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Abstract: Fe-based metallic glass has wide industrial application due to its unique mechanical
behavior and magnetic properties. In the present work, the non-isothermal crystallization kinetics
in FeggNbgBysMos glassy alloys were investigated by differential scanning calorimeter (DSC). The
results indicate that both the glass transformation and crystallization process display an obvious
kinetic effect. The activation energy is calculated using Kissinger’s method and Ozawar’s method.
The activation energy for Ty (glass transition temperatures), Ty (crystallization initiation temperatures)
and T), (crystallization peak temperatures) calculated from Kissinger equation, is 308 + 4,342 + 5
and 310 = 7 k] mol !, respectively. The activation energy for Ty, Ty and T, calculated from Ozawa
equation is 322 + 3,356 + 5 and 325 + 7 k] mol !, respectively. With the increase of the crystallization
volume fraction x, the Avrami exponent n(x) first decreases and then increases. At the preliminary
step, 0 < x < 0.25, 2.5 < n(x) < 4.0 stands for the growth from a small size with an increasing nucleation
rate. When 0.25 < x < 0.71, n(x) decreases from 2.5 to 1.5, indicating that this stage is controlled by the
growth of small particles with a decreasing nucleation rate.

Keywords: metallic glasses; crystallization kinetic; activation energy; nucleation

1. Introduction

Fe-based amorphous glass has been widely used in the industrial field because of its
excellent mechanical strength, outstanding magnetic properties and inexpensive material
cost [1-6]. Thermodynamically, these metallic glasses are metastable materials. When
heated to above the crystallization temperature, they transition into a crystalline phase.
In order to precisely control the formation of the microstructure to fabricate new amor-
phous/nanocrystalline materials, it is of key importance to comprehended the nucleation
as well as grain growth behavior in metallic glass. Differential scanning calorimetry (DSC)
has been proven to be an effective way to study the crystallization kinetics of metallic glass.
Traditionally, studies of the crystallization kinetics were performed on DSC equipment
under non-isothermal crystallization and isothermal crystallization conditions. In previ-
ous studies, the effective activation energy, crystallized volume fraction, and transition
kinetics have been analysed in detail [7-15]. Wang et al. [7] investigated the crystallization
kinetics in the FeggP13C7 alloys and proposed that the crystalline mechanism belongs to the
diffusion-controlled growth of the glassy ribbons. Stoica et al. [8] studied the crystallization
kinetics of the FeggNbyBs bulk metallic glasses using the Johnson-Mehl-Avrami (JMA) and
Kissinger equations. Studies on the ZrgnCuppAljpNijg bulk metallic glass demonstrated
that the crystalline mechanism is controlled by the JMA-like mode in the initial stage and
later controlled by the normal-grain-growth (NGG) mode [9]. Lu et al. [10] studied the
complex primary crystallization kinetics of the amorphous Finemet alloys and pointed
out that the crystalline mechanism has one-dimensional growth at a near-zero nucleation
rate for the crystalline volume fraction between 0.2 and 0.9. Although studies on the
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crystallization kinetics have been carried out for a series of metallic glasses [7-15], data are
still in deficiency on the crystallization kinetics of Fe-based metallic glasses.

It is important to understand the nucleation and grain growth behavior in metal-
lic glasses in order to accurately control the formation of microstructure to fabricate
novel amorphous/nanocrystalline materials. In this article, the crystallization kinetics
of FeggNbgBysMos glassy alloys under non-isothermal conditions were studied by DSC.
The crystallization kinetic parameters, i.e., activation energy, local activation energy and
local Avrami exponent, were calculated to understand behaviors of the nucleation and the
growth during the entire crystallization process.

