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Crystallization of Fe;s _ xCo,SisB1z amorphous alloys has been studied by differential
scanning calorimetry (DSC), thermomagnetic gravimetry and X-ray diffraction techniques.
Thermal stability of the amorphous alloy monotonically decreases with increasing cobalt
content. The devitrification process as detected by DSC occurs in two main stages
partially overlapping in temperature, but magnetic characterization reveals a third stage
for cobalt-rich alloys. Primary precipitation of a-(Fe, Co) is followed by a polymorphic
reaction to give (Fe, Co),B phase. Fe3;B-type phase is also detected at the end of the first
crystallization stage for iron-rich alloys and B-Co(Si) and Co,B phases are found in fully
crystallized samples for x = 60. The influence of relaxation processes on the crystallization
was investigated, but no significant effects of pre-annealing on the crystallization

parameters resulted. © 7998 Chapman & Hall

1. Introduction

Iron- and cobalt-based metallic glasses have been in-
vestigated extensively in the last few years because of
their magnetic, mechanical and chemical properties.
Amorphous to crystalline transformation of these
alloys is interesting, not only from the point of view of
understanding the crystallization mechanisms, but be-
cause it is connected with the changes involved in
physical and chemical properties which determine
most applications [ 1, 2]. Annealing of metallic glasses
below the crystallization temperature produces vari-
ous irreversible changes (the so-called structural relax-
ation) and many of the physical properties change,
some drastically and others only to a moderate degree
[3,4].

As previously stated [5, 6], for FeCoSiB amorphous
alloys the relaxation processes can be separated into
two types: (a) chemical short-range ordering (CSRO),
including reversible changes in the local surroundings,
which can be described by the activation energy spec-
trum (AES) model [7, 8], and (b) topological short-
range ordering (TSRO), including an irreversible de-
crease in the free volume, which can be quantitatively
described in terms of the free volume model [9, 10].

In this paper we report a characterization of the
crystallization processes in (Fe,Co),5Si9B; 3 glasses by
a complementary use of calorimetry (DSC), thermo-
magnetic (TMG) measurements and X-ray diffraction.
To investigate the influence of the relaxation processes
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in the devitrification transformation of the alloys, as-
cast and two types of pre-annealed samples were
studied: (a) CSRO samples, pre-annealed for 10° s at
530K, and (b) TSRO samples, annealed for 10° s at
578 K, after pre-annealing of 105 s at 530 K.

2. Experimental procedure

Metallic glass ribbons 15 mm wide and 15 pm thick
with nominal compositions Fe;g5_,Co,SigB;;
(x =12,20,30,40,50,60) were prepared by a melt-
spinning technique at the Institute of Materials Tech-
nology of the Warsaw Polytechnic (Poland). Pre-
annealing of samples was carried out in a furnace
under an argon atmosphere.

Differential scanning calorimetry (DSC) curves, up
to 1000K, were obtained in a Perkin—Elmer DSC-7
under an argon stream. Both temperature and en-
thalpy calibrations were checked by using lead and
K,CrO, standards. In all experiments, samples were
heated at the maximum available rate (200 K min 1)
from room temperature up to 150 K below the crystal-
lization onset to prevent unwanted annealing. After
that, the scan continued at the selected heating rate, in
the range 2.5-40 K min .

For thermomagnetic (TMG) experiments, the mag-
netic field of a small magnet was applied to the sample
and the temperature variation of the magnetic force
was recorded as an apparent weight change of the
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sample. Previous calibration of the Perkin—Elmer
TGA-7 thermobalance was checked by using the
Curie points of nickel, perkalloy and iron standards.

X-ray diffraction spectra were recorded with MoK,
radiation on a DRON 2.0 diffractometer at a scanning
step of 0.4° in 2 6. The working conditions were 40 kV
and 20 mA. To allow direct correlation of the phase
composition with the calorimetric and thermomag-
netic results, XRD scans were made at room temper-
ature on samples previously heated in a furnace under
the same experimental conditions.

