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I. INTRODUCTION

Magnetic cores play a key role in the creation of magnetic
flux in the air gap of an electric motor. High permeability,
high saturation, low hysteresis and eddy current loss are some
of the desired magnetic properties for the magnetic core of
electric motors [1].

Typically, magnetic cores of electric motors are formed
from electrical steel laminations. However, not all machine
topologies benefit from laminated magnetic cores, especially
when the desired flow of flux is in the stacking direction.
In [2], steel laminations are stacked in the axial direction
of the tubular linear machine to create the stator iron core.
As a result, the flux in the axial direction will encounter
higher reluctance compared to the radial direction. This would
limit the machine performance. For tubular linear machine
in [3], modules are put together to create the entire stator
core. Each individual module is made of laminated steel in the
radial direction. The flux flows easier in the axial direction,
but is then constrained in the radial direction due to the
introduction of large airgap in the stator back iron. Other
machine topologies such as claw pole and axial flux machines
would also benefit from not laminated magnetic cores, [4].

Manufacturing with soft magnetic composites (SMC) is rel-
atively simple and has been used for construction of axial flux
motors and tubular linear motors, [4], [5]. SMC has lower loss
at high frequencies compared to electrical laminations making
it appealing for high speed, high efficiency applications. The
3D flux paths, as enabled by SMC [6], benefit the axial
flux motors [7]. The torque density of axial flux fractional
horsepower motors is shown to be more than twice that of its
radial flux counterpart in [8].

Compared to steel laminations, SMC allows for ease of
realization of complex magnetic cores. Casting and molding
techniques can be used to form SMC into arbitrary shapes,
however, this process may be cost-prohibitive. In addition,
SMC has low permeability, which may compromise the size
and weight of the magnetic cores, making it difficult to design
high power density electric motors.

Additive manufacturing, also known as 3D printing, is
capable of building small and large scale parts of any shape.
Recent printing technologies also allow additive manufacturing
to use a wide range of materials, including ferromagnetic
materials. Thus, it is desirable to expand the use of additive
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manufacturing to create ferromagnetic materials that can be
used in electric motors.

Additive manufacturing technologies have been used to
build motor cores [9], [10]; however, the magnetic properties
of 3D printed cores have not been adequately explored in
the literature or engineering practice. Selective laser melting
has been investigated for depositing ferromagnetic alloys [11],
[12]. With this additive manufacturing technology, the laser
power and laser spot size are adjusted to fully melt the powder
to develop a highly dense part without post-processing; how-
ever, instability in the molten pool can lead to delamination
and cracks.

Binder jet printing (BJP) does not use a laser to melt the
powder but instead a sintering process is used to burn off
the binder and solidify the part. Although post-processing is
utilized with this additive manufacturing technology, binder
jet printing can be considered a cost-effective technology,
[13]. In addition, BJP has been shown to successfully realize
permanent magnets. Early attempts at using BJP to produce
magnets show that printed magnets can achieve over 90% of
the remnant flux value of commercial injection molded bonded
magnets, [13]. Successful handling of NdFeB powder in early
works shows that BJP can be considered as an alternative
approach for printing ferromagnetic materials.

It is well known that microstructural parameters, including
grain size, inclusions, and internal stresses, have a strong
influence on magnetic properties, [14], [15]. On the other hand,
microstructural parameters of printed parts are also directly
linked to the 3D printing process, [16]. Thus, for printed
ferromagnetic materials it is important that the magnetic
characteristics are well understood and linked to the printing
parameters.

This proposed project will assess the magnetic properties
of 3D printed ferromagnetic materials. The magnetic char-
acterization uses the Ring test, the Epstein Frame, and the
Permeameter methods. Section II discusses the current status
of additive manufacturing of ferromagnetic materials. The
overview of additive manufacturing methods capable of print-
ing ferromagnetic materials is shown in section III. Section
IV provides an overview of the BJP process, as well as the
description of the printed samples. Experimental setups and
results are discussed in Sections V through VIII. Section IX
gives an overview on iron losses, and comparison between
losses of printed materials and soft magnetic composites.
Details of significance analysis using statistical methods are
summarized in section X. Relationships and inter-relationships



between the process parameters and the magnetic properties
are determined in Section XI using statistical analysis, follow-
ing by conclusion in section XII.

II. CURRENT STATUS ON ADDITIVE MANUFACTURING OF
FERROMAGNETIC MATERIALS

Ferromagnetic materials play a key role in the creation of
the main flux in the air gap of an electric machine. Typically,
they are made of cold rolled steel laminations, containing
alloys of iron, silicon, nickel, cobalt, and other additives. Steel
laminations exhibit high relative permeability, high magnetic
saturation, and low specific loss at low frequency, [14]. For
high speed applications, eddy current loss associated with high
excitation frequency is a concern. As a result, thin laminations
with thickness between 0.1-0.3 mm are used to form magnetic
cores to reduce the iron losses and improve efficiency. Manu-
facturing of thin laminated cores comes with challenges. This
is added to the performance cost, ie: degradation of magnetic
properties, already incurred due to the punching and cutting
process [15].

The traditional manufacturing process of laminated cores
involves stamping lamination sheets to the desired shapes and
stacking them together. This imposes difficulties and chal-
lenges when cores with complex geometries are required. For
applications that require complicated structure, 3D magnetic
flux paths, or volume constraints, the cores can be made of
non-conventional materials such as soft magnetic composites
(SMC) or amorphous. However, SMC comes with a cost of
low permeability and saturation, while amorphous materials
incurs high production cost due to the use of boron, niobium,
and complex metallurgy process.

In recent years, additive manufacturing has successfully
demonstrated the capability of printing complicated ferro-
magnetic cores with little tooling required. In [17], [18], a
rotor core of a synchronous reluctance machine is completely
printed with selective laser melting from a commercial powder
mixture of Fe, Ni, and Co. A magnetic coupling with honey-
comb structure has also been precisely printed, as shown in
[19]. This is not feasible using conventional manufacturing
method. In [9], plastic and steel layers are alternately printed
to create the rotor core of a DC motor to reduce eddy current
losses. A commercial fused deposition modeling printer is
used to print the cores of a permanent magnet synchronous
machine, [10]. Although thermoplastic is used to print the
cores, and magnets are manually placed into the rotor cores,
the process shows the potential of manufacturing an entire
electrical machine in a one single process.

