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a b s t r a c t

The kinetics of structural transformations of the Fe75Ni2Si8B13C2 amorphous alloy under non-isothermal
conditions was studied. It was shown that the amorphous alloy was stable up to 723 K, when multi-
step structural transformations start, involving formation of stable �-Fe(Si) and Fe2B crystalline phases,
and a metastable Fe15Si3B2 phase, their growth and the decomposition of the metastable phase into
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the two stable phases. Peakfit software was used to resolve the overlapping peaks corresponding to
different crystallization steps, at different heating rates. The kinetic parameters corresponding to each of
the steps were evaluated and kinetic triplet for every single step was established (g(˛) = [−ln(1 − ˛)]1/3,
Ea = 375.1 ± 0.8 kJ/mol and ln A = 56.2 ± 1.0 for step 1; Ea = 341.6 ± 0.5 kJ/mol and ln A = 49.3 ± 0.5 for step
2). The effects of structural transformations on the established kinetic model were discussed in detail.
hermal analysis
hase transition

. Introduction

Metallic glasses are kinetically and thermodynamically
etastable materials. They are usually stable at room tem-

erature and transform to more stable crystal forms at higher
emperatures [1]. Due to their excellent soft magnetic properties,
uch as high saturation magnetization, high permeability, low
oercivity and loss, these materials are used in many different
pplications, such as power devices, information technology,
agnetic sensors, anti-theft security systems [2,3]. The change in

tructure can lead to change in their technologically important
roperties, such as the heat capacity, electrical resistivity, volume
nd magnetic properties [4–7]. This can, sometimes, improve
heir performance, but it can also deteriorate it, making them
uitable for single-use only. This makes it important to study
inetics of phase transformations induced by thermal treatment
f amorphous alloys.

Our research of Fe-based amorphous alloys showed that, at high
emperatures, thermally treated amorphous alloys undergo single-

r multi-step processes of structural phase transformations. The
inetics of these processes was investigated in detail [8,9]. We
lso studied the structural transformations of the Fe75Ni2Si8B13C2
morphous alloy under non-isothermal as well as under isother-

∗ Corresponding author. Tel.: +381 11 3336 689.
E-mail addresses: dminic@ffh.bg.ac.rs, drminic@gmail.com (D.M. Minić).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2011.02.040
© 2011 Elsevier B.V. All rights reserved.

mal conditions [10]. These studies showed that the Fe75Ni2Si8B13C2
amorphous alloy was stable up to the temperature of 723 K when
multi-step structural transformations began. The primary crystal-
lization already started at 723 K with formation of �-Fe(Si) phase
in the amorphous matrix. At higher temperatures (between 780
and 800 K) we detected the presence of the boron–iron–silicon
phase (B2Fe15Si3) as well as the iron–boron (Fe2B) phase. Above
870 K only two phases, Fe3Si and Fe2B, were detected. The present
paper is concerned with the study the non-isothermal mechanism
and kinetics of multi-step processes of structural transformations
of Fe75Ni2Si8B13C2 amorphous alloy in 293–1273 K temperature
range, with particular emphasis on correlation of structural trans-
formations and the kinetic parameters.

2. Experimental procedure

2.1. Materials and techniques

The ribbon-shaped samples of Fe75Ni2Si8B13C2 amorphous alloy
(2 cm wide and 35 �m thick) were obtained using the standard
procedure of rapid quenching of the melt on a rotating disc (melt-
spinning method).
The thermal stability of the alloy as well as its structural trans-
formations have been investigated by the differential scanning
calorimetry (DSC) in a nitrogen atmosphere using a DSC-50 ana-
lyzer (Shimadzu, Japan). In this case, samples weighing several
milligrams were heated in the DSC cell from room temperature

dx.doi.org/10.1016/j.tca.2011.02.040
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:dminic@ffh.bg.ac.rs
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o 973 K in a stream of nitrogen with a flow rate of 20 ml min−1

t different heating rates. The overlapping exo-peak was resolved
sing Peakfit software version 4.11 [11,12]. The peak resolution was
onducted using a combination of Gaussian and Lorentzian func-
ions. Only the fitted peaks with correlation factor R2 > 0.995 were
ccepted as a good fit.

