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This paper presents the measurement results of the BH/MH curves of the Alnico 8 (LNGT40) with recoil loops and a mathematical
model for the calculation of the average magnetic flux density in a cubic permanent magnet. The measurements were performed
with a Vibrating Sample Magnetometer (VSM). The magnet samples have a cubic shape with 3 mm sides. BH curves in preferred
(easy) and transverse directions and recoil loops were measured and compared to Alnico 9 (LNGT72) as well as to the data from
the supplier. The load line of the cubic magnet in 0 A/m applied magnetic field was found. A mathematical model was developed
which can approximate the MH, curve for an applied field with an arbitrarily chosen angle between the field and easy axis, given
MH,, curves for 0° and 90°. Also, a simplified general model of a cubic permanent magnet in the air and calculation results of

stored energy and hysteresis losses were presented.

Index Terms—Alnico magnets, BH curve, Demagnetization, Permanent Magnet, Recoil Line.

I. INTRODUCTION

HE environmental aspects and market monopoly of the

rare-earth permanent magnets (PMs) push the research
towards less expensive and more sustainable alternatives. A
large part of NdFeB magnets is produced in China.

Alnico could be one of the alternatives for specific applica-
tions where high remanence and operational temperature are
required. The disadvantage of Alnico magnets is that they
cannot be exposed to high magnetic fields due to the low
coercivity and nonlinearity of their BH curves.

The main purpose of this paper is to provide empirical
data for modelling Alnico permanent magnets (PMs) using
the finite element method (FEM), especially in simulations
of electrical machines, where understanding of demagnetiza-
tion behaviour is crucial for the operation [1], [2]. Also, a
mathematical model of MH,, curves for different directions of
applied field and a simplified PM model were developed.

The information about Alnico PMs provided by suppliers
is, in most cases, limited to the second quadrant of the BH
curve. Br, He, Hcj and recoil permeability can be insufficient
for modelling Alnico magnets. In most cases, no information
about recoil loops or the saturation point is provided.

More detailed data was published for some Alnico magnets
but most of the articles do not specify the grade of the magnet
or miss some parameters [3].

II. THEORY

The magnetic flux density, B, of PMs can be modelled using
the following equation:
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M is magnetization [A/m], po is the permeability of free
space [H/m] and H; is internal magnetic field [A/m], which
consists of:

H; = H,— Hy 2

where H,, is the applied field [A/m]. H is the demagnetizing
field [A/m] and can be approximated with Hy; = M Ny. Ny
is the demagnetizing factor.

Ny can be estimated by evaluating the steepness of the
MH curve at the point of intrinsic coercivity, where the curve
exhibits an anhysteretic behavior [4].

From [5], equation (1) can be rewritten as

B =py(Hy — Hy+ M) = pio(Hq — NgM + M), [T] (3)

The operating point of the magnet will follow a recoil
loop when the magnet is partially demagnetized. The recoil
loop can be approximated to a recoil line to decrease the
computational time when the magnet is modelled. Results from
this study aims to investigate if this approximation is valid.

III. EXPERIMENTAL SETUP

The magnetic measurements were conducted using a vi-
brating sample magnetometer (VSM), model LakeShore 7404,
at room temperature 295 K. The VSM is an open circuit
measurement instrument that records the magnetic moment,
m [emu], which can be converted to magnetization, M [A/m],
by dividing m by the volume of the sample and 1000. The
measurement results require “’shear correction” [5], according
to Eq. 1, 2 and 3.

The magnet samples of Alnico 8 LNGT40 and Alnico 9
LNGT72 were provided by Sura Magnets AB. The Alnico 8
and Alnico 9 samples have a cubic shape with a 3 mm side and
weights of 200.3 mg and 197.1 mg respectively. The sample
was first magnetized in the preferred (easy) direction < 100 >
(See Fig. 1) until saturation, and then fully demagnetized and
remagnetized in opposite direction. The sample magnetization



was evaluated and recorded at even steps of the applied
field strength, H,. The magnetic flux density, B and internal
field strength, H;, were calculated according to Eq. 3. The
same measurement procedure was then repeated for Alnico 8
LNGT40 with 30°, 45° < 110 >, 60° and transverse direction
< 010 > (90°) to the preferred direction and for Alnico 9
LNGT72 with 30° and transverse direction < 010 > (90°).
The MH curve of < 111 > direction is not measured due to
the difficulty in mounting and fixing the sample on the rod to
measure it. Apart from this, Alnico 8 sample remanence was
also evaluated. At certain intervals during demagnetization,
the applied field was reduced to zero, and sample remanence
values were collected, before the next cycle of increasing the
demagnetizing field. This was repeated until the sample was
fully demagnetized. The MH curves for the three directions
and the recoil lines of the preferred direction can be seen in
Fig. 2 and 3.