As iron-silicon (FeSi), iron-nickel (FeNi), and iron-cobalt
(FeCo) alloys are the most found materials in electrical ma-
chines [1], the majority of additive manufacturing for magnetic
cores focuses on these materials. Application of additive
manufacturing for amorphous materials, due to their high
performance magnetic properties have also been investigated,
as shown in [20]-[22].

A. Iron-Cobalt

In applications where volume constraints and high torque
density are prioritized, iron-cobalt laminations are usually se-

lected. FeCo has the highest magnetic saturation compared to
other ferromagnetic materials, thus allowing more flux to flow
through less volume of the iron cores [23]. The high saturation
level is achieved due to the dense concentration of cobalt being
alloyed with iron. In commercial FeCo laminations, Co usually
ranges between 15% to 49%. As cobalt is scarce in supply, this
dramatically increases the production cost of FeCo compared
to other electrical steels. The required annealing and coating
processes further add to the cost of manufacturing. In addition,
the low workability of FeCo makes it challenging to realize
cores of desired shapes.

As a result, reducing the production cost while maintaining
the magnetic saturation of FeCo are of high interest among
additive manufacturing researchers. So far, successful printing
of FeCo is limited to 3D screen printing and laser engineered
net shaping technologies. In [24], FeCo fabricated with 3D
screen printing has greater saturation and magnetic flux density
compared to iron silicon. The high porosity level within the
as-built part, however, hinders its saturation and makes it less
appealing in magnetic performance compared to commercial
FeCo versions. On the other hands, laser engineered net
shaping has shown potential in printing FeCo with magnetic
saturation being close to conventional FeCo [25]. Saturation,
maximum permeability, and coercivity can be further improved
when heat treatment is applied to as-built parts. The annealing
process promotes the coarse grain size structure within printed
part, thus enhances its magnetic properties. Specific loss of
printed parts is still much higher than conventional FeCo.
However, the ability to tune alloy compositions and printing
parameters to reach optimal magnetic performance shows
potential with printed FeCo [26].

B. Iron-Nickel

For small high speed machines, FeNi is usually chosen
due to its very low iron loss and high relative permeability.
Commercial FeNi has the Ni content in the range of 30%
to 80%, depending on application requirements. Additive
manufacturing of FeNi, as a result, also focuses on these alloy
compositions with varying success.

The majority of studies employs laser based process, such
as selective laser melting or laser engineered net shaping,
to fabricate FeNi alloys. Reported results on fabricated Fe-
30%Ni and Fe-80%Ni show that it is possible to achieve
magnetic saturation M, comparable to commercial FeNi, [27].
The magnetic saturation has been found to be significantly
influenced by the laser power and the laser scan speed, [28],
[29]. These parameters directly impact the grain size and
the density of the fabricated parts, which in turns impacts
the magnetic saturation. Optimization of these parameters,
however, are required for FeNi with different Ni content to
achieve optimal M, value. Optimization of other printing
parameters such as laser scan width or number of scan passes
may not be necessary as they have been reported to have low
influence on M, [30].

One of the major issue with fabricated FeNi is the high
intrinsic coercivity H., whether FeNi is processed with either
selective laser melting or laser engineered net shaping. Mea-
sured results on coercivity of fabricated FeNi range between



80 A/m to 3000 A/m [12], [31], compared to the coercivity
value of 20 A/m or lower usually found in commercial FeNi.
High coercivity indicates high losses and negative impacts on
relative permeability. Reduction in intrinsic coercivity can be
achieved by reducing the porosity level as well as defects in
the printed parts. This can be done by optimization of the
laser power and laser scan speed as these parameters have
direct influence on the cooling rate and exposure time of the
molten pool. These in turns impact the defects, porosity, and
density levels of printed parts [32]. In addition, reduction of
the coercivity may also be achieved by blending V or Mo
elements to FeNi alloys [33]. Adding Mo or V can reduce the
negative effects of impurities since the added elements can
create oxidation with impurities such as nitrogen and oxygen
usually found in alloy [34].

C. Iron-Silicon

Non-grain oriented FeSi is the most used ferromagnetic ma-
terials for electrical machines. As a result, the majority of the
work on additive manufacturing focuses on fabricating FeSi.
To achieve functional FeSi suitable for electrical machines,
printed FeSi needs high permeability, high magnetic satura-
tion, and low iron loss. Selective laser melting is one of the
most focused additive manufacturing method for fabricating
FeSi. Compared to FeSi lamination steel, relative permeability
of printed FeSi using selective laser melting is lower [35].
Applying heat treatment to printed parts can help remove
residual stresses which hinders the relative permeability as
well as other magnetic properties [36]. In addition, optimiza-
tion of laser scan speed and power can also lead to printed
FeSi with magnetic properties closer to FeSi lamination steel
[37]. The nature of SLM method, however, introduces grain
elongation in the build direction into fabricated parts. As a
result, FeSi fabricated using selective laser melting can have
a high amount of magnetic anisotropy [11]. This could hinder
the applications of selective laser melting-processed FeSi to
only large electrical machines or transformers.

To remove the effect of residual stresses due to the use of
laser in selective laser melting, other additive manufacturing
techniques that do not use an energy source to melt the
powder have also been researched. In [24], printed FeSi
is prepared using 3D screen printing and then compared
with commercially available FeSi lamination steel. Magnetic
induction and relative permeability at low magnetization is
comparable to commercial FeSi steel. The high porosity level
and low density of the printed FeSi lead to a smaller value
of magnetic saturation. In [38], binder jet printing is used to
prepare FeSi. Compared to prototype Somaloy, printed FeSi
has much higher relative permeability. Iron loss, however, is
still a major concerned with printed FeSi.

III. OVERVIEW OF ADDITIVE MANUFACTURING
TECHNIQUES

There are many classifications of additive manufacturing
techniques but the following technologies have been success-
fully shown at printing ferromagnetic materials. All of the
technologies mentioned are layer based methods, that create

parts to match a predefined computer aided design file. In these
technologies, an external energy source or binder is applied to
the materials to keep the printed part together.

