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The non-isothermal crystallization kinetics of our previously reported Fe;5CrsPgB4C; metallic glass (MG)
was systematically evaluated by X-ray diffraction (XRD), transmission electron microscopy (TEM) and
differential scanning calorimeter (DSC). The primary crystalline phases of the present alloy annealed
under non-isothermal heating conditions were mainly identified as nanocrystalline a-(Fe,Cr), (Fe,Cr)3P,
(Fe,Cr)sC and (Fe,Cr),3(C,B)s embedded in amorphous matrix by XRD and TEM. The apparent activation
energy (E) for characteristic temperatures determined by Kissinger method is similar to that determined
by Ozawa method. The E; for the glass transition temperature is larger than both of the Ex for the onset
crystallization temperature and the E, for the peak temperature, indicating that the energy barrier for
the glass transition is higher than that for the crystallization. Furthermore, the local activation energy
evaluated by Kissinger-Akahira-Sunose (KAS) method and Ozawa-Flynn-Wall (OFW) method shows
similar trend of gradual increase with the progressing of the crystallization process, implying that the
improved difficulty of crystallization. Additionally, the local Avrami exponents gradually decreased from
the values larger than 2.5 to the values smaller than 2.5, which implies a typical diffusion-controlled
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growth with variable crystallization mechanisms during the whole process.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Fe-based metallic glasses (MGs) possess marvelous advantages
for using as the potential engineering and functional materials due
to their excellent soft-magnetic properties, i.e., high saturation
magnetization, high permeability, low coercivity and low core loss,
high corrosion and wear resistance, high fracture strength and high
hardness, which have attracted great attentions of scientific and
industrial researchers [1—15]. Accordingly, a great deal of efforts
should be devoted to the synthesis of novel Fe-based MGs and the
exploration of their formation and properties.

Previous researches have revealed that the study on crystalli-
zation kinetics under non-isothermal conditions plays a key role for
understanding the formation and properties of MGs [16—33]. On
one hand, it can provide helpful information on the nucleation and
growth processes of crystalline phases [31,32], which is of great
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importance for tunable properties of MGs such as soft-magnetic
properties. On the other hand, quantitative analysis relevant to
the thermal stability and mechanisms for crystallization of MGs can
be deduced by calculating the thermodynamic and kinetic data
such as the activation energy of crystallization and Avrami expo-
nent [33], which is beneficial for producing new MGs with desir-
able glass-forming ability (GFA).

Recently, we developed a novel Fe;5CrsPgB4C; MG with com-
bined advantages of high GFA, good magnetic properties, excellent
corrosion resistance, high fracture strength, high Vickers micro-
hardness and cost-effectiveness only using industrial ferro-alloys
without high-purity materials, which exhibits an analogous GFA
and comparable properties to the MG with similar composition
prepared using high-purity materials, showing great potential for
industrial applications [34]. Consequently, it is of great importance
to evaluate the crystallization kinetics for the newly developed
Fe75CrsPgB4C7; MG. In this work, the crystallization kinetics of
Fe75CrsPgB4C7; MG under non-isothermal heating conditions was
systematically investigated using differential scanning calorimeter
(DSC) and analyzed by various approaches of Kissinger, Ozawa,
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Johnson-Mehl-Avrami, Kissinger-Akahira-Sunose and Ozawa-
Flynn-Wall. Besides, the crystallization mechanism was discussed.

2. Experimental procedure

Ingots with the nominal composition of Fe;5CrsPgB4C; were
prepared by induction melting mixtures of industrial ferro-alloys in
an argon atmosphere. Ribbons with a dimension of 2 mm in width
and ~20 pm in thickness were produced by single-roller melt
spinning. It is noted that the chamber for preparation of the ingots
and ribbons of the present alloy was firstly pumped to the pressure
lower than 1.0 x 1072 Pa and then inlet argon gas, preventing the
ingots and ribbons from deterioration by oxygen and other harmful
atmosphere. The fabrication of the present Fe;5CrsPgB4C7 alloy is
previously described in details in Ref. [34]. The structure of as-cast
and annealed specimens was examined by X-ray diffraction (XRD)
using a SHIMADU XRD-6000 X-ray diffractometer with Cu-Ka ra-
diation and JEM-2010 transmission electron microscopy (TEM). The
non-isothermal crystallization kinetics of the glassy ribbons was
characterized by continuous heating with various heating rates
(10—50 K min~") until full crystallization using a METTLER-TOLEDO
TGA/DSC1 differential scanning calorimeter under flowing purified
argon atmosphere within the error of +2 K. The annealed speci-
mens for XRD and TEM measurements of the present alloy were
obtained by continuous heating from ambient temperature to the
first peak temperature under various rates (10—50 Kmin~!) then
with furnace cooling in the METTLER-TOLEDO TGA/DSC1 sample
chamber in flowing purified argon atmosphere.