.2. Solid-state kinetic analysis

All kinetic analyses of solid-state transformations are based on
single-step kinetic equation:

d˛

dt
= k(T)f (˛) (1)

here k(T) is the rate constant, t is the time, T is the temperature, ˛ is
he fractional extent of reaction (rate conversion), and f(˛) is a con-
ersion function (kinetic model) which depends on the particular
eaction model.

The temperature dependence of the rate conversion is intro-
uced by replacing k(T) with the Arrhenius equation, which gives
he relation:

d˛

dt
= A exp

(
− E

RT

)
f (˛) (2)

here A (pre-exponential factor) and E (activation energy) are the
rrhenius parameters and R is the gas constant.

Kinetic description of solid state transformations usually
ncludes a kinetic triplet, involving Arrhenius parameters (activa-
ion energy, E and pre-exponential factor, A) as well as an algebraic
xpression of the conversion function, f(˛) describing the depen-
ence of the reaction rate on the conversion degree, ˛.

In solid state reactions, the constant value of activation energy
an be expected only for a single-step reaction and E in Eq. (2)
ecomes an apparent quantity (Ea), based on a quasi-single-step
eaction. In non-isothermal measurements at constant heating rate,
, Eq. (2) transforms to:

d˛

dT
= A exp

(
− Ea

RT

)
f (˛) (3)

here d˛/dt ≡ ˇ(d˛/dT).
The rate conversion d˛/dt is proportional to the measured spe-

ific heat flow ˚, normalized per sample mass (W g−1):

d˛

dt
= �

�H
(4)

here �H corresponds to the total enthalpy change associated
ith the solid-state transformations. The fractional extent of

eaction ˛ can easily be obtained by partial integration of non-
sothermal thermal analysis curve.

. Results and discussion

.1. Thermal behavior and structural transformations induced by
hermal treatment

As-prepared Fe75Ni2Si8B13C2 alloy is stable up to a tempera-
ure of 723 K when the multi-step crystallization begins, exhibiting
verlapping crystallization peaks in DSC (Fig. 1), between 790 and
00 K, depending on the heating rate [10].

The appearance of such overlapping peaks in the process of crys-
allization of amorphous alloys could be provoked by several stages
f crystallization of compounds involving different constituents,

roduced during a reaction, or by crystallization of compounds

nvolving same constituents in several different stoichiometries.
he overlapping peaks can also indicate that the nucleation and
rowth of crystals take place simultaneously. In overlapping peaks,
here are intervals where the experimental data corresponds only
Fig. 1. DSC curves of alloy at different heating rates.

to the summed values of multiple individual steps, rather than to
any individual step in particular. If the overlap is negligible (the sec-
ond step begins as first one is almost finished) this can be ignored,
but when the degree of overlap is significant (in simultaneous
steps) it is necessary to resolve the complex peaks.

The resolution of the complex peaks yielded two well separated
peaks for heating rate 5 K min−1 and three for the higher heating
rates (Fig. 2).

Fig. 2a and b shows the experimental (dashed lines) and resolved
DSC curves (solid lines) at heating rates 5 and 10 K min−1, respec-
tively. The changes in intensities and characteristic temperatures
with the heating rate indicate that the heating rate has a signifi-
cant influence on the crystallization process. As the heating rate is
increased, the intensities of all DSC peaks increase and they shift to
higher temperatures, indicating thermal activation of the observed
steps of the crystallization process. The ratios of peak intensities
and the intervals between the peaks change with the increasing
heating rate, as the activation energies of individual crystallization
steps are different.

The overall activation energy of different crystallization steps,
as well as the pre-exponential factors under linear heating condi-
tions were determined by the Kissinger’s, as well as the Ozawa’s
peak methods, based on the dependence of exothermic peak tem-
perature Tp on heating rate ˇ [13,14], Table 1. When compared to
our previous study of this system, conducted using Kissinger’s and
Ozawa’s methods on unresolved peaks [10], the values obtained
for resolved peaks are slightly lower, but they are within the range
of experimental error of those data. The resolution of peaks, how-
ever, resulted in much lower experimental error, when compared
to analysis of unresolved peaks.

