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Using the differential scanning calorimetry (DSC), the isochronal and isothermal crystallization kinetics
of amorphous Fe61Co9−xZr8Mo5WxB17 (x = 0 and 2) ribbons was investigated by the Kissinger equation
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and by the Kolmogorov–Johnson–Mehl–Avrami and Ranganathan–Heimendahl equations, respectively.
The results show that tungsten can improve the activation energy EK

1 for the first crystallization in the
isochronal annealing process and activation energy En for the nucleation in the isothermal annealing pro-
cess, which can be ascribed to the dissolution of tungsten in the amorphous phase. Meanwhile, tungsten
can decrease the activation energy EK

2 for the second crystallization in the isochronal annealing process
and growth activation energy Eg in the isothermal annealing process, which is possibly associated with

omp
ctivation energy the formation of W-rich c

. Introduction

During the past four decades, Fe-based glasses have been
xtensively investigated due to not only their potential mechan-
cal and magnetic applications, but also their significantly low
ost. For instance, the (Fe0.75B0.15Si0.1)100−xMx glasses (M = Nb,
r) have a high saturated magnetic flux density [1] and
he Fe61Cr15C15Mo14Co7B6Y2 glass bears an ultra-high fracture
trength [2].

Since Fe–Co–(Zr, Nb, Ta)–(Mo, W)–B bulk metallic glasses
BMGs) were firstly discovered in 1997 [3,4], a number of attentions
ave been paid on them, especially on the Fe60Co10Zr8Mo5W2B15
lloy due to its high strength, high corrosion, high glass-forming
bility (GFA), high thermal stability and good soft magnetic prop-
rties. Recently, the GFA, fragility, microstructure and magnetic
roperties of Fe61Co9−xZr8Mo5WxB17 (0 ≤ x ≤ 3) glasses have been
ound to be dependent on the minor additions [5], annealing pro-
esses [6], and vacuum conditions [7].

In the metallic glasses, an amorphous phase always has a
igher free energy than its crystalline counterpart, and it will
ransform into crystalline phases if obtaining enough additional

nergy. The crystallization of an amorphous phase will result in
he changes of its structure and inherent properties [8]. Con-
equently, controlling the process of crystallization is critical to
btain the desirable microstructures and properties. Generally,
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ound after the early nucleation process.
© 2010 Elsevier B.V. All rights reserved.

the crystallization kinetics can be investigated using the tech-
niques of differential scanning calorimetry (DSC) [9], ferromagnetic
resonance [10], Mössbauer spectroscopy [11], small angle X-ray
scattering [12] and electrical resistance measurements [13].

The crystallization of an amorphous alloy is generally regarded
as the nucleation and growth processes of the crystalline phase
in the amorphous matrix. The activation energy of nucleation and
growth (En and Eg) can be determined by the quantitative trans-
mission electron microscopy (TEM) [14]. En and Eg can also be
determined by applying the crystallization kinetic theory, which
is based on the variation of measured local activation energy Ec(x)
and Avrami exponent n(x) with the crystallized volume fraction
x [15–17]. However, there are few investigations on the crystal-
lization kinetics of the Fe–Co–Zr–Mo–W–B alloys up to now. The
research on the crystallization kinetics is helpful to outline the
optimum annealing treatment of the Fe–Co–Zr–Mo–W–B glasses.

In our paper, the crystallization kinetics of the
Fe–Co–Zr–Mo–W–B glasses has been studied using the DSC
method in isochronal and isothermal annealing modes. The crys-
tallization kinetics parameters such as the Avrami exponent and
activation energies have been calculated.

2. Experimental

The master alloy ingots with the chemical compositions of

Fe61Co9Zr8Mo5B17 and Fe61Co7Zr8Mo5W2B17 were prepared by
induction-melting the mixture of metals in high purity, except B
that was added using a Fe–16.8 wt.%B master alloy. In order to guar-
antee the homogeneity of samples, all ingots were re-molten for at
least three times.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:weiminw@sdu.edu.cn
dx.doi.org/10.1016/j.tca.2010.03.023
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the ribbon. Interestingly, the R1 ribbon’s EK
2 is obvious lower, but

its Tp2 is higher than the corresponding parameter of the R0 ribbon.

