scale structure for
the Fe—Ni—B and Fe—B series, the chemical
ordering effect between the nickel and boron
atoms may play a significant role in the differences

observed by measurements of glass transition and
crystallization temperatures [1].

These results imply that the atomic distribution
of metallic glasses with boron, particularly with
the boron content less than 20 at %, slightly
differs from that of other typical transition
metal—metalloid glasses. As indicated in the result
of an amorphous FegB¢ alloy, the anomalous
sub-peak height ratio regarding the second peak
splitting in G(r) for samples with low boron
content is rather close to that of the original
calculation of the Dense Random Packing of
Hard Spheres (DRPHS) model by Bennett [13].
This contrasts with the extended calculation by
the relaxed Bennett model [14, 15] which gives
the sub-peak height ratio more like that of FeggPy5.
The different peak profile of metallic glasses with
boron content less that 20 at % is of considerable
interest and consistent with the experimental
results on sputtered film of FesBioCs [16],
liquid FegzBy; [17] and the model calculation
by Boudreax [18, 19], although there is difference
in detail. Recently, Yamamoto et al. [20] reported
a similar peak profile in G(r) of amorphous iron
using computer simulation. They also indicated
that the frozen-dn structure of the liquid state
strongly depends on the quenching conditions and
the composition and thus the appearance of the
different structural characteristics in metallic
glasses is quite realistic. In addition, recent exper-
imental results of Fe—B and Fe-—Ni—B alloys
suggest that hypereutectic alloys consist of a single
amorphous phase, whereas hypoeutectic -alloys
involve two amorphous phases [21]. However, no
definite reasons for the anomalous behaviour of
metallic glasses with boron could be drawn from
the present structural data by X-ray diffraction.

Based on the previous experimental data and
model calculations for several kinds of metallic
glasses, it may be said that the atomic distribution
of metallic glasses with boron depends mainly
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upon the dense random packing type sfc_ructurev of -

transition metal atoms (Fe and Ni) in which the
boron atoms, of relatively small size, occupy the
vacant space formed by the transition metal
elements. This model leads to the relatively high
density of the glasses and is consistent with the
measured densities for samples investigated which
are only 1 to 2% less than the crystalline values
(see Tables I and II). Thus, a deformed crystalline-
like feature may partly contribute to the shert-
range order such as the near-neighbour correlations
in metallic glasses with boron. Of course, the
present authors hold the view that these crystalline-
like features are not exactly the same as those in
the crystalline state.

As is easily expected from the size factor of
transition metal and metalloid elements, the
expansion of metal-metal atom distance is un-
avoidable in the configuration of the above-type
structure. This is supported by the results in Fig.
5, i.e. the position of the first peak in G(r) which
corresponds to the metal-—metal atom distance
increases with increasing boron content. The
observed expansion is much smaller than that of
metallic glasses with phosphorus [11]. This is
related to the situation that the diameter of a
boron atom is smaller than that of a phosphorus
atom. A slight decrease was also observed beyond
the boron content of 20 at %.

The above features must be related to the
variation of mean atomic volume and the partial
atomic volume occupied by metalloid elements
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Figure 5 Near-neighbour distance 7, , mean atomic volume
V7, and partial atomic volume of boron g, versus boron
concentration x for amorphous (Fe, ¢Nig,)y00-xBx
alloys.
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with metalloid concentration. The mean atomic

- volume, 7, is evaluated from measured density

data. The partial atomic volume of metalloid

~elements, Vg, could be estimated by the follow-

ing procedure. According to Turnbull [22], the
partial atomic volume of Vj is given by:

7 = [V—(1—ca)Viul/cs, €))

where cp is the atomic fraction of metalloids,
V3 is the mean atomic volume of the transition
metal component in the close-packed crystalline
state at room temperature. This assumption for
Vu introduces little error, because the volume
change on crystallization of metallic glasses is
quite small (only 0.4 to 0.5% change) [23]. The
value of ¥y of amorphous Fe—Ni—B alloys was
determined by using the lattice constant of the
face centred cubic solid solution of Feg (Nig,
[24] and the value of Vi used in this work
was 11.11 A3, »

The results of ¥ and Vg are given in Fig. 5 as
a function of boron content. The values of ¥ show
a linear dependence of the boron concentration.
The variation of partial metalloid volume Vg is
also found to have nearly a linear dependence, but
to decrease more rapidly with increasing boron
content compared with that of V. At the present
time, we have no definite information on the size
factor of boron in metallic glasses. The covalent
radius and the metallic radius of boron are 0.82
and 098 A, respectively. These values give the
effective volume for boron in a close-packed
structure of 3.12 and 5.32 A3. The latter value is
close to the effective volume of boron in Fe,B
(5.45 A%) and Ni3B (5.61 A®) based on the crystal-
line borides data [25]. From these calculations,
we may suggest that the effective volume of boron
is 5 to 6 A® as an example. The present results of
Fig. 5 indicate that 73 approaches the value of
5 to 6 A® with higher boron content at 24 at %
boron, close to the maximum value for which
an amorphous phase can be obtained by rapid
quenching from the melt. On the other hand, the
value of Vg is apparently larger than the value
of the effective volume of boron (5 to 6A%) in
the case of lower boron content and thus one may
say that the atomic configuration in low boron
content glasses involves a relatively large amount
of unfilled vacant space by boron and this unfilled
vacant space rapidly decreases with increasing boron
conceniration. These ideas agree well with the
picture of transition metal—metalloid glasses first
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Figure 6 Near-neighbour distance 7, , mean atomic volume
7, and partial atomic volume of boron Vg, versus nickel
concentration z for amorphous (Fe,,_yNiy)s B, alloys,
where z = Ni/(Fe + Ni).

proposed by Polk [26]. For a model structure of
transition metal—metalloid glasses, Polk suggested
that metalloid elements occupy the interstitial
holes (so-called Bernal holes) in the DRPHS matrix
formed by transition metal elements and the
complete occupancy of the holes occurs at about a
metalloid content of 20 to 25 at %.

As shown in Fig. 6, the effect of replacirig
iron by nickel on the structure of amorphous
(Fe1p0-yNiy)soBao alloys is insignificant, i.e. the
- quantities of r;, ¥ and Vg show alinear dependent
function of nickel concentration and their change
is small compared with the changes as a function
of boron concentration given in Fig. 5. This is
evident from the fact that the size factor difference
between an Fe and an Ni atom is negligibly small,
although some properties such as the Curie tem-
perature and crystallization temperature are
strongly affected by the nickel replacement in
amorphous Fe—Ni—B alloys.

On the basis of the previous experimental results
[11], the first peak in G(r) of Figs.2 and 4 is
interpreted as the superposition of the correlations
of metal-metal and metal—metalloid pairs. But
these correlations are not resolvable in the present
results, because the contribution of metalloids
(boron) to X-ray scattering intensity is small
{about 6% of metal—metalloid pairs) in amorphous
Fe—Ni—B alloys. The estimated numbers of near-
neighbours in amorphous Fe—Ni—B alloys presently
investigated are of the order of about 11.8 £0.3

(see Tables I and II). These values are slightly
smaller than those (r; = 13) obtained in metallic
glasses with phosphorus. This is consistent with the
results of model calculation by the DRPHS model
[19]. More information, however, is required such
as the partial structures of the individual chemical
consistuents for quantitative discussion regarding
the difference in the near-neighbour numbers
between metallic glasses with boron and those
with phosphorus.
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