A. Powder Bed Technologies

Powder bed technologies include methods that use an energy
source, either laser or electron beam, to sinter or melt a
selective layer of powder on a build bed. The energy source
is characterized by the power level and the scan speed of the
energy source, the spacing distance between the scan patterns,
the layer thickness, the size and shape of the parent powder.
Additionally, these technologies are suitable for a variety of
materials such as composites, polymers, metals, and ceramics.
There are three major technologies associated with this clas-
sification. They are Selective Laser Sintering (SLS), Selective
Laser Melting (SLM), and Electron Beam Melting (EBM). In
general, these technologies include the interaction between an
energy source and the parent powder. The differences between
these technologies lie in how the energy is deposited onto the
parent powder, the rate of deposition of the energy, and the
microstructure of the finished parts [39].

Selective Laser Sintering: Being the earliest method of
powder bed technologies, SLS directs the laser beam onto a
layer in a short burst. The powder at the laser spot is partially
melted. The temperature of the surrounding powder near the
sintered part is controlled such that the temperature difference
is small. Large temperature difference can lead to stress on
the edges around the sintered layer and the finished part. This
would lead to defect in the microstructure, and affect the
magnetic characteristics of printed ferromagnetic materials.

Selective Laser Melting: To produce parts with higher
density, SLM is preferred compared to SLS. SLM uses laser
with higher energy level and a smaller spot size to fully
melt the powder layer. Since the powder is completely melted
unlike in SLS, the finished parts have better porosity level,
homogeneity in microstructure, and better surface roughness.
Due to the use of higher energy source, there is a higher level
of stress around the spot where laser is applied. Distortion,
shrinkage, and possible de-lamination of the finished part can
also happen in the cooling process, where the liquid to solid
transformation occur.

Electron Beam Melting: In EBM method, the metal powder
is also completely melted by an electron beam is accelerated
and guided to the desired positions by a lens system. Similar
to SLM, finished parts with EBM also feature columnar grains
in the build direction [40]. In EBM process, displacement of
the powder particle from the powder bed can occur due to
the repulsive force generated from the interaction between
electrons and powder particles. As a result, this additive
manufacturing method may require modifications so it can be
suitable for processing ferromagnetic materials.

B. Direct Energy Deposition

Direct energy deposition technology is a powder feed ad-
ditive manufacturing method. In this method, the powders are
fed through nozzles onto a build bed. During the powder
deposition process, inert gas such as argon is used to aid the



flow of the powders through the nozzles. A high energy laser
beam is directly guided to the powder deposition and melt a
single layer of powder or multiple of layers. The power level
and the spot size of the laser beam can be controlled; they
affect the microstructure of the printed part and thus require
a thorough analysis. The build bed can be moved in the x-
and y- directions to create the desired cross section that is
corresponding to the computer aided design file. The method
of powder deposition allows for using multiple materials, and a
larger build volume compared to other additive manufacturing
techniques.

Upon printing completion, the part which is attached to the
build bed is post-processed. This is implemented to reduce the
internal stress within the part and improve its characteristics.
Unused powder can then be recycled to reduce the cost of
printing.

There are several processes related to this technology. They
are direct metal deposition (DMD), laser engineered net shap-
ing (LENS), laser cladding (LD), and direct light fabrications.
However, only LENS, developed at Sandia National Labora-
tories, is the most used process for fabricating ferromagnetic
materials.

C. Material Extrusions

In this technology, the feedstock materials are heated and
deposited layer by layer onto the build platform via nozzles.
Similar to other additive manufacturing techniques, the feed-
stock materials can be either polymers, ceramics, or metals.
The nozzles can be arbitrarily controlled in the xy- directions
to create the desired part.

The use of multiple nozzles allows for fabrication of dif-
ferent materials. In [41], the method is used to fabricate a
magnetic toroidal core with windings on the core using a
custom made magnetic paste, and silver paste, respectively.

One of the most common method in this classification is
fused deposition modeling (FDM). There are multiple param-
eters that can affect the properties of printed parts associated
with FDM. They can be the scan speed of the nozzles, scan
patterns, the heating temperature that is used to melt the
feedstock materials, and the diameter of the nozzles. Analysis
of the parameters is important to obtain the optimal settings
for printing ferromagnetic materials. Compared to powder bed
technologies, however, FDM produces parts at a slower speed
and accuracy due to the limitation of nozzle radius.

D. Binder Jet Printing

This method is essentially a powder bed technique. How-
ever, it does not use an external energy source to melt the
powder. In this work, binder jet printing is used to fabricate
ferromagnetic materials. Details of the printing process is
shown in section IV.

IV. BINDER JET PRINTING PROCESS
A. Printing Overview

Binder Jet Printing is one of the most capable 3D printing
processes since it is known to handle a well range of materials,

from polymers and ceramics to metals. The method has been
successfully used to print stainless steels, permanent magnets,
even electrolytic cell [42], and ferromagnetic materials [38].
Binder Jet Printing (BJP) is classified as a powder bed additive
manufacturing technique that does not utilize an energy source
as in Selective Laser Melting or Electron Beam Melting. Thus,
the powder used in the printing process is not melted together
but instead bonded together via the use of binder.
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Fig. 1. Binder Jet Printing Process [38].

Binder Jet Printing is a layer by layer manufacturing method
that fabricates the part which is created from a computer aided
design file. The design file is in STL format and imported into
the software of the X1-Lab Printer. The process, as shown
in fig. 1, prints each layer in a two-step procedure: powder
spreading and binder injection. For each layer, a roller first
spreads the powder mixture from the powder bed to the print
bed. Binder is injected into predefined parts of each layer,
which are indicated by the computer aided design file, in the
print bed. The process is repeated until the part is completed.
The printed part at this step is also known as the green part.

Upon printing completion, the green part is cured at 195°C
for 2 hours to strengthen the binder. It is then cured again at
460°C using the Yamato DX302C Laboratory Drying Oven for
another 2 hours to burn off the binder. The cured part is finally
placed in an environment-controlled furnace for sintering. To
prepare the furnace, air is evacuated from the furnace chamber
by the vacuum pump until the pressure reaches 1.33Pa.
Argon gas is then pumped into the furnace chamber until the
atmospheric pressure is achieved. The process is repeated prior
to the sintering process.



