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Abstract

Purpose — The purpose of this paper is to present a ribbons production route of composition
FezSigB13 (%at.) using low cost noncommercial scrap materials to obtain usable magnetic cores by
melt spinning technique and their characterization. This way, these may compete with the materials
produced by conventional casting processes.

Design/methodology/approach — The methodology is to design a master alloy with scrap different
starting compositions, to which Fe is added to get the desired atomic ratio of components. With this
starting alloy, using the method of melt spinning, in its variant of chill block melt spinning, are
achieved amorphous ribbons with desired soft magnetic behavior. Then these ribbons are thermally
treated for achieve nanocrystalline structures to improve the performance in the magnetic cores.
Findings — The result of this paper shows that it is possible to recycle scrap materials, and re-used
efficiently as components essential in part of electrical components. This way, these may compete with
the materials produced by conventional casting processes.

Research limitations/implications — The limitation of this work to ensure that the scrap materials
used is reasonably adequate to accomplish obtaining the master alloy, i.e. having reduced impurities.
Practical implications — The implications are important, because it assures that the components are
recyclable and also high-tech in reference to energy saving that involves the production of amorphous
and nanocrystalline materials in the electric industry. These products may compete with those
produced by conventional casting processes.

Social implications — The social implications lead to awareness in recycling and energy saving as
an option for social progress in technology.

Originality/value — The originality of the study is that it takes as a starting point for the final
product (ribbon) noncommercial scrap materials of known composition and the obtained results are
comparable to those that also are manufactured from the pure elements. The control of impurities is
necessary in the production route. This way, these may compete with the materials produced by
conventional casting processes. This process achieved a production with lower cost, high efficient
energy products and high added value.
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1. Introduction
The present application range of available soft magnetic materials has been significantly
increased by the development of amorphous, bulk metallic glasses and nanocrystalized yidiscipline Modeling in Materials

systems (Lavorato et al, 2011). These ferromagnetic alloys can be obtained as glassy - iﬂfﬁff%ﬁ
phases by the rapid cooling technique; some of them partially crystallize by certain " pp. 511524

heat treatment achieving structures composed by ten to 40 nanometer long grains © Fmerald Grow Publishing Limited

surrounded by a glassy phase (Kim et al, 2013; Svec ef al., 2003). These materials are DOl 10.1108/MMMS11-2013.0068
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used in the manufacturing of electric transformer cores showing meaningful
improvement on its overall outputs as an increment in the efficiency and less
environmental impact. In the past, these cores have been produced with grain-oriented
electrical steel and nongrain-oriented electrical steel, ferrite, Ni-Fe and Co-Fe alloys strips
produced by conventional casting processes, which requires several mechanical and
thermal manufacturing techniques, some of them of high cost (Gelinas et al., 2000). The
new manufacture of nanostructured magnetic products can be done by the direct use of
the ribbons obtained by melt-spinning process and post-melt spinning heat treatments;
adjusting the width of the ribbon through the nozzle’s design. The success of the ribbon’s
formation significantly depends on how the nozzle design affects the melt’s flow
(Olofinjana et al., 2004; Bedell et al.,, 1987; Kurokawa et al., 1999) used during the casting
process. Furthermore, the magnetic products used can be extended to complex
geometries introducing a milling stage afterwards the melt-spinning process to obtain
refined elemental powder particles Nowacki ef al, 2006; Byoung-Gi, et al, 2007,
Dobrzanskia et al., 2004), which by a metallurgical process give us the desired product.

Our researches and other authors confirm that energy losses in magnetic cores
uncharged can be reduced almost 80 percent from those that appear in devices built
with traditional steel (De Cristofaro, 1998; Muraca et al., 2009).

In this work, FezgSigB15 (%at.) ribbons are produced from a mother ingot previously
melted from noncommercial alloys. These ribbons were cooled on the copper wheel
in air atmosphere. The process temperature is controlled by optical pyrometer
implemented on a tripod located at the focal distance of one meter from the melted
sample (Pagnola et al., 2009; Pagnola and Katabian, 2012).