3. Results and discussion

3.1. Calorimetry

DSC dynamic scans, at a constant heating rate
of 10Kmin~! for as-quenched samples of
Fe;5_Co,SigB 3 alloys are shown in Fig. 1. As can be
observed, amorphous to crystalline transformation for
the studied alloys consists of at least two steps as
revealed by the two temperature-resolved exotherms
in the DSC scans. Measured values of peak temper-
ature, T,, and enthalpy, AH, of the two exotherms are
listed in Table 1. For the lower cobalt content alloys,
showing partial temperature overlapping of the two
DSC maxima, the value of the enthalpy attributed to
either step was calculated from an approximate de-
convolution of the two exotherms.

Thermal stability of the amorphous alloy against
crystallization, monotonically decreases with the co-
balt content in the glass, as evidenced by the shift of
the crystallization onset to lower temperatures. On the
other hand, the temperature interval between the two
crystallization stages increases with the cobalt con-
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Figure 1 DSC curves during continuous heating at 10 K min~ ! of
Fe,5-,.Co,SigB3 as-cast glasses.
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TABLE I Crystallization
Fes5-.Co,SigB, 5 alloys

parameters for as-quenched

X

12 20 30 40 50 60

Tyeet (K) 804 797 792 781 780 775
T,; (K) 811 806 800 790 789 782
T, (K) 828 833 834 834 81 833
AH,

(kJ mol 1) 92 85 77 90 81 60
AH,

(kJmol 1) 36 53 88 71 65 62
E, (V) 3.7 4.0 338 35 338 43
E, (eV) 3.1 3.7 3.7 3.6 3.6 42
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Figure 2 Composition dependence of the crystallization temper-
atures, (@) T,; and (A) T,,, for Fe;5_,Co,SioB,; as-cast alloys.

tent, and so the partial overlapping of the two
exotherms in the DSC scans for the lowest cobalt
content alloys, gradually disappears as the cobalt per-
centage in the alloy increases. Fig. 2 illustrates the
composition dependence of the crystallization temper-
atures. As observed, T,; decreases almost linearly
upon increasing the cobalt concentration, the value
found for the slope from a linear fit being about
0.6K/at% Co. This behaviour agrees with the
reported results for analogous iron, cobalt based
alloys with compositions (FeCo);5Si;0By, [11]
and (FeCo),,Si;oB3 [12], but in contrast to the ob-
served behaviour of (FeCo),5SigB;4 [13] and
(FeCo)g,.5511,.5B,5 [14] alloys in which the substitu-
tion of cobalt for iron results in an enhancement of
thermal stability. For the second crystallization stage,
the peak temperature value is essentially the same, i.e.
830K, showing no significant composition depend-
ence.

Fig. 3 illustrates the composition dependence of the
enthalpy of the two crystallization steps. As shown,
the more significant composition dependence is found
for the second-step enthalpy, showing variations up to
above 40% from the mean value. The smallest en-
thalpy values correspond to the low cobalt content
alloys, to rise abruptly up to a maximum for the
x =30at % Co alloy and gradually to decrease for
higher cobalt content alloys. For the first crystalliza-
tion step, the enthalpy shows smaller variations
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Figure 3 Crystallization enthalpy values of the two crystallization stages for (@, M) as-quenched and (O, ©, O, H) pre-annealed
Fe;g-,Co,SigBy; samples. AH;: (O) CSRO, (©) TSRO. AH,: (OJ) CSRO, (8) TSRO.

(<15% from the mean value) and decreases with
increasing cobalt content, except for a significant in-
crease for alloys of intermediate compositions
(x = 30-40).

DSC scans for partially crystallized samples (pre-
viously heated up to the first exotherm peak temper-
ature and abruptly cooled to room temperature)
exhibit a single exotherm, in the same temperature
range as the second exotherm in the DSC scans for as-
quenched samples, and no significant variations in
enthalpy values are found. This result should indicate
the independent character of the two crystallization
stages.

For samples pre-annealed for 10° s at 530K (CSRO
samples) and for those isothermally treated for 10° s at
530K and, after that, for 10°s at 578 K (TSRO sam-
ples), DSC dynamic scans are completely similar to
those obtained for as-quenched samples for all com-
positions and crystallization temperature values are
only slightly higher (AT, <2 K). Values of the crystalli-
zation enthalpy for CSRO and TSRO samples do not
show important variations from those found for as-
quenched samples, although a small decrease (<5%)
in the enthalpy of the first crystallization stage in
CSRO and TSRO samples is found, as illustrated in
Fig. 3. As can be expected, no variations in the en-
thalpy of the second stage occur for CSRO and TSRO
samples.