B. Powder Preparation

Off-the-shelf gas atomized iron silicon powders (Fe91Si9)
powders, and pure Fe powder are used, as shown in table I.
Boron compounds have been proven to enhance sintering by
lowering the processing temperature and increase densification
[43], so a small amount of boron powder is used as a sintering
aid. Printing parameters are chosen due to experience in
successful printing of highly dense stainless steel [44].

TABLE I
MATERIALS USED

Powders Average Particle
Size
. . 32um
Main Powder Fe918Si9, Fe
10pum
Sintering additive B lum

Different powder batches are prepared for printing different
samples. A ratio of 75% of the large particle size and 25%
of the small particle size, from table I, is used to improve the
packing density of the powder mixture. On the other hand,
using only large particle size may aid the spreading process
since the particles tend to be less lumped together. Only one
powder batch has boron added to the powder mixture. The
added amount is 0.25% of the powder mixture total mass.
Details of the printing batches are discussed in section II-B.
The weight of each powder is measured with a high resolution
analytical lab scale. The powders are mixed in a high speed
mixer, model FlackTek Speed Mixer DAC 150, at 2000rpm
and 30s per cycle.

C. Samples Description

Five different samples were printed using five different
powder batches. Details of the parent powder composition
and the sintering temperature used in the printing process are
shown in table II.

TABLE II
BINDER JET PRINTING PARAMETERS.
Main Average Sintering Additive
Sample Powder Particle Size  Temperature =~ Compounds

1 Feg1Sig 32 pym 1250°C N/A
2 Feg1 Sig 26.5 pm 1250°C N/A
3 Feg1Sig 32 pym 1200°C N/A
4 Feg1 Sig 26.5 pm 1200°C N/A
5 Feg;1Sig & Fe 26.5 pm 1150°C 0.25% B

The physical properties of the 4 ring specimens are shown in
table III. Sample # 5 is printed as several blocks and arranged
in the furnace for sintering to form a rod, fig. 2. It is then
mechanically cut into twelve different strips, fig. 3, using
Electrical Discharge Machining. Their physical properties are
shown in table IV. The strips are referred to as Sample # 5
from this point onward.

Fig. 2. Binder Jet Printed Iron Silicon Rod/ Specimen # 5.

Fig. 3. BJP Specimen # 5 Mechanically Cut into Strips.

TABLE III
PHYSICAL PROPERTIES OF BINDER JET PRINTED RING SPECIMENS.

Outer Diameter  Inner Diameter

Ring (mm) (mm)
#1 33.99 19.81
#2 34.06 19.89
#3 33.78 19.81
#4 34.04 20.17
TABLE IV
DIMENSIONS AND WEIGHT OF BINDER JET PRINTED STRIPS.
Strip No.  Mean Width ~ Mean Thickness ~Mean Length ~ Weight
(mm) (mm) (mm) (g)
1 13.12 1.04 320.24 32.37
2 13.83 1.04 320.27 32.48
3 13.38 1.04 320.41 32.58
4 13.52 1.02 320.22 32.50
5 13.50 1.04 320.46 32.49
6 13.41 1.04 320.23 32.40
7 13.68 1.05 320.26 32.39
8 13.63 1.04 320.36 31.64
9 12.86 1.02 320.33 29.93
10 12.79 1.00 320.29 30.20
11 13.43 1.04 320.26 32.50
12 13.63 1.04 320.23 32.32

V. EXPERIMENTAL INVESTIGATIONS - GENERAL
APPROACH

Magnetic characteristics of the printed samples, including
magnetization curves, maximum relative permeability, intrinsic
coercivity, and specific loss density are extracted. However,
maximum relative permeability, (i, pmqq, 15 the main focus of
the experiment and the significance analysis.

The magnetic characterization process of the BJP ferromag-
netic steels uses three different test setups. They include the
Ring Specimen test bed, Permeameter test bed, and Epstein
Frame.

The Ring Specimen test bed is used to obtain the magnetiza-
tion curves and the maximum relative permeability fi; 1, OF
the ring specimens in table III at low and medium frequencies,
following IEC standard [45].

For the printed strips in fig. 3, the Permeameter and the
Epstein Frames are used to obtain the magnetic characteristics.



The initial magnetization curve, the hysteresis loop, and the
intrinsic coercivity are obtained with the Permeameter, follow-
ing IEC standard shown in [46]. Using the Epstein Frames,
the magnetization curves and the specific loss density curves
are acquired following IEC standards for low and medium
frequencies, [47], [48].

Table V gives the overview of the experiments used in this
work. Details of the experimental setups and results are shown
in the following sections.

TABLE V
OVERVIEW OF THE EXPERIMENT TESTBEDS.
Ring Epstein Permeameter
Specimen Frames
Sample Type Rings Strips Strips
Excitation 20,50,100 50, 100 1
Frequency (Hz) 200,400,1000  200,400,1000
Excitation Range (kA/m) 0-10 0-20 0-20

VI. INVESTIGATION USING RING TEST
A. Setup

The AC characterization, by the use of BJP ring specimens,
includes the acquisition of the magnetization curves, and the
permeability. Here, the magnetic characteristics are obtained
over a range of frequencies from 20 Hz to 1000 Hz, following
IEC standard [45].

The overall scheme of the experiment setup is shown
in fig. 4. Here, the PAS power amplifier with an output
impedance of 50  is used as the source of excitation.
Since the amplifier output impedance is large compared to
the impedance of the primary windings, distortion of the
secondary voltage can easily occur [14]. As a result, current
control or sinusoidal magnetic field intensity H(t) is used
instead of sinusoidal control on the secondary voltage. To
ensure the excitation current conforms to the form factor, a
power resistor of 33 €2 is connected in series with the amplifier.
Additionally, the built-in function of the amplifier that allows
for sinusoidal output is enabled.
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Fig. 4. Experiment Test Setup for Ring Specimens.

