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Crystallization kinetics of Fe,4SigB,; metallic glass
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The investigation of Fe,SigB,; metallic glass was carried out by means of non-isothermal
DSC and X-ray diffraction methods. Two crystalline phases: o-Fe(Si) and (Fe,Si),B were
identified during the crystallization process. Based on the Kissinger equation the activation
energies for both phases were calculated. Using the Gao equation the Avrami kinetics exponent
was determined. TEM studies proved the creation of these phases and also showed the presence
of the FeB,y phase in the remaining amorphous phase.
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1. Introduction

The structure of as-received metallic glasses is not in thermodynamic equilibrium and
spontaneously evolves to new more stable structures, often through intermediate
metastable phases. Structural modifications cause changes in the short and medium
range order and finally lead to a stable polycrystalline state, in which a long range
order is seen. These structural changes cause modifications of the physical properties
[1, 2]. Crystallization studies of metallic glasses are interesting from many points of
view. The results of such studies are helpful in understanding the mechanism and
kinetics of phase transformation into the equilibrium state. They also allow us to
evaluate the glass forming ability from the melt and predict stability of the amorphous
state. Moreover, the crystallization studies make a controlled production of micro- and
nano-structures possible.

Theoretical description of the crystallization kinetics of metallic glasses is possible
using appropriate kinetics equations containing characteristic parameters [3, 4].
The glass-crystal transformation may be studied experimentally using isothermal or
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non-isothermal analysis techniques. The isothermal analysis methods are more
definitive, but non-isothermal ones have still some advantages, i.e., the rate at which
the experiment can be performed and the extended temperature range that can be used
during the measurements. The non-isothermal methods allow us to use equipment with
not so defined accuracy [5].

This paper is a continuation of the investigation of the crystallization process of
Fe;4SigB 5 metallic glass [6, 7]. The results of X-ray diffraction (XRD) presented in
those papers proved creation of the stable crystalline phases: a-Fe(Si) and (Fe, Si),B
at different temperatures. Based on the results of differential scanning calorimetry
(DSC) measurements, the activation energy corresponding to the formation of these
phases was calculated. The total energy of clusters representing these phases was
calculated by quantum chemistry methods. The measurements of Hall and electrical
resistivities proved the influence of the structural changes on the electrical properties
of the alloy. Particularly, a distinct decrease of these values was observed after
formation of the stable crystalline phases.

The amorphous alloys based on Fe—Si-B are successfully applied as the core
materials in distribution transformers, due to their low core losses and relatively high
saturation magnetization [8]. Therefore, it is necessary to determine both the conditions
in which the properties of as-received state of metallic glasses are conserved and
the parameters of the kinetics of structure transformations.

The aim of this study is to analyse the kinetics of crystallization of Fe;gSigB 3
metallic glass through DSC and X-ray and transmission electron microscopy (TEM)
techniques. In particular, the Avrami kinetics exponents were determined and
the phases created as well as their structure and morphology were idendified.

2. Experimental

The metallic glass Fe;4SigB;; was prepared by the roller quenching method in
the Institute of Materials Engineering of the Warsaw Technical University, Poland.

DSC measurements were carried out using an STA-409 NETZSCH apparatus
under continuous heating. The heating rates were 5, 10, 15 and 20 K/min. The scanning
temperature varied from room temperature up to 900 K, with the accuracy of £0.1 K.
High purity argon was used as inert atmosphere. The mass of the sample was typically
22-25 mg.

The XRD studies were carried out at room temperature for the as-received as well
as isochronally (4 h) annealed samples at various temperatures (573—823 K) and also
for samples isothermally annealed at 673 K for different times (< 2x10*s). Use was
made of a DRON-2.0 diffractometer with a horizontal goniometer of GUR-5 type.
The XRD tube had a molybdenium target (Ag,= 0.71069x107' m) and a graphite
monochromator in the primary beam.

High resolution transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) studies were performed using a 200 kV Philips Super-Twin
microscope providing 0.24 nm resolution. For HRTEM measurements fine powder
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samples were prepared by grinding the samples in mortar and dispersing in methanol
with ultrasonic agitation. A droplet of suspension was deposited on a microscope grid
covered with holey carbon film.

