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Abstract The crystallization behavior of amorphous Fe—
Cr—B-Si alloys in the presence of Ni and Nb elements was
the goal of this study. In this regard, four different amor-
phous—nanocrystalline Fe,,Cr,0Si;5B15sM;9 (M=Fe, Nb, Ni,
Nig sNbg 5) alloys were prepared using mechanical alloying
technique up to 20 h. Based on the achieved results, in
contrast to FesqCr,(Si;sB 5 alloy, the amorphous phase can
be successfully prepared in the presence of Ni and Nb in
composition. Although the crystallization mechanism of
prepared amorphous phase in different alloys was the same,
the Fe4oCrp0SisBsNbjq alloy showed higher thermal sta-
bility in comparison with other samples. The crystallization
activation energy of this amorphous alloy was estimated
about 410 kJ mol™' which was much higher than Feyq
Crz()SiISBISNil() (1955 kJ mol_l) and Fe40Cr2()Si15B15
NisNbs (360 kJ mol™") samples. The calculated values of
Avrami exponent (1.5 < n < 2.2) indicated that the crys-
tallization process in different alloying systems is the same
and to be governed by a three-dimensional diffusion-con-
trolled growth.
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Introduction

Amorphous metallic alloys have been of interest in fun-
damental studies and potential applications for over
40 years. Amorphous structures have been made in many
alloying systems and show a variety of unique properties,
such as high yield strength, large elastic limit, high cor-
rosion and were resistance, low elastic modulus and mod-
ified magnetic behavior, in comparison with their
crystalline counterparts [1].

Fe-based system is attractive group of amorphous
materials because of the low cost of iron, the relatively
high strength and hardness [2-5] and excellent magnetic
softness such as high saturation of magnetization, low
coercivity (Hc) and low magnetic core loss [6]. Although
this alloying system is of technological interest, its glass-
forming ability is low and the formation of amorphous
phase in this system is difficult. It has been shown that the
glass-forming ability and the thermal stability of amor-
phous materials can be improved by the addition of one or
more alloying elements to these systems [7-9]. Boron,
Silicon, carbon and phosphorus are common alloying ele-
ments in Fe-based alloys. The addition of these elements to
Fe-based alloys improves their ability to form amorphous
as well as nanocrystalline phases. The Zr, Nb, Ga, Cr and
Cu are other alloying elements that can be added to the
composition to improve the glass-forming ability, thermal
stability, magnetic and corrosion behaviors of Fe-based
alloys. In this regards, the formation of amorphous Fe—Zr—
B, Fe-Al-Ga-P-C-B, Fe-Si-B-Nb-Cu, Fe—Zr-B-Cu and
Fe—Al-P-C-B alloys is noteworthy [1].

Although there have been numerous studies on the for-
mation and characterization of amorphous and nanocrys-
talline phases in Fe—-Cr-B-Si alloying system [3-5], the
preparation and characterization of Fe-Cr-B-Si in the
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presence of Ni and Nb elements have received relatively
little attention. Thus, study about the exact effects of Ni
and Nb elements on the formation and thermal stability of
amorphous phase in this alloying system was the aim of
this work. In this regard, the Fe,,Cr,0Si;sBisM;o (M=Fe,
Nb, Ni, NiysNbgs) amorphous alloys were prepared using
mechanical alloying technique and the structural and phase
changes during milling and annealing processes were
evaluated. Moreover, the crystallization kinetic of these
glasses was analyzed and values of the crystallization
activation energy and Avrami exponent were established.

Experimental

The powders of Fe (99.9%), Cr (99%), B (99%), Si (99%),
Ni (99.99%) and Nb (99.9%) were used as raw materials.
The elemental powders with different compositions (based
on Table 1) were mechanically alloyed in a planetary ball
mill under an argon atmosphere. The mechanical alloying
(MA) was performed in a steel container at room temper-
ature. A rotation speed of 400 rpm and ball-to-powder ratio
of 20:1 was employed. Annealing procedure had been done
at temperature range of 850-1050 K (based on DSC
results) for 2 h. Before annealing, the powder samples were
sealed in a quartz tube under the vacuum of 10~° Pa in
order to prevent form oxidation during annealing.