The four ring specimens are wound with secondary and
primary windings, distributed evenly along the circumference
of the ring, as shown in fig. 5. The primary wire gauge
is chosen as AWG 20 to ensure that the excitation current
can achieve a magnetic field intensity up to 10000 A/m.
Higher wire gauge would make it difficult to wind the primary

windings without compromising the integrity of the copper
strands.

Fig. 5. Binder Jet Printed Ring Specimen with distributed windings.

For each excitation frequency, the magnetization curve is
acquired from the excitation current obtained from the current
transducer, and the secondary voltage measurement using the
oscilloscope. The form factor of the excitation current is
checked after every measurement to ensure conformity to the
value of 1.11 + 1%, according to the IEC standard.

The peak magnetic field intensity, H, is calculated as in (1),
from the peak value of the magnetization current, I, the mean
path travel length of the flux, [, y,cqn, and the number of turns
in the primary windings of the ring specimen, ;.

N, -

lr,mean

H= 1)

Since the ratio of the outer diameter, OD, and inner
diameter, I D, of the ring is larger than 1.1, the mean travel
length of the flux is corrected as shown in (2).

OD—-1D
lr,mean = ( oD ) c T (2)

In =

The peak magnetic flux density, B, is calculated from the
average rectified value of the secondary voltage, |Us|, the
number of turns in the secondary windings, No, the cross
section area of the ring specimen, A,;,4, and the excitation
frequency, f, (3). The relative permeability, p,-, can then be
calculated from H and B.

|Us|

B= — %
4'f'N2'Aring

3

B. Results

Figure 6 shows the magnetization curves of ring #1 at
frequency range from 20Hz to 1000 Hz. As the excitation
frequency increases, the impact of eddy current is more
pronounced. It diminishes the induced flux density. This is
also seen at low excitation frequency and low magnetization
field. The behavior is due to the opposing field generated by
the eddy current in the samples [14].
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Fig. 6. Ring #1 magnetization curves, obtained at different excitation
frequencies. High excitation frequency leads to high eddy current, negatively
impact the induced magnetic flux density. The effect is profound at low
magnetic field intensity and high frequency.

Figure 7 shows the relative permeability curves of all the
ring specimens in table III, at 20 Hz excitation I, Since M maz
is the focus of this project, fi;masz 1s calculated from the
magnetization curves at 20 Hz. This minimizes the impact of
eddy current on (i, ;mqq, Which is later used in the significance
test. For each ring, two measurements are obtained in order
to satisfy the minimum requirements for the significance test.
Table VI summarizes the (i, yq. Vvalues for each ring.
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Fig. 7. Comparison between relative permeability curves of the printed ring
specimens. The excitation frequency is at 20 Hz.

Maximum relative permeability is highest with ring #3
and lowest with ring #2, as shown in table VI. This is
expected, as an increase in particle size results in an increase
in relative permeability. It is also interesting that lowering the

IRing #1, #2, and #3 were magnetically characterized at TU Graz. Ring
#4 was magnetically characterized at Michigan State University. The two
experiment test beds for measuring the four rings are the same in principles.
Primary current is sinusoidally controlled. Number of turns in the primary
and secondary windings are the same between the rings.

TABLE VI
COMPARISON BETWEEN MAXIMUM RELATIVE PERMEABILITY OF BINDER
JET PRINTED RING SPECIMENS. DATA AT 20 Hz.

Ring Maximum Relative Permeability

Number | Observation 1 Observation 2
#1 2168 2136
#2 1935 1772
#3 2499 2330
#4 1959 1948

TABLE VII
COMPARISON BETWEEN MAGNETIC INDUCTION OF BINDER JET PRINTED
RING SPECIMENS. DATA AT 20 HZ.

Ring Magnetic Induction (T)
Number | 1000 A/m | 2500 A/m | 10000 A/m
#1 0.99 1.09 1.27
#2 1.01 1.14 1.34
#3 1.05 1.14 1.32
#4 0.935 1.02 1.16

sintering temperature also leads to an increase in the relative
permeability of printed samples. Sensitivity analysis will be
carried out to determine the significance of the two parameters
involved in the printing process.

Table VII summarizes the magnetic induction of all the ring
specimens at several magnetic field intensity values. Magnetic
induction of ring #2 and ring #3 are high compared to the
other two ring specimens. Ring #4 has the lowest magnetic
induction among all the ring samples. Future analysis of the
printing parameters can provide an optimal parameter settings
for the magnetic induction of binder jet printed ferromagnetic
materials.

VII. INVESTIGATION USING EPSTEIN FRAME
A. Setup

The printed strips in table IV are measured using the Epstein
Frames to acquire the maximum relative permeability, magne-
tization curves, and the specific loss density. The twelve strips
are evenly distributed into four legs of the Epstein Frames,
with each leg having three strips. For excitation frequencies
of 50, 100, 200, and 400Hz, the magnetic characterization
is carried out on the EP 700 Frame. The characterization
at 1000 Hz is implemented using the medium frequency EP
100 Frame. The parameters for the Epstein Frames, as well
as for the measurement devices, are shown in table VIII.
Here, R; is the equivalent resistance of all measuring devices
across the secondary windings, R; is the series impedance of
the secondary and compensation windings. N; and Ny are
the number of turns in the primary and secondary windings,
respectively.

TABLE VIII
PARAMETERS OF EPSTEIN FRAMES AND MEASURING DEVICES.
N1 No R () R; ()
EP700 700 700 16.5 5e6
EP100 100 100 1.97 5e6

The experimental setup is shown in fig. 8. The power
amplifier is controlled to achieve sinusoidal voltage on the



secondary windings in accordance to the desired form factor.
This is implemented via the sense lines connected to the
primary windings of the Epstein Frames. A power analyzer
is used to measure the primary current, the primary and the
secondary voltage, and the active power. Measured data are
logged and post-processed to acquire the magnetization curve
as well as the loss density at each excitation frequency.

Each sample is demagnetized before characterization. The
power amplifier is controlled to provide a sinusoidal pulse with
its amplitude decreasing to zero in less than 10 s.
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Fig. 8. Epstein Frame Test Setup.

