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addition, that the structure became much more amorphous together with
increasing milling time at 80 h. The thermal stability of powders milled was
characterized by differential scanning calorimetry (DSC). The annealing of
samples milled 80 h shows that the crystallization of the amorphous phases and
the activation energy determined by using Kissinger's equation was
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still contains some of Fe with a 2.8% fraction non- detected by XRD. The satu-
ration magnetization (Ms) and coercivity values were of about 151 emu/g, 38.5

part of Springer Nature 2022

Handling Editor: Megumi Kawasaki.

Address correspondence to E-mail: chebli1976@yahoo.fr

@ Springer https:/ /doi.org/10.1007 /s10853-022-07404-4


http://orcid.org/0000-0001-5801-3371
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-022-07404-4&amp;domain=pdf

J Mater Sci (2022) 57:12600-12615

12601

G for Fe;3Sii5TisB; and 171.6 emu/g, 35 G for FeysSi 2 TigBy, respectively, after

80 h of milling.

Introduction

Fe-based amorphous materials have received a great
attention owing to the fact that they possess various
and excellent properties, including high degradation
ability, high efficiency, stability, reusability in addi-
tion to the excellent corrosive-wear resistant, wide
adaptability [1, 2] and soft magnetic properties [3, 4].
These materials can be widely used in industrial
manufacturers, like transformers, magnetic recording
heads, converters, magnetic media and permanent
magnets [5-9]. Several methods have been used to
elaborate Fe-based amorphous alloys including,
rapid solidification [10, 11], induction melting tech-
nique [12], melt-spinning technique[13], laser clad-
ding [14] and mechanical allowing [15, 16], and
among which, the mechanical alloying (MA) process
is the common used technique. This is because they
exhibit relatively low-cost equipment, simplicity,
moderate-temperature processing and the power to
produce large quantities of homogeneous materials.
Nevertheless, the MA process is sensible to the con-
tamination by the milling tools affecting some prop-
erties of amorphous powder, such as thermal stability
and chemical composition.

Many studies have been carried on where MA has
been successfully applied to produce Fe-based bin-
ary, ternary or multi-component alloys amorphous.
Additionally, the effects of metal elements (Cr, Ni, Al,
Cu, Nb, B, Mo, Ti and Mn) on the properties of the
Fe-Gi alloy have been reported in previous studies
showing significant changes in structural properties,
mechanical, magnetic and thermal [17-27]. In this
regard, K. M. Agrawal et al. [17] found that Mn
increases the amorphization rate, as well as the high
fraction of Cu provides good manufacturability in
FeSiBi alloys, and aluminum increases the corrosion
resistance. However, Ti decreases the electrochemical
corrosion performance, and the small amount of Cr
significantly improves the corrosion resistance of the
FeSiB amorphous alloys.

In the present work, the Fe;sSijoTigBy and Feys.
Siy5TisB; (wt. %) alloy powder, was elaborated by
mechanical alloying, whose objective is to develop an

alloy of good amorphous-phase stability for applica-
tion as a soft magnetic material.

The morphological, chemical, structural, thermal
and magnetic characterization at different milling
times was performed by, XRD, SEM, VSM, SM and
DSC.

Production of samples

Quaternary alloys Fe;55i1,TigB; (wt. %) and Fe;35i;5.
TisB; (wt. %) were prepared from high-purity ele-
mental powders; silicon (Si, 99.9%, average particle
size < 30 pm), iron (Fe, 99.98%, average particle
size < 30 pm), titanium (Ti, 99.7%, average particle
size < 15 pm) and boron (B, amorphous structure,
99.7%, average particle size < 30 pm). Mechanical
alloying (MA) process was performed in a high-en-
ergy planetary ball mill (Fritsch P7) under argon
atmosphere using six balls and two steel vial with the
ball-to-powder weight ratio (BPR) as 20:1, the rota-
tion speed of the vials as 500 rpm, and the milling
times ranged from 5 h up to 80 h. To avoid excessive
heating during the milling process, a break time of 4
h was applied after each 2 h of MA process. For each
milling times, 1 ml of benzene (C6H6) was added
inside the vial and used as the process control agent
(PCA). Hence, the objective of this operation is to
prevent excessive cold welding of the powders, to
eliminate adherence of the powders to the vial and to
obtain important quantity of powders. The powders
were collected under argon atmosphere.

