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ABSTRACT

Magnetic Field Assisted Additive Manufacturing (MFAAM) enables 3D printing of magnetic materials of various shapes which exhibit a
complex anisotropy energy surface containing contributions generated from different origins such as sample, particle, and agglomerate shape
anisotropy, flow and field induced anisotropy, and particle crystal anisotropy. These novel magnet shapes require the need to measure the
X, ¥, and z components of the magnetic dipole moment simultaneously to fully understand the magnetic reversal mechanism and unravel
the complex magnetic anisotropy energy surface of 3D printed magnetic composites. This work aims to develop a triaxial vibrating sample
magnetometer (VSM) by adding a z-coil set to a pre-existing biaxial VSM employing a modified Mallison coil set. The optimum size and
location of the sensing coils were determined by modeling the sensitivity matrix of the z-coil set. The designed coil set was implemented
using 3D printed spools, a manual coil winder, and gauge 38 copper wire. A 3D printed strontium ferrite nylon composite sample was used
to estimate the sensitivity of the z-coils (50 mV/emu). The results herein are applicable for any VSM using a modified Mallison biaxial coil
configuration allowing for a quick implementation on pre-existing systems.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000787

I. INTRODUCTION (magnetic moment preferential direction) and hard axis for mag-
netization.” MA can be measured directly (torque measurement as
a function of the applied field and angle) or indirectly (field angle
dependence of a hysteresis curve). Torque is not observed in a sat-
urated anisotropic material when the easy axis is aligned with the
magnetic field but is present for other field angles. This field angle
dependence of the torque is a measure of MA and can be used to
calculate information on the MA energy surface of the material.®
A hysteresis (M-H) curve is the relation between magnetization
(M) and the field strength (H) and is referred to as the material’s
magnetic fingerprint.” The M-H curve’s shape depends on extrinsic
properties such as defects, texture, and crystal size, and morphol-
ogy and also on intrinsic properties such as magnetization, exchange
interaction and MA constant. If H is orientated in the x direction
and M has non-zero components perpendicular to x, a torque T is
exerted on the sample given by:'""

A Vibrating Sample Magnetometer (VSM) measures the mag-
netic moment of materials as a function of an applied field, the field
angle, and the temperature.! These data help determine magnetic
properties such as Magnetic moment per unit volume, magnetic
anisotropy (MA), and exchange coupling. Sensing pickup coils are
placed around a vibrating sample exposed to a magnetic field. The
sample’s magnetic dipole moment creates a time varying field that
(through Faraday’s law of induction) is sensed by the pickup coils.”
In VSMs that use a resistive electromagnet, the sample is vibrated
perpendicular to the magnetic field. VSM development started in the
1950s by Foner' and Foner® independently. Foner published several
papers which helped improve the design of the detection system and
consequently VSMs are also called a Foner magnetometer.”

MA describes how magnetic properties vary depending on the
applied magnetic field direction. MA is important for applications
including permanent magnets, magnetic recording media and ~
read heads.” Anisotropic ferromagnetic materials exhibit an easy T = M H,j + MyHyz (1)
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Complex MA energy surfaces can arise from sample shape,
flow, and an applied magnetic field during deposition.'' Currently,
most torque magnetometers only measure the scalar torque curve.'?
To measure materials with a complex MA energy surface (multiple
competing anisotropies) a vector torque magnetometer is required.
A triaxial VSM (TVSM) would be capable of measuring all three
components of the magnetic moment. A few research groups have
previously built their own TVSMs, however, most are no longer
in use or have been dismantled (thin film sample symmetry is
often sufficient to determine the MA with a scalar instrument).”” '
While biaxial VSMs are commercially available there are presently
no commercial TVSMs, so this work aims to fill that gap by
developing a TVSM by modifying a preexisting biaxial VSM
(BVSM).”

