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Abstract: In the present research, rapidly solidified Fe,, B, P .Cu

.., Fibbons were prepared by melt spinning process.

The microstructural variation, as well as magnetic properties of the as-spun and annealed ribbons, were character-
ized by X-ray diffraction (XRD), transmission Mossbauer spectroscopy and alternating gradient field magnetometer
(AGFM). The results showed two separated distinct exothermic peaks during heating, resulting from the phase tran-
sition from amorphous to a-Fe and then to Fe B, respectively. The study of magnetic properties in the amorphous and
nanocrystalline states revealed that annealing the amorphous ribbons at 440°C for 10 minutes gives rise to a significant
increase in saturation magnetization (220 emu/g) which makes this alloy a good candidate for power applications.
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1. INTRODUCTION

During the last decades, Fe-based amorphous
and nanocrystalline soft magnetic alloys, such as
FeSiBCuNb [1], FeSiBCu [2] and FeSiBPCu [3]
have attracted great attention due to their ability
to attain excellent soft magnetic properties such as
high saturation magnetization (M), low coercivity
(H,) and low magnetic core loss [4]. Furthermore,
the structural evolution of the amorphous alloys
during the crystallization process is of high inter-
est for the purpose of obtaining nanocrystalline
materials with excellent soft magnetic properties
[4]. Nanocrystalline alloys are mostly fabricated
by partial crystallization of amorphous precur-
sors, giving rise to the formation of ferromagnetic
nanocrystals surrounded by residual amorphous
phase [5].

Heating the amorphous ribbons at tempera-
tures higher than the first crystallization tempera-
ture gives rise to the transformation of amorphous
precursors into a composite structure consisting of
0-Fe nanograins embedded in an amorphous ma-
trix [4]. It has been shown [6] that the increase of
Fe content could reduce the cost of alloys and im-

prove magnetic properties. The addition of the B
element can control the grain size because it stabi-
lizes the residual amorphous phase and hence pre-
vents further grain growth [6]. Makino et al. [3, 7]
reported that by simultaneous addition of Cu and
P, separation of small region enriched with Cu and
P occurs in the amorphous phase. These regions
can act as heterogeneous nucleation sites for O-Fe
grains and promote grain refinement [3, 7].

In the present work, Mossbauer spectra and the
deduced magnetic hyperfine field distributions to-
gether with the changes in the microscopic state of
iron atoms in Fe, B, P.Cu,  ribbons in amorphous
and nanocrystalline states were analyzed to clarify
the mechanism of the crystallization process. Fur-
thermore, the effect of the primary and secondary
crystallization on the soft magnetic properties of
rapidly solidified ribbons was investigated.

2. EXPERIMENTAL PROCEDURE

The alloy ingot with a nominal composition of
Fe B, P.Cu , was produced by arc melting us-

ing high purity elements Fe, B, Cu and pre-alloyed
Fe P in a vacuum. The as-quenched ribbons with
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a width of 0.6 mm and a thickness of 16 pm were
prepared by single roller melt spinning method
under a high-purity argon atmosphere onto a ro-
tating copper wheel with a surface velocity of 40
m/s. The melt-spun ribbons were found to be fully
ductile. The initial as-quenched state and the an-
nealed structures were examined by a PANalytical
X’Pert PRO MPD X-ray diffractometer (XRD)
with Cu Ko radiation and a room-temperature PO-
LON type transmission Mossbauer spectrometer
using a conventional constant acceleration spec-
trometer with a >’Co(Rh) radioactive source. The
spectrometer was calibrated and the isomer shift
was determined with respect to the alpha-Fe poly-
crystalline foil. Spectra were fitted by means of the
NORMOS package written by R.A. Brand [8].
The thermal properties of melt-spun ribbons
were evaluated with a Mettler Toledo differen-
tial scanning calorimeter (DSC) under an N, gas
flow at a heating rate of 10 "C/min. To study the
changes of microstructure and magnetic properties
in the Fe, B, P.Cu . alloy, the as-spun ribbons
were encapsulated in the vacuum and annealed
at various temperatures. The annealing tempera-
tures for the ribbons were decided based on the
crystallization temperature obtained from the DSC
curves. Annealing was carried out by keeping the
as-quenched ribbons for 10 minutes in the tubular
furnace preheated at 440, 530 and 650 °C in ad-
vance. Room temperature magnetization measure-
ments have been performed with a PRINCETON
alternating gradient field magnetometer (AGFM)
with a maximum magnetizing field of 19 kOe.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis

