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Reversibie structural relaxation of amorphous
Ni70TM5Si1oB15 (TM=V, Cr, Mn, Fe, Co, Ni)

alloys

0. HARUYAMA, N. ASAHI

Department of Physics, Faculty of Science and Technology, Science University of Tokyo,
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The structural relaxation of amorphous Ni;,TMgSi oB,5 (TM =V, Cr, Mn, Fe, Co, Ni) alloy
was investigated by the electrical resistance measurement under isochronal annealing. The
reference Ni;;Si,; B, alloy showed no reversible changes tn electrical resistance. All alloys
other than TM = Ni exhibited a reversible change which is peculiar to the chemical short-
range ordering. Only in TM = Cr alloy was the reversible part predominantly observed after
pre-annealing, and in other alloys the irreversible change was also seen. The degree of
reversible change below 623 K was in the order Fe > V > Cr > Co > Mn. This origin is
discussed on the basis of Ni-TM correlation, which is considered to play an important role in
ordering, and TM-metalioid correlation, which is considered to hinder the formation of an

ordered phase.

1. Introduction

An amorphous phase is thermodynamically in a non-
equilibrium state and transforms into a crystalline
phase on thermal treatments. Below the crystallization
temperature, the structural relaxation is also known to
occur. The structural relaxation is generally classified
into two types [ 1-3]: topologicai short-range ordering
{TSROj), originating from atomic movements accom-
panied by the annihilation of density fluctuation
during heat treatments, and chemical short-range
ordering (CSRO). Although CSRO is qualitatively
considered to occur by atomic rearrangements during
annealing [1], the universal model to explain CSRO
does not seem to be proposed. However, it has been
suggested that CSRO is importantly related to the
correlation between constituent metals in several alloy
systems [1-3]. Therefore, it is necessary to study
the CSRO behaviour for various alloy systems as well
as their mechanisms. In nickel-based amorphous
alloys, the addition of titanium [17], chromium [4],
iron [5, 6], zirconium [7] and palladium [8] to the
nickel matrix has been reported to induce CSRO.
However, there are a few papers which systematically
compare the CSRO behaviour in amorphous
Ni-TM-metalloid alloys. Drittler et al. [9] have re-
cently calculated the solution energy of 3d transition
impurity in a nickel crystal, and showed that their
results are qualitatively coincident with the experi-
mental ones. It is well known that the solution energy
is closely related to the binding energy of the atoms
and this motivated the present work, in which we
studied the structural relaxation in amorphous
Ni,qTM;Si;oB;5 (TM =V, Cr, Mn, Fe, Co, Ni) alloy.
A mutual comparison of CSRO behaviour observed
in the alloys, except TM = Ni, is reported, and the
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difference in the strength between Ni-TM and
metal-metalloid correlations are discussed to explain
the relaxation behaviour in each alloy.

2. Experimental procedure

The amorphous ribbons with  composition
Ni; o TMS1,,B,5s (TM =V, Cr, Mn, Fe, Co, Ni) were
prepared by a melt-spinning method with a single
copper roller in an argon atmosphere. They were
about 20 um thick and 2 mm wide. The X-ray diffrac-
tion patterns of ribbons showed no crystalline peaks.
To study the crystallization behaviour of the sample,
the differential scanning calorimeter (DSC) and elec-
trical resistance measurements were carried out at a
heating rate of 20 K min~*. The structural relaxation
was studied by the change in electrical resistance at
77 K after an isochronal annealing of 10 min. The
conventional d.c. technique was used in electrical
resistance measurement. The isochronal annealing
was accomplished using infrared image furnace in a
helium atmosphere, when the intended annealing tem-
perature was teached at a mean heating rate of
300 Kmin~*.

3. Results and discussion

Fig. 1 shows the DSC thermograms of each alloy to
investigate thermal behaviour near crystallization,
where the crystallization temperature T,, was defined
as a departure from the base line. To minimize the
ambiguity of T,, measurements were repeated three
times and the mean value was adopted as T,. The
changes in electrical resistance, AR/R,,, with isochro-
nal annealing from room temperature are shown in
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Figyre 1 DSC thermograms for amorphous Ni;(TM;Si;,B,;
alloys. Heating rate 20 Kmin !, The crystallization temperature,
T,, was defined as a departure from the base line.