The high values of the apparent activation energy of crystal-
lization of amorphous alloy indicate primarily the high complexity
of these processes, as well as the fact that a lot of atoms are
involved in an elementary step of structural reorganization. The
errors were determined as a root-square deviation multiplied on
Student’s coefficient for the probability of 0.95.

3.2. Determination of kinetic triplets

In order to establish kinetic description of the crystallization
process, we applied “the model free”, as well as “the model fitting”

method. The fraction extent of reaction, ˛, at any temperature, T, for
all crystallization steps was obtained as ˛ = ST/S, where S is the total
area of the exothermal curve between the temperature Ti, where
the crystallization is just beginning, and the temperature Tf, where
the crystallization is completed. ST is the area between the initial
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Fig. 2. The resolved DSC peaks for hea

emperature and a generic temperature, T, ranging between Ti and
f.

.2.1. Model free approach
The model-free approach, also known as “isoconversion

ethod”, requires determination of the temperature T˛ at which
n equivalent stage of the reaction occurs for various heating rates.
he widely accepted procedure, giving the influence of fractional
xtent of reaction, ˛, on the values of kinetic parameters, is the
lynn–Wall–Ozawa’s (FWO) method [15,16] in the form:

n ˇ = ln
(

AEa,˛

Rg(˛)

)
− 1.0518

Ea,˛

RT˛
(5)

here g(˛) is the integral form of the conversion function f(˛), and
efined as g(˛) =

∫
(d˛)/(f(˛)).

In accordance with Eq. (5), the dependence of ln ˇ on 1/T allows
s to determine apparent activation energy, even without the
nowledge of the correct conversion function. The values of the
pparent activation energies, calculated from the slope of this
ependence, and intercepts, are shown in Fig. 3 as a function of
he conversion degree. It can be observed that, for the first two
rystallization steps, the determined apparent activation energies,
s well as intercepts of obtained dependences, are practically con-
tant in ˛ range of 0.3–0.8 indicating a single step processes. The
ontinuous decrease in the dependences of the third step indicates
complex process, which could not be considered as a single step

17]. Accordingly, it is not possible to determine the unique kinetic
riplet for this step. The same shape of obtained dependences sug-
ests that the apparent activation energy as well as the intercepts
epend in the same way on the fraction extent of the considered
rocesses.
.2.2. Model fitting approach
Taking into account that the first two crystallization steps can

e treated as single step processes, we used model fitting method,
pplying the Coats–Redfern method [18] for different forms of

able 1
inetic parameters for the three crystallization steps determined by Kissinger and Ozawa

Overall values Step 1 Step 2

Kissinger Ozawa Kissin

Ea [kJ mol−1] 375.1 ± 0.8 388.7 ± 0.8 341.6
ln A 56.2 ± 1.0 49.1 ± 0.1 49.3
R 0.999 0.999 0.99
ates (a) 5 K min−1 and (b) 10 K min−1.

conversion functions for solid state reactions, to determine the
kinetic triplets for the first two crystallization steps. The criterion
for choosing the right conversion function was the linearity cor-
relation factor, R2, of dependence f(˛) = f(1/T) at different heating
rates for individual steps, Table 2.

Although all correlation coefficients R2 (Table 2) are very close
to 1, the Arrhenius parameters for applied heating rates are highly
variable, exhibiting strong dependence on the selected conver-
sion function. This means that, under non-isothermal conditions,
˛ = f(T) curves and Coats–Redfern’s method do not permit us to
determine the true kinetic parameters as well as the correct con-
version function. This is due to the fact that kinetic curves contain
information about the temperature and conversion components in
non-separate form. In order to find the true conversion functions
for first and second step of crystallization, we have chosen the val-
ues of apparent activation energies determined using Kissinger’s
method and applied some additional criteria, such as the indepen-
dence of the activation parameters on the heating rate [19], master
plot method [20] and analysis of two new functions defined by
Málek [21–23].