The activation energy of each crystallization stage
was evaluated from the shift of the crystallization peak
temperature, T,, with the heating rate, B (in the range
2.5-40 K min~ 1), by using Kissinger’s relation [15]

d[In(B/T3)1d(1/T,) = — E/R (1)

where R is the gas constant.

Kissinger plots for the two crystallization stages are
linear, indicating that kinetics of the crystallization
processes in these alloys are of the first order. Values
found for the activation energy are listed in Table I.
For the first step, the activation energy shows a min-
imum for the 40at% Co alloy and a significant
increase occurs for the cobalt-rich alloys. Activation
energy of the second crystallization step also shows
the highest value for the 60 at % Co alloy, but it is
nearly constant for the composition range 20—50 at %
Co, and significantly decreases for the 12 at % Co
alloy.

No significant variations in activation energy values
are found for CSRO and TSRO samples with respect
to the as-quenched samples of the same alloy com-
position. This result agrees with that mentioned above
that there is a small effect of pre-annealing on the
values of crystallization temperatures and enthalpies.

The Avrami index value allows a primary approach
to the involved mechanisms in the crystallization reac-
tions. An estimation of the Avrami index, n, can be
made by using the maximum reaction rate equation
derived by Gao and Wang [16]

(dx/dt), = 0.37nK, )

where (dx/dt), is the maximum crystallization rate at
the peak and x(t) is the transformed volume fraction at
time ¢, and K, = BE/RT} is called the rate constant.

From the linearity exhibited by plots of (dx/dt),
versus B/T3, we can conclude that n is independent of
the heating rate, at least in the explored range
2.5 < B < 40K min~ . Values of the Avrami exponent
derived from the above plots are near 2.5 for the first
crystallization stage and range between 4 and 5 for the
second stage.
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An unambiguous interpretation of the crystalliza-
tion kinetics is difficult when microscopic observa-
tions are not available because of the possibility of
several kinds of sites with different nucleation rates
and modes of growth. Additional difficulty arises from
the presence of two or more crystalline phases, as
evidenced in the present study from the X-ray results.
However, it may be helpful to examine the kinetic
results in the light of an approximate model [17].
Here, it is assumed that n = a + bp, where a accounts
for the nucleation rate and varies from zero (for quen-
ched-in nuclei) to 1 (for a constant nucleation rate),
b defines the dimensionality of the growth (b = 1,2 or
3), p has value of 1 for interfacial control of growth
(assumed linear in time), and p = 0.5 for diffusion-
controlled growth.

Thus, value n; = 2.5 points to three-dimensional
diffusion-controlled growth with constant nucleation
rate, as expected for a primary crystallization. This
value of the Avrami exponent is usually found for the
first crystallization stage of MSiB (M =Fe, Co) metal-
lic glasses. For the second crystallization stage, n = 4
should suggest three-dimensional interface-controlled
growth with a constant nucleation rate, as found for
analogous metallic glasses.

3.2. Thermomagnetic measurements

Plots of low-field magnetization (in arbitrary units) as
a function of temperature for as-quenched samples of
the studied alloys, at a heating rate of 40 K min 1, are
shown in Fig. 4a—f, (curves 1). TMG plots for pre-
annealed CSRO and TSRO samples are similar to
those obtained for as-quenched samples and no signif-
icant variations should be noted.

Apart from some differential details, considered be-
low, TMG curves are qualitatively similar for all the
alloys and the following general features should be
noted. The first fall in magnetization corresponds to
the transition from an amorphous ferromagnetic to an
amorphous paramagnetic state. This temperature is
identified as the Curie temperature of the as-cast
glassy phase. At a higher temperature, corresponding
to the crystallization onset, samples exhibit an in-
crease in magnetic moment, indicating the formation
of crystalline phases that are ferromagnetic, with
Curie temperatures higher than that of crystallization.
Finally, the transition ferro—paramagnetic of crystal-
line phases is evinced by the fall to zero of the magnet-
ization.