2. Experimental Procedure

Nominally composed of FeggNbgBysMos (at.%), the master alloy ingots were made
by the arc-melted pure elements of Fe (99.8%), Nb (99.9%), B (99.99%) and Mo (99.8%) in
the atmosphere of Ti-gettered argon. To guarantee the compositional uniformity, the alloy
ingots were remelted six times. The amorphous strip was made by injecting the molten
alloy in a quartz tube into the rotating copper roller using the melt spinning method, with
a linear velocity of 40 m s~! and injection pressure of 20 kPa. The amorphous properties
of the samples were tested with an X-ray diffractometer (D8 Advance, Bruker Company,
Billerica, MA, USA), by using Cu K« as a radiation. Thermoanalysis was implemented in
DSC equipment (SDT Q600, TA Instruments, New Castle, DE, USA) in high purity argon
and constant flow. A series of DSC scans at different heating rates were recorded over the
heating rate range of 10-40 K min~1.

3. Results and Discussion
3.1. Structure Analysis and Non-Isothermal Crystallization Behavior of the FeggNbsB23Mo3
Glassy Alloys

The XRD pattern of the melt-spun FeggNbgBy3Mog ribbons is shown in Figure 1. Its
diffraction peak is wide, and there is no other peak corresponding to the crystal phase. The
results show that the alloy can be completely amorphous under the present alloy composition.
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Figure 1. XRD pattern of the melt-spun FeggNbgBysMogs ribbons.
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Figure 2 shows the non-isothermal DSC traces of the FecgNbgBysMo3 amorphous band
at different heating rates. All DSC traces show an endothermic process of the vitrification
of the liquid to the undercooled state, followed by an exothermic reaction corresponding
to the crystallization of the undercooled liquid. Table 1 lists the crystallization initiation
temperatures (Ty), glass transition temperatures (T¢) and crystallization peak temperatures
(Tp), which are the characteristic temperatures. As the heating rate increases from 10 to
40 K min—!, all the characteristic temperatures (T, Tg, Tp) shifts to higher temperatures,
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demonstrating that both the glass transition and the crystallization events have remarkable
kinetic effects. As seen in Table 1, the supercooled liquid region ATy (= Ty — Tg) remains
almost the same.

S, i,

=

= [40 K min” 1T

E A,

(_% 30 K min™ 1

= N

) /m

T (20 K min” L /NG
0 L o I
2 10 K min .

LIJ M 1 M 1 M T 1 M 1 M
760 800 840 880 920 960

Temperature/K
Figure 2. DSC traces for the FeggNbgBysMos glassy alloys under varied heating rates.

Table 1. Thermal properties of the FeggNbgBy3Mog glassy alloys under varied heating rates.

Heating Rate (K min—?) Ty (K) T, (K) T, (K) ATy (K)
10 826 864 876 38
20 836 873 888 37
30 844 882 893 38
40 851 888 904 37

3.2. Activation Energy

The activation energy (E) associated with the characteristic temperatures at different
heating rates can be determined by Kissinger’s Equation [16]:

2
In (2) = % + constant (1)
where B represents the heating rate, R denotes the gas constant and T represents Ty, Ty or
Tp. Using Equation (1) and the values of T¢, Ty and T), are listed in Table 1, the relationship
plots between In(T?/B) versus 1/T can be drawn. Some approximately straight lines with
a slope of E/R can be seen (Figure 3), from which the effective activation energy can be
deduced. The effective activation energy of Ey, Eg, and E, are shown in Table 2.
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Figure 3. Kissinger plots of the FeggNbgB,3Moj3 glassy alloys.

Similarly, Ozawa plots, manifesting the relationship between 1/T and Inp, can also be
obtained by using the Ozawa equation [17]:

E

Ing = “RT + constant 2)
Figure 4 reveals the relationship between 1/T and Inpf. The activation energy can be
deduced from the slope of —E/R using Equation (2). Table 2 also lists the activation energy
of Ey, Eg and Ep, estimated from Ozawa equation. The effective activation energy of Ey,
Eg and E, estimated from both the Kissinger and Ozawa equations have almost the same
tendency. However, it can be seen that the values of effective activation energy deduced
from the Ozawa equation are a bit higher than those deduced from the Kissinger equation.
The crystallization kinetics of Fe67Nb5B28 alloy have been studied in the literature [15]. The
values of Eg, Ex and Ep calculated by Kissinger equation are equal to 447 + 15, 536 + 22 and
559 + 20 k] mol !, respectively. The effective activation energies of Eg, Ex and Ep calculated
by the Ozawa equation are 461 & 14, 551 4 24 and 574 + 20 k] mol~!, respectively. The
results determined from the two equations have the same tendency, while the activation
energies estimated from the Kissinger equation are slightly smaller than those obtained

from the Ozawa equation.
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Figure 4. Ozawa plots of the FesgNbgBy3Mogs glassy alloys.