The X-ray diffraction patterns taken from both
sides of the rapidly quenched Fe,, ,B, P,Cu, rib-
bons are shown in Fig. 1. As can be seen in this
figure, only a broad amorphous halo is observed
on the air side of the as-spun ribbons. Whereas,
besides this broad amorphous halo on the wheel
side, there is a sharp crystallization peak, close to
the (200) a-Fe diffraction. These results indicate
that the a-Fe crystalline phase is probably pres-
ent on both sides of the rapidly quenched ribbons.
Kraus et al. [9] in a similar study reported the
crystallites were concentrated close to the surface
of the wheel side, whereas on the air side they
were extended much deeper along with ribbon
thickness [9]. This can be ascribed to the large
density of defects (air pockets) on the wheel side
which facilitates the nucleation of a-Fe crystalline
phase on this side with respect to the air side.

Air pockets exist on the wheel side of the
melt-spun ribbons and originate from the air en-
trapment during the melt spinning process [10]
(Fig. 2). During the production of ribbons, on
the air side of the ribbon the air ejects to the out-
side while in the case of wheel side of the rib-
bon, due to the high speed of the wheel, air can be
entrapped between wheel surface and the ribbon
[10]. This gives rise to the creation of air pock-
ets on the wheel side of the ribbons according to
Vishwanadh et al [10].
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Fig. 1. X-ray diffraction patterns for air- and wheel-side of as-spun Fe, ,B  P,Cu,, ribbon.
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Fig. 2. SEM micrograph of the wheel side of
Feg, B, P,Cu,  ribbon, showing air pockets.

In order to study the structure of the as-spun
Fe,,.B P.Cu . ribbons more precisely, trans-
mission Mossbauer spectroscopy was utilized. A
Mossbauer spectrum presents quantitative data on
hyperfine interactions which are small energies
from the interaction between the nucleus and its
surrounding electrons [11]. In fact, Mossbauer
spectroscopy makes a quantitative evaluation of

the local structure and local composition varia-
tions possible [12]. So, it can be used as a detailed
probe of the Fe neighborhood to check the crystal-
lization progress during the annealing.

Room temperature transmission Mossbauer
spectrum of the as-spun ribbons and the corre-
sponding hyperfine field distribution for the par-
ent amorphous alloy are presented in Fig. 3. The
spectrum is asymmetrical and consists of wide,
overlapping lines which is typical for amorphous
alloys [13]. In the hyperfine field distribution, two
components are distinguishable: low-field com-
ponent (at about 12T) and high-field component
(at about 25T).

The presence of two separated components can
be attributed to the presence of two different iron
atom surroundings [14]. Low field component can
be associated with those Fe atoms which have pri-
marily Cu and B as nearest neighbors [ 14], where-
as the high field component is ascribed to the Fe
atoms surrounded by Fe and B atoms.

The best fitted hyperfine parameters are listed
in Table 1. In this table B, _is the average value of
the hyperfine field induction distribution, AB, ; is
its standard deviation, a and b are parameters of
the relation IS=aB, +b, IS is the average value of
the isomer shift, I, is the relative intensity of the
second and fifth lines and A is the relative sub-
spectrum area.
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Fig. 3. Room temperature transmission Mossbauer spectrum (a) and corresponding hyperfine field distribution

(b) of the as-spun Fe

B,,P.Cu, . ribbons.
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Table 1. Best fitted hyperfine parameters for the as-spun Fe,, ,B, P,Cu, ribbon.
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Sample [T1B, AB, [T]

a[mm/(sT)] | b[mm/s] | IS[mm/s] I2,5(2,5) Al%]

as-spun 24.50 4.43 0.0052

-0.180 0.052 2.82 100

The obtained results confirm the achieve-
ment of the amorphous structure for the rapidly
solidified ribbons. However, it should be noted
that transmission Mossbauer spectroscopy gives
the information from the volume of the sample.
To study the partially crystallized surface layer,
which is formed during the melt spinning process,
conversion electron Mossbauer spectroscopy
(CEMS) should be used.