B. Results

As shown in the magnetization curves in fig. 9, at a
magnetization field of 20 kA/m, the magnetic induction settles
at 1.54 T. As the excitation frequency increases, the magnetic
induction is decreased for the same magnetization field. This
is due to the opposing field generated by eddy currents
associated with high frequency excitation. The behavior is
more pronounced at low magnetization field, when comparing
the magnetic induction at 50 Hz and at 1000 Hz. This is also
observed in the relative permeability curves in fig. 10.
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Fig. 9. Magnetization curves of Binder Jet Printed Sample # 5.

Specific loss of Specimen # 5 is calculated using (4). Here,
P, represents the active power of the magnetization current,
I;(t), and the secondary voltage, Us(t), measured using the
wattmeter. The specific loss density, p., is the ratio between
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Fig. 10. Relative permeability curves of Binder Jet Printed Sample # 5.

P, and the effective mass of the strips. The effective mass,
myg, 18 calculated using (5), where [,,, is the effective length
of the Epstein Frame (0.94 m), [ is the average length of the
strips in each leg of the Epstein Frame, and m is the total
mass of all the strips.

Figure 11 shows the specific loss density curves of Speci-
men # 5. As the frequency increases, the specific loss increases
at an exponential rate. A summary of the specific loss density
of the printed materials is shown in table IX.
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Fig. 11. Specific Loss Density of BJP Specimen # 5 at different frequencies.

VIII. INVESTIGATION USING PERMEAMETER
A. Setup

The experiment setup, fig. 12, consists of a type B perme-
ameter, [49], a fluxmeter, and a power amplifier controlled via



TABLE IX
SPECIFIC LOSS DENSITY IN W/KG OF BJP SPECIMEN # 5.

Frequency
50Hz | 100Hz | 200Hz | 400Hz | 1000 Hz
05T 0.51 1.31 3.66 10.81 49.42
B |10T 2.07 5.59 17.33 59.24 324.1
15T 5.71 16.23 53.57 191.25 N/A

LabVIEW. The permeameter has two magnetization windings,
and two measurement coils, one for measuring the magnetic
field strength, H, and one for the polarization, J, fig. 13. The
magnetic induction, B, is calculated from the measurements
of the two coils using the relationship B = J + puoH.
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Fig. 12. Permeameter Experiment Setup.
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Fig. 13. Type B Permeameter, [49].

Prior to the excitation process, the controller demagnetizes
the printed strip to be measured. The controlled power am-
plifier then provides sinusoidal excitation at 1 Hz to the mag-
netizing windings of the Permeameter. When the excitation
frequency is very low, specifically lower than the Wolman
frequency, the eddy current effect can be neglected, [14],
[49]. As a result, the magnetization curve is quasi-static and
slightly different than the static curve, [15].

B. Results

Figure 14 shows the hysteresis loop and the initial magne-
tization curve of the printed ferromagnetic strip. The intrinsic
coercivity H.; of 56.5 A/m is obtained from the intersection of
the hysteresis loop and the horizontal axis. It is worth noting
that the H.; value of printed steel strip is smaller than the
coercivity values of some commercial lamination steels and
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Fig. 14. Initial Magnetization Curve and Hysteresis Loop of Specimen # 5.

soft magnetic composites [50]-[52]. As a result, the hysteresis
loss of the printed steel strips in table IV is highly competitive
with certain commercial electric steels and SMC.

Figure 15 shows the initial magnetization curve obtained
using the Permeameter. The curve closely tracks the magneti-
zation curves obtained using the Epstein Frames.
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Fig. 15. [Initial Magnetization Curve of Specimen # 5 obtained with the
Permeameter.

IX. DISCUSSION ON SPECIFIC LOSS DENSITY
A. Overview

The iron loss in ferromagnetic materials comes from the
difference in the phase shift between the magnetization field
H and the magnetic flux density B, and is calculated over
one electrical cycle 7', [14]. There are two main components
contributing to the iron loss, hysteresis loss, py, and eddy loss,
Pe. The hysteresis loss is directly related to the coercivity H.
of the materials and is estimated as in (6), where ~ is the
density of the materials.



Ph = M (6)

g
For a sinusoidal magnetic flux density waveform with form
factor value of 1.11, the eddy loss can be approximated as in
(7). Here, d represents the thickness of the lamination sheet

and p is the electrical resistivity of the materials.

2. f2 . 532 . d2
De 67 p

From (6) and (7), it is possible to separate the hysteresis
loss from eddy loss by extrapolating the iron loss per cycle,
pre/ f, when the excitation frequency approaches 0.

For medium excitation frequency, from 20 to 100kHz, the
specific loss can no longer be estimated as the sum of the
relationships in (6) and (7). It is instead estimated using the
Steinmetz equation as shown in (8). The values of z, y, z, fo,
By, and F, are usually found experimentally.

B F x f Yy B z
men(5) (5)(5) @

It is important to note that the eddy current loss calculated
as in (7) assumes that the permeability is uniform and homo-
geneous within the materials, [14]. In cases where the change
of magnetization dB/dt is much higher in a local area where
the moving domain wall locates, then there exists an additional
losses. This anomalous eddy loss contributes to the eddy loss,
and is usually referred to as excess 10ss, Peycess- The specific
loss density is now the sum of the hysteresis loss, the classical
eddy loss, and the excess loss as shown in (9).

)

Pfe = Ph + Pe,classical + Pexcess (9)

As shown in [53], the excess eddy loss of the materials
can be estimated as in (10). Here c represents the scaling
factor of the specific domain wall energy, [53]. From (9), the
hysteresis dominates total iron loss at low excitation frequency.
As the excitation frequency increases, the classical eddy loss
and the excess loss take over the hysteresis loss and become
the dominant factor.

e (B )
v

(10)

Pexcess =

B. Comparison with Prototype Somaloy

The measured specific loss density of printed ferromagnetic
specimen # 5 is very encouraging, table X. It is much lower
than the value of prototype somaloy, [52], at up to frequency
of 400Hz and magnetic flux density of B = 1.07". At low
excitation frequency, the specimen # 5 can be 2 times lower
than the prototype somaloy. One of the contribution to this
high performance in printed materials can be explained due to
lower hysteresis loss. Although the hysteresis loss of specimen
# 5 is not calculated, its intrinsic coercivity is a quarter of
somaloy. This indicates lower hysteresis loss since the loss is
proportional to the coercivity value, as shown in (6).