The values of the Curie temperature of the initial
amorphous material as a function of the cobalt con-
centration are shown in Fig. 5. As observed, T, signifi-
cantly increases from the 12 at% Co alloy to the
20 at % Co alloy, to maintain a nearly constant value,
with only a slight decrease as the cobalt content in-
creases for more cobalt-rich alloys. This behaviour of
the Curie temperature of the amorphous alloy versus
cobalt content agrees well with the reported results for
alloys of similar compositions: (FeCo),gSi; By, [11]
and (FeCo),5SigB3 [18].

As obtained from the DSC experiments, the crystal-
lization onset temperature is shifted to lower temper-
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atures by increasing the cobalt content of the alloy,
occurring at a temperature lower than the Curie
transition of the amorphous phase making it imposs-
ible to observe the beginning of the rise in magnetic
moment associated with the crystallization. This fact
results in a non-zero residual magnetization at that
Curie transition, as a result of the superposition of two
opposite effects: the fall to zero in magnetization of the
amorphous matrix, and the increase in the magnetic
moment due to the volume fraction of the crystalline
ferromagnetic phases already formed at that temper-
ature. Effectively, it is observed that the value of resid-
ual magnetization at the Curie point increases with
the cobalt content of the alloy (up to x = 40 at %), as
a consequence of a more advanced state of the first
crystallization stage. However, for more cobalt-rich
alloys, that residual M value decreases, indicating
a smaller volume fraction of the crystalline magnetic
phase formed in the first devitrification stage; this
result agrees with a smaller value of the enthalpy
associated to the first exotherm in these alloys
(Table I).

Crystallization behaviour, as revealed by TMG
curves, is complicated and tends to be different from
sample to sample, depending on the chemical com-
position. As can be observed in curves 1 of Fig. 4a—f,
two or three crystallization steps are revealed by
broad and sharp changes in magnetization. However,
some deductions could be extracted by correlating the
thermal evolution of the magnetic moment of the
different alloys and the corresponding DSC curves
and X-ray results.

For iron-rich alloy (x = 12), M(T) plots exhibit
similar features to those usually found for FeSiB
alloys: a two-stage rise in magnetic moment, asso-
ciated with the two DSC exotherms, that should cor-
respond to a primary precipitation of a-Fe(Co, Si)
phase and a polymorphic reaction to give (Fe, Co),B
phase, respectively. The metastable Fe;B-type phase
formed during the first stage makes no contribution
to magnetic moment, because crystallization occurs
in the paramagnetic region of that phase. For
x = 20, 30,40, and 50, a three-stage crystallization is in
evidence in M (T') plots: the first and second stages are
analogous to those described above for iron-rich
alloys, but the plot appearance is changed because the
crystallization starts below the Curie temperature of
the amorphous alloy. On the other hand, the second
stage starts near the paramagnetic region of the
(Fe,Co),B phase, the Curie temperature of which
gradually decreases with the cobalt content. However,
the more significant change in M(T) plots of these
alloys is the presence of a third stage, evinced as a rise
in the magnetic moment starting at a temperature (in
the range 875-1000 K), that decreases with the cobalt
content of the alloy. This feature has no corresponding
form in the DSC curves, which do not show visible
deviation from the base line in that temperature range,
and X-ray records for samples heated below and
above that temperature do not show qualitative cha-
nges. So, the rise in the magnetic moment should be
attributed to some recrystallization process involving
the magnetic phases so far formed. Finally, for x = 60,
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Figure 4(a—f) Thermomagnetic plots, at 40 K min~?, for as-quenched (curves 1) and crystallized (curves 2) of Fe;5_,Co,SigB 5 alloys.

x: (a) 12, (b) 20, (c) 30, (d) 40, (¢) 50, (f) 60.

a three-stage process is also present, but the existence
of two steps in the fall to zero of magnetization at
higher temperature evinces two magnetic phases with
Curie temperatures around 1050 and 1100 K, respec-
tively, that should correspond to the a-Fe(Co, Si) and
Co(Si) phases shown in the X-ray record of fully
crystallized samples for this alloy composition.

