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Optimization of the Magnetic Properties of Materials for Fluxgate Sensors
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A study was made of the variation of the magnetic properties of cobalt-based alloys using different compositions 
of CoFeSiB and CoFeSiBCr systems, which were produced by the melt-spinning technique and some of them 
subjected to a stress annealing treatment. A comparative study of core geometry and supporting material was also 
performed in order to obtain low noise fluxgate sensor core using amorphous magnetic ribbons of these alloys. 
The best alloy was a stress annealed Co

67.5
Fe

3.5
Si

17.4
B

11.6 
sample, which yielded fluxgate sensors with lower noise 

levels than those of commercial crystalline materials.
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1. Introduction

The fluxgate sensor consists of a magnetic core made of highly 
permeable materials that are excited up to the saturation limit by a 
periodic current source with a f

0
1 frequency. If the axis of the sensor is 

aligned to an external magnetic field, a tension signal containing the 
even harmonics of that excitement frequency2 is induced in the wind-
ings of the sensor coil. The intensity of the external field is propor-
tional to the induced voltage signal (V), according to  Equation 1:
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where n
s
 is the number of windings of the sensor coil, A is the core 

cross-sectional area and Φ is the magnetic flux in the coil. 
It is well known that the characteristics of the core material are 

fundamental in improving the intensity of the induced signal, which 
in turn supplies information on the field to be evaluated3. However, it 
is advisable to use materials with high relative permeability (m

r
) and 

demagnetization factor (D), as can be verified by the fundamental 
fluxgate equation (Equation 2):
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Thanks to its high versatility allied with good sensitivity, low 
consumption and small dimensions, the fluxgate magnetometer has 
widespread applications in several branches of geophysics, the most 
prominent ones being space research and magnetic observatories.

When this equipment was introduced at the beginning of 1930, 
the sensors used ferrite type NiFe alloys. In subsequent decades, 
technological advances led to the replacement of these materials 
with other crystalline alloys of mu-metal and perm-alloy types. In the 
late 1980s, these alloys were substituted by cobalt-based amorphous 
materials. The outstanding feature of these alloys is the development 
of sensors with higher sensitivity, smaller dimensions and reduced 
noise level1,4. For example, commercial sensors currently available 
built with crystalline materials of toroidal geometry generate noise 
levels2 of 100 pT rms magnitude, in the interval of 0.1 to 6.0 Hz, 
while the amorphous materials developed in this study have noise 
levels below 70 pT rms.

Fluxgate sensor5 noise analyses have found that the noise is 
closely connected with the Curie temperature of the material, and that 
it is nonexistent at the Curie temperature (T

c
). Hence, it is convenient 

to choose materials with a low T
c
. The T

c
 value can be controlled easily 

in amorphous alloys6 through the concentration of Cr and/or Co.
Magnetostriction is one of the factors that determine the level of 

noise in fluxgate sensor cores. Materials with a null magnetostriction 
coefficient, or close to this value, produce sensors with lower noise 
levels than similar materials7,8. The geometry is also a decisive factor 
in the development of high resolution sensors. Among the existing 
geometries, the most qualified one is the ring-core. Sensors with this 
geometry offer additional advantages over those with a linear geom-
etry. Thanks to their simple geometry, adjustments between the two 
semi-cores can be made easily during their assembly, reducing the 
noise level and increasing the sensitivity. In addition, some works9-11 
have shown the existence of a dependence between the process of 
magnetization of amorphous ribbon and the effects induced by the 
application of an external load (“stress”) on the ribbon during the 
adjustment process in the core. However, few studies have examined 
the effects of these external stresses on the noise level of sensors. 

It is clear that metallic glasses present interesting properties. They 
are attractive for practical uses in structural and functional applica-
tions in different systems12.