In order to determine which of the conversion functions pre-
sented in Table 2 best corresponds to the first and the second
crystallization step, we first applied the criterion of the inde-
pendence of activation parameters on the heating rates on the
conversion functions. According to this criterion [19], for the correct
proposed conversion function, the following should be true:

ln

(
ˇg(˛)

T2

)
= ln

(
AR

Ea

)
− Ea

RT
(6)

where g(˛) is the integral form of kinetic model, defined as:
∫ ˛ ∫ x
g(˛) =
0

d˛

f (˛)
= ZEa

Rˇ
p(x); p(x) =

0

exp(−x)
x2

dx; x = Ea

RT

Using Eq. (6) for different conversion functions, Table 2, we tested
the applicability of the criterion of the independence of acti-

methods.

Step 3

ger Ozawa Kissinger Ozawa

± 0.5 355.4 ± 0.5 330 ± 10 344.7 ± 10
± 0.5 43.4 ± 0.5 47 ± 12 41 ± 12
9 0.999 0.972 0.974
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ation parameters on the heating rate. As a result, Fig. 4c, we

btained satisfactory linearity only for JMA model in the form
(˛) =[− ln(1 − ˛)]1/n where n = 3 for both steps of crystallization
ccurring as single-step processes is the most satisfactory.

Further verification of the applicability of this conversion func-
ion was conducted using Málek’s [21–23] and master plot [20]

able 2
pparent parameters obtained by using the Coats–Redfern equation for different kinetic

Conversion
function
J

ˇ = 5 ◦C min−1 ˇ = 10 ◦C min−1

ln A (min−1) Ea (kJ mol−1) R2 ln A (min−1) Ea

(kJ mo

Peak 1 P4 37.5 261.2 0.984 33.4 233.2
P3 50.9 349.1 0.984 45.4 312.1
P2 76.9 535.8 0.985 69.8 479.9
A3/2 128.2 859.0 0.994 112.8 761.9
A2 96.3 647.5 0.991 84.8 573.9
A3 62.9 426.8 0.991 55.4 377.7
A4 46.2 317.1 0.990 40.7 280.2
R1 161.9 1085.0 0.985 143.9 973.3
R2 185.1 1242.6 0.985 164.4 1114.1
R3 193.7 1301.7 0.993 171.9 1166.9
D1 326.5 2183.4 0.985 290.0 1960.2
D2 355.5 2379.3 0.990 315.6 2135.2
D3 389.6 2614.6 0.995 345.5 2345.3
D4 348.7 2343.2 0.993 306.9 2101.9
F1 195.9 1308.4 0.995 172.3 1161.3

Peak 2 P4 39.1 275.6 0.979 32.1 227.8
P3 53.0 368.1 0.980 43.6 305.0
P2 82.4 564.8 0.980 67.8 469.3
A3/2 132.3 899.2 0.989 109.2 749.0
A2 99.4 678.0 0.989 82.0 564.1
A3 65.0 447.0 0.988 53.5 371.1
A4 47.7 332.2 0.988 39.3 275.2
R1 168.1 1143.1 0.981 138.6 952.3
R2 192.5 1310.6 0.990 158.5 1091.5
R3 201.5 1373.5 0.992 165.8 1143.8
D1 339.0 2299.8 0.981 279.4 1918.3
D2 369.4 2507.9 0.987 304.2 2091.3
D3 405.2 2758.3 0.992 333.4 2299.4
D4 362.6 2471.2 0.990 298.3 2059.9
F1 202.1 1369.5 0.989 166.8 1142.0
s (b) on the conversion degree for different crystallization steps.

methods. In order to apply Malek’s method, we tested our exper-

imental data using two special functions, y(˛) and z(˛). For JMA
model, y(˛) and z(˛) functions have a convex shape, the max-
imum values being designated as ˛∗

y and ˛∗
z, respectively. For

practical reasons these functions are usually normalized within
[0,1] range. In non-isothermal conditions, these functions are

models at different heating rates.

