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The crystallization in amorphous Fe,,Ni, B, alloy has been studied by electrical resistivity
measurement. It shows a three stage compared to the more conventional two-stage
crystallization behaviour in many metallic glasses. The Johnson—Mehi-Avrami equation was
found to be operative only for 40% transformed crystallized volume for the highest measured
isotherm (740 K). The Avrami exponent and activation energy were found to be 1.75 and
53 kcal mol 7, respectively. The low activation energy in the amorphous alloy has been

explained by the structural relaxation model.

1. Introduction

Metallic glasses based on transition metals are soft
magnetic materials and are extensively used in the
electronic and power industries [1]. The metastable
nature of the different phases, however, makes them
unsuitable for use in the industry in its as-quenched
state. Consequently, the manner in which these phases
proceed towards equilibrium is not only of funda-
mental interest but of technical importance as well.

Amongst the transition metal-based metallic
glasses, Fe-Ni—M (where M is the metalloid) mater-
ials are the most extensively studied system because of
their interesting magnetic properties coupled with
high strength and good corrosion resistance [2-4].
Fe,,Ni,oB,, is a simple ternary system whose thermal
behaviour has been reported by several researchers
employing techniques such as calorimetry, dilato-
metry, magnetometry, resistometry [ 5—-9]. Differential
scanning calorimetry (DSC), however, is used widely
for studying crystallization behaviour.

In the present work the thermal behaviour of
amorphous Fe,(Ni, B, alloy has been studied using
electrical resistivity measurements. The crystallization
and Curie temperatures have also been determined by
DSC and magnetization studies.

2. Experimental procedure

The metallic glass studied here, prepared by the melt
spinning technique, had a nominal composition
Fe, oNiyoB,o. The electrical resistivity measurements
were made by a d.c. four-probe method using an
infrared gold image furnace (TER-2000, Ulvac/

Sinku-Rico, Japan) where the temperature could be

varied from 300-1400 K. A 1 mA current was passed
through the sample during the measurement. Typical
dimensions of the sample were 3 cm x 0.2 cm x 30 pum.
During isothermal measurements, the sample was
kept at the desired temperature for sufficient time for
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the resistivity to become constant. The calorimetric
study was carried out using a Perkin-Elmer DSC-7
calorimeter. Magnetization was measured using a
vibrating sample magnetometer at a residual magnetic
field strength of 3.5 kA m ™1, The X-ray diffractograms
of the alloys heat-treated at different temperatures for
30 min were taken using a Siemens-D500 diffractometer
using Cr K, radiation. The microstructure of the
sample annealed at 630 K for 20 min was studied by
electron microscopy (Philips EM-400). A circular spe-
cimen, 3 mm diameter, was punched out and electroly-
tically thinned and polished in a mixture of 90% acetic
acid and 10% percholoric acid using a twin-jet Struers
tenupole — 2.

3. Results and discussion

The temperature variation of normalized resistivity
(P1/pago) measured at a heating rate of 5 Kmin™1, is
shown in Fig. 1. The resistivity increases with temper-
ature up to 470 K with the temperature coefficient of
resistivity (TCR = (1/p;9oXdp/dT)) 1.934 x 107+ K 2.
From 470 K onwards, the value of TCR begins to
change. A small decrease in resistivity is observed at
600 K which is shown much more prominently in
Fig. 1b. Resistivity drops sharply at 730 K showing
the onset of primary crystallization. Another drop in
resistivity is observed at 8§70 K which corresponds to
the crystallization of secondary phases. The DSC
study of the same sample showed similar different
transitions (Fig. 2). Two sharp exothermic peaks at
766 K and 845 K and a broad exothermic maximum
in the temperature range 500-660 K were observed.
This broad maximum may be attributed to the super-
position of two transitions which are observed
at 470 and 600 K in the resistivity measurement.
Fe,oNiyoB,, is a ferromagnetic material at room
temperature. The Curie temperature of this alloy is
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e ° produced during preparation, or due to the formation
< 1,045 ° o® ] of small crystalline particles. To obtain some idea of
~ ) o o the different crystallized phases, X-ray diffractograms
~ L were taken for the samples annealed for 30 min at
- o different temperatures close to different transition
° points. Fig. 4 shows the diffractograms for samples
1.040 + .0 — annealed for 30 min at 630, 730, 920 and 1070 K. It is
revealed that the transition which occurs at 730 K in
¢ the resistivity (or 766 K in DSC) measurements corres-
a | \ ponds to the crystallization of v-(FeNi) phase. The
transition corresponds to 870 K in the resistivity (or .
4(:)0 350 7 1K) 650 750 845 K in DSC) measurements and is related to the

478 K, as determined from magnetization measure-
ment (Fig. 3). Hence, the transition which is observed
at 470 K in the resistivity measurements is related to
the ferro to paramagnetic transition. The other three
transitions at 600, 730 and 870 K observed from the
resistivity measurements are related to the crystalliza-
tion ‘of Fe,oNi,oB,, alloy. These three stages of crys-
tallization are unusual and so far only a two-stage
crystallization behaviour has been reported for the
amorphous alloys [10] where the primary crystalhza-
tion is related to the crystalhzatlon of transition
metal-rich phases, and other crystallization involves
the crystallization of the metalloid-enriched phases
through the eutectoid reaction. The cause of the new
transition which is observed at 600 K during the
resistivity measurements is not completely known.
This transition may be attributed to the atomic re-
arrangement durmg the relaxation of internal stress
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crystallization of (FeNi);B and Fe, ;Ni, g 5B phases.
These phases observed after crystallization are in
agreement with previously reported results [11]. An
X-ray diffractogram of the sample annealed at 630 K
shows a broad maximum in the region where the most
intense peaks of the crystallized sample appear. This
broad maximum is neither characteristic of amorph-
ous alloy nor of the crystalline state. The micro-
structure of the sample annealed at 630 K for 20 min

