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ABSTRACT: Fluxgate sensors for application in magnetometers were built in the Magnetic Sensor Development
Laboratory on the Observatorio Nacional (LDSM/ON). To build the sensors, Fez4 3Siys2Cu;NbsB; 5 alloy ribbons were
produced by the melt-spinning technique. The amorphous ribbons were annealed at 554 °C for 1 h to form the a-Fe(Si)
nanocrystalline phase embedded in an intergranular amorphous phase. Before building the fluxgate sensor cores, the
materials were subjected to structural, thermal and magnetic characterization. The formation of amorphous and
nanocrystalline structures were verified by x-ray diffraction (XRD) and transmission electron microscopy (TEM) on
the as spun and annealed samples respectively. The magnetic properties of the ribbons were analyzed by vibrating
sample magnetometer (VSM) and by circuit of coils at different frequencies. Finally, the developed nanocrystalline
sensors core were submitted to a test in an open fluxgate circuit and these results were compared with others from
amorphous sensors core built using Co-Fe-Si-B ribbons.
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I.LINTRODUCTION

Since 1940’s Permalloy and ferrite was used in the core of the fisrt magnetometers [1]. Then, around 1980°s, an
amorphous Co based alloy has been introduced as magnetic sensors [2]. Practically in the same period a new family of
alloys Fe-Si-B-Cu-Nb, also known as FINEMET, had been developed in 1988 by Yoshizawa et al [3]. This family
showed excellent soft magnetic properties for magnetic sensors applications [4]. All these alloys combine both high
permeability and high saturation.

Fe-Si-B-Cu-Nb alloy has a nanocrystalline structure composed of body centered cubic (bcc) Fe-Si supersaturated
solution [3], the a-Fe(Si) phase, embedded in the remaining amorphous matrix [5]. The composition of these
nanograins or nanocrystals is around Fe;Si, which result on DO order [6]. The size of the DO; order region and the
degree of order of the a-Fe(Si) phase increase with increasing annealing temperature and the local content of Si into
bce nanograins is bigger than the mean content of alloy [7]. These nanostructures are obtained by annealing (at 550 °C)
of the melt-spun amorphous ribbons [3].

Several mechanisms occur during annealing process: at the initial stage the copper diffusion through
amorphous matrix produce the formation of small Cu rich clusters randomly dispersed. These Cu clusters works as
catalyst of the a-Fe(Si) nucleation [7-10], which is only possible with niobium addition [6, 11, 12]. These Cu clusters
continue to grow during the crystallization process until reaching the size around of 5 nm [8]. The nucleation of Fe-Si
nanocrystals occurs adjacent to Cu clusters, while the Fe-Si structure tends to reject Cu to the remaining amorphous
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phase as it grows, thus, limiting the rate of coarsening of the initial Cu clusters. During the next stage, Fe-Si
nanocrystals growth, the niobium is rejected out of the crystalline structure, kept in the crystalline-amorphous matrix
interface, so the nanocrystal is involved by a niobium shell, becoming a diffusional barrier to prevent the growth of Fe-
Si nanocrystals [10]. In the final stages of the annealing there are three phases: small Cu clusters with less than 5 nm of
diameter, a-Fe(Si) nanocrystals of approximated composition Fe;Si and amorphous remaining phase containing 10-15
% of Nb and B [10].

Each element has a role in the alloy. The pure iron is a ferromagnetic material; it has a high saturation and
permeability. The additional elements produce a decreasing in magnetic saturation, but improve other magnetic
properties. The silicon presence in the alloy decreases a little bit the saturation, but raises the electrical resistivity,
reducing eddy currents, also lowering the magnetostriction, the magnetic anisotropy and the coercivity. Others works
have shown that this alloy with around 15 % atomic of Si presents values of magnetostriction near zero [6]. The copper
is the catalyst for the nucleation of the nanocrystals. It was shown that alloys with 1% of Cu presents a homogeneous
distribution of nanocrystals [10]. The main effect of niobium is to inhibit the nanocrystals growth during the annealing.
Previous works show that alloys of high content of Nb present smaller size of crystals than alloys of low or without any
content of Nb [11]. The Nb is a stabilizer of amorphous face [13] and changes the Cu solubilization, thus promoting a
finer nanoclusters distribution [10]. The boron assists the niobium to inhibit the growth of nanocrystals [14].

Some attention on important details must be taken during amorphous ribbons production by melt-spinning: The
speed of the wheel is one of the main factors to control the cooling rate and the thickness of the obtained ribbon [15].
As the speed is increased, the melted material is dragged more rapidly, avoiding its accumulation, which results in a
reduction of thickness, with consequent increase in the cooling rate thus promoting the formation of an amorphous
structure. The volumetric flow rate is controlled by the ejecting pressure, which is directly related with the thickness of
the obtained ribbon. The width of the ribbon is controlled by the crucible hole diameter [16]. It is very important that
the surface of the copper wheel be very well polished in order to reduce the roughness on the ribbon surface.