3. Results and discussion

Fig.1 exhibits the XRD pattern of as-cast Fe;5CrsPgB4C7 alloy. It is
shown that there is only a broad diffuse halo without any appre-
ciable crystalline phase for the as-cast alloy, demonstrating a
typical amorphous structure.

Fig. 2 shows the DSC curves (solid lines) of the Fe;5CrsPgB4Cy
MG at the continuous heating with rates of 10 K min~—, 20 K min—,
30 Kmin~', 40 Kmin~! and 50 K min~", respectively. It can be seen
that all of the DSC curves depict an obvious glass transition with a
supercooled liquid region, followed by distinct exothermic peaks
corresponding to the crystallization of the Fe;5CrsPgB4sC; MG,
which further confirms the amorphous nature of the alloy. Mean-
while, it exhibits that the characteristic temperatures, i.e., the glass
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Fig. 1. XRD pattern of as-cast Fe;5CrsPgB4C5 alloy.
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Fig. 2. DSC curves (solid lines) of the Fe;5CrsPoB4C; MG at continuous heating with
respective rates of 10Kmin~!, 20Kmin~", 30Kmin~', 40Kmin~! and 50 K min~".
Note: dot lines are Gaussian fitting peaks for the first crystallization peaks.

transition temperature (Ty), the first onset crystallization temper-
ature (Txp), the first peak temperature (Tp1), the second onset
crystallization temperature (Txy), the second peak temperature
(Tp2), the third onset crystallization temperature (Ey3) and the third
peak temperature (Ep3), shift to higher temperatures with the in-
crease of the heating rates, and the supercooled liquid region
(ATx =Tx1 - Tg) expands, indicating that both the glass transition
and crystallization depend on the heating rates during continuous
heating. The values of Tg, Tx1, Tp1, Tx2, Tp2, Tx3, Tp3 and AT for the
Fe75Cr5PgB4C7 MG are summarized in Table 1.

It is suggested that the apparent activation energy (E) of char-
acteristic temperatures under the non-isothermal heating condi-
tions, i.e., Eg of the glass transition temperature, Ex; of the first
onset crystallization temperature, Ep; of the first peak temperature,
Ex» of the second onset crystallization temperature, Epy of the
second peak temperature, Ex3 of the third onset crystallization
temperature and Ep3 of the third peak temperature, can be used to
illustrate the crystallization process, which is widely determined by
Kissinger method [35] and Ozawa method [36]. For the Kissinger
method, it is given as [35]:

T2 E
In(?):ﬁ-&-q (1)

where ¢ is the heating rate, R is the gas constant, c; is a constant, T
represents the characteristic temperatures, such as Tg, Tx1, Tp1, Tx2,
T2, Tx3 and Tp3, E is the apparent activation energy of characteristic
temperatures corresponding to Eg, Ex1, Ep1, Exz, Ep2, Ex3 and Eps,
respectively. E can be obtained from the slopes of the linear fitting
plots of In(T?/¢) versus 1000/T using Eq. (1). Fig. 3(a) exhibits these
plots of Ty, Tx1, Tp1, Tx2, Tp2, Tx3 and Tp3. As can be seen, the plots are
approximately straight lines. Hence, Eg, Ex1, Ep1, Ex2, Ep2, Exz and Ep3
can be determined, and the results are listed in Table 2.

Meanwhile, the E determined by Ozawa method can be
expressed as [36]:

E
In(p) = ~1.0516 =+ C; 2)

where ¢, is a constant. E can be calculated from the slopes of the
linear fitting plots of In(¢) versus 1000/T by Eq. (2). Fig. 3(b) shows a
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