2. Experimental

The choice of the alloys used in this work was based on the mag-
netic properties expected for the development of a sensor providing 
high sensitivity with a low noise level. Thus, compositions were 
selected which have low values of coercive force, Curie temperature 
and near zero magnetostriction, besides selecting options to obtain 
high values of magnetic permeability3. Three alloys of different 
compositions were obtained: Alloy 1 (Co

67.5
Fe

3.5
Si

17.4
B

11.6
), Alloy 2 

(Co
66

Fe
4
Si

15
B

15
) and Alloy 3 (Co

66.5
Fe

3.5
Si

12
B

14
Cr

4
). These alloys were 

produced by the melt-spinning technique, which consists of ejecting 
the molten material onto an iron wheel rotating at an angular velocity 
sufficiently high to prevent the material from crystallizing13. Of the 
three alloys, only alloy 1 was subjected to the stress annealing heat 
treatment under mechanical tension.
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2.1. The melt-spinning technique

This is the method most commonly used in the production of good 
quality amorphous magnetic ribbons for the construction of fluxgate 
sensor cores. Its prime advantage is the dimensional uniformity of the 
ribbon along all its length. Alloys 2 and 3 of this work were obtained 
by the melt-spinning technique14, whereby the sample is melted by 
high frequency, in quartz crucibles, through an induction coil that 
raises the temperature to 1260 °C. The samples are then ejected onto 
a copper wheel at a cooling rate of 104 K/s and kept under a constant 
argon pressure of 170 mmHg. The ribbons obtained by this process 
have an average density of 7.85 g.cm–3, mean thickness of 0.027 mm 
and width of 1.5 mm.

Alloy 1 was produced in a commercial melt-spinner, which ejects 
the samples under constant pressure in a vacuum onto an iron wheel. 
The ribbons have an average density of 7.6 g.cm–3, average thickness 
of 0.025 mm and width of 1.0 mm.

2.2. Stress annealing heat treatment 

A long cylindrical resistive oven was used, whose lateral ex-
tremities were practically sealed and which contained only two small 
openings, one at each end, for the passage of the ribbon. The ribbon 
was injected into the upper part of a chamber filled with argon gas 
for atmospheric control.

To eliminate external magnetic contributions during the treatment, 
the oven was positioned in a direction perpendicular to the magnetic 
north-south axis.

According to previous works5,3,15-20, heat treatments were chosen 
that improved the magnetic characteristics of the ribbons, such as the 
reduction of coercive force and approximation of the magnetostric-
tion coefficient value to zero for the generation of low noise levels. 
The procedure employed in this work consisted of a 1-hour thermo-
mechanical treatment at 340 °C in an argon atmosphere, under a 
longitudinal tension of 300 MPa.  This procedure was preceded by 
a 1-hour internal stress relief treatment, at the same temperature and 
atmospheric condition.

The purpose of this annealing treatment was to form a transverse 
magnetic anisotropy in the magnetization axis, aligned with the 
ribbon’s longitudinal axis. This phenomenon results from a higher 
intensity in the magnetic domain rotation substituting the movement 
of walls.

2.3. Core assembly of fluxgate sensors

Fluxgate sensors with ring-core geometry were built on sup-
ports of different materials. They were constructed for each sample 
studied here. Two magnetic cores with different diameters were used 
in the study of alloy 1. The smaller core had an internal diameter of 
16 mm and external diameter of 18 mm, a nominal external width of 
2.9 mm and internal width of 1.6 mm. The larger core had an internal 
diameter of 25 mm and external diameter of 26.5 mm. Its nominal 
external width was 2.9 mm and its internal width was 1.6 mm. The 
larger diameter core was used with the three alloys, in samples B, C, 
D and E.  Each sensor-core contained ten layers of ribbon.

Part of the analysis was done in a Walker Scientific hysteresimeter 
(model AMH-15) for soft magnetic materials, and the remainder 
in a hysteresimeter developed by Magnetic Sensor Development 
 Laboratory from the National Observatory. 