Further, the particle morphology of powders was
examined by scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM/
EDX) using DSM 960A ZEISS microscope. The sam-
ples structure was characterized by X-ray diffraction
(XRD) using the Cuk, radiation (4 = 0.154056 nm) in
20 range 10-120" with step size of 20 = 0.02°, since the
identification of phases structural parameters was
provided from the Rietveld refinement of the XRD
patterns using the MAUD program [28]. In addition,
the differential scanning calorimetry (DSC) method
in the range 30-1000 °C at a heating rate of 10 ‘C/min
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under argon atmosphere was used to examine the
thermal stability of the alloys.

The magnetic characterizations were carried out
using vibrating sample magnetometer (VSM) at room
temperature within an external field up to 10,000 G.
Mossbauer spectra were recorded at room tempera-
ture (RT) using constant acceleration spectrometer
with ’Co/Rh gamma ray source. The resulting iso-
mer shifts are given relative to the MS spectrum of a-
Fe recorded at RT. The spectral parameters com-
prising isomer shift (IS), quadrupole shift/quadru-
pole splitting (QS), hyperfine magnetic field (B), line
width (I') and area (A) of spectral components were
refined by the CONFIT [29] curve-fitting program.

Results and discussion
Morphological study

Figure 1 shows the evolution of the powders mor-
phology during the MA process. The un-milled
powders have random size, and different shapes and
sizes, as well as some particles having a heteroge-
neous spherical shape are likely iron particles.

After 5h of milling, a significant change was
noticed in the morphology of the powder particles,
and hence, during milling process, the powders are
alternately welded and fractured, and at this step of
milling, can be seen clearly the homogeneity of the
particles shape and the lamellar structure or the
flattened shape.

After 20 h of milling, the particles with more uni-
form sizes and some agglomeration ones are
observed. Up to 40 h of milling, the morphology of
the majority of particles became small and homo-
geneity of shapes of the particles is visible, this is due
to reason that in this step of milling, the fracture
mechanism becomes dominant. We also refer to the
emergence of spherical shapes, accordingly to that
reported [30-34], proving the appearance of the
spherical shape signifies the formation of solid-state
amorphization. With increasing milling time at 80 h,
the particles became smaller and identical shape.
Therefore, the equilibrium between fracturing and
cold welding leads to the homogeneity of particles
shape.

Figure 2 depicts the EDS pattern analysis of the
two samples for 0, 40 and 80 h, the Fe, Si and Ti were
detected. The boron is not observed because is in
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amorphous state. In fact, the EDS analysis showed
the presence of small quantities of several chemical
elements, including Cr, Ni, O and carbon (Table 1),
indicating the contamination of samples from the
atmosphere and the milling tools. This contamination
is likely incorporated in the lattice and alters the
crystal periodicity.

Structure evolution during MA

The shocks repeated during high-energy milling
process create severe plastic deformations, leading
consequently to produce various defects in the crystal
lattices, dislocations, vacancies and interstitials which
are the origin for a solid-state reaction to occur.

The structural changes of the samples during MA
are evinced by the evolution of the XRD patterns.

Figure 3a, b shows the XRD patterns of the Feys.
5i1,TigB7 and Fe;35115TisB; samples for different mil-
ling times. The XRD pattern of un-milled powder
mixture (0 h) displayed all the peaks of the con-
stituent mixture elements a-Fe (ICDD Card No:
87-0721, cubic, Im-3ma), Si (ICDD Card No. 27-1402,
face-centered cubic (fcc), Fd-3 m) and Ti ICDD Card
No. 44-1294, hexagonal, P63 /mmc), except B element
which is in amorphous state [35] (Fig. 4).

The milling of the initial elements leads to a
decrease in the intensity and the broadening in
diffraction peaks attributing to the grain size reduc-
tion and an increase in the microstrain, in addition to
the disappearance and appearance of new diffraction
peaks explaining formation of new phases.

