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Abstract: Crystallization kinetics and phase transformation of bulk FegsCo7Zr¢Nd3Byg metallic glass were studied by X-

ray diffractometry (XRD), differential scanning calorimetry ( DSC) and transmission electron microscopy (TEM). Based

on the Kissinger analyses, the activation energies for the nucleation and growth during the first, second and third crystal

lizatiorr stages of the metallic glass are determined to be 294, 475 and 365 kJ/ mol, respectively, and the activation energy

for the glass transition is determined to be 1 242 kJ/ mol. The Johnsonr M ehF Avrami (JM A) analysis under the isothermal

condition reveals that the crystallization process is a three-dimensional controlled growth of nuclei at a constant nucleation

rate. The crystalline grains are in the size of less than 50 nm after the selected annealing treatments. In the completely

crystallized state, the alloy exhibits the maximum coercivity (H ) of 34. 8 kA/m and corresponding energy product of 11

kJ/ m>.
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1 INTRODUCTION

Since the first synthesis of an amorphous alloys
in an AuSi system by melt-spun technique in
1960'"Y, a great number of amorphous alloys have
been synthesized in the last four decades. Metallic
glasses are considered as a more and more attractive
area owing to their promising mechanical and/or
functional properties. Among these alloys, Fe-based
metallic glasses have been particularly investigated
due to their excellent corrosion resistance and good
soft magnetic properties (high saturation magnetiza-
tion, low coercivity and maximum permeability).
Some Fe-based amorphous alloy systems with ferro-
magnetism at room temperature have been found.
Bulk Fe-based metallic glasses[2_4], such as Fe (Al,
Ga)-(P, C, B, Si)[>® Fe (Mo, Co, Ga)-(P, C, B,
S)!7¥  Fe(Co, Ni)-M-B (M= Zr, Hf, Nb, Ta,
Mo, W)I*' and FeNrP-B!'" " were synthesized
in the recent years. Fe-based metallic glasses contain-
ing rare earth elements ( RE) have appeared to be a
new type of ferromagnetic amorphous materials with
unique magnetic properties. The current type of bulk
ferromagnetic metallic glasses of Fe Co-Ln-B!' '
with a wide supercooled liquid region before crystal-
lization and soft magnetic properties have been pre-
pared. However, there has not been reported on syn-

thesizing this type of bulk metallic glass with the co-
existence of early transition metal like Zr. The au-
thors have investigated the glassforming ability,
thermal stability and magnetic properties of Fe Co-Zr-
NdB'"! alloys, and successfully produced bulk Feg
Co7Zr¢Nd3Byy metallic glasses with a diameter of
Imm by the method of copper mould casting. In the
present paper, the kinetics of crystallization, the
phase transformation and the changes of magnetic
properties are reported.

2 EXPERIMENTAL

The master alloy ingots were prepared in the
nominal composition of Fegs Co7ZrsNdsByg (all alloy
compositions are given in nominal atomic percents) by
arc melting the mixtures of Fe( mass fraction) 99. 9%
with low C, C0 99.9%, Zr 99.9% , Nd 99. 9% and
B 99. 5% under argon atmosphere. The bulk glassy
samples in the shape of rod with a diameter of Imm
and length of 3-5 em were produced by copper mould
injection casting under argon atmosphere. The struc
tures of the samples were examined by XRD and
TEM. Thermal stability was measured by DSC under
argon atmosphere at heating rate of 0. 67 K/s. The
saturation magnetization was measured with VSM
under a maximum applied magnetic field of 800 kA/
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m at room temperature. The coercive force was mea
sured with a J-H loop tracer. The samples for TEM
were prepared by the ion thinning technique. Phase
transformations in as solidified rod samples were stud-
ied by DSC at different heating rates ranging from 0.
17 to 1. 33 K/s and isothermal calorimetry. During
isothermal scanning the samples were heated to the
testing temperatures at heating rate of 1. 67 K/s.
The isothermal annealing of the samples encapsulated
in quartz tubes was carried out in a vacuum of 3 X
107’ Pa. The annealing temperature was maintained