2. Experimental development

2.1 Mother ingot preparation

An ingot mother (170 g) is obtained by 27.20 g of Feg1B1g (% wt.) and 12.80 g of Fes;Sizq
(%wt.) of noncommercial scrap alloys, and by the addition of 130 g of Fe in the form of
granules. With these samples there is obtained an ingot with the following features:

[(Fe)22.03g + (B)5.17g] + [(Fe)3.85g + (S1)8.96 g] + (Fe)130g — (FeSiB)170g (1)

(Fe)155.88g + (Si)8.96g + (B)5.17g — (FeSiB)170g 2)

(FeSiB) — FegSisBs(wt%.) (3)

Then, we proceeded to melt in vacuum atmosphere the first mother ingot in a specialll%
designed graphite crucible. This procedure used a 7.5kW induction furnace RDO™
model LFI-7.5 mounted as shown in Figure 1. The equipment is formed by an induction
coil inside a vacuum chamber, where inert atmosphere is produced by a vacuum pump
for such purpose. This is the ad hoc production equipment installed.

The impurities in the noncommercial scrap alloy are: Al, C, Ca and S. Their quantity
is lower than 0.3 %wt.

This procedure is repeated four times for the homogenization of the alloying
elements. Using a temperature of 1275°C, which is determined by the phase diagram
and the corresponding proportion of the majority binary alloy (SGTE, 2004). This
temperature is controlled by an optical pyrometer Micro-Epsilon brand and model
CTLM 2HSF300-C3, mounted on a tripod and focussed upon a graphite crucible.



The ingot was sectioned approximately by its half and the homogeneity control
performed on Fe element was analyzed by Energy Dispersive Spectroscopy (EDS)
technique (EDAX™), considering about 100 measurements (% wt./Mol) on linear paths
of 200 um on the surface and center sample.

2.2 Obtaining ribbon

The obtained mother ingot was cracked to an average particle size of about 5 mm, and
then placed inside a quartz tube of 10 mm diameter and 1.5 mm thick. This tube works
as crucible for the obtaining ribbon new process. This crucible has a Boron Nitride
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Figure 1.
FegoSisBs (% wt.), mother
ingot casting process
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Figure 2.

Air cooling and melting
of Fi 878519B13 (%at.) to
obtain ribbon in melt
spinning equipment

Figure 3.

Temperature stabilization
zone controlled by the
external optical pyrometer

nozzle attached with a circular 0.6 mm hole practiced in its center, through which
flowing the molten alloy. This is done with ad hoc new disposition in the induction
furnace used in Section 2.1 (see Figure 2).

The wheel works as a heat sink reaching around one million degrees per second
cooling rate (~10°K/s) necessary to achieve the glassy phase (Praisner et al, 1995).
The obtaining method of ribbons is typically reported through melt spinning process
by different authors (Allia et al., 1982; Muraca et al, 2009; Wang, 2010). In Figure 2 it is
shown the melt spinning equipment, where it can be seen the small gap between ribbon
and the casting wheel. The temperature profile is controlled by the external optical
pyrometer. The stabilization zone is reached at 7 minutes of warm to the ejection
temperature and the ejection is done at 8.9 minutes (Figure 3).

Then, with an induction coil which heats the alloy over the melting point and argon
overpressure the alloy is expulsed through the nozzle at ejection velocity on the high
speed spinning wheel. As a result, a continuous and mostly amorphous ribbon is
obtained. Its thickness and width are determined as a function of the pressure and
the gap between the nozzle and the wheel. These parameters are showed in Table L.
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The values used in the gap are typical to identify this methodology as chill block melt
spinning (Pavuna, 1981). This process differs from the planar flow casting, which uses
sub-millimeter gaps (Lim et al., 2009).