The annealing temperatures to obtain nano-
crystalline structure were determined using
non-isothermal differential scanning calorimetry
(DSC). Non-isothermal DSC curves of melt spun
Fe,, ,B, P.Cu,, amorphous ribbon at heating rates
of 10 and 20°C/min are presented in Fig. 4. It can
be seen that the temperatures of primary and sec-
ondary crystallization are well separated.
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Based on the results from the DSC curve, the
ribbons were annealed at 440, 530 and 650°C for
10 minutes and the corresponding XRD patterns
are reported in Fig. 5. As can be understood from
this figure, heating the amorphous ribbons for 10
minutes at 440°C gives rise to the formation of
a-Fe phase. Makino et al. [3] have also report-
ed that for the Fe-Si-B-P-Cu alloys with high
Fe content, due to the positive mixing enthalpy
between Fe and Cu atoms (+13 kJ/mol) and the
negative one between Cu and P atoms (-9 kJ/
mol), there are repulsive and attractive interac-
tions between Fe, Cu and Cu, P atoms, respec-
tively. As a result, very small regions enriched
with Cu and P atoms could separate from the
amorphous phase and probably act as nucleation
sites for a-Fe grains [3].
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Fig. 4. DSC curves of melt spun Fe,, B, P,Cu, , amorphous ribbons obtained at heating rates of 10, 20°C/min.
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Fig. 5. XRD patterns of Fe,, .B, P,Cu, , ribbons annealed at 440, 530 and 650°C for 10 minutes.
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Jafari et al. [15] have demonstrated that during
the annealing of Fe , ,Si B,P,Cu, . ribbons, boron
and phosphorous atoms are rejected from o-Fe(p
Si) phase and enriched in the residual amorphous
matrix. They showed that Cu clusters were dis-
tributed homogenously in contact with a-Fe(Si)
nanocrystals [15]. This indicates that Cu clusters
act as heterogeneous nucleation sites for a-Fe(Si)
crystallization [15].

With increasing annealing temperature to 530
°C, Fe,B was formed, as well. The formation of
iron boride phases during the second stage of
crystallization have been also reported for Fe-Cu-
Nb-Si-B [16], Fe-Co-Si-B-Nb-Cu-Ni [17] and Fe-
Si-B-Nb-Cu-Ni [18] alloys. As can be understood
from Fig. 5, no new phase can be formed with
a further increase in temperature up to 650°C.
The calculation of crystallite size using Scherer
equation revealed no significant increase in o-Fe
crystallite size from 440 °C (40 nm) to 530 “C (39
nm), whereas a fast increment of the crystallite
size was observed at 650 °C (66 nm). This may be
interpreted that the presence of the residual amor-
phous matrix can hinder the grain growth to some
extent.

The microstructural evaluation of the as-spun
ribbons during the crystallization process was

conducted using Mossbauer spectroscopy. The
spectrum of the sample annealed at 440 °C for 10
minutes (Fig. 6a) was best fitted with two sub-
spectra; one subspectrum with a hyperfine field of
about 33T corresponds to the a-Fe phase which is
compatible with XRD results and the reported val-
ues by other researchers [19, 20]. The other sub-
spectrum with an average hyperfine field of about
249 T is attributed to the residual amorphous
phase with the magnetic hyperfine field induction
distribution shown in Fig. 6b. The hyperfine field
distribution function P(B, ) can be presented as a
sum of four Gaussian distributions G1, G2, G3
and G4 centered at 10.04, 20.84, 24.82 and 30.09
T, respectively (Fig.6b). The G1, G2, G3 Gauss-
ian distributions correspond to three different
kinds of Fe sites in amorphous matrix, whereas
the fourth one (G4), due to its average hyperfine
induction value, can be attributed to the interface
zone, i.e. to Fe sites exactly in the grain boundar-
ies or in the amorphous matrix but in close contact
with the grains [21].