ˇ = 20 ◦C min−1 ˇ = 40 ◦C min−1

l−1)
R2 ln A

(min−1)
Ea

(kJ mol−1)
R2 ln A

(min−1)
Ea

(kJ mol−1)
R2

0.986 33.9 234.5 0.981 21.3 148.9 0.982
0.986 45.7 313.9 0.982 29.1 201.0 0.983
0.987 70.7 482.7 0.982 45.4 311.6 0.984
0.990 114.6 778.8 0.991 72.0 492.1 0.987
0.990 86.3 586.7 0.991 54.1 369.4 0.987
0.990 56.6 386.1 0.991 35.2 241.4 0.986
0.990 41.8 286.5 0.991 25.8 177.8 0.986
0.987 143.6 979.0 0.983 92.8 637.1 0.984
0.994 164.2 1122.2 0.991 105.9 730.2 0.992
0.996 171.7 1176.0 0.993 110.6 765.1 0.994
0.987 288.7 1971.7 0.983 186.8 1288.1 0.985
0.992 314.4 2149.7 0.988 203.2 1403.8 0.990
0.996 344.5 2363.7 0.993 222.1 1542.9 0.994
0.994 308.3 2117.9 0.992 198.6 1381.9 0.992
0.990 174.6 1187.0 0.991 122.5 837.8 0.987

0.980 33.6 236.8 0.982 22.3 158.4 0.987
0.981 45.4 317.0 0.983 30.4 213.6 0.988
0.982 70.2 487.5 0.983 47.3 330.9 0.988
0.989 114.2 789.7 0.992 76.0 529.2 0.991
0.989 86.0 594.8 0.992 57.1 397.4 0.991
0.989 56.4 391.5 0.992 37.2 260.0 0.990
0.988 41.6 290.4 0.991 27.3 191.7 0.990
0.982 142.6 988.8 0.984 96.6 676.0 0.989
0.990 163.0 1133.3 0.992 110.1 773.8 0.995
0.993 170.5 1187.4 0.994 115.0 810.5 0.996
0.982 286.7 1991.6 0.984 194.4 1366.0 0.989
0.988 312.2 2171.2 0.989 211.3 1487.7 0.993
0.993 342.0 2386.8 0.994 230.9 1633.7 0.997
0.991 306.2 2139.0 0.994 206.6 1463.8 0.995
0.989 174.0 1203.6 0.992 116.0 809.0 0.991
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Fig. 4. Independence of activation parameters on the heating rates for

efined as follows:

(˛) =
(

d˛

dt

)
exp

(
Ea

RT

)
= Af (˛) (7)

(˛) ≈
(

d˛

dt

)
T2 (8)

he “fingerprint” of JMA model is that the value of ˛∗
z = 0.632 and

hat the value of ˛∗
y is always lower than the value of ˛∗

z, under the
ssumption that the crystal growth occurs only after the nucleation
as been finished.

The convex shape of the obtained normalized functions y(˛) and
(˛) (Fig. 5), and their independence on the heating rate ˇ, show
hat the proposed conversion function is correct for both crystal-
ization peaks. Both functions exhibit well defined maxima located
t an exactly defined values of ˛. However, the values of ˛∗

z are not
.632, but 0.5, and the values of ˛∗

y are higher, at 0.6, instead of
ower than the values of ˛∗

z . As JMA model [24,25] can be applied
o non-isothermal conditions only under the assumption that the

ucleation is completed before the further crystalline growth, the
eviation from the model exhibited in our system indicates that
his condition is not met. However, the correct shape of the curves
ndicates that JMA model approximates the reaction mechanism to
very good degree.
rent forms of JMA model, for the first and second crystallization peak.