<111>

<010> <110>

<001>

<100>

Fig. 1. Measurement directions of the cubic magnet sample

The BH curve of 60° direction is not presented since
the demagnetizing factor of the magnet in that direction is
unknown and can only be approximated. For the FEM models
of Alnico magnets, it is important to obtain the hysteresis loop
with an internal magnetic field.

The demagnetization with the inclined magnetic field was
performed in five angles: 15°, 45° (< 110 >), 90°(< 010 >),
135° and 165°.

The magnet was fully magnetized with a 14 kOe magnetic
field in the easy direction, rotated to the chosen angle and
demagnetized with a certain magnetic field. The remanences
in both directions were measured before and after demagneti-
zation.

A. Approximations and tolerances

The approximate demagnetizing factor Ny for a cube-
shaped permanent magnet is é [6]. The internal magnetic
field along the BH curve (demagnetization from the second
to the third quadrant) changed the direction without reaching
the saturation point. After analysis of the measurement data,
the demagnetizing factor was changed to 0.307 and 0.312 for
Alnico 8 and Alnico 9 respectively. The actual demagnetizing
factors might be lower than the values that were chosen or even
varying. Even if the VSM control code were set to measure
the moment at 0 Oe, in reality, it was measured in a range
of £ 300 Oe. The tolerance of the alignment of the magnet
is 0 = 5°. There could be some tolerance of the data from
the supplier of the magnets since the BH curve was digitized
manually from the picture.

IV. MEASUREMENTS AND DISCUSSION
A. Measurement results

The relative permeability at the highest applied field during
the measurement is 1.053 and 1.024 for Alnico 8 and Alnico
9 respectively. The recoil lines of Alnico 8 LNGT40 have an
average slope of 2.5 mTm/kA in the easy direction and 4.18
mTm/kA in the transverse direction. The results of the mea-
surement of the recoil permeability match the data provided
by the supplier but it varies along the BH curve. The recoil
permeability increases and the recoil loops become wider close
to the saturation point when the sample is demagnetized (See
Fig. 2). The calculated energy product BH,,,, of the Alnico
8 and Alnico 9 samples are 56.62 k.J/m? and 71.00 k.J/m3
respectively. The relative permeability in the first quadrant of
the easy direction BH curve varies from 2.11 to 61.75 for
Alnico 8 and from 1.49 to 135.48. for Alnico 9.
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Fig. 2. MH curve and BH curve of Alnico 8 (LNGT40) in preferred (easy)
direction with recoil loops

The measured BH curve of Alnico 9 is similar to the BH
curve provided by the supplier (See Fig. 4). The BH curve of
Alnico 8 has higher coercivity and remanence in comparison to
the supplier’s data (See Fig. 2). According to the measurement
results, both the remanence and the coercivity decrease with
the increase of the angle o between the measurement direction
and the easy direction (See Fig. 3).

It can be seen from Fig. 5 that even if the cubic magnet
sample is magnetized only in the easy direction, VSM will
measure the magnetization (Measured) that follows the M4y
cos(a) rule (Analytical). If the magnet was fully magnetized
from the beginning and demagnetized at the inclined field, the
magnetization of both directions can be approximated to

My syo = My + M, - cosa @)

My sya = Mo + My - cosa %)

The application of the magnetic field with the a angle on
the cubic magnet magnetized in the easy direction will affect
the magnetization direction and amplitude. This field can be
modelled as two components: 1) parallel or anti-parallel to the
easy direction; 2) perpendicular to the easy direction. The first
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Fig. 3. MHg curve of Alnico 8 (LNGT40) 3mm x 3mm x 3mm at 0°, 30°,
45°, 60° and 90°
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Fig. 4. BH curve of Alnico 9 (LNGT72) in preferred (easy) direction

component can demagnetize, magnetize the magnet in the easy
direction and remagnetize it in the opposite direction, while
the second component can only demagnetize it in the easy
direction. Fig. 6 to 10 show the effect of both components for
different inclination angels, as well as the cos(a) rule (Eq. 4
and 5). It can be seen that when the magnet is magnetized in o
direction, the magnetization of the easy direction is decreased
accordingly. Fig.10 shows the normalized sum of magnetic
moments in 0 and « direction My sa0 + My sara — 1.

