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QUENCHED-IN RESISTIVITY IN RELATION TO ATOMIC MOVEMENTS IN AMORPHOUS

Fe40Ni40P14B6 AND CuSOTiSO

E. Balanzat, C. Mairy and J. Hillairet

Centre d'Etudes Nucléaires de Grenoble, Département de Recherche Fondamentale, Section de
Physique du Solide, 85 X — 38041 Grenoble Cédex, France,

A reversible process has been evidenced recent-—
1y with the help of electrical resistivity studies
conducted in an amorphous FeAONiQOP]ABG alloy cycled
thermally at subcrystallization temperatures in the
range 220°C to 380°C (Balanzat 1980). The present
paper is intended at a presentation of the detailed
features of the relevant resistivity variations as
measured at liquid helium temperatures, after re-
peated heating and quench cycles. The Metglas alloy
under consideration was chosen despite its complex
chemical composition partly for experimental conve-
nience and also because the annealing behaviour of
its magnetic properties has been the object of ex-
tensive studies in the last few years. In particu-
lar, Hall resistivity measurements and magnetic ani-
sotropy experiments have shown a similarly reversi-
ble effect to occur for both the Curie temperature
and the field induced magnetic anisotropy in a se-
ries of FeNi base alloys of the same Metglas type
(Egami 1978, Malmhdll 1979, Chambron 1980 a,b).

The presence of compositional short range order
(CSRO) and its evolution with anneal temperature in
terms of the pair ordering of the transition metal
atoms have been postulated to explain the magnetic
behaviour and the resistdmetric results as well.
This assignment will be discussed together with the
influence of topological short range order (TSRO).
The possible role of the metalloid elements will be
considered also. On the other hand, preliminary re-

cbtained in a Cu..Ti__ alloy are given : they
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are part of a more general investigation into the

sults

properties of atomic ordering in metal-metal alloys.

Experimental

Ribbon samples 50 ym x 2 mm x 2 cm of amorphous
F840N140P16B6 (Allied Chemical Metglas alloy 2826)

obtained by melt spinning were studied. Specimens

for resistivity testing were made by spot welding
two wire leads 2 cm apart from each other. A d.c.
current was used to monitor the resistance changes.
All measurements were carried out at 4.2 K. For the
thermal treatments, the specimens were put in a
cryostat surmounted with a furnace which was basi-
cally a heated block of aluminium with a slot. All
the temperature cycles were conducted in the vapors
emanating from a liquid helium bath under normal
pressure. These cycles consisted of a 10 min. ameal
at the selected temperature followed by a quench.
Nuenching was by lowering the specimen holder rapi-
dly from the slot down into the cold gas. Initial
cooling rates were about 500°C x sec_]. Some tests

were also conducted on melt-spun Cu samples.
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Results

The specimens were first given a preanneal
treatment for 30 min. at 320°C, that is about sixty
degrees below crystallization. Fig. 1 shows the ty-
pical resistivity variations observed as a function
of quenching temperature, for repeated quenches.
Nuench temperatures were varied sequentially from
320°C down to 135°C and back. In these conditions
the data points lie on a straight line down to a-
bout 200°C. Below this temperature, a plateau oc~
curs. The most striking feature of the results is
that the data points for both up and down runs are,
within experimental error, located on the same cur-
ve, which denotes a reversible effect. This suggests
that an “equilibrium'" was achieved in the time sca-

le of the thermal cycles.

Complementary information was obtained by iso-
chronal anneals after quenching. Fig. 2 shows the
corresponding evolution spectras for the quenched-
in resistivity. The observed features are the same

whatever the quench temperature, 250°C or 320°C ;
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the major result is that above a certain temperature
the resistivity increases, that is tends towards the
"equilibrium” value. The relevant kinetic parameters
have been analyzed in some detail with the help of

isothermal amnneals. The results indicate that the

1005,

004 _

arb un)

Q1003 _

WOO2- FeaoNiuoPwuBs

O0I

mo S 1 1
50 I50

- 1 - -
250
TCC)
Fig. | - Quenched-in resistivity in FeAONiAOPIAB6
preannealed at 320°C.
. o : first run, aﬁ decreasing temperatures

2. o second run, at increasing temperatures

3 em(ecy”!

The slope of the straight line is 5.6x10

r-- “t Tt 1 Tt

Fe4°N|40 P|486

4

Lo o

8
o_
e
\.