Table 1
Thermal parameters of the R0 and R1 ribbons at a heating rate of 30 K/min.

Sample Tg (K) Tx (K) Tp1 (K) Tp2 (K) Tp3 (K) Tp4 (K)

R0 853 939 943 959 986 1022
R1 867 944 955 1004 – –

Table 2
The activation energies of the R0 and R1 ribbons calculated by using the Kissinger
Fig. 1. XRD patterns of the as-spun R0 and R1 ribbons.

Ribbons were obtained by single roller melt spinning using
Buehler Melt quenching apparatus (Edmund Buehler GmbH)

t a wheel speed of 23 m/s in an argon atmosphere. Before
elting spinning, we reduced the pressure of the casting cham-

er to 2.0 × 10−3 Pa using the mechanical vacuum pump and
olecular vacuum pump, then input the 6.0 × 104 Pa argon. The

e61Co9−xZr8Mo5WxB17 ribbons with x = 0 and 2 are labeled as R0
nd R1, respectively.

The structures of the as-spun and annealed ribbons were inves-
igated by X-ray diffraction (XRD) using a D/Max-rB diffractometer
ith Cu K� radiation (� = 0.154059 nm). The isochronal and isother-
al annealing processes for the crystallization of R0 and R1 ribbons
ere performed on a differential scanning calorimetry (Netzsch
SC 404c) under a flow of high-purity argon atmosphere. For the

sochronal annealing process, the DSC plots were recorded with
he heating rates of 10, 20, 30, 40 and 50 K/min. For the isother-

al annealing process, the as-spun samples were first heated up
o a fixed temperature within the supercooled liquid region at a
ate of 50 K/min, then held for a certain period of time until the
rystallization is completed.

. Results

The X-ray diffraction (XRD) data of the as-spun R0 and R1 rib-
ons are measured by Cu K� radiation, as shown in Fig. 1. The
atterns of the R0 and R1 ribbons present a fully diffuse maximum
entered at 2� = 43.5◦, which is typical character of the fully amor-
hous phase and consistent with the results by Co K� radiation
6].

.1. Isochronal annealing

Fig. 2 shows the isochronal DSC curves of the R0 and R1 ribbons
t a heating rate of 30 K/min. There are four exothermic peaks in the
SC curve of the R0 ribbon, the temperatures of which are named as
p1, Tp2, Tp3 and Tp4, respectively. In the DSC curve of R1, there are
nly two exothermic peaks, locating at the higher temperatures,
ompared with the corresponding peaks of the R0 ribbon.

Thermal parameters such as the glass transition temperature

g, the onset crystallization temperature Tx, the first, second, third
nd fourth peak temperatures Tp1, Tp2, Tp3 and Tp4 of the R0 and
1 ribbons at a heating rate (v) of 30 K/min have been listed in
able 1. The changing behavior of the thermal parameters mea-
ured at v = 10, 20, 40 and 50 K/min (not shown in this paper) is
Fig. 2. Isochronal DSC curves of the amorphous as-spun R0 and R1 ribbons at a
heating rate of 30 K/min.

similar to that at v = 30 K/min. Obviously, the DSC parameters such
as Tg, Tx, Tp1 and Tp2 of the R1 ribbon are higher than the corre-
sponding ones of the R0 ribbon, in other words, the thermal stability
of the R1 ribbon is higher than that of R0, implying that it can
improve the thermal stability by adding tungsten in the amorphous
Fe–Co–Zr–Mo–B alloy.

The activation energy EK of the crystallization can be calculated
by using the Kissinger equation [18]:

ln
( v

T2

)
= − EK

RT
+ B, (1)

where R is the gas constant, B is a constant and T is a specific
temperature such as Tp1, Tp2, Tp3 or Tp4. Based on the Kissinger
equation, a straight line can be obtained by plotting ln(v/T2) vs.
1/(T), which is shown in Fig. 3. The slope of this line stands for
the value of the activation energy EK of the corresponding reac-
tion. For simplicity, the EK for the first, second, third and fourth
crystallization are labeled as EK

1 , EK
2 , EK

3 and EK
4 , respectively, which

are listed in Table 2. The EK
1 of R0 and R1 ribbons are 414 and

480 kJ/mol, respectively. These values are higher than those of the
Fe81B13Si4C2 (EK

1 = 351.2 kJ/mol) [19], Fe85B15 (EK
1 = 294 kJ/mol)

[20], and Fe76Cr10B14 (EK
1 = 395 kJ/mol) glasses [20], indicating that

the amorphous Fe–Co–Zr–Mo–W–B alloys have a higher thermal
stability. Compared with the R0 ribbon, the EK

1 of the R1 ribbon is
obviously higher, which is consistent with Tx and suggesting that
tungsten improves the difficulty of the primary crystallization of
equation.