The magnetic hyperfine distribution curves
provide direct information relating to short-range
order of the amorphous phase [14]. As can be real-
ized in Fig. 6b, the formation of a-Fe phase affects
the magnetic structure of the residual amorphous
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matrix. Each hump in the hyperfine field distribu-
tion curve (Fig.6b) represents distinct regions of
resonant atoms with hyperfine interactions ranging
from week magnetic fields (12-20 T) up to strong
hyperfine magnetic field (25-30 T). The low field
component can be attributed to the Fe atoms pri-
marily B atoms as the nearest neighbors [22]. This
statement could be confirmed by available data on
FeB powders [22]. Rodrigues Torres et al. [22, 23]
and Shinjo et al. [24] reported hyperfine fields of
10T and 12T for FeB, respectively.

As can be observed in Fig. 6a, annealing of the
amorphous Fe  .B, P.Cu,  ribbons at 440°C for
10 minutes (sample 440-10) leads to the appear-
ance of sharp and isolated lines in the Mossbauer
spectrum which confirms the formation of nano-
crystalline grains in the annealed ribbons. The
best fitted hyperfine parameters for the sample
440-10 are listed in Table 2. In this table B_, IS
and QS_ are the hyperfine magnetic field induc-
tion, the isomer shift and the quadrupole splitting
of a-Fe crystalline phase, respectively and I,
is the full width at half maximum of the lines of
the sextet of a-Fe phase.

As can be seen in table 2, the sample contains
53% residual amorphous matrix and 47% o-Fe
nanocrystalline phase. It is worth noticing that the
average value of B . in the residual amorphous
phase is somewhat higher than in the parent al-
loy (table 1 and 2), although the matrix becomes
poorer in iron because of a-Fe crystallization.

With comparing the hyperfine field distribu-
tions for the amorphous and annealed samples
(Figs. 3b, 6b), it can be realized that even though
the amount of amorphous phase is falling, the
number of Fe atoms which have mostly B and
possibly some Cu atoms as their nearest neigh-
bors is rising, as stated by Miglierini et. al [14].
Increasing the number of iron atoms surrounded
by B and Cu atoms and their poor solubility in
a-Fe phase leads to their clustering. Consequent-
ly, the standard deviation of hyperfine field distri-
bution for the annealed sample is increased [14].
Miglierini [14] has proposed that the variations
of local arrangement of the constituent elements
in the residual amorphous matrix show itself by
increasing the standard deviation. This indicates
that during the annealing of an amorphous ribbon,
not only the nanocrystalline phase is formed but

& & o

also the residual amorphous matrix undergoes
considerable changes [14].

In fact, chemical and topological changes in
the short-range result in the formation of new sur-
roundings for the resonant atoms; consequently,
changes in the magnetic properties of the residual
amorphous phase (reflected by the average hyper-
fine field values) and in the structure (reflected
through the standard deviation) are revealed [14].

Further comparison of Fig. 6b with Fig. 3b
reveals a decrease in the high field hump in the
annealed sample, which suggest rather rapid crys-
tallization in Fe, B/ P.Cu _ ribbons. The high
field hump represents those Fe atoms which have
B and P atoms as the nearest neighbors and since
these are the elements from which the nanocrys-
talline phases are formed, it is mainly high field
hump which decreases during crystallization.

On the other hand, the average isomer shift has
increased after annealing at 440 °C which con-
firms the decrease of electron density at the iron
nucleus. This effect can be ascribed to the migra-
tion of some Fe atoms from the amorphous phase
to form a-Fe nanocrystalline grains.

The transmission Mossbauer spectrum of the
Fe, B, P.Cu, ribbons annealed at 530 °C for 10
minutes is presented in Fig. 7 and was best fit-
ted with four subspectra. One subspectrum with a
hyperfine field of 33.2 T attributed to a-Fe phase
and the others with hyperfine fields of 29.9, 27.3
and 23.2 T correspond to the three nonequivalent
iron sites Fe (8g), Fe (8g) and Fe (8g), in BCT
Fe B, respectively [19], which is in agreement
with XRD results.