3. Results and Discussions

3.1. Influence of diameter variation and material  
type of the support on the magnetic properties

Table 1 lists the coercive force values of samples A and B tested 
through the frequency variation experiment. These samples of the 
same alloy but with different internal diameters of the support, 16 
and 25 mm, respectively, were stress annealed in order to induce 
a magnetic anisotropy in the material, promoting a more intense 
domain rotation than wall movement, thus rendering the magnetic 
material more permeable. Table 1 indicates that there is a meaning-
less variation in H

c
 values for both samples in the same frequency, 

in spite of the curvature radius imposed on each of them (involving 
different stresses). However, note the increase in the values of H

c
 

with increased frequency.
Table 1 lists the maximum induction or saturation values of sam-

ples A and B. All the samples displayed practically constant values 
during the frequency variation experiment, showing no influence of 
the frequency on the induction saturation of materials. Sample B, 
whose support had a larger diameter, showed lower induction 
saturation. This difference was due to the higher internal stress of 
the material in sample A, generated by the smaller curvature radius 
imposed on the ribbon. The higher value of induction saturation in 
sample A also led to an increase in the energy loss by hysteresis and 
eddy currents, as can be seen in Equations 3 and 4, respectively. The 
constant K depends on the quality of iron, f represents the frequency 
applied, Bm the maximum induction or saturation of the samples, 
V the total volume of the group of coiled ribbons, and d is the rib-
bon thickness.

Ph = K . f . Bm2  (3)

Pf = K.d2.f2.Bm2.V  (4)

Figure 1 illustrates the difference in the inclination of the hyster-
esis curves of samples A and B (stress annealed) with diameters of 
16 mm and 25 mm respectively, at a frequency of 10 kHz.

The higher inclination in the curve of sample B indicates the 
formation of a transverse magnetic anisotropy in the difficult axis of 
magnetization, aligned with the longitudinal axis of the ribbon, which 
is more pronounced than in sample A. This phenomenon results from 
a highly intense rotation of the domains instead of wall movements. 
The higher stress observed in sample A prevents a marked rotation 
of magnetic domains and, hence, of the hysteresis curve, making the 
material less suitable for fluxgate magnetometers.

The determination of the remanent induction (Br) of the treated 
samples A and B with different internal diameters revealed a very 
slow growth of induction values throughout the frequency range 

Table 1. Values of Hc (Oe) and Bmax (kG) resulting from frequency variation imposed on samples A and B.

Samples 0.5 kHz 1 kHz 5 kHz 7.5 kHz 10 kHz 

A (alloy 1) H
c
 (Oe) 0.0348 0.0464 0.1155 0.1407 0.1709 

Bmax (kG) 4.1 4.2 4.1 4.2 4.1 

B (alloy 1) H
c
 (Oe) 0.0451 0.0545 0.1071 0.1252 0.1949 

Bmax (kG) 2.6 2.6 2.5 2.5 2.6 
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of 0.1 to 0.2 kG. Moreover, no significant variation of Br was found 
in either of the samples at the same frequency.

Table 2 shows the magnetic properties of samples C and D in the 
untreated (“as-cast”) condition, measured at a constant frequency of 
10 kHz, with Nylon and Titanium supports, respectively.

The magnetic properties of samples C and D at the same fre-
quency did not show significant differences. The same behavior 
was observed with frequency variation. Therefore, it was concluded 
that all of the materials under study can be used as supports in the 
preparation of fluxgate magnetometer cores, without major variations 
in their performance.

Figure 2 shows the B x H graphs of the magnetic behavior of 
alloy 2 under an alternate field in the as-cast condition in samples 
C and D.

In Figure 2, note the two very similar curves in the square form 
and in the area of energy loss by hysteresis cycles, which is congruent 
with the values of magnetic properties listed in Table 2 for untreated 
materials and in strong contrast with the slope of the hysteresis curves 
of samples A and B after stress annealing.

3.2. Analysis of the influence of alloy type and  
ribbon width on magnetic properties

Table 2 lists the magnetic properties of samples C (Co
66

Fe
4
Si

15
B

15
) 

and E (Co
66.5

Fe
3.5

Si
12

B
14

Cr
4
) in the as-cast condition, with the same 

support diameters, at a constant frequency of 10 kHz, and different 
chemical compositions and ribbon widths.