Sample EK
1 (kJ/mol) EK

2 (kJ/mol) EK
3 (kJ/mol) EK

4 (kJ/mol)

R0 414 666 541 308
R1 480 369 – –
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ig. 3. Kissinger plots of ln(v/T2) vs. 1000/T for the first, second, third and fourth
xothermic peaks of the amorphous as-spun ribbons: (a) R0; (b) R1.
.2. Isothermal annealing

Fig. 4 shows the XRD patterns of the R0 and R1 ribbons at dif-
erent temperatures within the supercooled liquid region, ranging
rom 893 to 913 K and from 908 to 928 K, respectively. It indicates

ig. 4. XRD patterns of the samples annealed at different temperatures: (a) R0; (b)
1.
Fig. 5. Isothermal DSC curves of the as-spun ribbons at different annealing temper-
atures: (a) R0; (b) R1.

that the major product of the primary crystallization of the R0 and
R1 ribbons is �-Fe.

Fig. 5 shows the isothermal DSC curves of the R0 and R1 ribbons
at different temperatures within the supercooled liquid region,
ranging from 893 to 913 K and from 908 to 928 K, respectively. In
Fig. 5, there is only a single exothermal peak after passing a cer-
tain incubation period in each curve, and the incubation time �
(the time when the crystallized volume fraction up to 0.005) and
the time interval �t (the interval between the onset crystallization
time ton and the ending crystallization time tend) reduce gradually
along with increasing temperature for the same ribbon. Then the
volume fraction x(t) crystallized up to any time t can be calculated
using the equation:

x(t) = A(t)
Atot

, (2)

where A(t) is the partial area of exothermic peak obtained by inte-
grating the isothermal DSC curves from ton up to time t and Atot

the total area of the exothermic peak. The parameters such as the
incubation time � and interval �t of the R0 and R1 ribbons at dif-
ferent annealing temperatures are listed in Table 3. At the same
temperature, the � and �t of the R1 ribbon are much higher than
the corresponding parameters of the R0 ribbon, indicating a higher
thermal stability of the R1 ribbon.

After the volume fraction x(t) at time t has been obtained

according to Eq. (2), the isothermal crystallization kinet-
ics of the amorphous alloys can be analyzed using the
Kolmogorov–Johnson–Mehl–Avrami (KJMA) equation [21]:

x(t) = 1 − exp[−k(t − �)n], (3)
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Table 3
The KJMA parameters such as �, �t of the amorphous as-spun R0 and R1 ribbons
annealed at different temperatures.

Sample Parameters at different temperatures

893 K 898 K 903 K 908 K 913 K 918 K 923 K 928 K

R0
� (min) 7.6 4.5 2.7 1.1 0.3 – – –
�t (min) 27 23 13 9 4 – – –

w
t
g
a

l

R

a

n

a
t
m
m
d

F
a

R1
� (min) – – – 7.6 5.4 3.6 2.1 1.1
�t (min) – – – 23 17 12 8 4

here k is a reaction rate constant which is a kinetics parame-
er depending on the annealing temperature, nucleation rate and
rowth rate, and n is the Avrami exponent which reflects the char-
cteristics of nucleation and growth during crystallization.

Based on Eq. (3), we can obtain the following equation:

n[−ln(1 − x)] = ln k + n ln(t − �). (4)

Therefore the KJMA plots of ln ln(1 − x)−1 against ln(t − �) of the
0 and R1 ribbons at different temperatures are shown in Fig. 6.