Printed materials, however, performs poorer than somaloy
at high excitation frequency. This can be explained by the

TABLE X
COMPARISON BETWEEN SPECIFIC LOSS DENSITY OF BINDER JET
PRINTED SPECIMEN # 5 AND PROTOTYPE SOMALOY. DATA ARE IN W/kg.

Frequency
50Hz | 100Hz | 200Hz | 400Hz | 1000 Hz

05T | 051 1.31 3.66 10.81 49.42
Specimen #5 | 1.0 T 2.07 5.59 17.33 59.24 324.1
15T 5.71 16.23 53.57 191.25 N/A

05T 1.6 3.1 6 14 39

Somaloy 10T 52 11 22 47 136
15T 11 22 45 96 284

high resistivity of somaloy, which in turns leads to lower eddy
current losses. However, this behavior is expected since high
resistivity is one of the main advantage of SMC in general.

X. SIGNIFICANCE ANALYSIS OVERVIEW
A. Overview of Single Factor Analysis of Variance

Analysis of Variance (ANOVA) is one of the most useful
technique in statistic since it provide an objective view of the
analysis of collected data [54]. There are mainly two types of
analysis, single factor and multi-factor, which is also known
as factorial designs.

In the single factor analysis of variance, it is important
to compare the significance of different levels within that
factor. Assuming that there are m different levels of the factor
under interest; for each level of factor, there is a total of n
measurements or observations. The model of all the collected
data is shown in (11). Here, y;; represents the 4t observed
data point at the i*" level of the factor under interest; s
is the mean value of the " level of the factor, and €5 1s
the random error component that is coming from variation in
measurements, test materials, and environmental noise. It is
assumed that the errors has zero mean value, with constant
variance o2, and the errors are normally distributed [54].
Equation (12), in which 7; is called the ith treatment effect,
is used to demonstrate that the observed data point y;; is
independent from each other.

Yij = Mi T €5 (11)

yijNN(,U/—f—Ti702) (12)

For single factor analysis of variance, it is important to test
whether each level of the factor has equal impact or not. This is
usually described using hypotheses in (13), where H, means
that all the levels within the factor has the same significant
level while H, means at least one pair of levels has different
impact on the output.

Hy:pr=p2 = ... = iy
Hailh‘?é/ij

The single factor ANOVA includes calculation of the sum
of squares of the factor, SS7,cqtment, the sum of squares of
the error, SSFE, the total sum of squares, S.S’T", mean squares,
MS, and Fpy value. The total sum of squares, as shown in
(14), is used to determine the total variability in the observed

13)



measurements. Here, . is the mean of all of the averages of
each level of the factor or y; . In other words, ;. means the
average of n observations within the i*" level of the single
factor under interest.

SST =33 (yij —9.)°
i=1 j=1

(14)

The sum of squares of the error is calculated as in (15) and is
related to the total sum of squares as in SST = SSp,.+SSE.
Once the sum of squares are calculated, the mean squares of
the single factor and of the error can be calculated as in (16),
where N is the total number of observations/ measurements
for all of the levels of the single factor.

SSE =" (yij —9:.)°

(15)
i=1j=1
MSy, = iﬂl
m —
(16)
SSE
MSE =
s N—m

Following the Cochran’s theorem, the null hypothesis in
(13) can be evaluated by applying the test statistic on the ratio
of MSrt, and MSE. Assuming that the ratio, Fp, is an F
distribution with m — 1 and N — m degrees of freedom, then
the null hypothesis is rejected if Fo > Fiy p—1,N—m.-

B. Overview of Factorial Designs

For factorial designs or multi-factor statistical analysis, it
is important to study the significance of all combinations of
the factors under interest. Assuming that there are two factors
under interest, A and Y, associated with m and n different
levels, respectively, then there is a total of m -n combinations
worth investigating.

y = Bo + frx1 + Baxa + Pfrazime + €

ANOVA for factorial design focuses on the main effects,
which are the impacts of the main factors in the design, and
the crossed effects, which represents the interactions between
the main factors. For a two factor factorial design, a regression
model as shown in (17) is used to demonstrate the effect of the
interactions. Here, x; describes factor A, x5 describes factor
B, x1x9 describes the interaction between the two factors,
and ¢ denotes the random error factor associated with the
measurements. It is important to note that the values 1 and x-
range from -1 to 1. All the parameters of the regression model,
81, B2, and (1o, are calculated using least squares estimates
from all of the observations or measurements.

Similar to (11), the effect model of a two-factor factorial
design is described as in (18). Here, p is the overall mean
of the effect y;;, 7; is the effect of the it" level of factor A
ranging from 1 to m, §; is the gt effect of factor B ranging
from 1 to n. Also, k represents the k" measurement of each
combination of the two factors. Assuming that there are p
number of measurements for each combination, there is a total
of m - n - p observations associated with the factorial design.

a7

Yijk = 1+ T + B + (7 B)ij + €iji (18)

The relationship between the all the sums of squares are
described as SST = SSA+SSg+5SSap+SSE. Here, SS4
is the sum of squares related to the factor A; SSp is the sum of
squares related to the factor B; SS'E is the sum of squares due
to the error in measurements; and S.S 4 g represents the sum of
squares of the interaction. The degrees of freedom associated
with the factors, the interaction, and the error terms are m —1,
n—1,(m—1)-(n—1),and m-n-(p— 1), respectively. The
degree of freedom of the total effect is m-n-p — 1.

In concept, the sum of squares, as shown in (19), and the
mean squares are calculated similarly to those in the single
factor ANOVA. Here, y . represents the sum of all of the
observations or measurements, y; represents the sum of all
of the observations/ measurements of the it level of factor A,
1.j. represents the sum of all the observations of the jth level
of factor B, y;;. denotes the sum of all of the observations/
measurements for each ¢j combination.

m n p y2
ST 33 Y -
i=1j=1k=1
m

A= np - Yi.. 7mnp
=1 (19)

1 — y2
ss5= Lo - 2
mp = mnp

SSap = EZny] - n%Tw — 554 — 558
=1 j=1

Considering that the errors has zero mean value, with
constant variance o2, and the errors are normally distributed
[54], then factors A, B, and interaction AB has no impact if
the mean squares are also estimated as 2. However, there is
a significant presence of factors A, B, or interaction AB if
the related mean square values are larger than the error mean
squares, and larger than the F, prm.n.(p—1), Where DF' can
be m—1,n—1, or (m—1)(n— 1), respectively.