I1.LEXPERIMENTAL

Ribbons Production

The Fe743Si142Cu;NbsBy 5 alloy ingot was prepared from 99.99 % pure materials using a plasma arc furnace
under argon atmosphere. The ingot was remelted in a quartz crucible in an Edmund Buehler GmbH melt-spinner’s
induction furnace. To ensure homogeneity, the melted alloy was kept at 1400 °C for 10 min [11].

To produce the amorphous ribbons, the melt-spinner was set with the follow parameters: A quartz crucible with
an orifice of 1.7 mm diameter; the distance between wheel and crucible was 0.3 mm. The ejection temperature was
1350 °C (almost 200 °C above the melting point of the alloy). The wheel speed was 48 m/s, the pressure in the crucible
100 mbar, and the chamber pressure was 20 mbar. The obtained amorphous ribbons had a thickness of 40 um and 1.8
mm width. Table 1 lists these parameters used in the production of the amorphous ribbons. During ribbon production, a
decrease in ejection pressure with an increase in wheel speed leads to a higher cooling rate, thus ensuring the formation
of the amorphous structure.

Table 1 - Parameters of the melt spinner and characteristics of the ribbons: Diameter of the crucible orifice (d;), camera
pressure (P.), ejection pressure (Pe), wheel speed (V), crucible-to-wheel distance (Z), ejection temperature (T), ribbon
thickness (t), and ribbon width (L).

dc(mm) P.(mbar) | Pi(mbar) | V(m/s) [ Z(mm) [ T(°C) | t(um) L(mm)
1.7 20 100 48 0.3 1350 40 1.8

Annealing
The amorphous ribbons were annealed in an electric furnace at a heating rate of 10 °C/min and kept at 554 °C for
1 h in N,atmosphere. The ribbons were cooled by thermal inertia of the furnace.
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Structural characterization

The structures of the as-spun (amorphous) and annealed sample (nanocrystalline) were characterized by x-ray
diffraction (XRD) and then observed by transmission electron microscopy (TEM). A Shimadzu 2000 x-ray
diffractometer using Cu-K, radiation (A=1.5418 A) and a Jeol 2010 instrument, operating at 200 kV under diffraction
and phase contrast modes, were used respectively. To prepare a TEM sample, a piece of each ribbon, previously
dimpled by 656 Gatan Dimple Grinder, were bonded to a 3 mm diameter slotted copper grid, then a Gatan DuoMill 600
ion milling was used to produce a hole of sharp edges in the TEM samples.

Magnetic characterization

Magnetic properties of thee samples, at room temperature, were measured using a Quantum Design Versalab,
3 Tesla, Cryogen-free vibrating sample magnetometer (VSM).

Dynamic magnetic properties of the as-spun and annealed samples were measured at frequencies from 100 Hz
to 10.0 kHz, using a specially developed hysteresimeter for small ribbon samples.

Sensor construction

Our experiments have shown that the ribbons (nanocrystalline) become very brittle after annealing [17],
probably due to segregation of boron and the formation of intergranular borates [12]. Therefore, to avoid handling such
fragile material, the amorphous Fez,3Siy4 ,Cu;Nb3B; 5 ribbons were rolled up inside a metallic ring core support which
was then inserted into the furnace for annealing at 540 °C for 1 h. The ring core support was made of a special non
magnetic brass.

After annealing, the ring core was rolled up by the primary coil and inserted in the secondary coil, which was
made of polystyrene with 400 turns of enameled copper wire. An open circuit fluxgate was built to test the sensor
cores.

Sensor test

A Helmholtz coil with a field/current ratio of 170 nT/mA was used to generate test fields to exercise the sensors.
The sensor core was centered into the Helmholtz coils, as illustrated in Fig 1, while the results are depicted in Fig 9.
The noise level [18, 19] was estimated from a linear fitting analysis, the combined effect of noise and non-linearity
produce dispersion in points of the characteristic curve of the magnetometer. The core was tested in magnetic fields
spanning from 150,000 to +150,000 nT (almost five times that of the Earth’s field). A fluxgate sensor amorphous
core with a nominal composition of CoggsFessSiiBig, produced in the LDSM/ON, was used as comparison. The
ribbons of this sensor have been subjected to stress annealing.

Earth
Field

Current
Source
Open
Fluxgate Voltmeter
Power f Circuit
Source
Function
Generator

Fig .1 Circuit array for sensor test of linearity measurements
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I11.RESULTS

Structural characterization

Fig 2 shows two X-ray diffractograms of the samples, one before and the other after annealing. The as-spun
sample presents a typical diffractogram for amorphous structure (below), while the annealed sample shows the typical
peaks of the crystalline nanostructure (above).

