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Effect of low-temperature annealing and
deformation on the structure of metallic glasses
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The changes in the atomic structure of amorphous Pd—Si and Ni—P alloys due to low-
temperature annealing, cold-rolling and isothermal creep have been studied by the
conventional X-ray diffraction. The present results on the effect of low-temperature
annealing were consistent with those of amorphous Fe,oNiy P 4B alloy studied by
the energy dispersive X-ray diffraction method. In addition, the present results have
indicated that the effect of cold-rolling causes small changes in the structure of
amorphous Pdg,Si,, alloy which are qualitatively different from the structural
relaxation, and the effect of annealing plays a significant contribution in the structural

change during an isothermal creep test.

1. Introduction
As a result of studies on metallic glasses in recent
years, it became clear that many of their physical
properties are often significantly dependent upon
the thermal and mechanical history of the sample.
In particular, the class of metallic glasses obtained
by rapid quenching from the melt show large
changes in mechanical and magnetic properties
when annealed at temperatures sufficiently low as
not to cause crystallization [1]. Many of these
changes are believed to be due to structural
relaxation, similar to those observed in polymeric
glasses [2]. However, since the changes in the
atomic structure are rather small and difficult
to observe, no rteliable structural study of the
relaxation process has been in existence until
quite recently, when the presence of the structural
change was detected [3], and the change was
studied in detail to unravel the mechanism of
structural relaxation [4,5] using the energy-
dispersive X-ray diffraction technique.

In the present paper, we describe the effect
of low-temperature annealing on the structure of
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splat-cooled amorphous PdgeSize and Nig,Pyg.
and electrodeposited amorphous Ng;Pys, to check
the accuracy and the generality of the previous
studies [4, 5], and furthermore we examine the
effects of cold-rolling and isothermal creep on
amorphous PdgeSizg. It has been suggested that
annealing and mechanical deformation would have
opposite effects on the properties of amorphous
alloys [6, 7]. We will examine if this holds true for
the structure as well. The studies were carried out
with the conventional high-accuracy X-ray dif-
fraction unit [8].

2. Experimental details
The amorphous samples of PdgeSize and NigiPyg
were prepared in the shape of ribbons (about
3 mm wide and 0.04 mm thick) by rapid quenching
from the melt. The amorphous samples of Nig; P ;o
sheet (2cm x 3¢m x 0.1 mm) were produced by
electrodeposition onto a copper plate by applying
the previously described method [9]. The sample
composition was determined by chemical analysis.
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The experimental apparatus, as well as the pro-
cedures for handling the X-ray scattering intensity,
the correction of observed intensity data and
their analysis, are essentially identical to the
procedures employed in the previous works on
the structure of metallic glasses [9] and high-
temperature solids [10]. The low-temperature
annealing and the creep test were carried out in
vacuum of 107° Torr by applying a procedure
similar to that of Kimura ez al. {11].

We begin with a brief discussion of the un-
certainty in the present structural data. The
accumulated counts varying from 8 x 10* at
low angles to 2 x 10° at high angles were chosen
to hold the counting statistics approximately
uniform. In addition, the normalization carried
out to estimate the reduced interference function
i(Q) was in error by less than 0.8% on the basis of
the usual Rahman method [12, 13]. Other sources
of systematic error in X-ray diffraction of non-
crystalline systems were identified by following
the detailed discussion of Greenfield er al [13].
Consequently, the total error in the reduced inter-
ference function obtained in this work is estimated
to be 1.8%. We could suggest, however, that the
relative changes, QAi(Q), which are discussed in
this work are in error by less than 0.5%, i.e. the
accuracy of the relative changes is higher than that
of the structure factor itself. The radial distri-
bution function (RDF)G () is calculated from the
structure factor using the following equation:
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Figure 1 Interference function of splat-cooled Pdg,Si,,
amorphous alloy and the change in interference function
caused by low-temperature annealing. '
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Figure 2 Interference function of splat-cooled Ni,, P,
amorphous alloy and the change in interference function
caused by low-temperature annealing together with that
of electrodeposited Ni,, P,, amorphous alloy.

where p(r) is the radial density function and p,
is the average number density. The uncertainties
in the value of G(r) and AG(r) are probably
similar to those of i(Q) and Ai(Q), because it
is confirmed that the computation errors in the
Fourier transformation from i(Q) to G(r) have
been reduced to a minimum by applying common
procedures [14, 15].