The local Avrami exponent n(x) can be calculated by differenti-
ting Eq. (4):

(x) = ∂ ln ln(1 − x)−1

∂ ln(t − �)
, (5)

nd the results are shown in Fig. 7. At the beginning of crys-

allization, the Avrami exponent rapidly increases to 2.0; in the

iddle stage, n(x) increases slowly and tends to decrease after a
aximum value, implying a decreasing nucleation rate and a three-

imensional growth; in the end stage, the Avrami exponent rapidly

ig. 6. KJMA plots of ln ln(1 − x)−1 vs. ln(t − �) for the crystallization at different
nnealing temperatures of the as-spun ribbons: (a) R0; (b) R1.
Fig. 7. Local Avrami exponent n(x) vs. x of the as-spun ribbons at different annealing
temperatures: (a) R0; (b) R1.

increases to above 4.0, implying an increasing nucleation rate and a
three-dimensional growth. Here, the shape of n(x) vs. x curves is dif-
ferent from that of Ni–P alloy, which shows a monotonic decrease
of n(x) in the end stage of 90% < x < 100%, owing to only one crystal-
lization peak in the isothermal DSC curve [17]. The rise of n(x) vs. x
curve of present alloys occurs in the end stage, possibly due to the
start of the second crystallization, which is similar to Al89La6Ni5
alloy [22].

The activation energy can also be calculated by the Arrhenius
relationship equation for the isothermal annealing process [18]:

t(x) = t0 exp

[
EA(x)

RT

]
, (6)

where t(x) is the transformed time when the crystallized volume
fraction reaches x, t0 is a time constant and EA(x) is the local acti-
vation energy. Based on Eq. (6), we can achieve the relationship of
ln t(x) vs. 1/(RT), which can be described by a straight line and its
slope is the local activation energy EA(x). Hence, we can calculate
the values of EA(x) at different x, and then obtain the relationship of
EA(x) vs. x, as shown in Fig. 8. It can be found that the values of EA(x)
vary significantly with x, implying the changes of nucleation and
growth behaviors during crystallization. At the beginning of crys-
tallization (x < 0.1), EA(x) decreases sharply with increasing x; when
x exceeds 0.1, EA(x) decreases slowly, which is similar to the Ni–P
alloy [16]; at the end of crystallization (x > 0.8), however, another
sharp decrease occurs in EA(x), which is similar to the Fe80Si4B16
glassy ribbon [23]. The EA of the R1 ribbon is lower than that of
the R0 ribbon during the entire primary crystallization (0 < x < 0.9),
indicating that tungsten decreases the local activation energy of the
amorphous Fe61Co9Zr8Mo5B17 alloy in the isothermal process.

4. Discussion
The Avrami exponent n can be expressed in terms of the nucle-
ation and growth parameters [24,25]:

n = a + bω, (7)
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EA(x0) = aEn + bωEg
, (9a)
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Fig. 8. Values of EA(x) of the R0 and R1 ribbons at different x.

here a is the nucleation index, b is the dimensionality of the
rowth with the values of 1, 2 and 3, and ω is the growth
ndex. The nucleation index a = 0 when the nucleation rate is
ero; 0 < a < 1 when the nucleation rate is decreasing with time;
= 1 when the nucleation rate is a constant; and a > 1 when the
ucleation rate is increasing with time. The growth index ω = 1
tands for the linear growth, while ω = 0.5 stands for the parabolic
rowth.
In order to obtain further information in the crystallization of
he Fe-based ribbons, the activation energy EA derived by the KJMA

ethod of the as-spun R0 and R1 ribbons can be described by the
ell-known equation proposed by Ranganathan and Heimendahl

able 4
he various values of a, b and ω when x = 0.02, 0.28 and 0.8, and the roots of Eqs. (9) and (