3. Résumé of nucleation and growth Kkinetics

A newly created phase does not need to be always the thermodynamically most
stable one. When the thermodynamically stable crystals nucleate and grow directly
from the parent phase, it is a one-stage process of the crystallization (path 1 in Fig. 1).
In the case where the formation of the stable crystalline phase is not direct, but it is
carried through metastable phases, the crystallization is a two- or multi-stage process
(path 2 in Fig. 1) [9]. A physical picture of the two stages of the crystallization
process is presented in Fig. 2 [9, 10]. The volume fractions of the metastable x,,(¢) and
stable crystalline phases x(¢) at the time ¢ are defined as:

V (t

6,0 =
(1)

r = =0

where V,, V,, V are the total volumes of metastable, crystalline and parent phases,
respectively.

1
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Fig. 1. One-stage (path 1) and two-stage (paths 2a—2b) formation of stable phase [9].

PARENT PHASE

Fig. 2. Scheme of two-stage of crystallization process (j,, j; and g,, g are nucleation and growth
rates of metastable phase — grey circles and stable phase — black circles) [9, 10].
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According to the Kolmogorov, Johnson, Mehl and Avrami (KJMA) theory,
the time dependence of the volume fraction x(¢) for the isomorphic growing particles
within the matrix is given by [9, 10]:

t t d

x(f) = 1—exp -cjj(z') jg(r—z')dr dr’ )
0

t'

where: d is the dimensionality of the particles (d =1, 2 and 3 for needle-, disk-, and
sphere-like, respectively), c is the shape factor, j and g are the nucleation and growth
rates of the particles (Fig. 2). The KIMA formula shows explicitly that the evolution
of the fraction of crystallized volume is controlled by the nucleation and growth of
the crystallites. The polynuclear mechanism is characteristic of the multicomponent
amorphous alloys and it has two distinct manifestations known as instantaneous
and progressive nucleation. When all crystallites in the system are nucleated
simultaneously at the initial moment the nucleation is instantaneous and described by
the equation:

Nm
J(0) = — (1) )

where: N,, — the maximum number of crystallites, o, — the Dirac delta function [10].

In the case of the progressive nucleation the crystallites are continuously nucleated
during the process. In order to simplify the analysis of this process the nucleation is
often taken as stationary:

. w*

J, =4 exp(— T J 4)
where: W* is the work necessary for nucleus formation, k is the Boltzmann constant
and 4 is a kinetic parameter in stationary nucleation rate.

According to the time dependence given by the unified KJIMA formula the volume
fraction of the metastable phase is:

x, () = 1—exp [—(Kmt)’"] (5)

where m and K, are the kinetic exponent and the reaction rate constant characterizing
the metastable phase [10].

A stable crystalline phase is formed within the variable volume metastable phase,
and those two often have different kinetics. Therefore, in order to determine a volume
of the stable crystalline phase formed, a differential form of the equation analogous
to (5) must be used. If #' is an initial moment of the crystallization process of the stable
phase in the volume dV,,, the volume stable phase dV, may be written as [9, 10]:

v, = {1 _ exp{—(Ks(t—t’))s}}de ©6)
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Integrating this equation in limits: ¢'=0 to t'=¢ and V=0 to V,=V(¢) and
dividing by ¥V leads to the general formula for the volume fraction of the stable
crystalline phase x,

! s\ dx, (¢
x,(1) = x, (1) - j exp{—[Ks(t—t’)J dem_t(,)}df 7)
0

The above equation shows that x, depends on both the kinetics of appearance of
the stable phase (i.e., on the kinetic exponent s and on the reaction rate constant K,)
and the rate dx,,/d¢ of the metastable phase formation.

The reaction rate constants K,, or K, for the stationary nucleation and power-law
growth of particles according to the KIMA kinetics are described by the following
equations [9]:

K - cmjmgz_l l/n (8)
me e

o 1/n
KS — CS‘]Si.S (8b)

where n=1+ vd, (v is specified as 0.5 and 1 for parabolic and linear growths,
respectively) [9].