3. Results and discussion

3.1. Effects of low-temperature annealing
The interference function Q-i(Q) and the change
due to low-temperature annealing O-Ai(Q) are
shown in Figs. 1 and 2 for splat-cooled PdgoSiyg
and Nig,P3, respectively. The annealing conditions
are 270°C and 30min for PdgeSisg, and 250°C
and 30 min for Nig,P,5. These annealing conditions
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Figure 3 Radial distribution function of a splat-cooled
Pdg, Si,, amorphous alloy and the change in RDF caused
by low-temperature annealing.



TABLE I Density, peak positions in the reduced interference function, Qi(Q), and the radial distribution function,
G(r), and near neighbour numbers, r,, estimated from the area under the first peak of G(r)

Qi) (A7)

Density G(r) (A) n,
(gem™)
1st 2nd Shoulder 1st 2nd Shoulder (atoms)

Pd . Si,, As-quenched 10.62 2.82 4.85 5.62 281  4.69 5.29 11.4

Annealed at 270° C

for 30 min 10.66 2.82 4.83 5.60 2.81 4.68 5.33 11.6

20% cold-rolled

after annealed at

270° C for 30 min 10.63 2.81 4.83 5.61 2.82 467 5.28 11.2

Annealed at 270° C

for 30 min after 20%

cold-rolled 10.67 2.82 4.83 5.62 2.81 4.68 5.32 11.5

Direct cold-rolled

of 35% 10.61 2.80 4.84 5.60 2.82  4.67 5.31 11.1

Crept at 150° C for

600 min under

25kgmm™? 10.64 2.82  4.83 5.60 2.81 467 5.29 114
Ni,, P, As-deposited 7.82 3.06 5.36 6.06 2.56 4.22 4.78 11.3

Annealed at 250° C

for 30 min 7.83 3.06 5.36 6.07 2,56  4.21 4.79 114
Nig, P, As-quenched 7.80 3.07 5.37 6.07 2.54 4.21 4.71 11.1

Annealed at 250° C

for 30 min 7.81 3.06 5.37 6.07 2.55 4.21 4.78 11.3

are known to induce substantial structural relax-
ation, but no crystallization [16, 17]. Fig. 2 also
shows the change in Q-i(Q) of electrodeposited
Nig Pyo caused by annealing at 250° C for 30 min.
The radial distribution function 477 [p(r) — po]
and its change due to annealing, 4ar Ap(r), are
shown in Figs. 3 and 4 for these alloys. The peak
positions of Qi(Q) and G(r), and the density and
co-ordination number are listed in Table I. The
density was measured by the Archimedean method
with toluene.

The results shown here and the previous result
on FesgNigoP14Bg [5] have a striking resemblance
to each other, in spite of the differences in the
alloy composition. The common features are as
follows:

(1) the shape of Qi(Q), and therefore G(r), is
common for all these alloys, with split second
peak in both Qi(Q) and G(r), although there are
quantitative differences primarily due to the
different atomic sizes;

(2) the effect of annealing on Qi(Q) and G(r)
is, in general, to increase the amplitude of the
oscillation, rather than to change the positions of
the peaks;

(3) the shoulder of the 2nd peak of Qi(Q) is
lowered by annealing;

(4) the relative changes in the heights of the
first and second peaks in G(#) are of the order of
2%, but the shoulder of the second peak and the
third, fourth and fifth peaks are increased by more
than 5% by annealing.
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Figure 4 Radial distribution function of splat-cooled
Nig, P, amorphous alloy and the change in RDF caused
by low-temperature annealing together with that of
electrodeposited Ni,, P, amorphous alloy.
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Since the degree of relaxation depends upon
the annealing conditions [5], it is not surprising
that there are small variations among these three
alloys in the magnitude of the change in Qi(Q) or
G(r). However, the striking similarity in the salient
features of the annealing effect clearly indicates
that the conclusions obtained in the previous

work [5] are probably valid for most of the

transition metal—metalloid splat-cooled amorphous

alloys. Namely, the structural relaxation is not just

a densification [18], but involves a substantial

short-range ordering via a highly collective atomic
motion. The observed relaxation seems to be

in a qualitative agreement with recent model

calculations [19, 20], although there are dif-
ferences in details.