Case no. x EA
c (kJ/mol) n̄ ω a b

1
0.02 767 1.11 1 0.11 1
0.28 736 2.04 1 1.04 1
0.8 727 1.59 1 0.59 1

2
0.02 767 1.11 0.5 0.61 1
0.28 736 2.04 0.5 1.54 1
0.8 727 1.59 0.5 1.09 1

3
0.02 767 1.11 0.5 0.61 1
0.28 736 2.04 0.5 1.54 1
0.8 727 1.59 0.5 0.59 2

4
0.02 767 1.11 0.5 0.61 1
0.28 736 2.04 0.5 1.04 2
0.8 727 1.59 0.5 0.59 2

5
0.02 767 1.11 0.5 0.61 1
0.28 736 2.04 0.5 1.54 1
0.8 727 1.59 0.5 0.09 3

6
0.02 767 1.11 0.5 0.61 1
0.28 736 2.04 0.5 1.04 2
0.8 727 1.59 0.5 0.09 3

7
0.02 767 1.11 0.5 0.61 1
0.28 736 2.04 0.5 0.54 3
0.8 727 1.59 0.5 0.09 3

8
0.02 767 1.11 0.5 0.11 2
0.28 736 2.04 0.5 1.04 2
0.8 727 1.59 0.5 0.59 2

9
0.02 767 1.11 0.5 0.11 2
0.28 736 2.04 0.5 1.04 2
0.8 727 1.59 0.5 0.09 3

10
0.02 767 1.11 0.5 0.11 2
0.28 736 2.04 0.5 0.54 3
0.8 727 1.59 0.5 0.09 3
a Acta 505 (2010) 41–46 45

[15]:

EA = aEn + bωEg

a + bω
, (8)

where En and Eg denote the activation energies for the nucleation
and grain growth, respectively.

For the R0 ribbon, we can find the deviation degree of data mea-
sured at different temperatures is small at x = 0.02 and 0.28 in Fig. 7.
Moreover, different from the crystallization of the Ni–P alloy, the
end part of n(x) vs. x curves of R0 and R1 ribbons increases dras-
tically possibly due to the second crystallization according to DSC
curves (Fig. 2). We assume that the data with x < 0.80 are obeying
the same En and Eg with those deduced in the initial stage. Conse-
quently, we choose the results at x = 0.02, 0.28 and 0.80 to evaluate
the En and Eg according to Eqs. (7) and (8).

Taking R0 ribbon for example, according to n(x) vs. x curves in
Fig. 7, the average value of Avrami exponent n̄ at x = 0.02, 0.28 and
0.80 is 1.11, 2.04 and 1.59, respectively. Since the growth dimen-
sionality b are 1, 2 and 3, and linear/parabolic growth parameter
ω = 1 and 0.5, n̄ can be decomposed into six sets of a, b and ω con-
sidering all the possible b and ω. Based on EA(x) vs. x curves in Fig. 8,
the EA at x = 0.02, 0.28 and 0.80 is 767, 736 and 727 kJ/mol, respec-
tively. Substituting a, b and ω and EA at various x into Eq. (8), we
can obtain two groups of equations:
a + bω

EA(x1) = aEn + bωEg

a + bω
, (9b)

10) for R0 ribbon.

Roots of Eq. (9)
(kJ/mol)

Roots of Eq. (10)
(kJ/mol)

Stardard deviation
(kJ/mol)

En = 699
Eg = 774

En = 634
Eg = 781

�n = 46
�g = 5

En = 699
Eg = 849

En = 634
Eg = 464

�n = 46
�g = 272

En = 699
Eg = 849

En = 867
Eg = 644

�n = 119
�g = 145

En = 561
Eg = 917

En = 867
Eg = 644

�n = 216
�g = 193

En = 699
Eg = 849

En = 803
Eg = 722

�n = 74
�g = 90

En = 561
Eg = 917

En = 803
Eg = 722

�n = 171
�g = 138

En = 816
Eg = 707

En = 803
Eg = 722

�n = 9
�g = 11

En = 699
Eg = 774

En = 634
Eg = 781

�n = 46
�g = 5

En = 699
Eg = 774

En = −15
Eg = 872

�n = 505
�g = 69

En = 599
Eg = 917

En = −15
Eg = 872

�n = 434
�g = 32
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Table 5
The nucleation and growth activation energies of the R0 and R1 ribbons.