Il. COIL DESIGN

Pickup coil design has been discussed by Bernards, Richter
et al., Samwel et al., and Tumanski.* "’ The BVSM has a modi-
fied Mallison coil system consisting of 2 pairs of coils to measure the
x and y components of the sample’s magnetic dipole moment. The
x and y-coils axes are aligned parallel and perpendicular to
the applied magnetic field, respectively. These two coil pairs are
enclosed in a grounded aluminum coil-box attached to the pole
pieces of the resistive electromagnet. Two different z-coil configura-
tions (Fig. SI-1) were explored. For the 4-coil configuration, two coil
pairs with their cylindrical axis parallel to the sample rod are placed
in front and behind the coil-box. This approach is similar to Ben-
ito et al.'® We also explored a 2-coil configuration with coils centred
around the sample rod, above and below the sample. This method
was implemented in a TVSM by Matsubara et al'’ and is often
used in VSMs using a superconducting magnet.”’ The 4-coil config-
uration allows usage of coils with a small-bore diameter positioned
farther away from the sample. The 2-coil configuration limits bore
diameter but allowed the coils to be positioned close to the sample
using an outer diameter that fits inside the biaxial coil-box. Good coil
design will maximize the sensitivity for the M, component (S;,) but
will minimize cross-talk of the My and My into the Z-coils (S, Szy)*
while allowing a certain sample size. Also, the dependence of sensi-
tivity and cross-talk on sample position, and materials/equipment
cost should be minimized.

The TVSM design focused on the z-coil sensitivity and cross-
talk using the reciprocity theorem and the magnetic scalar poten-
tial. Bernards mathematical framework was used to model the coil
sensitivity and cross-talk.”” The scalar magnetic potential for an
azimuthal symmetric current distribution (such as the pick-up coils)
can be written by a Legendre polynomial series. For a coil centred
around the z-axis and positioned at the origin, the scalar potential
for large r is given by

V(fr)= Y Bzr,%Pl(e) @)

1=1,3,5

Where P are the Legendre polynomials, ,r are the cylindrical coor-
dinates of the field point away from the coil, and B are constants
that depend on the shape and size of the coil determined for a coil
with finite dimensions by Zijlstra.”* For a sample vibrating in the
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z-direction the S, Sx, and S,y can be derived from the reciprocity
theorem:”

2

0
Szi = %Vc(z, r) (3)

Where i is X, y, or z and the sensitivities are unitless values. Math-
ematica’® was used to model and optimize the coil configurations,
dimensions and positions. A target coil sensitivity was first com-
puted based on a real-world BVSM system. For the 4-coil con-
figuration sensitivity was then computed by optimizing the coil
position, coil inner bore (Cy), coil length (C;) and coil outer diameter
(Cq) toward the target sensitivity. The 2-coil system was optimized
slightly differently due to the need to support the coils inside the
box. The 2-coils were placed outside the coil-box where the Cq4
was optimized and then moved toward the sample (inside the coil-
box along the z-axis). Finally, C; was optimized toward the target
sensitivity.

lll. RESULTS AND DISCUSSION

The estimated sensitivity for the x-coil set in our VSM is ~0.046
and was used as a target value for the z-coil set design.

For the 4-coil configuration the position of the coils along the
z-direction is first modelled for three different Cy, values. The calcu-
lations show that as Cy, shrinks the estimated sensitivity increases.
An optimum distance between the coils in the z-position seems to
exist for which S, is maximum (Fig. SI-2). Machinery limitations
used for coil winding forced the use of a C;, of 5.3 mm with an
optimal z position of the coils 8 mm above and below the sam-
ple resulting in a maximum sensitivity value of 0.0027. Further
C; optimization brings the maximum sensitivity value to 0.0033
(using C; = 14 mm). 14 mm was the maximum allowable C; as larger
values would intrude on the sample mounting area thereby reduc-
ing the maximum sample size. Finally, C4 increased the S,, for a
centred sample to 0.013 05 (Fig. SI-2) which falls 112% short of the
0.046 target sensitivity. Thus the 4-coil setup was determined to be
a nonviable option for use with the pre-existing VSM as it would
result in a z-sensitivity that is significantly lower than the x and
y-sensitivities.