X-ray diffractometery was used to follow the structural
changes of the powders during the milling and subsequence
annealing. A Philips diffractometer (40 kV) with Cu Ka
radiation (kK = 0.15406 nm) was used for the XRD mea-
surements. The XRD patterns were recorded in the 20
range of 10°-80° (step size 0.03°; time per step 1 s). The
microstructure of the produced amorphous—nanocrystalline
samples were investigated using a transmission electron
microscopy (TEM, Jeol-JEM-3010). The differential ther-
mal analysis was also conducted to study the thermal sta-
bility of the produced amorphous alloys using a Reometric
STA 1500 differential thermal analyzer. The samples were
placed in Al,O; pans and heated in a dynamic argon
atmosphere up to 1270 K at different heating rates of 10,
20 and 30 K min~".

Table 1 Atomic percentages of Fe, Cr, B, Si, Ni and Nb elements in
different samples

S.N. Element content/at.%
Fe Cr B Si Ni Nb
1 50 20 15 15 - -
2 40 20 15 15 10 -
3 40 20 15 15 5 5
4 40 20 15 15 -
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Results and discussion

The XRD patterns of the FesoCrpSijsB s powder mixture
after various milling processing periods are shown in
Fig. 1. In the early stage of the MA process, only the
broadening of alloying elements peaks accompanied by
remarkable decreases in their intensities occurred as a
result of the refinement of the crystalline sizes and incre-
ments of the lattice strains. Increasing milling time to 5 h
led to the disappearance of the Cr, B and Si peaks, while
the Fe peaks shifted to higher angles. This can be related to
the dissolution of these elements in Fe lattice and formation
of Fe—Cr—B-Si solid solution. In fact, increasing the den-
sity of crystalline defects such as phase and grain bound-
aries, dislocations and vacancies is the main reason for the
formation of Fe solid solution during mechanical alloying
[2]. The results shows that, by milling the powder mixture
up to 20 h, gradual grain refinement is the only consider-
able change that occurs in the powder mixture, and the
crystallite size reaches to a constant value of about 20 nm
(based on presented TEM image in Fig. 2).

The presented results showed that the glass-forming
ability of FesoCryoSi;sB5 is low and amorphous phase
cannot be formed in this alloy during milling up to 20 h.
Formation of amorphous phase during mechanical alloying
process occurs by an interdiffusion reaction along con-
stituent interfaces at relatively low temperature. The for-
mation of amorphous phase in this technique depends on
the milling parameters and thermodynamic properties of
the alloying system [1]. In fact, milling parameters, such as
rotation speed, ball-to-powder ratio, the size and distribu-
tion of balls, milling temperature and time, can influence
the structure of the mechanically milled alloys [8, 9].

Although the formation of amorphous phase may be
possible by slight variation in these processing parameters,
in the present study, all of these parameters were kept
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Fig. 1 XRD patterns of the Fes(CrySijsB;s powder mixture milled
for different periods of time
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Fig. 2 TEM micrograph of FesoCr,oSi;sBs powder mixture after
20 h of milling

constant and the effect of Ni and Nb elements, with two
different amounts of heat of solution in Fe matrix, on the
formation of amorphous phase in Fe-Cr-Si-B alloying
system was investigated. In fact, the solution heat of Nb in
Fe (about —72 kJ mol™') is much higher than the solution
heat of Ni in Fe (—9 kJ mol ') matrix. By attention to this
point, the effect of Nb on glass-forming ability and thermal
stability of formed amorphous phase is higher than Ni
element. In this regard, milling process has been performed
in FC40CI‘2()Si15B15M10 (M=Fe, Nb, Nl, Nio,sNbo_s) powder
mixture at same condition and the structure of prepared
samples was examined using XRD technique. The XRD
patterns of prepared samples after 20 h of milling are
presented in Fig. 3. As seen, in contrast to FesoCr,(SijsBis
alloy (S.N. = 1), the X-ray patterns of Fe,(CryoSi;sBs
Nil() (SN = 2), FC40CI‘2()Si15B15Ni5Nb5 (SN = 3) and
Fe40Crp0Si;5B15Nbg (S.N. = 4) alloys exhibit one broad
diffuse scattering halo (in 260 range of 40°-50°) and some
crystallization peaks (corresponding to Fe-based solid
solution) with low strength confirming that the
microstructure of the samples is not fully amorphous. This
result is in agreement with the TEM micrograph of Fey
Crp0Si5B5Nijo as-milled sample which is presented in
Fig. 4. Based on this micrograph, there are evidences of
nanocrystalline phases in the structure of this sample and
this specimen is not fully amorphous.