N

3
i
Fooy
|
-

—_ R — 1

150 250
T¢C)

[0}

50

Fig. 2 - Isochronal resistivity curves in FeaoNiAO
P14B6 for annealing sequences after quenching from

250°C (a) and 320°C (e).

evolution rate can be parametrized by two variables,
the mean ordering rate and the ordering rate distri-
bution width. The mean rate is well described by a
Boltzmann expression, with a preexponential factor
of lO]&il -1 and an activation energy of 1.6%0.1

sec
eV (Balanzat 1980).

A different series of experiments has been per-
formed in as-&eceived specimens to check whether
such effects occur after the initial quench from the
melt. Fig. 3a indicates unambiguously that the re-

sistivity spectrum during the first heating sequen-

ce from ambiant temperature up to crystallization is
quite similar to those described above, with a pro-
nounced maximum around 200°C. However the equilibrium
line although its slope is unchanged, within experi-
mental error, is progressively shifted downwards for
anneal temperatures up to 350°C, then upwards until
the vicinity of the crystallization temperature. Fi-
nally, the slope of the equilibrium line is signifi-
cantly altered only at the start of crystallization
and it falls to zero when crystallization is comple-
ted. The non-reversible resistivity decrease is plau-
sibly assigned to structural relaxation while the

sharp increase followed by a downturn at 380°C are

C 004
002 | .
3 7N
- - V4 \ . 4
o I'OOO et —e—9 —o/. A\%’ °\A -
o AN A\A Q“‘\;’
\'_— - ’// \\A\ | "\)!| l
& 0998~ N
~ \A" |
0,996
(O790), e oo ]
0,994 1

0 100 200

108 T T T T
~ -
Fé4OPG4OF%4E36

102+ / / .

e // |
|,O(4%_A*l ; .

OO0 200 300 400 500

(b) T(C)

Fig. 3 - (a) Isochronal resistivity curve for a

Fe4ON140P1486 specimen in the as-received condition.
The isochronal anneal sequence at increasing tempe-
ratures was periodically stopped to examine whether
reversibility was still present and to measure its
specific contribution. The dashed line is just'to
recall and locate the evolution spectrum found in a
preannealed specimen, Fig. 2.

(b) resistivity values as measured at the anneal

temperature in a fresh specimen.



associated with incipient crystallization (Marcus
1979) and the steep descent is a reflection of the
further progress of crystallization. Fig. 3b indi-
cates the corresponding resistivity variations mea-
sured directly at the anneal temperature. It is in-
teresting to mention that structural relaxation has
been observed recently in the same alloy by Egami
(1978) with use of energy dispersive X-ray diffrac-~
tion. It is to be noted that the X-ray detect main-
ly the position of the metal atoms, not the metal-
loids, and that they do not discriminate between

Fe and Ni.

The same experimental procedure was applied

to a Cu in the melt-spun condition. Fig. 4
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offers clear evidence of an idendical behaviour as
described for the Metglas alloy. Netailed description
of the quench and anneal curves is superfluous,
since all features correspond point to point to the

ones in Fe

404071486
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Fig. 4 - Evolution spectra for the quenched-in re-
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sistivity in a Cu specimen : (0) on heating

50T s0
from the as-received condition, (+) after a prean-—

neal treatment at 321°C followed by a quench.

Discussion

I ~ Separation between reversible and non-reversible
quenched-in resistivities and assignment to CSRO

and TSRO.

The resistivity results are quite informati-~
ve about the atomic rearrangements which occur du-
ring thermal treatments and their relation to topolo-
gical and/or compositional SRC. Consideration of the

following experimental facts is used as a guide :

C8-873

i) the isochronal value of the quenched~in electri-
cal resistivity is not a monotonic function of an-
nealing temperature (fig. 2). It is difficult to
explain this feature in terms of TSRO only, since
this would imply that the resistivity does not vary

monotenically with structural relaxation.

ii) in fact, during the first heating sequence of
specimens in the as-received condition, the isochro-
nal recovery spectrum appears to result from the
superimposition of two contributions, non-reversible
and reversible (fig. 3,4). The latter is presumably

associated with some type of CSRO.

iii) after a preannealing treatment at elevated but
suberystallization temperatures to achieve structu-
ral relaxation, only reversible effects are still

occuring on thermal cycling, between 220°C and the

preanneal temperature (fig. 1).

iv) interestingly enough, the temperature dependen-
ce of this reversible resistivity variation is,
within the range studied up to 370°C, insensitive
to the specimen history (fig. 3). This situation
holds until a few degrees below the crystallization
temperature. Thus it can be concluded that the cor-~
responding short range ordering process is not depen-—

dent upon structural relaxation, that is upon TSRO.