The 2-coil configuration is constrained by the dimensions of
the coil-box of our BVSM. Placing z-coils above and below the
coil-box (z=+26 on the z-axis) allows one to use large coil diam-
eters, but negatively impacts sensitivity since the coils are farther
away from the sample. Coils with a C4 of 32 mm positioned at
z=+26 mm gives a S, of 0.012. This is a 115% reduction com-
pared to a coil with a C4 of 16 mm that fits in the coil-box
positioned at z=+11. This shows that a coil positioned closer to
the sample increases coil-sample coupling and provides greater S,
as opposed to larger coils placed farther away as was also mentioned
by Dodrill.”” The maximum sample size will further constrain the
minimum bore diameter as the coils are straddled around the sam-
ple rod. To allow samples up to 8 mm diameter to be measured the
Cp was increased from 5.3 mm to 10.8 mm. To compensate for
the reduction of S, the length of the coil was increased from 2 to
3 mm (Fig. SI-5) to obtain the set target sensitivity for the z-coil set
(0.046).
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FIG. 1. Initial CAD rendering of 2-coil spool (left) and finished 3D printed spool and
z-coils (right).

IV. IMPLEMENTATION AND VERIFICATION

A fused deposition modeling 3D printer (Flsun QQ-S) with
Polylactic Acid (PLA) filament was used to construct a spool for the
optimized z-coil set (Fig. 1). The coils were wound using a man-
ual NZ-2 coil winding machine using AWG38 copper wires with
a diameter of 0.099 06 mm (with a calculated cross-sectional area
of 0.007 707 mm?) coated with a thin layer of insulated enamel and
mounted on a thin wall brass tube (thickness of 0.2 mm). This tube
was inserted in a post-holder and mounted on a mechanical stage
which allowed for three translation (x, y, z) and three rotation axes
(9x Qy> q2) adjustments. The stage was secured to a slide mount
under the electromagnet. Assuming square packing of the coil wires,
the ideal wire length can be estimated using the coil dimensions and
wire diameter given by Eq. (4):

Ci/2
2nrC
271 dr (4)

Wlength =

G2 diameter

The ideal calculated wire length for the coils is 33.5 m. An
approximate wire length L of each coil was calculated using the

measured resistance R:
L
R=p— 5
Py (5)

where p is the resistivity of annealed copper (1.7 x 10~° Q mm),*
and A is the cross-sectional area of the wire (A = nrl, r = wire
radius). Multimeter coil resistance measurements were 57 and
52 Ohm for the top and bottom coils with an estimated coil length of
25.8 and 23.6 m, respectively. The lower measured length demon-
strates the coil packing is not square and neither perfect. Care-
ful inspection during the coil winding process indicates coil wire
packing is impacted by the spool (Fig. 1) surface quality.

A 54wt% strontium ferrite/nylon composite wire shaped sam-
ple (mass=2.05 mg, 4x0.2x0.7 mm) made using magnetic field
assisted additive manufacturing (MFAAM) was used to calibrate
and test the z-coil set. The sample was 3D-printed in a magnetic field
resulting in a distinct but canted easy axis in a plane defined by the
print bed normal and the print direction (Fig. SI-6).”

M-H curves of the sample along the print bed normal were
measured with the x and y-coil sets with the sample mounted
horizontally on a perpendicular sample rod. M-H curves of the
sample with the x and z-coil sets were done with the sample was
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mounted vertically in a glass rod with an inner diameter of 1 mm
(Fig. SI-8). Prior to each measurement the sample was centred with
respect to the x-coil set in a magnetic field of 22000 Oe by adjust-
ing the sample’s y and z-positions to maximize the x-coil signal and
adjusting the sample’s x-position to minimize the x-coil signal. This
process was repeated at least three times to guarantee a well-centred
sample. M-H curves for both sample mounting configurations were
captured using a field range of +22000 Oe in sweep mode at
400 Oe/s. As both measurement configurations are identical, the
measurements obtained with the y-coil set on the horizontally
mounted sample should be identical to measurements obtained with
the z-coil set on the vertically mounted sample. Comparing the
My hysteresis curve of the horizontally mounted sample with the
M, hysteresis curve of the vertically mounted sample, we can
determine the calibration factor for the z-coil set.

Prior to the xz measurements the z-coil set was raised in the
post holder until approximately centred around the sample and
locked in place. The z-coils used thick wires, so a transformer pre-
amplifier (SRS554) was added to boost the z-coil signal and avoid
impact of the lockin-amplifier noise. Both z-coils were connected
in series to the preamplifier which was connected to the lockin-
amplifier of the BVSM. Using the translation stage, fine adjustments
to the z-coil’s z-position were made by minimizing the z-coil signal
while the sample was saturated along the field direction (x) by an
applied field of 22 000 Oe.