~ was studied by TEM: small grains, of the order of

100 nm in size, were seen (Fig. 5). Fig. 5b shows the
selected-area diffraction pattern, the diffused diffrac-
tion rings indicating the existence of small crystalline

_ particles in the system. Therefore, it can be concluded

from X-ray and TEM studies that the transition at
600 K in the resistivity measurements is probably due
to the formation of small crystallites of transition
metal-based phases which are fully crystallized at
hlgher temperatures.

The crystallization kinetics of y (FeNi) phase have
also been studied from the resistivity measurements.
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Figure 3 Variation of normalized magnetization, M1/M 90, With
temperature, T, to determine the ferromagnetic Curie temperature.

The crystallized volume fraction, X,, at a time, ¢,
during isothermal heating is determined from

Po — P

X, =
0o — Py

)

where p, and p, are, respéctive]y, the resistivity at
t =0 and at a time, ¢, after the attainment of the

desired temperature. p, is the constant value of the
resistivity after holding the sample at that temperature
for a sufficiently long time. The volume fraction trans-
formed at three different isothermal heating temper-
atures (700, 720, 740K) is plotted in Fig. 6. The
kinetics of the transformation have been analysed in
terms of the well-known Johnson—Mehl-Avrami
equation [12]

X, = 1 — exp(~ bt") )

which can be rearranged as

log[ —log(l — X,)] = log(h/2.303) + nlogt (3)
where b is a rate constant and n is the Avrami
exponent. Different n values give different types of
nucleation and growth mechanisms of the trans-
formed region; for example, n = 4 gives a constant
nucleation rate with three- d1mens10nal growth, n=3
gives three-dimensional growth with zero nucleation
rate, and n =2 corresponds to two-dimensional
growth of disc- shaped quenched-in nuclel with zero.
nucleation rate [13]. The Avrami exponent was
obtained \by plottmg log[ — log(1 — X,)] against
log(t — t,) as shown in Fig. 7 where to is the incuba-

- tion period. Approximately parallel straight lines with

slope n = 1.75 were obtained for X, < 40% 1ndlcat1ng
that two-dimensional growth takes place during crys-
tallization of (FCNI) phase. The deviation from
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Figure 4 X-ray diffractograms of samples annealed at different temperatures for 30 min.

linearity for higher isotherms is probably due to the
grain growth of the crystallites already present be-
coming significant, and a different mechanism is prob-
ably operative. The activation energy for the primary
crystallization corresponding to only 25% trans-
formation of the volume to crystallization is estimated
using an Arrhenius type of equation
to.as = Aexp(— E,/kT) “)
where A is a constant, k is the Boltzmann constant and
E, is the activation energy. The plot ¢, ,s against 1/T
shows a straight line which gives an activation energy
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of 53 kcalmol ~! (Fig. 8). This is of the same order as
determined by other methods (77 kcalmol™") [11].
The observed values of the activation energies of
metallic glasses can be explained by the structural
relaxation model, where the crystallization process is
assumed to occur by a coordinated motion of all
atomic species rather than the diffusion of a single
species [14]. For this reason, it is very difficult to
obtain a controlled amount of crystallization in
amorphous alloys. Calculation based on the above
model shows that the activation energy ranges from
20 kcal mol ™! for unstable glasses to 100 kcalmol ~*
or more for stable glasses. The measured activation



Figure 5 {a) Transmission electron micrograph of the sample annealed at 630 K for 20 min. (b) Selected-area diffraction pattern of the same

region.
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Figure 7 Johnson—Mehl-Avrami plot.

energy of Fe,(Ni, B, alloy indicates that the crystal-
lization occurs by the co-ordinated motion of different
atom species.
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Figure 8 Plot of the time for 25% transformation of crystallized
volume at different isotherms, against 1/7T. E, = 53 kcalmol ~!.

4. Conclusion

The electrical resistivity measurement coupled with
the DSC studies have shown that the Fe,,Ni,,B,,
alloy crystallizes in three different stages. Resistivity
and DSC measurement together with an X-ray
study show that the transition at 600 K is due to the
formation of small crystallites of y-(FeNi) phase.
Primary crystallization involving the crystallization of
v-(FeNi) phase occurs around 730 K. Crystallization
of the metalloid-rich phases, namely (FeNi);B and
Fe, sNi; ¢ 5B, takes place at about 840-870 K. The
crystallization kinetics of primary crystallization
(crystallization of y-(Fe—Ni) phase) is well fitted by the
Johnson—-Mehl-Avrami equation for X < 40% with
an Avrami exponent n= 175, and an activation
energy E, = 53kcalmol ™. These results are of the
same order as those obtained from the DSC
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measurement by other researchers (n = 2.02 and E,
= 77kcalmol ™) [11]. The low value of the activa-
tion energy observed in the present study, as is usually
observed for most of the metallic glasses, can be
explained by the structural relaxation model.
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