The formation mechanism of amorphous phase during
milling process is attributed to the microstructural break-
down followed by interdiffusion of elements or mechani-
cally driven atomic mixing among previously formed
nanocrystalline multilayer. The transformation of Fe-o
solid solution to amorphous structure during MA is
believed to occur as a result of the internal energy increase
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Fig. 3 XRD patterns of the FeyoCryoSi;sB;sMjo (M=Fe, Nb, Ni,
Nig sNbg s) powder mixtures after 20 h of milling

Fig. 4 TEM micrograph of Fe4oCr;0Si;sB1sNbjg powder mixture
after 20 h of milling

of the crystalline structure due to the creation of a high
density of lattice defects as well as the dissolution of a
great amount of solute atoms with different sizes in Fe
lattice. When the free energy of the crystalline solid solu-
tion exceeds the free energy of the amorphous state, the
crystalline structure thermodynamically becomes unsta-
ble and transforms to the amorphous structure [1].

The amorphous phase is in a metastable state, and
considerable structural and phase changes can occur upon
heating. In order to study the effect of Ni and Nb elements
on thermal stability of the prepared amorphous phases, the
samples were examined using DSC technique under con-
tinuous heating conditions. The DSC heating traces of in
Fe40CI'2()Si15B15Ni10, Fe40Cr205i15B15Ni5Nb5 and Fe40
Cr,Si;5B5Nb( alloying systems at different heating rates
are presented in Figs. 5-7, respectively. Different charac-
teristic temperatures such as glass transition temperature
(Ty), crystallization  temperature  (7y), peak of
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Fig. 5 DSC heating traces of Fe,qCr,yoSi; 5B1 5Ni;o amorphous phase
at different heating rates of 10-30 K min™
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Fig. 6 DSC heating traces of FeyoCr,(Si;sB;sNisNbs amorphous
phase at different heating rates of 10-30 K min™
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Fig. 7 DSC heating traces of Fe4(Cr,Si;sB;sNbjo amorphous phase
at different heating rates of 10-30 K min~'
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Table 2 Crystallization temperature, products and sequence of
Fe40Cr2()Si15B.5Ni10, Fe40CI'2()Si15B15Ni5Nb5 and Fe40Cr20Si15B15
Nb,y amorphous alloys

S.N. Characteristic Crystallization
temperature/K
T, T T, products sequence
783 833 857 Fe-a, FeB, Ni3B, Ni,Si One stage
3 803 938 946  Fe-o, FeB, NbsBg, NbsSi;  One stage
848 1013 1038 Fe-a, FeB, NbsB¢, NbsSi;  One stage

crystallization temperature (7},) and crystallization param-
eters of prepared amorphous phases are also presented in
Table 2. As seen, these curves are similar (each amorphous
phase shows one-stage crystallization on heating) and only
one exothermic peak appears in each DSC curve. To ana-
lyze the crystallization process responsible for this
exothermic peak, the prepared amorphous samples were
annealed in an argon atmosphere at the crystallization
temperature for 2 h. The XRD pattern of the Fe,oCryg
Si;5B5Ni;g amorphous phase after annealing at 875 K for
2 h is shown in Fig. 8a. As seen, this sample is composed
of the Fe-a, FeB, Ni3B, Ni,Si phases. Therefore, the
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Fig. 8 XRD patterns of a FeyoCr,(Si;sBsNijo amorphous phase
after annealing at 857 K for 2 h, b Fe ,CrySi;sBisNisNbs after
annealing at 946 K for 2 h, ¢ Fe,oCry0Si;5B5Nby after annealing at
1038 K for 2 h
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exothermic peak in Fig. 5 should be attributed to the pre-
cipitation of the Fe-o and FeB, Ni;B, Ni,Si phases from the
amorphous matrix (amorphous — Fe 4+ FeB + Ni3B +
Ni,Si).