The lattice parameter of the BCC phase is calculated to be 0.284 - 0.285 nm from the X-ray diffractometry, that
corresponding to (200) plane of the DO; superlatice structure. The transmission electron microscopy results show an
evidence of the formation of the DO; superlatice structure. Previous works indicates that a approximate composition of
the nanocrystalline phase is FesSi [20] of a complex bcc structure [17] forming DO; superlatice structure [21].

220 (DO;)
110 (bee)

|

| 422 (DO;)
400 (DO3) 211 (bee)
| 200 (bec)
Annealed k. A I \‘

Counts

20

Fig .2 XRD patterns of material before and after annealing. The diffractogram of the as-spun sample (below) does not
show peaks, typical of amorphous structures. The diffractogram of the annealed sample (above) shows peaks of the a-
Fe(Si) crystalline phase.

The TEM micrograph, of Fig 3(a), shows the amorphous structure of the as-spun sample and its corresponding
selected area diffraction pattern, Fig 3(b), which shows diffuse rings of amorphous materials, typical of amorphous
structures. TEM images on Fig 4(c) confirm the formation of nanocrystaline phase in the annealed sample. Fig 4(c)
show grains in the order of 10 nm. Polygonal and faceted shapes were not observed; most of nanocrystals have a
spheroidal shape, indicating the presence of the remaining intergranular amorphous phase that have avoided the
impingement between the grains during the growth stage. Fig 3(d) shows the electron diffraction pattern of the
nanocrystalline sample, which shows typical sharp rings of nanocrystalline structure.
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100 nm

Fig .3 (a) TEM micrograph of amorphous structure of the as-spun sample, (b) inserted corresponding selected area
electron diffraction pattern, diffuse rings can be observed, typical of amorphous structures, (c) TEM micrograph of
annealed sample, (d) selected area electron diffraction pattern.

Magnetic characterization

The VSM results indicate the enhancement of the soft magnetic properties on the annealed samples. This
enhancement in soft magnetic properties strongly depends on the changes of the microstructure and magnetic domain
structure, occurring during annealing [6]. Magnetic hysteresis loops of the as-spun and annealed samples obtained by
VSM, are shown in Fig 4. The loop of the annealed sample indicates higher magnetic permeability than the as-spun
sample. Values of magnetic saturation around 120 Emu/g were recorded on the both samples. The values of coercivitiy
and remanent magnetization can be considered near zero (coercivity below 1 Oe and remanent magnetization smaller

than 2 Emu/g).

©  Amorphous
e Crystalline

M (Emu/g)
[
S

50 100 150
H (Oe)

-150 -100 -50

Fig .4 Hysteresis loops of as-spun and annealed samples measured by VSM.
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The dynamic magnetic measurement indicates that the annealed samples presented lower coercivity, higher
magnetic saturation and higher permeability than as spun sample for all frequencies, while the best soft magnetic
properties were presented for frequencies up to 5.0 kHz (Fig 5). It was observed that the increase in the frequency of

the applied magnetic field produces a rise in coercivity.
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Fig .5 Low resolution (fast) B-H loops of (a) amorphous and (b) nanocrystalline Fez43Sii4,Cu;Nb3B- 5 alloy at 5.0 kHz.
In (c) a high resolution B-H loop at 5 kHz for the annealed sample is shown.

Sensor test
Test results of the annealed Fe;,43Siig,Cu;NbsB; s alloy showed an excellent linearity in the entire operating

band. The CogssFes5Si;oBig amorphous core [22] was also tested (Fig 6) for purposes of results comparison with the
nanocrystalline sensor. The annealed Fe;43Sii42Cu;NbsB7 s alloy presents less scattering than the CoggsFessSi;aBis

amorphous alloy.

(X) Fezy 38i14 2CusNb;B; 5
L 4o |nanocrystalline core
(RZ=0.999966)

(*) Co based amorphous core
(RZ=0.999695)

Output (V)
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Fig .6 Results of linearity test of the nanocrystalline Fe;4 3Si14 2Cu;NbsB7 5 sensor and amorphous cobalt base sensor.
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IV.CONCLUSIONS

Fez4.3Si142Cu;Nb3B; 5 alloy exhibit the DOj3 structure after annealing. The microstructure is uniform, composed of the
DO; nanocrystals, surrounded by retained amorphous phase.

The annealed samples present nanocrystals of 10 nm homogeneous size distribution and have homogeneous
distribution into the amorphous matrix. These nanocrystalline samples have shown excellent soft magnetic properties
suitable for applications in fluxgate sensors.

Each alloy has its own particular frequency, this alloy showed low coercivity and high permeability at
frequencies near of 5 kHz. The performance of the material declined as the frequency increased or decreased from this
value. In the fabrication of sensors, care must be taken in handling the ring core and in the choice of geometric
configuration of the ring core supports, since these features have considerable influence on the performance of the
sensor.

It was found that cores made of these nanocrystalline materials showed a highly linear response with low
scattering, making this material a promising option for building highly accurate fluxgate sensors.
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