The work done per unit volume by an external field, which
is stored as magnetocrystalline energy F,,. is

M
W =FEpn.= / ,UOHdM (6)
0

Table I contains the stored energy in the material at its
remanence M, point, the difference between stored energy in
the easy and transverse direction and hysteresis losses when
the sample is driven through one complete cycle. The latter
was calculated the same way as the stored energy but was
integrated over the whole area of the MH loop.

B. Discussion of the measurement results

One of the aims of the paper is to check if approximations
of the recoil lines and demagnetisation factor are valid for
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Fig. 5. Magnetization of a cube magnet sample of Alnico 8 LNGT40

magnetized in the preferred (easy) direction measured in VSM at different
angles
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Fig. 6. Magnetic moment measured in VSM with 0 A/m applied magnetic
field at 0° (Easy) and 15° («) after experiencing H, in « direction

-
N

=
o
[
|

o
\
|
\
|
|
|
|
|
|
|

Magnetic moment m [emu]
o~ =2

N

o

200 400 600 800 1000
Applied Magnetic Field in « direction Ha [kA/m]

o

Fig. 7. Magnetic moment measured in VSM with 0 A/m applied magnetic
field at 0° (Easy) and 45° («) after experiencing H, in « direction

TABLE I
STORED ENERGY AND HYSTERESIS LOSSES IN ALNICO 8 LNGT40
MAGNETS
Stored Difference Hysteresis | Difference
energy | stored energy losses hyst. losses
kJ kJ kJ kJ
m3 m3 m3 m3
Easy 135.2 51.8 514.7 243.9
direction
Transverse 834 270.8
direction
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Fig. 8. Magnetic moment measured in VSM with 0 A/m applied magnetic
field at 0° (Easy) and 90° («) after experiencing H, in « direction
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Fig. 9. Magnetic moment measured in VSM with 0 A/m applied magnetic
field at 0° (Easy) and 165° () after experiencing H, in o direction
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Fig. 10. Total normalized magnetization measured (My srr0 + My sira) in
VSM with 0 A/m applied magnetic field after demagnetization at 15°, 45°,
90°, 135° and 165°

Alnico magnets. The recoil loops of the magnet cannot be
fully measured with the cube-shaped magnet without applying
a magnetizing magnetic field since the load line of the magnet
without any applied magnetic field is placed too low (Fig. 2).

As shown in Fig. 2, the BH curve measured in VSM have
similar to the shape of the BH curve provided by the supplier
in the second quadrant but with higher remanence Br and
coercivity Hc. Alnico 9 has a better fit in comparison to Alnico
8 (Fig. 4).

When the magnetization of the transverse direction reaches

its saturation point, the magnetization of the easy direction
will be 0 and vice versa. Since the demagnetizing factor and
BH/MH curves of the easy and transverse direction of the
magnet sample might differ, the maximum magnetization also
differs. In this study, a cubic magnet sample was used. The
demagnetizing factor of both easy and transverse directions
was approximated to % but was corrected to 0.307 and 0.312
for Alnico 8 and Alnico 9 respectively. At 15° and 45° the
shape of the sample in the magnetizing direction differ and was
not found. The shape of the BH curve and the demagnetizing
factor of the magnet affect the magnetization at the same time
and it makes it more difficult to separate the effect of those
two in the measurement results.

V. MATHEMATICAL MODEL OF THE HYSTERESIS CURVES
A. Hysteresis model for inclined field

The inclined field demagnetization of the cube magnet in the
air can be imagined as two components: 1) magnetization in
the same axis as the initial magnetization (can be both positive
and negative); 2) demagnetization (will only demagnetize the
magnet in the easy direction until it reaches 0).

The effect of the demagnetizing component is small and
the demagnetizing factor is almost the same for a small angle
inclined field demagnetization.

The operating point of the magnet and permeability in
the magnetizing direction for the transverse directions and
demagnetizing directions are important. The lower the p, in
the initial and magnetized directions, the more difficult it is to
demagnetize the magnet in the easy direction and vice versa.
Higher relative permeability makes both magnetization and
demagnetization easier. The magnetic flux density in the easy
direction will be:

Beasy = o * (Haa -ky-cosaa— Ng- M + M)

e (Hye)

Msat90

Both k; and k5 are variables that are affected by the shape of
the BH curve (See Eq. 9) in the easy direction, a virgin curve
in the transverse direction and demagnetizing factor Ny, at
the applied magnetic field angle. B™** and H™" are the
maximum magnetic flux density and the maximum magnetic
field respectively that the magnet has experienced in the given
direction. B, is the magnetic flux density at the saturation
point at the given direction. The model can be improved in
the future by finding a more accurate representation of k; and
ko variables.