The similar analysis was also performed for Fe,Cr,g
Si]5B]5Ni5Nb5 and Fe40Cr2(JSi15B15Nb10 amOfphOllS phase,
and the results are presented in Fig. 8 and Table 2.
According to these results, the total crystallization
sequences of the FC40CF2()Si15B15Ni]0, Fe40Cr205115B15
NisNbs and Fey(Cry0Si1sB1sNbjg amorphous alloys are
similar (one-stage crystallization processes), but the crys-
tallization products and temperatures in these three systems
differ from each other. The crystallization products in the
Fe40CrQOSi15B15Ni5Nb5 and Fe40Cr20$i15B15Nb10 alloying
systems are Fe-o, FeB, NbsB¢ and NbsSi; phases which are
different from the crystallization phases in the Fe4oCraq
Si;5B15Nijg alloy. Moreover, the crystallization tempera-
tures of the FC4()CT2QSi15B15Ni10, Fe40Cr2()Si15B15N15Nb5
and Fe4oCrySi;sBsNbyo amorphous alloys are estimated
about 857, 946 and 1038 K, respectively. This result
illustrates that the thermal stability of amorphous phase in
Fe4oCrySi sB1sNbyg alloy is much higher than two other
systems.

The crystallization activation energy, Avrami exponent
and frequency factor are three main parameters for
describing the crystallization kinetics of amorphous mate-
rials. In calorimetric measurements, non-isothermal meth-
ods can be used to calculate these parameters. The
theoretical basis for interpreting thermal analysis data for
crystallization of amorphous phase is provided by the
classical Johnson-Mehl-Avrami (JMA) model. In this
model, the volume fraction of crystallization (o) can be
expressed as a function of time according to the following
relation [10]:

a(t) = 1 — exp[—Kt"] (1)

where K and n are the effective overall reaction rate con-
stant and Avrami exponent, respectively. The effective
overall reaction rate constant (K) usually has Arrhenius
temperature dependence as follow:

K = Kyexp(—E/RTp) (2)

In this equation, K is the frequency factor, T is tem-
perature and E is the activation energy describing the
overall crystallization process. Kissinger’s equation [11]
using the non-isothermal DSC measurement can be used to

estimate the effective activation energy of the
crystallization:
In(B/T3) = (E/Tp) + constant (3)

where Tp is the related temperature to the maximum point
of exothermic peak, f is the heating rate, R is the gas
constant and E is the crystallization activation energy.

Kissinger’s plot ln(ﬁ/Tg) versus 1/T results in approxi-
mately straight lines. Based on the slope of Kissinger’s
plots of Fe4qCrySi;sB 5Nijg, FesoCry0SijsB1sNisNbs and
Fe40CrySi;5B1sNbjg amorphous alloys (Fig. 9), the
effective activation energy of the crystallization of differ-
ent samples was estimated and the results are given in
Table 3. As seen, the crystallization activation energy of
amorphous phase in different alloys decrease in the order
of Fe40CI'2()Si15B15Nb10 (4055 kJ mOlil) > Fe40CrZOSi15B15
NisNbs (360 kJ mol ™) > FeuoCraoSissBisNijo (195.5 kJ mol ™).
This result also confirms that FesyCry0Sij5B15sNb;g amor-
phous alloy has higher thermal stability in comparison with
two other samples. This behavior can be related to the higher
heat of solution of Nb in Fe matrix in comparison with Ni.
However, the activation energy is quite high, much smaller
than the energies measured for the good glass formers in Zr-
based [12], [(Feps5C00.5)0.75B0.20S10.05l06Nby and [(Fepg
COOV3Ni0. 1 )0_75 Bovzsi 0_05] 96Nb4 alloys (more than
550 kJ mol ") [13, 14].