These observations, together with the kinetic
study which is discussed below, lead to the impor-
tance conclusion that the reversible effect detected
is due to CSRO. Along this line, the evolution pat-
tern for the residual resistivity is satisfactorily
accounted for by the following scheme : in the as—
received condition, the amorphous alloy is strongly
disordered and ordering is expected but it is de-
layed until 130°C, when the atomic mobility starts
being significant. Resistivity increases as a re-
sult of the increasing degree of order. The kinetics
of this evolution is controlled by atomic motion.
Above 220°C, the ordering rate is sufficiently fast
for the equilibrium state of order to be completed
during the anneal. In this region up to the crystal-
lization temperature both the CSRO and the associa-
ted resistivity vary reproducibly. The higher the
temperature, the lower the degree of order and
hence, the smaller the resistivity. Incidently it
is to be noted that, in crystalline alloys, the re-

sistivity effect associated with disordering is
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generally an increase, but effects of the opposite
sign have been reported also on the basis of both
theoretical and experimental considerations (Schul-
ze 1972, Rossiter 1979). To our knowlegde, no in-—
formation exists in the open literature about this

feature in amorphous alloys.

A further step in the understanding of the or-
dering process at an atomic level is the identifi-
cation of the atom species involved in ordering.

This point is discussed in the next section.

2 - Identification of the defect species involved

in CSRO.

Interestingly, the measured preexponential fac—
tor and activation energy match to a first approxi-
mation those reported for the induced magnetic ani-
sotropy in the same Metglas alloy (Chambron 1980.4).
a result in agreement with the idea of a common un-
derlying physical mechanism. We are inclined to
think that both reversible effects, resistometric
and magnetic, are linked to the motion of the metal
atoms, althoughno straightforward argument exists at
the moment. This problem has been discussed in some
detail elsewhere (Chambron 1980a). It is recalled
that Egami (1979) argued that the Curie temperature
in the Metglas is determined primarily by the dis-
tribution of the Fe atoms to explain its reversibi-
lity on thermal cycling in terms of the local redis-—
tribution of the metal atoms. The analogy observed
in the present work in the respective resistometric
behaviour of a Metglas alloy and a metal-metal al-
loy also suggests that the relevant atomic rearran-—
gements in the latter deal with pair ordering of the
metal atoms, rather than with a redistribution of

the metalloids.

As for the CuTi amorphous alloy studies, lit-
tle doubt is left about the assignment of the re-
versible resistivity effect to compositional short
range ordering. In particular, recent work based
on neutron diffraction measurement of the structure
factor of a Cu66Ti34 metallic glass has brought to
evidence the existence of an intense 'prepeak’
which has been associated with short range chemical
ordering between copper and titanium atoms (Sakata
1979). More precisely, the value of the order para-
meter observedis found to be negative, in Cu66Ti34

and Cu as well, which indicates a preference
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for unlike neighbours. In addition, the degree of

CSRO after the quench from the melt appears to lie

far from its theoretical maximum (Sakata, Cowlam and
Davies, this Conf.). This means that more ordering
is expected to occur on further annealing as soon
as the atomic mobility becomes high enough. This
brings further support to our interpretation of the
resistivity stage in CuSOTiSO in terms of chemical
ordering. We hope to be able to make a detailed
study of the relevant kinetic parameters and derive
information about atom jump frequencies in this and

other metal-metal alloys, in the near future.

Summary

We have used the resistivity quench method to
study the changes in the atomic short range order
upon annealing at subcrystallization temperatures.
This method offers good accuracy and extended appli-
cability to a variety of metallic glasses. A rever-
sible thermally activated process is shown to occur
in the alloys studied, FeAONiAOP14B6 and CuSOTiSO.
This is a reflection of a short range ordering pro-
cess involving the component metal atoms. Further
research is intended at the investigation of the
nature and properties of the structural defects
which are responsible for the corresponding atomic

rearrangements.
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