After 5 h of milling, the all Ti and Si Bragg peaks
diffraction disappear, and a broad lines diffraction
appeared at 20 ~ 44.55°, 65.11°, 82.15°, 98.78° and
116.25° corresponding to iron o-Fe. At this initial
milling step, the a-Fe nano-crystallites east formatted,
and the disappearance of diffraction lings corre-
sponding to Ti and Si elements can be related to the
start of inter-diffusion between mixture elements and
formation of the new phases. The best Rietveld
refinement of the 5 h milled pattern for two compo-
sitions Fe;s511,TigB; and Fe;3Si;sTisB; (Fig. 5a, b) is
executed with several phases, including o-Fe nanos-
tructured, FesSi (FCC structure), Fe,Ti and Fe,B (te-
tragonal crystal structure). In this context, Wang et al.
[36] reported the formation of an amorphous phase
and crystallization phases of Fe;Si, Fe,P of Fe-Cr-Si-
P alloy and the coating having a high hardness, wear
resistance and corrosion resistance. In addition, D.D.
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Figure 1 Scanning electron micrographs (SEM) of samples at various milling times: a 0 h, b 5h, ¢ 20 h, d 40 h and e f 80 h.
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amorphous alloys and amount of Cr can increase the

glass-forming ability.
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Table 1 Atomic proportion composition from EDS analysis of the Fe;3Si;5TisB; and Fe;5Si;,TigB, milled for 0, 40 and 80 h

Elements/samples (wt.%) FeSiTiB Fe;3S1,5TisB7(40 h) Fe;5S11,TigB7(40 h) Fe3S1,5TisB7(80 h) Fe;5S11,TigB7(80 h)
Iron 54.03 69.42 57.12 64.89 67.13
Silicon 5.76 7.85 4.28 6.17 3.79
Titanium 30.79 5.08 3.63 3.35 3.67
Oxygen 4.71 2.24 1.95 1.55
Nitrogen 0.00 0.89
Carbon 6.02 6.82 6.96 6.36 6.81
Nickel 4.75 20.05 10.32 11.05
Chromium 2.95 6.01 7.37 7.56
Fluorine 0.89
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Figure 3 a XRD patterns of Fe;sSi;,BsTi; samples at different
milling time. b XRD patterns of Fe;;Si;sTisB; samples as a
function of milling time.

After 20 h of milling, a strong reduction in inten-
sity and a significant broadened of the peaks are

amount of defects introduced in the powders during
milling and simultaneously during reduction of the
particles size to about few nanometers. However, the
high-energy milling process destroys the crystallites
phase by creation of various defects linear and
punctual and also leads to the increase in the grain-
boundaries amount characterized by disorder atomic
arrangement. In addition to the milling advantages,
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the nature of the chemical elements, such as silicon
and boron, belongs to elements favoring the amor-
phization of Fe-based alloys [38, 39]. Different Fe-
based amorphous have been obtained by high-energy
mechanical allowing, for example FeMoPCB [40],
F832'5CO32.5Nb35 [41], FESIBAlNl(Nb) [42], AlFe-
CuZnTi [43], Feys7C0255Nings55ia6Bs7Ps [44] and
FeSiBAINi [45]. As usual, the progression of the MA
process leads to the increase in the quantity and
homogeneity of the amorphous phase.

Thermal analysis and activation energy

To study the thermal stability of the powders milled
at different times, the DSC measurement was per-
formed from 30 to 700 °C.

Figure 6 shows the DSC curves of the two samples
for 0, 5, 20, 40 and 80 h of milling times taken at
heating rate of 10 °C/min. For the powders un-mil-
led, we observed a single wide peak similar to bump
ranging from 550 to 650 °C which is probably due to
the structural relaxation during the samples heating.

@ Springer

J Mater Sci (2022) 57:12600-12615

For samples milled 5 h, the DSC curve consisting a
broad exothermic peak at the 490.02 °C and at the
593 °C, corresponding most probably to the forma-
tion of the Fe,Ti, Fe;Si and Fe,;B phases. The presence
of these phases in the samples subjected to the DSC
measurements was detected by XRD. Similar results
were proved in Fe-Si-B amorphous alloys elaborated
by melt spinning [46].