For the electrodeposited Nig,Pyg, on the other
hand, the effect of annealing is negligibly small
and within the error of the measurement. This
conclusion is in agreement with the previous study
by Chi and Cargill [21], and indicates that the
electrodeposited alloy is in a more relaxed state as
produced, probably because the process is a very
slow one.
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Figure 5 The change in interference function of splat-
cooled Pd,,Si,, amorphous alloy caused by low-
temperature annealing, cold-rolling and isothermal creep.
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Figure 6 The change in radial distribution function of
splat-cooled Pd,,Si,, amorphous alloy caused by low-
temperature annealing, cold-rolling and isothermal creep.

3.2. Effect of cold-rolling and isothermal
creep

The experimental results for splat-cooled PdgoSize

due to cold-rolling and isothermal creep are

- presented in Figs. 5 and 6 in terms of the relative

changes in Qi(Q) and 4nr p(r), respectively. For
convenience, the profile of the relative change
caused by low-temperature annealing is also shown
in these figures. The notation for these figures is
as follows: g, as-quenched; a, annealed at 270° C
for 30min; ¢, 20% cold-rolled after annealing at
270° C for 30min; c,a, annealed at 270°C for
30min after 20% cold-rolling; dc, direct cold-
rolling by 35% on the sample as-quenched; cr, crept
at 150°C for 600min under 25kgmm™2. For
example, the result labelled A(a — q) corresponds
to the profile of structural relaxation due to low-
temperature annealing. The arrows in these figures
denote the positions of peaks in Qi(Q) and G(r).
In addition, the arrow marked “s” indicates the
position of the second peak shoulder.

The results of B(c, a — ¢) describe the effect of
cold-rolling after annealing, while C(c,a—c)



corresponds to the changes induced by the further
annealing afterwards. Except for five details, the
relation C(c,a—c)>~— B(c —a) appears to hold,
so that D(c, a —a) is almost negligibly small. This
indicates that the deformation-induced changes in
the structure can be recovered by subsequent
annealing, in agreement with the observations
made for other physical properties [6]. By com-
paring B(c —a) and —C(c,a—c), it should be
possible to separate relevant features from the
experimental noise. The most notable feature in
4qr Ap(r) is the peak at around 4 A, which has
not been observed in the original RDF. This
peak may be related to the one which appeared
in the computer calculation by Boudreaux [22].
Furthermore, the split in the second peak becomes
more smeared out. Thus the change induced by
deformation appears to be quite distinct from the
structural relaxation induced by annealing. It
should be kept in mind that the deformation is
usually highly localized around the shear bands,
while the X-ray diffraction probes the entire
volume. Therefore, the structural change within
the shear band should be much greater than
displayed here. At this moment, there is no
structural model which can describe the change
observed here.

The effect of cold-rolling on the as-quenched
sample is given as E(dc —q). There are some
similarities between B and E; E(dc — q) appears to
have a slightly stronger oscillation in 4nrAp(r)

above 5A, which might correspond to the con- -

jecture that the deformation of as-quenched
sample results both in the creation of shear band,
and in the structural relaxation due to the pressure.
However, it may be unwise to carry the discussion
that far, since the experimental uncertainty may
be larger than the difference between B and E. In
any event, the effect of deformation is much
smaller than has been previously reported [23].
The result shown as F(cr —q) is much more
similar to A(a —q) than to B(c —a), indicating
that the structural change during isothermal
creep is primarily due to the annealing, rather than
the mechanical deformation. This suggests that
the earlier stage of the mechanical creep (transient
creep) is controlled by the structural relaxation.
Further discussions of the creep behaviour from
that point of view will be presented elsewhere.
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