In the case of stationary nucleation and three-dimensional growth (d =3) of
crystallites with the time-independent growth rate (v = 1), the kinetic exponent n = 4.
Kashchiev and Sato transformed Eq.(7) to the analytical form (for XK, t=> b/,
where b'= (m — 1/m)"™) which leads to a simple formula for the time dependence of
the volume fraction of the metastable phase into the stable crystalline one [9, 10]:

x(t) = x, ()1 - exp _(ﬁ—j (Kmt_b')s 9)

m

The numerical calculation proves that the time at which x; starts departing
appreciably from zero is controlled by the value of the ratio K /K, between the reaction
rate constants of both phases formed in two-stage crystallization [10]. When the value
of K. /K, ratio is small the formation of the stable crystalline phase is delayed. This
delay can be so long that the first portion of the stable phase appears after the complete
formation of the metastable phase. For large K /K,, values x(¢) is close to x,,(t)
(and at K /K, = oo gives x(t) = x,(¢)). In this case, the metastable phase (according to
Ostwald’s rule of stages), transforms into the stable crystalline phase so quickly that
it may not be experimentally observable when the applied technique is of low
resolution [9].
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4. Theoretical basis of non-isothermal treatment

The isothermal solid state transformations are strictly described by the KJIMA equation
of general form:

x(6) = 1—-exp [-(Kr)”} (10)

where x is the volume fraction transformed at time ¢, » — a dimensionless quantity
called the kinetic exponent, and K — the reaction rate constant. The temperature
dependence of K is generally expressed by the Arrhenius equation:

E
K(T) = Koexp[—R—;j (11)

Differentiating Eq. (10) with respect to ¢ at constant temperature gives the reaction
rate dx/dt:

n-1

= nK"" (1 -x) = nK(l—x)[—ln(l—x)] " (12)

dx
dr

The rates of crystallization dx/d¢ at various times are measured directly in the case
of isothermal DSC experiment. The double logarithm of Eq. (10) leads to:

ln[—ln(l —x)} = nlnK + nlnt (13)

and then values of # and K are determined from expression (13) by the least-squares
fitting of In[—In(1 — x)] versus In . Next, the activation energy £, and the frequency
factor K, can be evaluated from the logarithmic form of Eq. (11).

However, it is very interesting to generalize the KIMA equation to experiments
in which the rate of heating £ = d7/dt is constant. In order to determine maximum of
the crystallization rate the second derivative of Eq. (10) was calculated giving [11]:

n—1

) d{(l—x)[—ln(l—x)}T}
LN ﬁ[d(ln@}[ﬁ}(m [d_XJ _ 0
(14)

ar ar |(dr dx di

Substituting the result of differentiation of Eq. (11):

d(lnk) _ E,
dt pr

into (14) and next integrating the equation obtained within limits: 0 to x, and 0 to 7,
one can obtain:

Un KT E
[_1n(1_xp)] = Oﬁ”EZ(R;j (16)

)4

. (15)
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where subscript p stands for the magnitudes at the maximum crystallization rate, E,
and Y are given by relations:

- [ E, j _ exp(-E,/RT,)
5 =
RT, E,/RT, +2

(1+7Y)

2
E
Y = 2|—=—+2| + terms of higher order
T,

In the crystallization process Y <1, because £, > RT,. Combining Eqs. (16) and (11)
(at the maximum crystallization rate) leads to [11]:

“t/n  BE.(1+2RT,/E,)  pBE
[—ln(l —xp)] - e SARSIA ‘ (17)
K,RT, K,RT

Using Eqs. (14) and (17) yields:

E
Pl (18)
K,RT,
and Eqgs. (17) and (18) lead to: —In(1 —x,) = 1 and hence x, = 0.63.

Substituting this value of x, for x in Eq. (12) gives the kinetics exponent n of
the crystallization:

dx 2 -1
n = (FLRTP (0.37ﬂEa) (19)

Although the KIMA equation was deduced for the isothermal case, it is widely
applied also by many authors to the non-isothermal crystallization process [11-13].
The KJIMA equation is used in a variety of mathematical analysis of the non-isothermal
solid state transformation.

5. Results and discussion

The kinetics of non-isothermal crystallization of Fe;gSigB;; metallic glass was
investigated by DSC method. The measurements were carried out at continuous
heating rates of 5, 10, 15 and 20 K/min. In each DSC curve two clearly separated
exothermic peaks are seen. This indicates that during the transformations two
principal crystalline phases appear. The position of the peaks on the temperature axis
moves towards the higher temperature with an increase of the heating rate. Based on
the Kissinger equation the activation energy E, for the crystallized phases can be
derived from:
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Fig. 3. Dependences of In(5/ T;) versus 1/Tp for both stages of crystallization of Fe;gSigB;; metallic
glass (® — first stage and x — second stage).

B E, K,R
In —2 = — + In (20)
r RT, E,

where: = d7/dz is the heating rate, 7, temperature of the peak, R the gas constant and
K, frequency factor [14, 15]. The Klssmger plots, that is ln(ﬂ/T ) vs. 1/T, (Fig. 3),
allow the values of E,, to be obtained through the least-squares fit. The calculated values
of are listed in the Table.