The curves (DSC) for samples milled at 20, 40 and
80 h except the sample Fe;35i;5Ti5B; milled at 20 h
are identical and represent exothermic peak at tem-
perature ranging from 550 to 585 °C. As reported
[47], this exothermic reaction is associated with the
crystallization of amorphous alloy. However, the
increased milling time leads to appear less wide and
more intense crystallization peak (Fig. 7), indicating
an increase in the volume fraction of the amorphous
phase, and accordingly a similar exothermic reaction
has been previously obtained on some Fe-based
amorphous alloys containing Si [20, 31, 48-68].

The thermal analysis method (DSC) was developed
to study crystallization phenomena in amorphous
alloys. Overall, crystallization kinetics are often elu-
cidated in terms of the standard nucleation growth
model [52]. The activation energy (E,) for crystal-
lization is a decisive kinetic parameter for thermal
stability of the amorphous phase, and the activation
energy is associated with the growth process of peak
the crystallization. Based on the results of the
exothermic peak shifts in DSC measurements con-
ducted at different heating rates, the value of the
apparent activation energy for thermal crystallization
can be determined.

The DSC curves with various heating rates (5, 10,
20 and 40 °C/min) are exhibited in Fig. 8 for the
samples of Fe;sSijoTigB; and Fey3SigsTisB; milled
80 h, respectively. All the DSC scans represent one
exothermic peak, which is characteristic of the crys-
tallization peak temperature (Tc).

For both samples, the exothermic peaks for crys-
tallization shift to lower temperature at lower heating
rates. According to Kissinger analysis investigating
the crystallization of amorphous alloys, the apparent
activation energy (E,) for crystallization process can
be determined by the following relation [53]:

1%) :_RE_£+C, (1)

where R = 8,315 J/K is the gas constant, f§ is the
heating rate, ¢ is the constant and T, is the peak
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Figure 6 Curves DSC of 7 Fe,Si TiB, 581.23°C
Fe73Si]5B5Ti7 and » ] .
Fe;5Si;,B¢Ti; samples at
different milling time.
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Figure 7 Curves DSC of Fe73Si15B5Ti7 and Fe7ssi12B6Ti7
samples after 80 h of milling.

temperature of the amorphous crystallization for

each rate. A straight line was approximately obtained

1
T:

From the slope of the line, the activation energy was
calculated and found to be 462.23 + 16.11 k] mol™!
and 798.43 + 16.12 k] mol " for the Fe;3Si;5TisB; and
Fe;s5511,TigB;, respectively. The activation energy for

by plotting ln(%) versus =as shown in Fig. 9a, b.

282 k] mol™! for grain boundary diffusion and of
lattice diffusion, respectively [54]. The addition of
other elements to Fe-based alloy may increase or
decrease this value, and the activation energy
increases with Fe content. Similar results were
evolved for FeSiBP and FeCoSiBP [55], FeNiPSi [56],
Feq9o.x(NbTiTa), (x =20, 30 and 40) [57] and Coy.
Fe;xTagBsg [31] amorphous materials. As reported by
Liu et al. [58], (Ea) is mightily reliant on the ratio of
amorphous phase and is appreciably decrease with
grow of volume proportion of the nanostructured
phases in the amorphous matrix.

Magnetic behavior

The magnetic properties of samples were studied by
vibrating sample magnetometer (VSM). A hysteresis
curve of the 0, 5, 20, 40 and 80 h milled Fe;sSi;,TigB,
and Fey35i15TisB; alloy powder was plotted by mag-
netization (M) versus applied magnetic field
(H) (Fig. 10a, b). These curves present a sigmoidal
form, typically of nanostructured alloys with small
magnetic domains. The soft magnetic alloys are
characterized by low coercivity and the important
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Figure 8 DSC spectra of the
Fe;3Si;5BsTi; and
Fe;5S1;,B¢Ti; sample milled
for 80 h as a function of

heating rate 5 min°C ™", 40°Cmin —
10 min°C™", 20 min°C~" and " . - !
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characteristics desired for all soft magnetic applica-
tions are the low coercivity, high saturation induction
and high permeability [59].

The magnetization (Ms) coercivity (Hs) and the
remanence to saturation ratio Mr/Ms were deter-
mined from these hysteresis curves.