Sample ω b En (kJ/mol) Eg (kJ/mol)
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[
[

[
[

[
[
[
[
[
[
[
[
[
[

x = 0.02 x = 0.28 x = 0.8

R0 0.5 1 3 3 816 707
R1 0.5 1 3 3 832 688

nd

A(x0) = aEn + bωEg

a + bω
, (10a)

A(x2) = aEn + bωEg

a + bω
, (10b)

here x0 = 0.02, x1 = 0.28 and x2 = 0.80.
All the possible values of En and Eg, i.e. the roots calculated from

qs. (9) and (10), are shown in Table 4 as well as ω, a and b. Mean-
hile, the standard errors �n and �g for the En and Eg calculated

rom Eqs. (9) and (10) are listed in Table 4. In Table 4, the same En

nd Eg values calculated from Eq. (9) in both Case 2 and Case 3 is
wing to the same parameters for Eq. (9); but the parameters for Eq.
10) are not the same, and the En and Eg values calculated from Eq.
10) in Case 2 is different from those in Case 3. The general criterion
o choose the optimal values from those roots of Eqs. (9) and (10) is
hether the larger one of the standard deviations of En and Eg (�n

nd �g) is minimal or not. Apparently, the standard error of roots
n Case 7 is smallest, indicating that the root of Eq. (9) is very close
o the corresponding one from Eq. (10). Hence, the En and Eg of the
rystallization of R0 ribbon are 816 and 707 kJ/mol, respectively. In
ase 7, ω is 0.5 for x = 0.02, 0.28 and 0.80, suggesting that the crys-
allization mode is a parabolic growth. The dimensionalities b are
, 3 and 3 for x = 0.02, 0.28 and 0.80, respectively, indicating that
he growth dimension has an increasing tendency with x.

Using the same method, the En and Eg of the R1 ribbon can also
e obtained. For the R1 ribbon, the En and Eg are 832 and 688 kJ/mol,
espectively. Similar to the R0 ribbon, the ω of the R1 ribbon equals
o 0.5 for x = 0.02, 0.27 and 0.80, suggesting a parabolic growth.
he dimensionalities b are 1, 3 and 3 for x = 0.02, 0.27 and 0.80,
espectively, being consistent with the R0 ribbon.

The calculated parameters for the crystallization of R0 and R1
ibbons are shown in Table 5. Apparently, the activation energies
or nucleation En of R0 and R1 are larger than their Eg, which is
onsistent with the experimental results in Fe40Ni40P14B6 alloy
easured by Ranganathan and Heimendahl [15]. The En of the R1

ibbon is higher, but the Eg of the R1 ribbon is lower compared with
he R0 ribbon, implying tungsten can restrain the nucleation and
ccelerate the growth during the crystallization.

It is known that W can diffuse into the melt and then can be
etained in the amorphous phase after rapidly quenching without
orming any intermetallic compound [26,27]. During the isochronal
nd isothermal annealing processes, the b.c.c. iron will precipitate
ut, but the maximum equilibrant solubility of W in b.c.c. iron at
oom temperature is very low [28]. The nucleation of the b.c.c. iron
ill be controlled by the diffusion of W, which improves the acti-

ation energy for nucleation. Consequently, it is understood that
he En of R1 ribbon is higher than that of the R0 ribbon. On the
ther hand, W is favorable to form the W2B5 compound when its

ontent reaches 3 at.% in Fe–Co–Zr–Mo–W–B alloy [6]. When the
ucleation of b.c.c. Fe is completed, the repulsive tungsten is easy
o reach the critical content to form W-rich compound, and gener-
lly the compound formation is an endothermic process. Hence, W
s helpful for the growth of b.c.c. iron, which can explain the lower

[

[
[
[

a Acta 505 (2010) 41–46

Eg of the R1 ribbon compared with that of the R0 ribbon (Table 5).
Moreover, it can be understood that the local EA of the R1 ribbon in
the isothermal annealing is lower than that of the R0 ribbon (Fig. 8).

5. Conclusions

The primary crystallization kinetics of amorphous
Fe61Co9−xZr8Mo5WxB17 (x = 0 and 2) ribbons has been inves-
tigated using both isochronal and isothermal DSC methods. The
isothermal DSC experimental data show that the crystallization
mode of both ribbons is one-dimensional parabolic growth at very
earlier stage and three-dimensional parabolic growth afterwards.
Furthermore, the activation energy, nucleation activation energy
and onset temperature for the primary crystallization of the
present alloys show that tungsten can restrain the nucleation of
the primary crystallization, which can be ascribed to the dissolu-
tion of tungsten in the amorphous phase. Meanwhile, the related
parameters indicate that tungsten can enhance the growth of the
primary and secondary crystallization products, which is possibly
associated with the formation of W-rich compound in the stage
after the early nucleation process.
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