It is important to note that besides above-mentioned
models which are commonly used in the glass community
including this study, many other methods with different
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Fig. 9 Kissinger’s plot of ln(ﬁ/TS) versus 1000/T for crystallization
of a Fe40Cr2()Si15B15Ni10, b Fe40Cr208i15B15Ni5Nb5 and ¢ FC40CI'20
Si;sB1sNbjo amorphous alloys

Table 3 Different crystallization parameters of Fe4oCry0Si;sB;5Nijo,
Fe40Cr,0Si;5B15NisNbs and Fe,oCrySijsB1sNbjg amorphous phases

S.N. Activation  Avrami Nucleation  Growth  Growth
energy/ exponent  index (a) index dimension
kJ mol ! (© ®)

195.5 1.8-2.18 O0<a<1l 05
360 1.7-19 O<a<l1l 05
405.5 1.56-1.7 O<a<1 0.5
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derivatives have been also proposed by Piloyan—-Borchardt
[15], Coats—Redfern [16], Sestdk [17] and Ligero et al.
[18]. While all of these methods are based on the Johnson—
Mehl-Avrami theory, they differ greatly in their assump-
tion; in some cases, they may lead to contradictory results.
Therefore, controversy exists in using these models and
ultimate care should be devoted. Moreover, in presented
models, the surface crystallization process has been
ignored [18] and the Avrami exponent which is valid for
isothermal conditions extends to the transformation under
non-isothermal conditions. In fact, this work imposes fur-
ther complications of the theoretical interpretation of the
kinetic results [19].

The total amount of crystallization can be directly
attributed to the area under the DSC curve. By attention to
this point, the crystallization volume fraction of amorphous
phase, o, as a function of temperature, 7, can be obtained
from the DSC curves. The crystallized volume fraction, o,
at any temperature 7 is given as oo = (A7/A). In this rela-
tion, A is the total area of the exothermic peak (between the

temperature where the crystallization begins, T;, and the
temperature where the crystallization is completed, Ty) and
A7 is the area between the initial temperature and any
temperature T (between T; and Ty). The plots of o versus
T at different heating rates are shown in Fig. 10. As seen,
the shapes of these plots are typical sigmoidal shapes,
which appear frequently in the literature [20-22]. These
sigmoidal plots show a slow initial period (incubation
time). The rate of crystallization then increases mainly as a
result of growth of nuclei and then again decreases due to
the impingement of crystallites [22].

The local crystallization activation energy (as a function
of crystallization fraction) can be determined using the
Flynn—Wall-Ozawa method [23, 24]:

AE(a) E(o)
Rg(a) RT
In this equation, A is the pre-exponential factor, E(«) is

the local crystallization activation energy and g(o) is a
function determined by the crystallization fraction. In fact,

log f = log —0.457 —2.315 4)
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Fig. 10 Relationship between the crystallization fraction (o) and temperature (7) of a oFe4(Cry0Si;sBsNijg, b Fe oCrypSijsB1sNisNbs and

¢ Fe,oCr;0Si;5B15Nbyy amorphous alloys
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a plot of log f versus 1000/7T for the given values of the
crystallization fraction gives the local activation energy of
the crystallization. This method is employed to estimate the
local activation energy of Fe,,Cry0SijsB1sNijg, FeqoCrag
SilsB 15Ni5Nb5 and FC40CI'2()Si15B 15Nb10 amorphous
alloys, and the final results are shown in Fig. 11. It can be
seen that the overall crystallization activation energy of
Fe4oCr,Si 5B 1sNbyy amorphous alloy is higher than two
other samples. Regardless of the chemical composition, the
local activation energy of crystallization increases slightly
with the progress of crystallization. This point indicates
that the crystallization process becomes more difficult as
the crystallization fraction increases.