The obtained ribbon has an average thickness of 32 um and an average width (A)
of 1.18 mm.

Was estimated cooling rate according to Equation (4) (Wang, 2010) in —2.73 x 10°K/s
assumed the same composmon whereas at wheel speed (V) is according to Table I, the
value x=23x10"3m according to the relationship x/z =3.8395, being z = 0.0006 m
the orifice diameter nozzle:

or = —156.97 -

Vx
ot ( x > )
The estimated solidification time is 9.4 x 10~7s, and was calculated according to
Chen et al (2011). For this value, we apply the coefficients from Table IL

The x-ray diffraction analysis (XRD) ingot and ribbon results were performed at
room temperature using a Rigaku™ diffractometer with ®-20 configuration and
vertical goniometer with CuKo monochromatic radiation (1.54056 A).

The Calorimetry Differential Scanning Analysis (DSC) on Fe;SigB;5 (%at.) ribbon
was carried out a temperature sweep at a rate of 80 K/min with a Perkin Elmer™, Pyris
1DSC model equipment. The sample was weighed in 5.13mg and then placed in
Cu casserole for comparison with a reference. The sweep was carried out in the
temperature range from 200 to 650°C in argon gas controlled atmosphere.

To complete the structure alloys the Mossbauer spectroscopy (MS) analysis was used
at room temperature in a >’Fe (50mCi) sealed source Rh matrix arranged with
transmission geometry. The data were fitted with two distributions in the Winnormos2k
program. The calibration was done with o-Fe foil and isomer shifts (Is) are given
relative to a-Fe.

Speed wheel (m/sec) Gap (mm) Ejection pressure (Bar)

40 3 0.3
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Table 1.
Set up parameters

Material

Parameter FezsB13Sig Copper roller —

1,275 (Tyo) 25 (T) -
80 (A1) 398 (Z2) -

Initial temperature, 7} ( C)

Thermal conductivity, A (W/(m °C))
Specific heat capaaty, C (Jitkg °Q)) 553 (C;) 386 (Cy) -
Density, p (kg/m®) 7,500 (p1) 8,930 (p2)
Coefficients of thermal storage, b (W \/S/ m?°C)) 18,215 (b1) 37,039 (b2)

Coefcient in Fourier’s equation (Wm?/J) 1.928x107° — -

Latent heat crystallization, L (k] /kg) 251 (Fe) - 1,790.02 (Si) 4,643.84 (B)
Temperature of the ribbon-roller interface (°C)  437.07

Eutectic temperature, Te (°C) 1,150 -

Distance normal to the roller surface (m) 0.003 - -

Table II.

Initial conditions values
and physical parameters
of materials for
calculating solidification
time according to

Chen et al. (2011)




MMMS The magnetic analysis was performed only over magnetic ribbon through low

104 temperatures hysteresis curves in a S_uperconducting Quantum Interference Device

’ (SQUID) magnetometer under an applied field of 7 T. There was obtained: saturation
magnetization (Ms); remanent magnetization (Mp); and coercivity (H¢) values.

3. Results and discussion
516 3.1 Ingot EDS analysis
The attributable percentages of Fe element show its homogeneous bulk distribution
(see Figure 4). Furthermore, comparing the molar ratios of Fe with the atomic percent
(Table III) to the weight of the studied ingot showing excellent distribution of this
element designed by Equation (3).