with a precision of *1 K.
3 RESULTS AND ANALYSIS

3.1 Crystallization process and structures

Fig. 1 shows the DSC pattern of the as solidified
sample taken at a heating rate of 0. 67 K/s. The dis-
tinct exothermic peaks caused by crystallization at
three wellseparated steps can be observed for the se-
lected bulk metallic glass. The bulk metallic glasses
exhibit T, at 844 K and T, at 911 K, where T, and
T, are glass transition temperature and crystallization
temperature, respectively, thus resulting the values
of Ty reaching 67 K. The as solidified samples were
then studied by DSC with different heating rates and
annealed at different temperatures corresponding to
the exothermal heat effects observed. Fig. 2 shows
the XRD patterns of the samples in assolidified and
other different isothermal annealing states. Fig. 2( a)
shows a broad halo peak in the vicinity of 20= 44°,
which indicates the formation of a single Fe-based
glassy phase in assolidified ribbon samples. Fig. 2
(b), (¢), (d) and (e) show the XRD patterns of the
metallic glasses after isothermal annealing at 877 K
for 1 200 s, 925 K for 360 s, 1 000 K for 360 s and
1 150 K for 360 s, respectively . Fig.2(b) reveals
only a weak crystalline transformation at the mid
T , occurring unappreciably in amorphous matrix even
if the annealing time is much longer than that of the
samples annealed at the temperatures of the ends of
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Fig. 1 DSC pattern of bulk FessCo7ZrsNd3Bag
glassy alloy
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Fig. 2 XRD patterns of bulk Fe64CO7ZI“6N d3Bzo
alloy with different isothermal anaealing states
(a) —Assolidified;

(b) —Annealing at 877 K for 1 200 s;

(¢) —Annealing at 925 K for 360 s;

(d) —Annealing at 1 000 K for 360 s;
(e) —Annealing at 1 150 K for 360 s

the first, second, and final exothermic effects, of
which crystallization can be observed obviously. The
crystallization from the supercooled liquid of the
glassy alloys occurred through three stages as follows:
Am = Am’ + NdFexnBs+ FesB+ FesZr+ B;Cops
Am”+ Fe + NdFeyBs+ FesB+ FesZr+ ByCos
~ «Fe + NdyFeisB+ Fe:B+ FeyZr+ ZrB,, which
correspond to the fully crystalline structures after
isothermal annealing identified in Fig. 2(¢), (d) and
(e), respectively. Fig. 3 shows the microstructure of
the bulk Fess Co7ZrsNd3Byy metallic glasses after
isothermal annealing at 1 150 K for 360 s. The aver-
age grain size is less than 50 nm for all the oFe,
NdyFesB, FeB, FexZr and ZrB, phases. The insert
part in Fig. 3(a) is a selected area electron diffraction

(SAED).

3.2 Kinetic studies of crystallization
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Fig. 3 Microstructures of bulk FessCo7ZrsNd3Byg glassy alloy completely annealing at 1 150 K for 360 s
(a) —TEM bright-field image and SAED; (b) —Dark-field image

3.2.1 Kissinger analyses of DSC patterns
DSC patterns taken at different heating rates
were used for Kissinger analysis to determine the acti
vation energy ( E..) of the nucleation and the growth
of the primary phase!'"® in the bulk metallic glass.
The method is based on the fact that the observed
temperature of a peak depends on the scan rate, S=
dT/dt, of the experiment and the assumption that
crystallized fraction (x.) of the amorphous phase
transf ormed at the peak temperature is independent
o S. The peak temperatures, T,, shift towards
high values with increasing scanning rates. Such
shif ts of peak temperatures corresponding to def inite
fraction (x.) of the Feca=Co7Zr ¢ Nd 3B 9 amorp hous
phase transf ormed can be seen in Fig. 4(a). The
Euo and x. are related by
dx./dt= ko(1- x.)exp (- Euw/RT) (1)
where ko is pre-exponetial f actor in the Arrhenious
equation. Based on the fact that the derivative dx/
dt attains @ maximum value at T, the Kissinger
expression relates T, to S
In(SIT;)= = Ew(RT,)+ In(RkoEw)  (2)
The plots of [In(S /Tﬁ)] versus (1/T,) are
shown in Fig. 4(b). The linear regressions of Eqn.
(2) for Tp1, T,2 and T3 of the first, second and
third extherms are well fit for linearity. Although the
method was originally derived to analyze the peak
temperature, it can also be applied to T,, which is
validated by the high linearity of the regression fit of
Eqn. (2). The reason perhaps is that T, is defined to
be the temperature at which the transform ation from
glassy to supercooled liquid state is half complete.
The activation energies, Eaupt, Eaap2, Eaaps and
E g for Ty, T2, T p3and T, can be obtained easily