Having determined the values of apparent activation energies
and the conversion functions for crystallization steps 1 and 2, the
experimental data were reconstructed numerically by applying the
“master plot” method [20]. According to this method, for a single-
step process, the following equation is easily derived from Eq. (2),
using a reference point at ˛ = 0.5:

d˛/dt

(d˛/dt)˛=0.5

exp(Ea/RT)
exp(Ea/RT0.5)

= f (˛)
f (0.5)

(9)

where f(0.5) is constant for the selected conversion function.
Eq. (9) means that, for selected ˛, the experimentally

determined value of the reduced-generalized reaction rate in
the form ((d˛/dt)/(d˛/dt˛=0.5))(exp(E/RT)/exp(E/RT0.5)) and the-
oretically calculated value of f(˛)/f(0.5) are equal when the
correct conversion function, f(˛), is applied. Fig. 6 shows the-
oretical master plots of f(˛)/f(0.5) versus ˛, using selected
f(˛) functions listed in Table 2, together with experimental
plots ((d˛/dt)/(d˛/dt˛=0.5))(exp(E/RT)/exp(E/RT0.5)) for crystalliza-
tion steps 1 and 2.
The best agreement of the theoretical master curves with
the experimental master curves was achieved using g(˛) =
[−ln(1 − ˛)]1/n, where n = 3. The model is a very good approxima-
tion for the parts of the curves corresponding to lower ˛, while
parts of the curves corresponding to higher ˛ show a discrepancy
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ith the experimental curves. This indicates that, while the model
eems to be perfectly valid for the initial part of the reaction, the
onditions of the reaction change half-way in such a way that the
MA model is no longer a good description.

.3. Correlation of established kinetic triplets and structural

ransformations

Considering the results presented above, we investigated the
ossible reasons for the deviation of the experimental curves from

ig. 6. Theoretical (lines) and calculated (symbols) master curves in differential
orm representing f(˛)/f(0.5) as a function of ˛ for different JMA conversion functions
abeled An (n = 3/2 to 4).
˛) and z(˛) for peaks 1 and 2.

the theoretical model in the second part of the reaction in detailed
correlation of the structural transformations with the conditions
inherent in the application of JMA model. The system fits the
model well in the first half of the reaction, indicating that primary
nucleation is completed before the start of the crystal growth. If
nucleation is the cause of this deviation from JMA model, then it
must be secondary nucleation, starting at the point in the reaction
where the system begins to deviate from the model. This secondary
nucleation would proceed in parallel with crystal growth, inval-
idating the necessary condition for successful application of JMA
model. The validity of the JMA equation can be extended to non-
isothermal conditions if the entire nucleation process takes place
during the early stages of the transformation and becomes negligi-
ble afterwards [26,27].

According to our results [10], the first two peaks in DSC corre-
spond to the formation of stable crystal phases �-Fe(Si) and Fe2B,
while the third could be attributed to recrystallization of these
phases and further growth of crystallites. Using this data, we can
elucidate the following sequence of crystallization: first to crys-
tallize is �-Fe(Si) phase, followed by B2Fe15Si3 and Fe2B phase. In
addition, metastable B2Fe15Si3 phase subsequently decomposes to
yield the two stable crystalline phases, �-Fe(Si) and Fe2B.

The first peak in the DSC curve would correspond to formation
of crystalline �-Fe(Si) in the amorphous matrix, since it is the first
to be observed in the XRD spectra (after heating at 723 K). The crys-
tal structure of �-Fe(Si) can accommodate for some of the boron,
which destabilizes its lattice and acts as an inhibitor to the crystal-
lization process, causing this reaction to have the highest activation
energy and the lowest reaction rate (Table 1). B2Fe15Si3 stoichio-

metrically corresponds to 2×Fe3B plus 3×Fe3Si, and contains only
2.29 mass% of boron, compared to 13% in the as-prepared alloy, but
8.9 mass% of Si, compared to 8% in the as-prepared alloy. All this
indicates that B2Fe15Si3 would probably form around the clusters
of short-range crystalline ordering, as those regions probably con-
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ain the least amount of amorphizing boron. If this is the case, then
ts enthalpy of formation would be very low, making it very hard
o notice in DSC (Fig. 1).