Crystals 2022, 12, 852

50f 10

It is already known that the crystallization initiation temperature is related to nucle-
ation process and the crystallization peak temperature is directly associated with grain
growth process.

Table 2. The calculated activation energy of the FeggNbgBysMos metallic glass.

Activation Energy (k] mol—1)

Equation Eg E, Ep
Kissinger 308 +4 342 £ 5 310 £ 7
Ozawa 322 +3 356 £ 5 325+7

3.3. Local Activation Energy E(x)

The crystallization volume fraction x at a temperature T during the crystallization
can be written as A1/ Ayota;, With At representing the corresponding area of the specific
temperature T, while A,y represents the whole area of the crystallization peak in the DSC
curve. According to the DSC traces, the relationship between the crystallization volume
fraction x and temperature T of FecgNbsBy3sMos metallic glass for the crystallization event
at different heating rates is shown in Figure 5. The slope of the x-T curves denotes the
crystallization rate at a stationary heating rate. The x-T curves display a representative
S-type shape. At the beginning and end of the x-T curve, the crystallization rate is small,
and when x is in the range of 10-80%, the crystallization rate is large. As the heating rate
increases, the x-T curve shifts to the right, revealing a typical thermal drive process.

1.0 .
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0.8} —o—20 K min
30 K min”
0.6} —+— 40 K min”
x
04}
0.2+

0.0 et SR [ R EE T R
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Figure 5. The x-T curves of the FeggNbgBysMog glassy alloys under various heating rates.

According to the Ozawa-Flynn-Wall (OFW) equation, the local activation energy E(x)
can be expressed as [18]:

Ing = —1.051615;2;)) + constant 3)
where E(x) and T(x) stand for the local activation energy and temperature corresponding to
the given crystalline percent x, respectively.

Figure 6 shows that a curve of Inp with respect to 1000/T(x) at a specific value x
can be derived from the fitting line. E(x) can be calculated from the slope of the fitting
line when x is constant. Figure 7 exhibits the relationship between the variable activation
energy of the FeqgNbgBysMoz metallic glass and the crystallization volume percent x during
crystallization. It was found that the local activation energy decreases with the increase of
the crystallization volume percent x during the crystallization.
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Figure 6. Plots of Inf verse 1000/ T(x) of the FeggNbgBy3Mog glassy alloys.
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Figure 7. Relationship between local activation energy E(x) and the crystallization volume fraction x.

3.4. Local Avrami Exponent n(x)

During the phase transition, the local Avrami exponent (1(x)) is important for under-
standing the mechanism of crystal nucleation and grain growth. The n(x) can be described
as [10,19]:

—RoIn[—In(1 — x)]
= 4
n(x) E(x)a(1/T) @

Figure 8 displays the plots of In(—In(1 — x)) as a function of 1000/ T of the FessNbgBy3Mos
glassy alloys. The figure shows that there are many different stages during the crystalliza-
tion process. The plots of n(x) versus x can be obtained by using Equation (4). Figure 9
exhibits the relationship between the local Avrami exponent r(x) and the crystallized
volume percent x of the FeggNbgBysMos metallic glass with a heating rate of 20 K/min.
During the whole crystallization process, the value of n(x) changes strongly with different
x. The value of n(x) first decreases and then increases with the increase of x. At the initial
crystallization stage (x < 0.05), the value of n(x) is larger than 4.0. With the progress of
crystallization, n(x) decreases slowly from 4.0 to 0.88, and x increases from 0.05 to 0.97.
However, when the crystal volume percent further exceeds 0.97, n(x) is sharply increased
to approximately 3.6.
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Figure 8. Plots of In(—In(1 — x)) against 1000/T of the FeggNbgByzMos metallic glass (at
10\20\30\40 K/min).
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Figure 9. The variation of local Avrami exponent 7(x) as a function of the crystallization volume
fraction at heating rate of 20 K/min.