M-H curves taken of the sample mounted vertically and hori-
zontally are shown in Fig. 2. The remanence values of both hysteresis
curves are used to calculate the total sensitivity of the z-coils.
The remanence of My is 0.0204 emu and the remanence of M, is
1.0289 mV. Dividing M, by My gives a sensitivity of 50 mV/emu for
the TVSM z-coils. This is roughly 10 times higher than the y-coils
(5.8 mv/emu). Note that no preamplifier is used for the y-coils. The
preamplifier adds an additional term to the total voltage for a N coil
configuration given by Bernard™ as

N n
Vior = AZMOMxVVXZ + Sy (6)

1i=1

where N is the number of windings, A, is the surface area of a cross
section of the coil, and A; is the voltage amplification of the pream-
plifier. In addition, the BVSM x and y-coil sets use a smaller diameter
wire allowing a larger number of windings (without using a pream-
plifier) compared to our z-coils. The amplitude response for the
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FIG. 2. M-H of vertically and horizontally orientated SrFe,049 sample.
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SRS554 at 75 Hz is roughly 37.5 dB.” Using Eq. (7) the amplitude
was calculated to be 75.

dB
A=10% 7

Dividing the square of the TVSM wire diameter by the square
of the BVSM wire diameter gives a cross-sectional area difference
factor of 8. Dividing the derived amplitude by the cross-sectional
factor gives a value of 9.5. Meaning the TVSM coils are roughly
10 times more sensitive than the y-coils of the BVSM confirming the
earlier calculated sensitivity factor (Sy) for the z-coils from the M-H
curves. The signal of all three coil sets are shown in Figure SI-7. At
large fields the sample reaches saturation in the x-direction and the
magnetic moments rotates away from the easy axis and is completely
aligned with the magnetic field. At low field the magnetic moment
rotates away from the field direction (x-direction) as confirmed by
the non-zero My and M, components. The My and M, components
at low field are 9% and 25% of M; respectively. Additionally, a large
background noise in the M, data is attributed to coil vibration from
the magnetic field due to contact with the coil-box as they are too
large. The noise increases as the field increases suggesting coil vibra-
tions rather than power supply noise is the underlying issue for the
observed noise. The z-coils are also not enclosed in any casing mak-
ing them susceptible to outside interference. The large background
slope on the M, coil also suggest that cross-talk is present on the
z-coil signal.

V. CONCLUSIONS

A triaxial VSM z-coil set was modelled and constructed. Com-
putational modeling has shown that an optimal coil configuration
(highest S,, and lowest amount of copper) should utilize 2 coils
encircling the sample rod above and below the sample. Larger coils
placed outside the coil-box lower z-coil sensitivity. The designed
z-coil set was implemented using 3D printed spools and thin-wall
brass tubing using 38 Gauge copper wire. The measured resistance
of the z-coil set indicates that the coils are not optimally wound. A
SrFe12019/PA12 3D printed MFAAM sample was used to calibrate
the z-coil set. The z-coils sensitivity was estimated to be 50 mV/emu
when using a transformer preamplifier. A background noise was
detected in the z-coils and increased as the field strength increased
likely due to coil vibration. Future coil winding, sample alignment,
and coil size improvements are in progress to improve the z-coils to
eliminate cross-talk and background noise, and provide greater mea-
surement accuracy. While biaxial VSMs are commercially available,
there are presently no commercial triaxial VSMs and this modi-
fied VSM can be used to make accurate true vector measurements
for materials with a complex anisotropic energy surface such as
MFAAM samples.’

SUPPLEMENTARY MATERIAL

The supplementary information includes: a diagram of the
z-coils configurations tested, optimization trending graphs for the
sensitivity matrix of the z-coils, a diagram of the the printing
setup for the strontium ferrite sample, a M-H curve for the
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strontium ferrite sample showing all three components, and a dia-
gram of the strontium ferrite sample in a vertical and horizontal
orientation.
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