A comparison of the untreated samples C and E indicates that, at 
a frequency of 500 Hz, these two alloys displayed similar coercive 
values. However, when the frequency increased, the coercivity of 
alloy 2 increased in relation to that of alloy 3, indicating greater 
permeability and lower energy loss in alloy 3. This difference was 
attributed mainly to the greater width of alloy 2 (sample C), which 
presented a larger volume for the passage of Foucault currents, leading 
to a higher energy loss by the Joule effect in its layers.

A comparison of the values of saturation induction or maximum 
induction in the untreated samples C and E reveals a 62% increase 
in sample C in relation to sample E. Again, this was due to the influ-
ence of the larger width of the sample C ribbon, which allowed for 

the passage of larger amounts of eddy currents, thereby increasing 
the width of the hysteresis curve.

The samples showed strong differences in terms of remanent 
induction. Sample E, which had a smaller ribbon width and contained 
additional chromium, showed a 53% lower remanent induction than 
sample C at the applied frequency. Once again, the larger width of 
the ribbon in sample C caused the material to undergo a larger loss 
of energy by the Joule effect and increased its remanence.

The magnetic properties of the samples displayed quite a signifi-
cant difference, mainly due to the smaller width of alloy 3, which pre-
sented low values of energy loss for hysteresis. The characteristics of 
this difference in the untreated samples C and E are illustrated by the 
hysteresis curves in Figure 3, at a constant frequency of 10 kHz.

For sample E, Figure 3 shows a hysteresis curve area smaller 
than that of sample C, confirming the energy losses by the hysteresis 
cycle given in Table 2. Note the accentuated square shape of sample 
C, which is characterized by the coinciding direction of the easy 
axis of magnetization with the direction of the longitudinal axis of 
the ribbon.

3.3. Analysis of the influence of heat treatment on the 
magnetic properties

Thermomechanical stress annealing is aimed at inducing 
magnetic anisotropy in the material, thereby promoting a domain 
rotation that is more intense than the movement of the walls during 
the process of magnetization with alternate fields. The preliminary 
stress relief treatment consisted of heating the ribbon to relieve the 
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Figure 1. Hysteresis curves of stress annealed samples a and b with diameters 
of 16 and 25 mm, respectively, at a frequency of 10 kHz.

Table 2. Magnetic properties of samples A, B, C, D and E in the as-cast and 
stress annealed conditions, with f = 10 kHz.

Samples Hc (Oe) Bs (kG) Br (kG) Wh (J/m3)

A (alloy 1) 0.1709 4.1 0.2 25.83

B (alloy 1) 0.1949 2.6 0.2 20.46

C (alloy 2) 0.3547 9.1 8.7 104.17

D (alloy 2) 0.3564 8.8 8.5 101.76

E (alloy 3) 0.2336 5.6 4.3 40.99
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Figure 2. Hysteresis curves of the as-cast samples c and d. with Nylon and 
Titanium supports, respectively, at a frequency of 10 kHz.
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internal stresses generated in the material during the melt-spinning 
production process.

Figures 4 and 5 show representative curves of the varia-
tion of applied magnetic field versus induced field in alloy 1 
(Co

67.5
Fe

3.5
Si

17.4
B

11.6
), under alternate fields, in the as-cast and stress 

annealed conditions, respectively.
The variations in the values of coercive force, remanent induction 

and saturation fields of alloy 1 obtained from the hysteresis curve in 
as-cast and stress annealed conditions are shown in Table 3. Note that 
the treated alloy requires a much larger field, Hs, to become saturated 
than do the untreated alloys. At the same, time its saturation induc-
tion, Bs, is much lower than that of untreated alloys. These alterations 
are due to the phenomenon of hysteresis curve rotation. The treated 
sample also showed a reduction of the coercive force value, suggest-
ing an improvement in the resolution of signals through a reduction 

of the noise level. The sharp decline in the remanent induction value 
was due to the major reduction of the curve area concomitant with 
its rotation.