Figure 11a, b displays the variation of Ms and Hc
for different milling times for two samples Fey5Siis.
TigB; and Fey;3SiisTisBy. Two steps can be observed;
the Ms rapidly decreasing from 249 to 105 emu/g for
the composition Fey3SiisTisBy for 0-20 h of milling,
and from 249 to 152 emu/g for 0-5 h of milling for
Fe;s5i1,TigBy, then the increasing in Ms at values of
151 and 171.6 emu/g after 80 h of milling for Feys.
Si1pTigB; and Fez3SiisTisBy, respectively. As previ-
ously reported [60, 61], the decrease in Ms is mainly
due to the early interaction between the ferromag-
netic Fe atoms with the non-ferromagnetic, Si, B and
Ti atoms. The dissolution of non-ferromagnetic or
paramagnetic atoms into the microstructure of the
powders can reduce the density of magnetic atom
interaction, and the formation of amorphous phase

@ Springer
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leads to a decrease in the Ms [62]. Of note, the Ms of
o-Fe nanoparticles was about to190 emu/g [63].

As can be seen, the Hc increases from 31 to 130 G
and to 165 G for Fe;sSi;»zTigB; and Fey3SiisTisBy,
respectively, then decreases and reaches a value of
38.5 G and 35 G after 80 h of milling for Fe;sSi;,TigB;
and Fe;35i;5TisB;. The increase in Hc in the early step
of milling could be associated with the plastic
deformation effect and different of defects and shape
form of the particles [64, 65]. The decrease in Hc
might be due to the formation of amorphous phase
and the effect of milling on particle size during the
MA.

Figure 12a and b exhibits the variation of the
magnetic ratio (Mr/Ms) for various milling time. The
Mr/Ms evolution is similar to coercivity changes,
increased in the first step of milling (0-5 h), then
decreased continuously by increasing milling time.

Spectrometry Mossbauer

Mossbauer spectra were recorded at room tempera-
ture (RT) using constant acceleration spectrometer
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Figure 9 a Kissinger plots of In(B/T?) versus + for the

crystallization in Fe;3Si;sBsTi; powder. b Kissinger plots of
In(B/T?) versus 7 for the crystallization in Fe;5Si;»BsTi; powder.

with *’Co/Rh gamma ray source. The resulting iso-
mer shifts are given to be relative to the MS spectrum
of a-Fe recorded at RT. The spectral parameters
comprising isomer shift (IS), quadrupole shift/
quadrupole splitting (QS), hyperfine magnetic field
(B), line width (I') and area (A) of spectral compo-
nents were refined by the CONFIT curve-fitting
program [28].

Figure 13 displays the MS spectrum of the un-
milled powder (Fe;35i;5TisB;), showing sextet with
hyperfine parameters (IS = 0.00 & 0.02 mm/s, QS =
0.00 + 0.02 mm/s, B =33.0 £ 0.5 T) identical with
hyperfine parameters of a-Fe obtained at RT.
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Figure 10 a Hysteresis loop of Fe;3SijsBsTi; samples with
different milling time. b Hysteresis loop of Fe;5Si1,B¢Ti; samples
with different milling time.

MS spectra of the Fe;3SisTisB; sample after dif-
ferent periods (5, 20 and 40 h) of milling process are
shown in Fig. 14 together with the corresponding
distributions of hyperfine magnetic field P (B).
Obviously, the milling process triggered structural
changes. All the spectra after milling process are a
combination of sextet with relatively narrow lines
characteristic for crystalline phase and relatively
broad sextets characterizing the amorphous materi-
als. Hyperfine parameters of spectral components are
listed in Table 2. Sharp sextet S1 corresponds to a-Fe
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Figure 11 a Coercivity (Hc) and saturation magnetization (Ms) as
a function of milling time for Fe;3Si;5BsTi; sample. b Coercivity
(Hc) and saturation magnetization (Ms) as a function of milling
time for Fe;5Si;,BsTi; sample.

phase. Furthermore, broadened character of sextet S2
exhibiting hyperfine field ~ 30 T suggests some
level of structural disordering. It might represent
some state between crystalline and fully disordered
state of the sample. The rest of the spectra correspond
to amorphous part and is fitted by distributions of
hyperfine magnetic field. It can be seen that the
contribution of o-Fe to overall spectra decreases with
increasing milling time while the contribution of
amorphous part increases. In addition, the changes of
distribution of hyperfine magnetic field with
increasing milling time have been noticed. After 5 h
of milling, the distribution of hyperfine magnetic
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Figure 12 a The ratio (Mr/Ms) for Fe;5Si,B¢Ti; sample at
different milling time. b The ratio (Mr/Ms) for Fe;5Si;,BeTiy
sample at different milling time.