(a) 919 -
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Error bar
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3 917
R
91.6
915 T T T T T T
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(b) 919 -
Fe Sup
I Error bar
91.8
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B
Figure 4. 916 1
(@) Fe (%wt.)
measurements in sample 915
center. (b) Fe (%wt.) 0 20 40 60 80 100

measurements

. # Measurement
in sample surface

Note: Step is 2 microns per point that is evaluated

Fe,gSigBi3 47492 ¢ Wt./mol Lingote ( ~95g)
Fe 4356 g 91.7 %wt. 87.1g
Table III. Si 2527¢g 5.3 %wt. 5¢g

Ingot molar ratio B 1405¢g 3 %wt. 29¢g




3.2 XRD

In the ingot diffractogram (Ingot) (see Figure 5) it can be seen the appearance of
the crystalline phase (C) F.Si, at the peak (2 1 1) and Fe,B on the peaks (1 1 0), (2 0 0),
(220),(310) and (3 3 0), plus Fe element in peaks (1 1 0), and (2 0 0). The phase
distribution and suggested elements according to the analysis is:

Ingot — 0.13(FesB) + 0.045(F.Siz) + 0.475(Fe) (% at.)(C) (5)

In the ribbon diffractogram (Ribbon) (see Figure 5) it can be observed the angular
widening crystalline sites compared to the diffractogram of the crystalline ingot
mother alloy Feg,SisBs (% wt.). These results show amorphization in these peaks. Being
then, the product obtained by the melt spinning technique mostly amorphous (Am).
The nanocrystalline peak was determined (N¢) in (1 2 0), and the amorphous peak
(14 1) of the peaks SiBg. The (11 0) and (31 1) of FeB, and the (1 0 1) and (2 0 0) of
Fep915ip09. The distribution phase suggested for the Ribbon is as follows:

Ribbon — 0.0161(SiBg) (Ne-+Am) + 0.82(Feq1Sio.00) (Am) + 0.0331(FeB)(Am)(%at.)
(6)

For heat-treated ribbon at 730°C (TT Ribbon), its diffractogram indicates the
occurrence of the peaks (104),(217) and (1 3 7) of Bg, the peaks (10 1) and (2 0 0) Fego;
Sig o9, the peaks (12 1), (22 0) and (31 1) FeB and the FeSi, (2 1 1) peak. These indicate
predominantly nanocrystalline structure (N¢) which suggest the following distribution
of phase (Table IV):

TT Ribbon — 0.13B/} (Am+Ne) + 0.00676(F65i2) (Ne) + O.849(Fe0,915i0,09) (Ne)(%at.)

(7
: : : 1.0
.................. Bl ctanalodea piaciiadiadaaii
x| H B 1 !
: ] Fe:Siy o8
ECISS S AFeyB. .l
- o FeB | o6
HIRRSIL T . A SO S
S L A I
b AFeOQ‘SIO‘”’ .
: : ' Lofo02
0.0
T T Ribbon
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Figure 5.
Diffractograms
comparison Feg,SisB;
alloy (%wt.)
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The nanocrystals sizes were estimated by the Scherrer ecuation (Equation (8))

10’ 4 (Khorsand Zaka et al., 2012), and are shown in Table V:
K.A
b pd.cos(@) ®
518 where D is the crystalline size in nanometers, A is the wavelength of the radiation, 2 is a
constant equal to 0.94, fd = -0.05 is the peak width at half-maximum intensity whit
error instrument, and © is the peak position, f§ is the peak width at half-maximum
intensity and 0.05 represent the mean value of the XRD instrument error.
3.3 Calorimetry differential scanning analysis (DSC)
The Figure 6 shows three well-defined stages. The first exothermic event is where
secrete mostly the amorphous regions rich in Si and B. From the Curie temperature,
T.am=398°C occurs a rearrangement by Si atoms diffusion in rich Fe amorphous
matrix up before the first transformation peak 7. (Yardley et al., 2007; Chang and
Marti, 1983; Rawers et al.,, 1988). The second heat release event corresponds to a first
crystallization (77) at 593°C, in which the amorphous Si rich region precipitates
in a nanocrystalline composite Feg9;Sigo9. The third event corresponds to a second
crystallization (T's;) at 601°C, caused by the increased number of Bg and FeSiy
nanocrystals (Sun et al., 2000; Chau et al., 2005).
3.4 MS analysis
In Mossbauer spectra (Ribbon) it was possible to observe two distributions, the first
one distribution fits in a 76.11 percent of spectrum’s data with a maximum hyperfine
Elements Peaks PDF Number Reference
By #31-0207 Calvert (1985)
FeSi, #35-0822 NBS (1985)
Fe,B #39-1314 Khan (1988)
FeB #32-0463 NBS (1981)
Table IV. Fe #06-0696 Swanson et al. (1955)
Diffractometry SiBg #35-0809 NBS (1984)
identification cards Feg 9151009 #96 — 900-6909 Zhang and Guyot (1999)
Peek Scherrer D (nm)
120 3.260
@217 23.22
@37 21.35
aou 23.88
220) 11.27
200 14.75
Table V. 311 6.31
Nanocrystals sizes @211 1892