Fig. 2a—{, where R, represents the resistance values
at 77 K in an as-quenched state and AR is defined as
R-R,,. The figures show that the resistance value
decreases with the development of crystallization for
both TM = Ni and Co, and increases, on the contrary,
in other alloys. It is necessary to carry out isochronal
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Figure 2 The changes in electrical resistance with isochronal an-
nealing temperature for Ni,,TMSi; (B, alloys in an as-quenched
state: TM = (a) V, (b) Cr, (c) Mn, (d) Fe, (e) Co and (f) Ni.
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annealing in a relative low temperature region to
check whether or not CSRO takes place [1, 3]. How-
ever, the release of quenched-in stress and the anni-
hilation of free volume (density fluctuation) occur
simultaneously in a similar temperature region. Ac-
cordingly, the sample must be pre-annealed to minim-
ize their effects and to identify CSRO [2, 3]. Taking
account of 7, and Fig. 2, the pre-annealing temper-
ature, T, was determined for each alloy to be about
100 K lower than 7,. Pre-annealing times, f,, from
30-50 min were used in this experiment. T,, T, and ¢,
are summarized in Table 1.

Fig. 3a—f show the changes in electrical resistance,
AR/R,, with isochronal annealing for pre-annealed
samples, where R, represents the resistance value at
77 K just after pre-annealing. Here, the first curve was
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TABLE I The crystallization temperature, T,, pre-annealing tem-
perature, T, and time, ¢, and the total reversible change, f3, of
resistance due to the formation of CSRO.

\% Cr Mn Fe Co Ni
T, (K) 781 775 783 769 718 77
7, (K) 674 668 663 674 673 653
t, (min) 30 50 30 50 30 30

P
B (%) 0.06 — 005 0.005 0.12 —0.025 0

taken in a cooling mode and the second was measured
in a heating mode, and these modes were repeated in
subsequent annealing cycles. For TM = Ni, Fig. 3f,
the resistance decreases with the repetition of an-
nealing cycle. That is, the reversible part of resistance
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Figure 3 The changes in electrical resistance during isochronal annealing cycles for pre-annealed Ni;oTM;Si; (B, 5 alloys. TM = (a) V, (b) Cr,
(c) Mn, (d) Fe, (e) Co and (f) Ni, where (O), ((J) and (A ) represent the first, second and third cooling runs, and (@) and (M) correspond to the

first and second heating runs.
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change, which is peculiar to the formation and de-
composition process of an ordered phase, is not ob-
served in the curves. It may be considered that the
amorphous structure of this alloy was not stabilized
by pre-annealing, so that the free volume continued to
decrease during the annealing cycle. Balanzat et al.
[1] reported that amorphous Feg, 5Si,B;, s and
Pd,3Ge,, alloys show a reversible change in isochro-
nal measurements of electrical resistance. Takahara
et al. [10] have also reported a similar reversible
change in electrical resistance measurements by using
amorphous Fe,¢Si, ;B alloy, and attributed this phe-
nomenon to Fe-Si correlation. Therefore, it is import-
ant that the amorphous Ni,;Si,,B;5 alloy does not
show CSRO, because other alloys are prepared by the
substitution of 5at% TM for nickel and thus the
reversible changes in resistance may be attributed to
CSRO change resuiting from Ni-TM correlation. All
alloys other than TM = Ni show reversible changes
during the isochronal annealing cycles. In the case of
TM = Cr especially, Fig. 3b, the reversible change on
the curves for runs 1 and 2 can be observed to
predominate and the irreversible change becomes sig-
nificantly small. However, alloys other than TM = Cr
also show a shift in the curves, due to irreversible
changes, which is considered to originate from the
lack of stabilization of the sample during pre-an-
nealing. To research and compare the behaviour of
CSRO in these alloys, the total change, B, in electrical
resistance due to the formation of an ordered phase
was estimated using the second cooling curve (third
run curve) within the temperature region below 623 K.
B for each alloy is represented in Table I, where the
plus and minus signs indicate that the electrical resist-
ance increases and decreases, respectively, with the
formation of an ordered phase. Furthermore, the
absolute value, |B], falls in the order Fe >V >
Cr>Co>Mn. In many alloy systems, the
metal-metal correlation has been reported to be im-
portant in understanding CSRO [1, 3]. As there are
few reports concerning the strength of Ni-TM correla-
tion in nickel-based amorphous alloys, we consider it
in crystalline alloys instead. Drittler et al. [9] has
estimated the solution energy, E,, for the various 3d
transition impurities substituted into crystalline nickel
to perform a relative comparison of the Ni-TM cor-
relation. Fig. 4 shows the results obtained by Drittler
et al. [9] together with the experimental [11] and
Miedema’s semi-empirical results [12]. Following
their suggestions, the larger minus value of E, means a
stronger correlation between nickel and the 3d ele-
ment. Fig. 4 shows that |EJ is qualitatively in the
order V> Mn > Fe > Cr > Co. This result is, how-
ever, not in accordance with the order of || mentioned
above. So it is impossible to explain the order of |f|
merely from Ni—TM correlation. It should be noticed
that the 3d element substituted produces a new bond-
ing with metalloid atoms, boron and silicon in this
case. Consider 7, as a measure of bonding strength
between metal and metalloid atoms, because the
stronger covalence between metal and metalloid
atoms should result in a higher crystallization temper-
ature in order to suppress atomic movements. Then
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Figure 4 The solution energy of a 3d element substituted into
crystalline nickel: (O) Drittler [9], (O) Miedema [12], (A) experi-
ment [11].