The best fitted hyperfine parameters for the
sample annealed at 530 °C are listed in Table 3.
In this table B_, IS_ and QS_ are the hyperfine
magnetic field induction, the isomer shift and the
quadrupole splitting of a crystalline phase, respec-
tively, and I', . is the full width at half maxi-
mum of the characteristic lines of a crystalline
phase. As can be understood from table 3, each of
these three nonequivalent iron sites shows a small
effective quadrupole interaction indicating that
none of these sites has a cubic symmetry [19]. The
hyperfine parameters for Fe,B crystalline phase
slightly differ from those reported by some other
researchers [19, 25- 27]. It may be connected with
the presence of elements other than Fe and B in-
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Fig. 6. Room temperature transmission Mossbauer spectrum (a) and corresponding hyperfine field
distribution (b) of the Fe B, P.Cu, _ ribbons annealed at 440 °C for 10 minutes.
Table 2. Best fitted hyperfine parameters for the Fe, .B  P,Cu,, ribbons annealed at 440 °C for 10 minutes.
Ph ase Bh[ A Bhf Bcr a IS Iscr Qscr rFWHM / A
[T] [T] [T] [mm/(sT)] | [mm/s] | [mm/s] | [mm/s] | [mm/s] | [mm/s] | *° | [%]
RAP* 24.88 5.29 -0.0011 0.04 0.12 53
a-Fe 33.115 -0.001 0.005 0.324 |3.12| 47

*RAP: Residual Amorphous Phase

corporated in the lattice.

Fe and B atoms can form various kinds of
Fe-B compounds such as o-FeB, bct-Fe B, bet-
Fe.B, o-Fe.B and fcc-Fe B [20]. The structural
and hyperfine field parameters for the different
Fe-B compounds are reported by Zhang et al.
[20]. Among these compounds, only FeB and
Fe B are stable [20]. o-Fe,B phase is structurally
similar to Fe,C in which each unit cell composed
of two non-equivalent Fe sites, i.e. Fe(8g) and
Fe(4c), and a single B site with a population ratio
of 1: 2 [20].

The bet-Fe B is structurally similar to tetrag-
onal Fe P in which each unit cell composed of 8
formula units [20]. This phase consists of three
crystallographically non-equivalent Fe sites, i.e.
Fe (8g), Fe (8g), Fe (8g), with the same popula-
tion having 2, 3, 4 metalloids nearest neighbors,
respectively, and a single B site [20]. The report-
ed hyperfine field and isomer shift values for the
iron sites, I, I, III, by Le Caer et al. [25] are 28.7,
26.7, 22.5 T and 0.08, 0.04, 0.12 mm/s, respec-
tively [20, 25].

In the bct-Fe,B structure, the B atoms are lo-
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cated in the center of the trigonal prism formed by
6 nearest Fe atoms, i.e. 2 Fe (8g), 2 Fe (8g) and 2
Fe (8g), at the vertices; three other iron atoms are
located at a slightly longer distance and bounded
to each B atoms through a rectangular prism face
(Fig. 8) [20, 26].
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Fig. 7. Room temperature transmission Mossbauer
spectrum for the Fe B, P.Cu, _ ribbons annealed

at 530 °C for 10 minutes.

Table 3. Best fitted hyperfine parameters for the Fe

O Fe for bet-Fe;B

@ Fe for bet-Fe;B

@ B for bet-Fe,B
“\_\\- @

Fig. 8. The trigonal prism of bct-Fe,B phase [26].
3.2. Magnetic Properties

In order to study the effect of the structur-
al changes on the soft magnetic properties of
rapidly solidified Fe,, .B, P.Cu, ribbons during
the annealing process, the room temperature
hysteresis loops of the amorphous and annealed
ribbons were measured by AGFM at room tem-
perature. The curves corresponding to the amor-
phous ribbons and annealed samples at 440,
530 and 650 °C for 10 minutes are presented
in Fig. 9 and the resulting magnetic properties
are listed in table 4. In the inset, the evolution
of the coercive field as a function of annealing
temperature is shown.