T able. Parameters of crystallization kinetics of Fe,3SigB;; metallic glass.

Parameter a-Fe(Si) (Fe,Si),B
E, [kJ/mol ] 341 410
n 2.49 4.93

Here, we calculated the Avrami kinetics exponent n from Eq. (19) developed for
the first time by Gao and WANG [11]. The crystallized fraction x at any temperature 7
is given as x = 4,/4, where 4 and A, are the total and partial (at generic temperature
T) areas of exothermic peak, respectively. The crystallization rates vs. temperature
for the two principal crystalline phases observed are presented in Figs. 4 and 5.
The maximum crystallization (dx/d7), for each heating rate gives n according to
Eq. (19). The average values n for both phases are included in the Table. They
indicate that the crystalline grains of both phases are three-dimensional [9].

Figure 6 presents the results of X-ray diffraction. They also prove that in
the crystallization process there are two crystalline phases formed at different
temperatures. A qualitative analysis proves that the cubic a-Fe(Si) phase (Im3m;
a=2.856 A) is created at 723 K and the tetragonal (Fe,Si),B phase (I4/mcm;
a=5.105 A, b=4.228 A) appears after annealing at 773 K [16, 17]. The isothermal
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Fig. 4. Crystallization rate dx/d¢ versus temperature 7 for the Fe,gSigB; metallic glass at different
heating rates for the first crystalline phase.
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Fig. 5. Crystallization rate dx/d¢ versus temperature T for the Fe,gSigB,; metallic glass at different
heating rates for the second crystalline phase.

annealing at 673 K indicates that the crystallization process starts after annealing time
r>2x10*s (Fig. 6b). The as-received metallic glass is amorphous and homogenous
(Figs. 6a and 6b), thus the volume diffusion of Fe atoms causes the formation of
the metastable Fe(Si) phase in some areas of the parent phase. These areas transform
to the crystalline a-Fe(Si) phase after annealing at a temperature of 723 K. Such
a phase transition is the primary crystallization [18, 19]. The chemical composition
and the properties of the amorphous matrix change during the primary crystallization.
As a result of this process the amorphous matrix phase enriches in boron atoms and
attains the eutectic composition: a-Fe(Si) + (Fe,Si),B. As the annealing temperature
increases further and reaches the point (773 K) of the eutectic reaction occurs.

The TEM and SAED studies of Fe;4Si¢B 5 specimen heated at 823 K for 4 h verify
the creation of the phases discussed above on the basis of XRD measurements.
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Fig. 6. X-ray diffraction patterns for samples of the alloy Fe;sSigB;; annealed: at different
temperatures (a), during different time intervals at 673 K (b).

Fig. 7. HRTEM image and its Fourier transforms of specimen Fe;¢SigB;; heated at 823 K for 4 h.
Particles with 0.742 and 0.547 nm latice fringes characteristic of [112] and [210] of FeB,, are visible.

However, some amount of the amorphous phase was also observed following
the applied treatment of the specimen (Fig. 7). Additionally, TEM observations
showed the presence of a needle-like cuboid shaped large crystalline particles,
typically between 20 and 50 nm in shorter, and even up to 500 nm in elongated sizes.
A magnified image of such crystallites is shown in Fig. 7 with its fast Fourier
transform (FFT). The phase analysis of them was carried out by indexing the selected
area diffraction patterns as well as the FFT patterns obtained from the HRTEM
image of the nanocrystalline particles [20, 21]. The analysis results indicate that
the particles with 0.742 and 0.547 lattice fringes are characteristic of [112] and [210],
respectively, of the FeB,9 compound [22]. Thus, the FeB,4 phase, very rich in boron,
was identified in the sample under study.
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6. Conclusions

The following conclusions can be derived from conducted studies:

1. DSC and XRD studies indicate that the transformation from the amorphous to
crystalline state proceeds through the formation of two main stable phases: a-Fe(Si)
and (Fe, Si),B.

2. The high resolution and electron diffraction observations show that after
annealing at 823 K for 4 h some part of the amorphous phase is still present in
the volume of specimen.

3. By means of TEM techniques the presence of the FeB,q phase was detected.

4. The values of the Avrami kinetics exponents indicate that the phases formed
grow as the three-dimensional crystals.
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