the bonding strength with metalloid atoms may
be said to give the order Mn > V > Co (~ Ni) >
Cr>Fe, at least as long as Ni;TM;Si,,B,5
alloys are concerned. By comparing the order of T,
and |E,| mentioned above, it may be reasonable to
presume that the higher T, suppresses the appearance
of CSRO, and the larger |E|, on the contrary, pro-
motes CSRO. That is, the TM = Mn alloy has the
second largest |E | of all the alloys, but |B| is the least. It
may be considered that the formation of the nickel and
manganese atom pairs is suppressed by the strong
bonding between the manganese and metalloid atoms.
Although the TM = Fe alloy has a relatively small
|EJ, IB| takes a much larger value. In this alloy, the
formation of nickel and iron atom pairs may be
enhanced by the weaker bonding between ion and
metalloid atoms than that between nickel and metal-
loid atoms. The TM = V alloy has the largest value of
|Ey|. However, this alloy system also has a relatively
high value of 7,. The competition between these two
effects presumably decides || in this alloy. Although
the TM = Cr alloy has a relatively small value of |E|,
the reversible change in electrical resistance clearly
appears. This may be attributed to the much smaller T,
(next to TM = Fe alloy). The TM = Co alloy has a
similar value of T, to TM = Ni alloy and |E,| has the
smallest value of all alloy systems, so that || may have
a much smaller value.

The sign of B varies in alloy systems. This phenom-
enon has also been observed in other alloy systems
[13]. Although there is so far no decisive explanation
of it, the differrence in electrical transport properties in
the alloy system may be suggestive. It has been re-
ported [14] that the electrical transport properties
of amorphous Ni-Si-B alloys changed significantly
on the addition of 3d elements. In amorphous
Ni,oTM;Si; B, 5 alloys, a similar phenomenon may
be expected to occur. Fig. 5 shows the temperature
coefficient of resistance (TCR) at room temperature
for as-quenched and pre-annealed samples. The TCR
was estimated from resistance data measured in the
temperature region from room temperature to 373 K
at a heating rate of 2 Kmin~!. The TCR for as-
quenched samples has a positive value in alloys other



~15
> |
- *
1
S 10 F bt ©
§ I .

5 | o

*]
or @
o)
5 L 1 1 1 L 1

\% Cr Mn 2 Co Ni
Element

Figure 5 The temperature coefficient of resistance, TCR, at room
temperature for (O) as-quenched and (@) pre-annealed
Ni, o TM,Si; (B, 5 alloys: TM =V, Cr, Mn, Fe, Co and Ni,

than TM = Cr. This agrees with the results reported
by Park and Sostarich [14]. After pre-annealing, the
behaviour of TCR is classified into two groups: one
group, to which TM = Fe, Co and Ni belong, repre-
sents a smaller value of TCR than that for an as-
quenched sample; the other group shows, on the
contrary, a larger TCR than that for the as-quenched
sample. This may suggest different electrical transport
properties in the two groups. However, as the alloys in
the same group show dissimilar signs of B, further
measurements of electriccal transport properties will
be required to elucidate the behaviour of p in amorph-
ous Ni,,TM,Si,,B, s alloys.

4. Conclusion

The  reversible  relaxation in  amorphous
Ni,;(TM;Si,,B;5 (TM =V, Cr, Mn, Fe, Co, Ni) alloys
was examined by electrical resistance measurements.
Alloys other than TM = Ni showed a reversible

change in electrical resistance during isochronal an-
nealing. However, in alloys other than TM = Cr, an
additional irreversible change was also observed.
The reversible change was large, in the order
Fe > V > Cr > Co > Mn. This origin was qualitat-
ively interpreted by the competition of metal-metal
and metal-metalloid correlations in alloy systems.
The strength of metal-metal correlation was estimated
[9] by considering the solution energy of crystalline
nickel containing transition metal impurities. The
metal-metalloid correlations were predicted from the
crystallization temperature in the amorphous alloys.
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