The Avrami exponent n(x) can be described as [20]:
n=a-+bxc 5)

where 4 is the nucleation index, b is the dimension of the growth, c is the growth index
(c =1 and 0.5, respectively, for interfacial control growth and diffusion control growth).
The value of c is set at 0.5 for current metal because of the diffusion control growth in the
Fe-based metallic glass [7].

The Avrami exponent 7 is an indicator of the nucleation and growth mechanism
during the crystallization process. As the local Avrami exponent n(x) is bigger than 4
with no essentially meaning [20], it is not considered in the current study. In the initial
stage of 0 < x < 0.25, the value of n(x) ranges from 2.5 to 4.0, indicating that it grows
from small dimensions with an increasing nucleation rate in the initial stage. The value
of n(x) = 2.5 stands for the growth from small dimensions with a constant nucleation rate.
With the increase of x in the range 0.25-0.71, n(x) shows a decrease from 2.5 to 1.5, which
represents the growth of small particles with a decreasing nucleation rate at this stage. The
value of n(x) = 1.5 stands for the grain growth at zero nucleation rate. The value of n(x)
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drops from 1.5 to 1.0, where x ranges from 0.71 to 0.97, illustrating that it is controlled by
the particle growth with considerable original volume. In the final stage with x > 0.95, it
was found that n(x) increases sharply to 3.6. The abnormal rise of n(x) at high x is attributed
to the uneven distribution of nuclei in amorphous alloys [15,21].

3.5. Dependence of Glass Transition and Crystallization Event on Heating Rates

Figure 10 described the changes of T, Ty and T, with Inp of the FeggNbgBy3Mo3 glassy
alloys, which can be expressed by Lasocka’s empirical relations [22]:

T=A+BInpg 6)

where A and B are constants, and j stands for the heating rate. The values of A and B are
calculated by the least square method and are listed in Table 3. The value of B represents
the response of the matrix to the configurational change in the glass transition region. With
the increase of the B value, the characteristic temperature is more sensitive to the heating
rate. The value of B for T is the largest, while the value of B for T, is the smallest. Thus,
the crystallization process is the most susceptible to the heating rate.

920
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(0]
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Temperature/K
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B (o]
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800 ' '

2.0 25 30 35 40
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Figure 10. Relationship between Inf and characteristic temperatures of the FeggNbgBy3Mogz glassy alloys.

Table 3. Values of A and B of the FeggNbgB,3Moj3 glassy alloys.

Tg Ty T,
783.77 823.27 829.51
B 17.93 17.38 19.31

4. Conclusions

The purpose of the study of crystallization kinetics in this paper was to control the
crystallization products and their size distribution, to obtain amorphous nanocrystalline
alloys and to control their properties.

1.  Both the glass transition process and crystallization process display an obvious kinetic
effect. The activation energy was calculated by using the Kissinger equation and the
Ozawa equation. The values of Eg, Ex and Ep, calculated by Kissinger equation, are
308 + 4,342 + 5and 310 + 7 k] mol 1, respectively, and they are 322 + 3, 356 & 5 and
325 + 7 kJ mol ! calculated by the Ozawa equation, respectively.

2. With the increase of crystallization volume fraction x, the Avrami exponent n(x) first
decreases and then increases. The 2.5 < n(x) < 4.0 in the initial stage of 0 < x < 0.25
stands for the growth from small dimensions with an increasing nucleation rate. With
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the increase of x in the range 0.25-0.71, n(x) decreases from 2.5 to 1.5, indicating
that it is controlled by the growth of small particles with decreasing nucleation rate
at this stage. The value of n(x) decreases from 1.5 to 1.0 with x ranging from 0.71
to 0.97, suggesting that it is controlled by the growth of particles with appreciable
initial volume.

3. The fitting curves, using Lasocka’s equation, clearly indicate that the course of the
crystallization of FeggNbgBysMos is most susceptible to the heating rate.
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