Eq. 7 can be used for the calculation of the change of
magnetic flux density of the permanent magnet in the easy
direction after demagnetizing it with an inclined field. The
equation can be modified so the internal magnetic field is
used instead of applied and could be used in FEM software
to model the inclined field demagnetization of nonlinear
permanent magnets. There are existing models of the inclined
filed demagnetization [7] but they are for linear permanent
magnets or do not take into account the demagnetization
with a perpendicular magnetic field or differ from the model
presented above.

ko - (1 — )+ (1 — sina) 7



B. Mathematical model of MH, curve

There are many different methods to empirically model the
hysteresis curve. One of the methods is to use the hyperbolic
tangents function [8], which can approximate the upper part
of the normalized MH,, curve using the equation:

M(H,) = —tanh(pH, + ¢) 8)

If instead of a first degree polynomial we expand pH, + ¢
into a higher degree polynomial we can get more accurate
results. The polynomial pH, + c is redefined as the following
expression » . _, ppH k=1 and inserted into Eq. 8, which
gives Eq. 9.

M(H,) = —tanh(Y_ ppHi™") 9)
k=1

A higher degree polynomial could yield more accurate
results, but for this study n was limited to 6. Curve fitting
using the nonlinear least squares method, Isqcurvefit in Matlab,
was used to find the coefficients for the expressions using
normalized measured data of M and H,, for both 0° and 90°
inclination of the applied field with regard to easy axis. The
calculated coefficients, p, can be seen in table II.

TABLE II
COEFFICIENTS OF THE POLYNOMIAL FOR MH, CURVE OF ALNICO
MAGNETS
Angle (°) pl p2 p3 p4 p5 pé
Alnico 8 0 -0.9334 | -5.9525 | 2.4807 | -1.1001 | -0.9280 | 0.9474
90 -0.4178 | -3.8015 14163 | -0.8440 | -1.2003 | 0.1550
Alnico 9 0 -0.9557 | -7.9958 | -4.1343 | 1.0693 18.489 | -12.192
90 -0.1465 | -3.0242 | 0.3755 | -0.8322 | -0.2521 | -1.8628

The goal was then to find an expression which models the
MH, curve at an arbitrarily chosen applied field angle between
0° and 90° degrees, «, using the curves and coefficients
estimated for 0° and 90°. An empirical model was developed,
and the results were then verified with measured data for a
few chosen angles.

The empirical model that was found for a normalized MH
curve for any arbitrary angle can be seen in Eq. 10.

M(a) = —tanh(3}_, pr.ocos® (@) HE ™ + pr oo (1 — cos® (o)) Hey !

(10)
where n was set to 6 and [ was estimated to 2.4771 using
curve fitting with Isqcurvefit. Alnico 8 measurement data,
curve fitting of the two MH, curves, 0° and 90°, and results
from the developed model for 30° and 45°, can be seen in
Fig. 11.

The mathematical model approximates the MH, curves
well, especially in the second quadrant, which is usually of
most interest, and minimizes the need for extensive measure-
ments. Given the correlation between MH, and BH, it could
be possible to use this method to also construct BH curves
for arbitrary angles, which can be used in for example FEM
simulation tools, but since limited BH data was available this
needs to be verified in further studies.
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Fig. 11. Normalized demagnetization measurement data for Alnico 8 for
0°, 30°, 45° and 90° along with curve fitting for 0° and 90° and model
estimation for 30° and 45°.

VI. CONCLUSION

The average recoil permeability p, is 1.99 but it is not
constant along the BH curve. It is slightly higher closer to
the saturation points when the magnet is being demagnetized.
The recoil loops of Alnico 8 can be approximated to recoil
lines if the magnet is operating in the second quadrant. The
magnet with a smaller demagnetizing factor should be used for
measuring the recoil loops. The actual demagnetizing factor
of the cubic Alnico magnets is lower than % or might be even
variable.

Further work should include finding k; and ko for the
demagnetization model of Alnico PMs at different angles. The
demagnetization factors at different inclination angles should
be calculated.
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