A comparative study was also done of the material’s induct-
ance variation and the applied field. The results are presented in 
Figures 6  and 7 for the as-cast and stress annealed conditions, re-
spectively. At the end of the linear area of the hysteresis, where the 
permeability is the highest (at the beginning of the graph, Figure 7), 
there is a peak in the inductance value which corresponds to the mo-
ment of the applied field saturation. After the saturation, the curve 
shows a continual decline to low values of inductance, near zero. 
This behavior occurs in parallel with a decrease in the material’s 

Table 3. Magnetic properties of the alloys obtained from the hysteresis curve in the as-cast and stress annealed conditions in alloy 1, with f = 7.5 kHz.

Samples Hs (Oe) Bs (kG) Hc (Oe) Br (kG) Hs/Hc (%) Bs/Br (%)

Untreated 0.43 5.31 0.23 4.40 188.02 120.68

Treated 3.52 2.52 0.14 0.11 2,514.29 2,290.91

10.0

8.0

2.0 3.0
10.0

8.0

2.03.0

6.0

6.0

4.0

1.0

4.0

1.0

2.0

2.0

0.0

0.0

H (Oersteds)

B
 (

kG
)

c

e

7.0

6.0

5.0

4.0

3.0

2.0

1.0

0.0
0.0 10.0 20.0 30.0 40.0

B
(k

G
)

Figure 3. Hysteresis curves of as-cast samples C and E, at a frequency of 
10 kHz.

Figure 4. Representative curve of the variation of applied field vs. induced 
field, of alloy Co

67.5
Fe

3.5
Si

17.4
B

11.6
, in the as-cast condition, at a frequency of 

7.5 kHz.
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Figure 5. Representative curve of the variation of field applied versus induced 
field, of alloy Co

67.5
Fe
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Si
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, after stress annealing preceded by stress 

relief, at a frequency of 7.5 kHz.

Figure 6. Variation of inductance in relation to the applied field of as-cast 
alloys, at a frequency of 7.5 kHz.
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Figure 7. Variation of inductance in relation to the applied field of stress 
annealed alloys, at a frequency of 7.5 kHz. 

permeability. The same behavior is illustrated in Figure 7 for the 
treated material, albeit on a different scale. This comparative study 
was carried out at a frequency of 7.5 kHz.

An analysis was also made of the influence of annealing and type 
of alloy on the loss of hysteresis energy. Table 2 presents the values of 
power losses, or energy, by the hysteresis cycle of samples throughout 
the frequency interval studied here. Alloys 1 and 3 presented the low-
est values of energy loss by hysteresis cycle. However, alloy 1 showed 
the best results. After stress annealing, the low coercive force and 
remanent induction values were reduced to an even lower hysteresis 
curve energy loss, allowing for low noise levels in this alloy applied 
in fluxgate sensor cores.

4. Conclusions

No significant variation was observed in the coercive forces of 
samples of the same alloy with different internal diameters, in spite 
of the different stresses introduced by the various curvature radii 
imposed on each sample. On the other hand, the highest internal stress 
generated in the ribbon of smaller curvature radius produced a higher 
value of saturation induction in relation to the larger diameter sample, 
causing an increase in the loss of energy by hysteresis and by eddy 
currents. The greater stress observed in the sample ribbon of smaller 
diameter prevented a pronounced rotation of magnetic domains as 
a consequence of the hysteresis curve, rendering the material less 
appropriate for use in fluxgate magnetometers.

The magnetic properties of the samples showed no significant 
differences when different materials were used in the preparation 
of the core support, i.e., Titanium and Nylon, for a fluxgate mag-
netometer.

Large widths imposed on ribbons at the moment of their produc-
tion caused the material to lose a significant amount of energy by the 
Joule effect and significantly increased its remanence.

Stress annealing induced the appearance of a transverse magnetic 
anisotropy, causing rotation of the spontaneous domains of magneti-
zation, which is congruent with previous studies. The hypothesis of 
Nielsen et al. confirms the importance of the longitudinal axis of 
the amorphous ribbon as an easy magnetization axis, as well as the 
need for a convenient rotation of domain walls to achieve low noise 
levels in fluxgate sensors. Stress annealing the Co

67.5
Fe

3.5
Si

17.4
B

11.6 

alloy allows one to produce fluxgate sensors with lower noise levels 
than those of commercial crystalline materials.
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