The second peak in DSC would correspond to crystallization of
e2B. This phase contains around 8.8 mass% of boron, compared
o 13% in the as-prepared alloy. The formation of this crystalline
hase would increase the concentration of boron in the amorphous
atrix, making the nucleation of Fe2B in the amorphous matrix

ess favorable, meaning that it probably initially occurs through
ecomposition of the metastable B2Fe15Si3 phase. The stoichiome-
ry of B2Fe15Si3 phase indicates that it would probably decompose
o Fe3Si and Fe3B, where Fe3B could then easily be converted to
e2B by the excess boron in the amorphous matrix. This reaction
ould have lower activation energy (Table 1), as it would decrease

he amount of boron in the surrounding amorphous matrix, and it
ould create two types of nuclei: one for Fe2B phase and the other,

hrough Fe3Si, for �-Fe(Si) phase, providing a source of secondary
ucleation for �-Fe(Si).

The third peak in the DSC, which could not be described as a
ingle step process, would correspond to the processes of recrys-
allization and growth which are observed after the samples have
een heated at higher temperatures, as �-Fe(Si) phase gradually
ives way to Fe2B. In this process, Fe2B nucleates in �-Fe(Si) crys-
alline matrix, which is probably caused by segregation of boron
nd Si in �-Fe(Si), where Si-poor regions would allow for nucle-
tion of Fe2B. This process, as shown by a step-like growth of Fe2B
hase content in XRD spectra, is probably highly dependent on the

ocal composition and lattice structure and the nucleation would
appen gradually as favorable conditions are met in any particular
rea of the sample. This would explain the lowest activation energy
f the process (Table 2) and its unusual dynamics (Fig. 5), as nucle-
tion and crystal growth would occur continuously and in parallel,
ather than separately and consecutively. In addition, this process
ould provide secondary nucleation sites for further crystallization

f Fe2B phase. The secondary nucleation for both phases would
roceed in parallel with the crystal growth that occurs after the
rimary nucleation and would invalidate the condition for valid-

ty of JMA equation in non-isothermal systems. This would explain
he good agreement of the experimental curves with theoretical
MA curves in the first part of the reaction and their subsequent
ivergence, as the latter part would correspond to the region of
econdary nucleation (Fig. 6).

. Conclusions

Amorphous Fe75Ni2Si8B13C2 alloy undergoes multi-step struc-
ural transformations, after annealing in 790–860 K temperature
ange, exhibiting two asymmetric overlapping exo-maximums
n DSC, which were resolved. With the increase in the heating
ate, the positions of these peaks shifted to higher tempera-

ures. The process of phase transformation involves formation of
table iron-silicon (�-Fe(Si)) and iron–boron (Fe2B) phases, and
etastable iron–silicon–boron (B2Fe15Si3). The primary crystal-

ization starts with formation of �-Fe(Si) phase in the amorphous
atrix, followed by metastable B2Fe15Si3 and the iron–boron
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[

[
[
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(Fe2B) phase at temperatures above 780 K. The asymmetric
peaks were resolved giving three well-formed peaks corre-
sponding to different steps of the phase transformation. The
kinetic parameters corresponding to each step were evalu-
ated and kinetic triplets for the first two crystallization steps
were determined, yielding the conversion function in the form
g(˛) = [−ln(1 − ˛)]1/3, Ea = 375.1 ± 0.8 kJ/mol and ln A = 56.2 ± 1.0 for
step 1; Ea = 341.6 ± 0.5 kJ/mol and ln A = 49.3 ± 0.5 for step 2 of
structural transformation of the alloy. This established kinetic
model was confirmed by application of independence of activation
parameters on the heating rates criterion and master plot method,
using the established kinetic triplets. We have established that the
divergence between experimental and theoretical JMA curves is the
result of secondary nucleation processes for both stable crystalline
phases, which occurs in parallel with crystal growth. In addition,
the complexity of continuous process of crystal growth and nucle-
ation of Fe2B phase out of �-Fe(Si) matrix, which corresponds to
step 3 of the structural transformation of the alloy, makes it impos-
sible to describe as a single step process and, in consequence, to
determine its kinetic triplet.
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