For fully crystallized samples, TMG plots (curves
2 in Fig. 4a—f) show a two-stage fall to zero of mag-
netic moment that indicates the ferro-paramagnetic
transition of the two final phases: (Fe, Co),B and a-
Fe(Co,Si). As can be observed in Fig. 5, the Curie

temperature of the Fe,B-type phase drops almost lin-
early with increasing cobalt content, the slope being
about —10Kat % Co. For x = 60, a three-stage fall
to zero in magnetization is found, the intermediate
step corresponding to the Curie transition of the Co,B
phase.

3.3. X-ray diffraction

Amorphous to crystalline transformation of the alloys
was structurally characterized by X-ray diffraction.
Fig. 6 shows the significant portions of diffractometric
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Figure 6 X-ray diffraction patterns at different stages of the trans-
formation: (a) amorphous (x = 50); (b) x = 12 alloy heated up to
810K (first crystallization stage); (c) x = 20 alloy at the same condi-
tions as (b); (d) x = 50 alloy heated up to 1100K (second stage); (e)
x = 60 alloy at the same conditions as (d). (O) a-Fe, (@) B-Co, (®)
(Fe, Co),B, (J) Co,B, (%) Fe;B.

records of as-cast and several heat-treated samples.
For as-quenched samples, the amorphous state is
manifested by the typical broad intensity maximum at
diffraction angles 26(MoK,) around 20° (Fig. 6a).
Samples partially crystallized (previously heated up to
the first DSC exotherm) show (Fig. 6b) the presence of
some crystalline lines identified as belonging to
a b ¢ c solid solution a-Fe(Co, Si). In addition to the
crystalline lines, the X-ray pattern for these samples
shows the broad peak due to the remaining amorph-
ous phase. For iron-rich alloys (x = 12-30), other
lines assigned to an orthorhombic Fe;B-type phase
were also observed (Fig. 6c¢), indicating the gradual

2176

appearance of this metastable phase by increasing the
iron content of the alloy. The presence of a Fe;B-type
phase in partially crystallized FeCoSiB alloys with
low cobalt content has been previously reported from
X-ray and electron microscopy studies [18—22].

The second stage corresponds to a polymorphic
reaction that fully crystallizes the amorphous matrix.
The transformation of the metastable Fe;B-type
phase to the equilibrium a-Fe and Fe,B type phases
also occurs. The two major final products of the crys-
tallization are a-Fe(Co,Si) and body-centred tetrag-
onal (Fe, Co),B phases (Fig. 6d), as is usually found for
FeCoSiB alloys [18,20,22-24]. For the alloy contain-
ing the highest cobalt concentration (x = 60) the
presence of the Co,B phase was detected after crystal-
lization (Fig. 6e), as is evident from TMG results.
However, that phase was not detected for alloys with
a smaller cobalt content as reported by Mathur et al.
[20]. Finally, the presence of B-Co(Si) phase in fully
crystallized samples of the x = 60 alloy should be
noted. The presence of B-Co phase in the crystalliza-
tion of the low-iron content FeCoB alloys has been
reported previously [25].

4. Conclusion

The thermal stability of the (Fe, Co),5SigB5 alloys
studied monotonically decreases with the cobalt con-
tent and an almost linear drop of the crystallization
onset temperature was found. The Curie temperature
of the amorphous alloy increases with cobalt content
up to x = 20 to maintain a nearly constant value for
20 < x < 60.

The continuous heating crystallization is shown as
two resolved DSC exotherms, partially overlapping in
temperature for iron-rich alloys, but is detected by
magnetic measurements and seen to proceed in two
and, in some cases, three steps. Primary precipitation
of a-Fe(Co, Si) phase is followed by the formation of
the Fe;B phase. Then, a polymorphic reaction occurs
and the two major final products are a-Fe(Co, Si) and
(Fe, Co),B phases.

Pre-annealing of the sampling does not significantly
affect the crystallization parameters: only the crystalli-
zation onset is slightly delayed with respect that of
as-quenched samples, but no appreciable changes in
enthalpy or activation energy were found. Thus, relax-
ation processes do not significantly influence the crys-
tallization processes in these alloys.
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