from the slopes of the regressive plots, which are
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Fig. 4 Constant heating rate DSC scan results
for bulk FessCo7ZrsNd3Byg glassy alloy
(a) —DSC patterns taken at four different heating rates;
(b) —Kissinger plots for glass transition
and three exotherm peaks
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294, 475, 365 and 1 242 kJ/ mol, respectively. The
completion of the transition from the glass to the su-
percooled liquid state needs much larger activation en-
ergy than that of the succedent crystallization.

3.2.2 Kinetic analyses of crystallization

Fig. 5(a) shows the heat flow h(t, T ) measured
by isothermal DSC the bulk Fegs

Co7Zr¢Nd3Byg glass at different annealing tempera

scans for

tures ( T',) in the supercooled liquid region prior to
the crystallization. The initiative times for the crys
tallization were reduced to the same by excluding the
relative incubation times for the convenience of kinet-
ic parameter calculation. Assuming that the integrat-
ed enthalpy is proportional to the crystallized frac-
tion, x.(t, T), the x.(t, T) after a time ¢ at the
constant temperature ( 7' ) can be expressed as

!lh(t, T)de

xe(t, T) = "poo (3)
L h(t, T)dt
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Fig. 5 Isothermal DSC data of bulk
FegaCo7Z16Nd3Byg glassy alloy
(a) —Isothermal calorimetry taken at three
different temperatures (incubation period is excluded) and
fractions transformed,;

(b) —Avrami plots for 0. 1 <x .<0.9

The xc(t, T) plot (the dashed lines) takes the
shape of the customary sigmoidal shape.

Then the crystallization kinetics was studied in
terms of the theory of JMA analysis''” **). The JMA
equation is written as

xe(t, T)=1-exp(- b(t—= T)") (4)

where b is a constant, Tis the incubation time, and
n is the Avrami exponent. By logarithm conversion,
Eqgn. (4) can be also written as

In(- In(1- x.))= Inb+ nln(t- T) (5)

Fig. 5(b) shows the plot of Eqn. (5) for the pre-
sent bulk metallic glass, which is a linear regression
with a correlation coefficient better than 0. 996 for 0.
1 <x,K0.9. The slopes of the regressive fits ( n) are
2.7, 2.5 and 2. 4 at 860, 865 and 875 K, respec
tively, with an average value of 2. 5, which corre-
sponds to the three dimensional diffusion-controlled
growth of nuclei at a constant nucleation ratel 2!,

The incubation time and crystallizing transition

time fit in with Arrhenious behavior, which are

T= Toexp( EV RT) (6)
t— T= toexp( E/ RT) (7)
where Etand E, are the apparent energy for reach-