Thermally Treated Ribbon
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field (BHF) at 22.6T, and Is of 0.3897 x 10 *mm/s attributable to Ferich highly
deformed-bcc regions (Kim et al, 2013). The second one distribution adjusts the
remaining 23.89 percent of spectrum’s data distribution affected by the presence of two
peaks: the first with maximum hyperfine field at 12.7 T, the second at 24.7 T and Is is
0.2951 mm/s, attributable to B-centered prismatic regions (Aykol et al., 2009) (Figure 7).

3.5 Magnetic response analysis

The Hvalues decreased as the temperature was raised to as: 88.75 Oe (20K), 20.77 Oe
(40K), 746 Oe (60K). The same phenomenon occurs with Mp values: 22.44 emu/g
(20K), 10.32emu/g (40K), 2.56 emu/g (60 K). The Mg values do not vary significantly
and are close to 135emu/g at different temperatures tested as shown in Figure 8.
All reported curves follow a soft magnetic material typically nearby to the behavior of
the commercial alloys known as FINEMET® a soft magnetic material exhibiting
excellent permeability while maintaining a high saturation magnetization (Yoshizawa
et al., 1988).

3.6 General discussion

The achieved high cooling rate avoids the total crystallization and the result was an
amorphous structure. This was checked by XRD analisys in Section 3.2 and confirmed
by MS analysis in Section 3.4 where the 22.6 T hyperfine field peak is close to the
reported by Miglierini (1994), and can be attributed to Fe atoms surrounded by
Si atoms, in the first distribution. The 24.7 T BHF peak to the remaining 23.89 percent
amorphous phase, can be attributed to FeB environments according to Franke et al
(1980) also seen in the XRD analysis conclusively in the peak (3 1 1) of FeB, while the
remaining 12.7 T peak is attributable environments rich in Si in XRD peaks (1 4 1) and
(1 0 1) (Figure 5 — Ribbon). The subsequent process heating to 730°C gives rise to
solid solution Feg g1 Si .09 (N¢) (Thongmee et al., 1999; Chacén et al., 2001) also detected
in XRD peak (1 0 1) (Figure 5 — TT Ribbon). The amorphous phases observed in
diffraction patterns (Figure 5 — Ribbon) are evidenced with a radial distribution
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Figure 6.
DSC crystallization
curve of FezgSigB13
(%at.) alloy ribbon
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Figure 7.

Méossbauer spectrum (left)
and hyperfine field
distributions (right)

of Fe785i9B13 (%at.)

study ribbon. Mossbhauer
hyperfine field
distributions (right u) and
Isomer Shift of Fe78 Slq B13
(% at.) ribbon (right d)
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function around crystalline diffraction patterns in the analogous diffractogram
(Figure 5 — ingot and TT Ribbon). This occurs due that the same material chemical
composition is studied in both cases. Furthermore, the ribbon production route
promotes the metastable states formation in the sample. These results show
amorphization in the described XRD peaks in Section 3.2.