¢5.:B,,P;Cu, , ribbons annealed at 530 °C for 10 minutes.

-
Phase B_[T] [m’j;'/s] [n?ic/'s] dom || e
a-Fe 33.196 -0.0005 -0.002 0.290 2.27 47

FeSB —site | 29.95 0.096 -0.031 0.54 2.17 18

FeSB —site ll 27.27 0.087 0.121 0.46 1.95 13

FeSB —site lll 23.18 0.113 -0.009 0.57 2.38 22

Table 4. Magnetic properties of the amorphous and annealed Fe,, ,B, P,Cu, , ribbons at room temperature.

Magnetic Properties

Annealing Tem- iy

perature (°C) H (Oe) |H (A/m) s M_(T)
¢ ¢ (emu/g) °

as-spun 0.3 24 187 1.79
440 0.7 56 220 2.11
530 14.2 1130 224 2.15
650 41.5 3302 202 1.94
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Fig. 9. Hysteresis loops at room temperature for the amorphous Fe , .B, P,Cu, , ribbons annealed
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at 440, 530 and 650 °C for 10 minutes.

The results show that the saturation magne-
tization significantly increased after 10 minutes
annealing at 440 °C. This may be attributed to the
stress relieve in the residual amorphous phase and
the increment of the volume fraction of a-Fe nano-
crystals which are exchange coupled [28]. On the
other hand, as shown in table 4 and in the inset of
Fig. 9, the coercivity considerably increased with
increasing the annealing temperature to 530 and
650 °C. This can be ascribed to the formation of
bcet-Fe B phase from the amorphous matrix. Her-
zer [29] investigated the anisotropy contributions
in nanocrystalline Fe-based alloys and found that
the soft magnetic properties can be significantly
affected by the precipitation of small fractions of
boride compounds like Fe,B or Fe,B due to their
huge magnetocrystalline anisotropy. The magne-
tocrystalline anisotropy of Fe B and Fe,B phases
are 430 and -320 kJ/m?, respectively [28].

It has been shown [16] that for suppressing the
magnetocrystalline anisotropy, the randomly ori-
ented grains should be coupled by exchange inter-
action. As a result, if the exchange interaction is
reduced, the soft magnetic properties will degrade
[16]. It has been proved [16] that the exchange
coupling between the nanocrystalline grains takes
place through the residual interfacial amorphous

phase by which the nanocrystallites are surround-
ed. As a consequence, with increasing annealing
temperature giving rise to the grain growth as
well as the formation of boride compounds from
the amorphous matrix, the amount of the residual
amorphous phase and consequently the exchange
interaction between the nanocrystallites is drasti-
cally reduced. This causes a significant increase
in coercivity with increasing the annealing tem-
perature.

4. CONCLUSIONS

In the present work, the microstructure and soft
magnetic properties for the as-spun and annealed
Fe-rich Fe,, B, P.Cu, . ribbons were studied and
the results are summarized as follows:

1. The XRD results revealed that the a-Fe
crystalline phase is probably present on
the surfaces of rapidly quenched ribbons
while the Mossbauer results confirmed
the achievement of completely amorphous
structure for the volume of the sample.

2. The hyperfine field distribution for the as-
spun and annealed ribbons at 440 °C showed
two separated components suggesting the
presence of two structurally and magnetically
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distinct surroundings for the iron atoms.
The low field components can be attributed
to those Fe atoms which have primarily Cu
and B as nearest neighbors whereas the high
field components are ascribed to the Fe atoms
surrounded by P and B atoms.

3. The magnetic hyperfine distribution curves
indicated that the formation of a-Fe phase
affects the magnetic structure of the residual
amorphous matrix.

4. The variation of o-Fe crystallite size at
different temperatures showed that the
presence of the residual amorphous matrix
can hinder the grain growth.

5. Annealing the as-spun ribbons for 10 minutes
at 440 °C results in a significant increase in
saturation magnetization (220 emu/g) which
makes them good candidates for electrical
power applications.
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