ing steady state nucleation rate and the activation en-
ergy, respectively. For the overall crystallization pro-
cess, Topand tg are constants. By the Arrhenius anal-
ysis, the value of E, for x .= 0 was determined to be
373 kJ/ mol, and the values of E, for different x . are
basically the same with an average of (597 £20) kJ/
mol. For the present bulk metallic glasses, the incu-
bation times at 910, 850, 800 and 650 K were in-
ferred to be 47 s, 25.5 min, 11.5 h and 548 a, re
spectively, from the extrapolation of Eqn. 6. The
crystallizing transition times at different temperatures
can also be derived from the extrapolation of Eqn. 7,
e. g. the crystallizing transition times of x .= 0. 20 at
910, 850, 800 and 700 K are 1.4 s, 9 min, 40 h and
391 A, respectively. When the temperature is high
than 7', as at 844 K(see Fig. 1), the extrapolated in-
cubation and crystallizing transition times are very
short and decrease rapidly with the small increase of
annealing temperature , for instance, the extrapolat-
ed incubation time decreases from 25.5 min at 850 K
to 47 s at 910 K just above Ty. On the contrary,
when it is below T, the extrapolated incubation and
crystallizing transition times are very long and in-
crease rapidly with the small decrease in annealing
temperatures, e. g. the extrapolated incubation time
increases from 25. 5 min at 850 K to 11. 5 h at 800 K
just below T,. If annealed below 650 K, the studied
metallic glasses can only begin to crystallize after 548
a. The changes in crystallizing transition times at dif-
ferent temperatures show the same tendency as that
of the extrapolated incubation time. Fig. 2(b) shows
the XRD result for the bulk Feg1Co7ZrsNdsByg glasses
after annealed at 877 K for 1 200s. Compared to
Fig. 2(¢) which shows the XRD result for the glasses
after annealed at 925 K for 360 s, it can be clearly
observed that an increase of only 48 K greatly en-
hanced the crystallizing rate. Consequently, the anal-
yses of the DSC kinetic data and experimental XRD
results indicate that the amorphous phase should be
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stable at least the temperature up to 650 K ( perhaps
even higher) .

3.3 Nanocrystallizationr induced transformation of
magnetic properties

The crystallization of the present Fe-based glass
containing RE element induces the transformation
from soft magnetic properties to hard ones. Fig. 6
shows the hysteresis J-H loops of the bulk Fess
Co7Zr¢Nd3Byo metallic glass annealed at different T,
for the same annealing time. In order to compare the
changes in magnetic properties, Fig. 6 also includes
the insert part of the hysteresis J-H loop of the stud-
ied metallic glass in the as-quenched amorphous state,
which exhibits good soft magnetic properties of satu-
ration magnetization (Js) at 1.26 T and H. at 4. 2
A/m. The values of H . increase greatly with T, from
4.2 A/m in the amorphous state to 14. 0, 22. 1 and
34. 8 kA/m
in the nanocrystalline state after annealed at 925,
1 000 and 1 150 K, respectively, all for 6 min. The
energy product also increases saliently with the an-
nealing temperature, which are 3, 5 and 11 kJ/ mol
for the crystalline state after annealed at 925, 1 000
and 1 150 K, respectively. The crystallization during
annealing results in the emergence of hard magnetic
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Fig. 6 Hysteresis J-H loops of FessCo7ZrsNd3Bag
alloy annealed at different T, for 360 s(a) and
hysteresis J-H loop of FeeaCo7ZrsNd3Bag
glassy alloy in as quenched amorphous state(b)

phases of the Nd,Fe;3Bs(when T,= 1 000 K) and
Nd;FeisB (when T,= 1 150 K). The maximum en-
ergy product reached 11 kJ/ mol at the complete crys-
talline state. Thus, it can be concluded that the ener
gy product increases with the emergence and increase
of the resultant acFe and NdyFe;s B hard magnetic
phases, compared to the decrease and dissolution of
FesZr, B7C013 and Nd2Fe;3B3 hard magnetic phases.
The transformation from soft magnetic properties to
hard ones for the Febased glasses is due to the ex-
change magnetic coupling interaction between aFe

and the hard magnetic phases' >

4 CONCLUSIONS

1) The fundamental assumption of the Kissinger
derivation is satisfactory not only for the crystalliza-
tion peak temperatures but also for the glass transition
temperature of the bulk Fess Co7ZrsNd3Bao metallic
glass with a large supercooled liquid region. The DSC
kinetic measurements indicate that the glassy alloy
should be practically stable at least the temperature up
to 650 K.

2) The crystalline grains are in the size less than
50 nm for the selected annealing technique. The
nanocrystallization induces the transformation from
soft magnetic properties to hard ones for this bulk
metallic glasses. The maximum energy product reach-
es 11 kJ/ mol for the present bulk Fe-based glass after
annealed at 1150 K for 6 min.
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