XI. SIGNIFICANCE ANALYSIS RESULTS

Analysis of Variance is implemented in this work to de-
termine the significance of the printing parameters toward
the maximum relative permeability of printed ferromagnetic
materials. The two parameters are the sintering temperature,
T, and the average particle size, APS. The significance impact
of each parameter is determined first, using Single Factor
ANOVA. The significance of the interaction between the two
parameters is then determined using the Two Factor ANOVA.
It is important to note that the Two Factor ANOVA also pro-
vides the significance impact of individual input parameters.

A. Single Factor Analysis of Variance

Table XI summarizes the maximum permeability of all of
the ring samples. Two observations are associated with each



TABLE XI
MAXIMUM PERMEABILITY OF SAMPLES AT DIFFERENT AVERAGE
PARTICLE SIZE AND SINTERING TEMPERATURE.

Average Particle Size
Sintering 26.5 pm 32 pum
Temperature | Obs. 1 | Obs. 2 | Obs. I | Obs. 2
1200C 1959 1948 2499 2330
1250C 1935 1772 2168 2136

ring. At least two observations are required to implement the
ANOVA for the input parameters.

The significance of the sintering temperature Ty is deter-
mined first. For each APS level, the Fy value is calculated to
test the null hypothesis H, against the alternative hypothesis
H,, as shown in (20). Here, Hy means that sintering temper-
ature at different temperature has no influence on ;. ;qr. Hq
means that sintering temperature actually impacts (i, maz-

Assume a significance level a = 0.1, the sintering tempera-
ture is said to have an impact on i, 4, Or the null hypothesis
is rejected when the Fj value exceeds F, 12 = 8.526.
Table XII shows the single factor ANOVA table associated
with the sintering temperature. Here, the Fpy values show
that sintering temperature has an impact on (i, 4, When the
average particle size is of 32 pum but not when the size is
26.5 pm. Increasing the degree of freedom for the sintering
temperature as well as the number of observations can lead
to a more definitive conclusion on the effect of sintering
temperature.

Hy : p1200°c = H1250°C
H, @ psgoec # M2s0°c

The significance of the average particle size is evaluated
next. The null hypothesis Hj is tested against the alternative
hypothesis H, as shown in (21). Both the F{ values in ta-
ble XIII exceed Fi, 1,2 = 8.526. As a result, the null hypothesis
Hj is rejected. The average particle size is determined to have
an impact on [ty maz-

(20)

Hy - H26.5um = HU32um 1)
Hy @ pio6.5um 7 H32um

TABLE XII
ANOVA TABLE FOR SINTERING TEMPERATURE.

Source of Variation Degrees of  Fp

Freedom
Sintering Temperature @ APS 26.5 pym 1 1.49
Sintering Temperature @ APS 32 um 1 9.31
Error 2

TABLE XIII
ANOVA TABLE FOR AVERAGE PARTICLE SIZE.

Source of Variation Degrees of Fy

Freedom
Average Particle Size @ T 1200°C 1 29.64
Average Particle Size @ T 1250°C 1 12.92
Error 2

B. Two Factor Analysis of Variance

The two input parameters have two levels each. Each printed
ring specimen represents a combination of the four factorial
designs. The significance of the interaction between the input
parameters is determined using the Two Factor ANOVA, as
shown in table XIV. Here, three Fj values are calculated to
test the significance of the Sintering Temperature, the Average
Particle Size, and the Interaction between them. When the Fj
value exceeds F,, 1 4, the null hypotheses in (22) are rejected.
Here, Hps means there is no interaction between sintering
temperature 7T, and the average particle size APS.

Ho1 : pt1200°c = H1250°C
Hoz : p126.5um = 132um (22)

Hog @ (pr, - paps)ij = 0 for all i,j

TABLE XIV
ANOVA TABLE FOR TWO FACTOR - SINTERING TEMPERATURE AND
AVERAGE PARTICLE SIZE.

Source of Variation Degrees of Fy

Freedom
Sintering Temperature 1 9.34
Average Particle Size 1 41.00
Interaction 1 1.88
Error 4

Assuming the significance level o = 0.1, both the Sintering
Temperature and the Average Particle Size do have an impact
on Ly maq- Their Fy values both exceed Fy, 1,4 = 4.5447. The
results from the Two Factor ANOVA are more conclusive than
the results of the Single Factor analysis. This is due to higher
degree of freedom in the error, which in turns provides more
certainty in the significance test.

There is no indication of cross-effect between the two print-
ing parameters. In other words, effect of average particle size
and sintering temperature on maximum relative permeability
are independent from each other, as the Fjy value of the
interaction is much smaller than F7, 1 4.

It is also interesting to note that the Fy value of the average
particle pize is a multiple of the Fy value of the sintering
temperature. The average particle size, thus, has a higher
impact on [ty ;q, compared to the sintering temperature.

XII. CONCLUSION

Ferromagnetic materials were prepared with Binder Jet
Printing and magnetically characterized with the Ring Spec-
imen testbed, the Epstein Frame, and the Permeameter. The
printing parameters for ferromagnetic materials, adapted from
previous experience in printing high density stainless steels,
are then analyzed using statistical analysis. It is found that
both sintering temperature and the average particle size im-
pact the maximum relative permeability of BJP ferromagnetic
materials. The influence of sintering temperature on magnetic
properties of BJP ferromagnetic materials draws similarity to
the influence of laser power on magnetic properties of printed
ferromagnetic materials using non-BJP processes. Based on
the collected results, the influences of the two printing pa-
rameters, sintering temperature and average particle size, on



the

magnetic properties of the ferromagnetic materials are

independent from each other. This finding is important since
the impact of each of the two printing parameters on maximum
relative permeability can be researched independently.
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