The crystallization kinetics can be determined using the
DSC and fitting the data with the Johnson—Mehl-Avrami
(JMA) model as noted by Ozawa [25]:

In[—In(1 — )] = —nIn(B) + In X(T) (5)

where n is the Avrami exponent. The following formula
was obtained after the transformation of Eq. (5) at a con-
stant temperature 7:

d{In[—In(1 — )]}
dInf T

=-n (6)

The Avrami exponent of prepared amorphous phases
were determined from the In[— In(1 — o)] versus Inf plot,
and the results are given in Table 3. As can be seen, the
Avrami exponent for different samples is in the range of
1.5 <n <2.2. In this condition, the lowest amount of
Avrami exponent can be related to FeyoCry0Si;5sBsNbjq
amorphous alloy which is in conferment with other results
about more thermal stability of this alloy.

The Avrami exponent provides detailed information of
the nucleation and growth mechanisms. Ranganathan and
Heimendahl [26] suggested that this exponent can be
expressed as:

n=a+ bc

(7)

where a is the nucleation index, which can range from O to
1 (a = 0 for a nucleation rate of zero, 0 <a < 1 for a
nucleation rate decreasing with time, a = 1 for a constant
nucleation rate and a > 1 for an increasing nucleation

(a)220 (b) 3%
_ 210 _ 380
1 |
© ©
€ , £
— 200 . - 370
2 . < /(’/’/0/_"
> 4 >
2 < y
2 190 2 360
() (]
c c
2 S
= 180 g 950
= =
g g
170 340
160 330
40 50 60 70 80 40 50 60 70 80
Crystallization volume fraction (c)/% Crystallization volume fraction (o.)/%
(c) 440
~ 430
|
©
1S
- 420
< M ¢
3 -
2 410 3
(0]
c 4
kel
= 400
=
°
< 390
380
40 50 60 70 80

Crystallization volume fraction (o.)/%

Fig. 11 Local crystallization activation energies versus the crystallization fraction of a Fe4oCr,;¢Si;sB1sNijg, b FesoCrySi;sB;sNisNbs and

¢ Fe,oCr;0Si;5B15Nbyy amorphous alloys
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rate), b is the dimension of the growth (with values 1, 2 or 3
for one-, two- and three-dimensional growth, respectively)
and c is the growth index (¢ = 1 for interface-controlled
growth and ¢ = 0.5 for diffusion-controlled growth).
Based on above, the value of index a, b and ¢ for crys-
tallization of Fe4oCry0Si 5B sNijg, FesoCry0SiisB1sNisNbs
and Fe,(Cr,0Si,5B5sNb;o amorphous alloys were estimated
and the results are presented in Table 3. According to this
table, regardless of the chemical composition, the crystal-
lization of prepared amorphous phases in this study
occurred with a decreasing nucleation rate and was gov-
erned by a three-dimensional diffusion-controlled growth.

Conclusions

From the investigation of structural and thermal charac-
terization of amorphous-nanocrystalline Fe—Cr—B-Si—Ni—
Nb alloys during milling and annealing processes, the
following conclusions can be made:

1. In contrast to FesoCry0SijsBs alloy, the amorphous
phase can successfully prepare in presence of Ni and
Nb in composition.

2. Although the crystallization mechanism (one-stage
crystallization on heating) of prepared amorphous
phases was the same, the alloys consisting of Nb
element showed higher thermal stability in comparison
with other samples.

3. The crystallization activation energy of Fe,qCrySi;sB 5
Nb;o was estimated about 405.5 kJ mol™! which was
much higher than Fe4oCr,Si;5B5Nijo (195.5 kJ rnolfl)
and Fe40CrZOSi15B15Ni5Nb5 (360 kJ molfl) alloys.

4. The calculated values of Avrami exponent
(1.5 < n < 2.2) indicated that the crystallization pro-
cess in different alloying systems are the same and to
be governed by a three-dimensional diffusion-con-
trolled growth.
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