The difficulty when analyzing by Transmission Electron Microscopy is due to
the obtained average thickness of the ribbons (Ribbon and TT Ribbon) since the
recommended thickness Im is limited to few hundreds of nanometers in this technique
(Busby and Pireaus, 2014). This do not allow us to supplement DSC studies. However,
the results obtained in both first and second transformation, as in Curie Temperature
are consistent with studies by other authors in similar materials, as shown in the
bibliography of Section 3.3.

The DSC ribbons results show the first crystallization (Tx,) (see Figure 6) than the
amorphous regions rich in Si and B as determined by XRD (Figure 5 — Ribbon) after
the heat treatment gave rise to a nanocrystalline iron-silicon solid solution «(Fe Si)
(Feo.91510,09 (Nc)) with a cubic structure (Thongmee S. et al., 2009; Chacén et al., 2001).
With a random orientation of the nanoscale grains is attributed to reduction in the net
magneto-crystalline anisotropy, resulting in high permeability (Herzer, 1989). Using
a heat treatment increases the number of nanocrystals. The dimensions are reported
in Table V.

Considering the impurities in the noncommercial scrap alloys: Al, C, Ca and S are
lower than 0.3 %wt., we obtain a sample with the desired atomic composition
Fe;5Si9B13 observed in Equation (3). Such impurities are not able to form detectable
phases by the used techniques in the work.

3.7 Specific discussions

« The EDS results at center and surface ingot (Figure 4) confirms a Fe uniform
distribution in volume, the obtaining values of 91.7 (% wt.) are comparable with
the proposal starting alloy (Equation (3)).
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Figure 8.

Magnetic response
analysis (first quadrant)
of Fe7gSi9B13 (%at.)
study ribbon
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+ The XRD ingot results shown crystalline structure in all peaks obtained
(Figure 5 — ingot) which in conjunction with the stoichiometry of the starting
alloy (Equation (3)) show the appearance of Fe,B (C) and FeSi, (C) and Fe (C)
according to cards #39-1314; #35-0822 and #06-0696 (see Table IV).

«  The XRD ribbon results shown a mostly amorphous structure (Am) in the peaks
obtained (Figure 5 — Ribbon) which in conjunction with the stoichiometry of the
starting alloy (Equation (3)) produces the majority appearance of Feyg; Sigg9 (Am)
phase and FeB (Am) and Silicon boride SiBg (N¢) minority of size 3.260 nm, according
to cards #96 — 900-6909; #32-0463 and #35-0809, respectively (see Table IV).

« The treated ribbon XRD results show a majority nanocrystalline structure (Nc)
in the peaks obtained (Figure 5 — TT Ribbon) which in conjunction with the
stoichiometry of the starting alloy (Equation (3)) show the appearance of
Fe 015109 (Nc) phase, FeSiy (NVe) and By (Nc) of specified sizes in Table IV,
according to the cards #96 — 900-6909, #35-0822 and #31-0207 (see Table IV).

« The MS analysis confirms the suggested by Miglierini (1994) and Franke ef al.
(1980) for Fe atoms environments surrounded Si and FeB rich environments,
respectively. The same amorphous phases are nanocrystalline solutions
precursors determined by XRD (see Figure 5 — TT Ribbon).

« Magnetic analysis confirmed that Fe,gSigB13 (%at.) alloy in ribbon form after
being processed by the technique of melt spinning is magnetically soft and does
not vary substantially its saturation value (135 emu/g) in the tested temperature
range (20-80K) (see Figure 8). While the coercivity and remanence decrease
with increasing temperature as reported in Section 3.5.

4. Conclusions
As a general conclusion we can say that this proposed route has achieved a soft
magnetic ribbon (product) designed with noncommercial scrap alloys. These materials
may compete with those produced by conventional casting processes. In addition, we
can improve the efficiency achieved, obtaining predominantly a nanocrystalline phase,
with posterior heat treating, with the advantages in the performance that this entails.
This process achieved a production with lower cost, high efficient energy products
and high added value.
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