field covers relatively broad range of B-values. With
increasing milling time, the distribution of hyperfine
magnetic field becomes narrower, and after 40 h, two
well distinguishable lower and higher hyperfine
magnetic regions can be observed. It can be also
noticed that the mean value of hyperfine magnetic
field of the amorphous part decreased from ~ 15T
to ~ 11 T after milling for 20 h. However, after 40 h
the mean value of hyperfine magnetic field increased
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Figure 13 MS spectrum of the FeSiBTi sample un-milled
recorded at RT.
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Figure 14 MS spectra of the sample with nominal chemical
composition of Fes3SisTisB; after indicated period of milling
recorded at room temperature..

again to ~ 14 T. The mean value of IS of amorphous
part changes only within the error.

For powders milled at 80 h, the sample Fe;35i;5.
TisB; is fully amorphous with < Bhf > =11.3 & 0.5
T and < IS > 0.14 £ 0.02 mm/s (Fig. 15), while the
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second sample with chemical composition Fe;sSi;s.
TigB; still contains phase with parameters almost
equal to alpha-Fe (Bhf=33.0T, QS =0.06 mm/s,
IS =-0.02 mm/s) fraction A =2.8%
(Fig. 16). Parameters of the amorphous part are <
Bhf > =47+ 05T and < IS > 0.16 &+ 0.02 mm/s.
In addition, the difference between the XRD and
SM results may be originated from the quite small of
o-Fe phase, which cannot be detected by the XRD,
especially for the phases proportion x <4[66-68].

with area

Conclusion

Amorphous FE73Sil5Ti5B7 and FE75SilzTi6B7 (Wt %)
alloys were successfully obtained by mechanical
alloying from elemental powder mixture of iron, sil-
icon, titanium and boron.

The Rietveld refinement of XRD pattern of samples
milled 5h reveals the formation of phases o-Fe
nanostructured, Fe;Si, Fe,Ti and Fe,B.

The increasing milling time for 80 h makes the
amorphous phase become a dominant structure.

The DSC measurement results in the crystallization
of the powder occur at about 550 — 585 °C. The
activation energy was calculated and found to be
462.23 + 16.11 k] mol~ ! and 798.43 + 16.12 kJ mol !
for the Fe;3Sii5TisB; and FeysSiioTicBy, respectively.
The results indicate that the appropriate amounts of
elements can significantly enhance the thermal sta-
bility of Fe-based alloys.

The magnetization values are about 151 and
171.6 emu/g after 80 h of milling for Fe;3Siy5TisBy
and Feys5i1,TigBy, respectively. It is an identical
behavior like that of ferromagnetic materials. The
Moéssbauer spectroscopy approved the results found
by XRD and DSC, however the MS shows that the
sample Fe;35i15TisB; milled at 80 h is fully amor-
phous, but the sample with chemical composition
Fe;sSi1,TigB; still contains phase with parameters
almost equal to a-Fe (Bhf = 33.0 T, QS = 0.06 mm/s,
IS = — 0.02 mm/s) with area fraction A =2.8% not
detected by XRD.
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Table 2 Hyperfine parameters of spectral components. IS and B of amorphous parts are mean values

Milling time Spectral component A [%] IS [mm/s] &+ 0.02 mm/s QS [mm/s] £ 0.02 mm/s B[T]£05T
5h S1 22.6 0.00 0.00 33.1
S2 43 0.03 0.04 30.7
Amorphous part (S3-S5) 73.1 0.18 - 15.8
20 h S1 7.3 0.01 0.00 33.0
S2 7.7 0.11 0.01 28.6
Amorphous part (S3-S5) 85.0 0.17 - 11.0
40 h S1 2.6 —0.02 0.04 32.8
Amorphous part (S2—S4) 97.4 0.19 - 14.0
Figure 15 MS spectrum of
the Sample Fe7ssi12Ti6B7
milled for 80 h.
T
g
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Figure 16 MS spectrum of
the Sample Fe73SSi15Ti5B7
milled for 80 h.
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