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Abstract: Fiber-reinforced polymers are increasingly being used, especially in lightweight structures.
Here, the effective adaptation of mechanical or physical properties to the necessary application or
manufacturing requirements plays an important role. In this context, the alignment of reinforcing
fibers is often hindered by manufacturing aspects. To achieve graded or locally adjusted alignment of
different fiber lengths, common manufacturing technologies such as injection molding or compression
molding need to be supported by the external non-mechanical process. Magnetic or electrostatic
fields seem to be particularly suitable for this purpose. The present work shows a first simulation
study of the alignment of magnetic particles in polymer matrices as a function of different parameters.
The parameters studied are the viscosity of the surrounding polymer as a function of the focused
processing methods, the fiber length, the thickness and permeability of the magnetic fiber coatings,
and the magnetic flux density. The novelty of the presented works is in the development of an
advanced simulation model that allows the simulative representation and reveal of the fluid–structure
interaction, the influences of these parameters on the inducible magnetic torque and fiber alignment
of a single fiber. Accordingly, the greatest influence on fiber alignment is caused by the magnetic flux
density and the coating material.

Keywords: fiber-reinforced polymers; magnetic fiber alignment; polymer matrix; magnetic permeability;
fiber length; magnetic coating; magnetic field; simulation

1. Introduction

Short and long carbon fibers have excellent mechanical properties, which make them
a suitable reinforcement for polymer composites. Injection molding and press molding
are two common methods of processing short and long-fiber thermoplastic composites.
In such processes, the fibers are usually unoriented. Appropriate alignment of fibers can
improve their physical properties for injection molding and press molding processes [1,2].

For both injection molding and press molding processes, traditional methods for opti-
mizing continuous fiber orientation, such as multiaxial fabrics or tailored fiber placement
(TFP) [3], are no longer applicable to produce short and long-fiber composite components
with a gradual fiber distribution. In this context, the possibility of aligning the reinforcing
fibers using external action mechanisms is considered. Through external mechanisms of
action, it is possible to produce composite components with the desired fiber distribution,
such as different fiber lengths over the cross-section or fibers oriented in one direction
in components.
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There are different methods of external action mechanisms to produce composites with
aligned short and long fibers, including the application of an electric [4], magnetic [5,6],
the combination of magnetic [7], or ultrasonic field [8]. The most common method of
aligning fibers among them is by electric or magnetic fields. However, the magnetic field
has several advantages that distinguish it from the electric field or other techniques. Firstly,
magnetic fields are non-contact volumetric forces that do not cause any chemical change
in the material. Secondly, permanent magnets and electromagnets are readily available
today and produce sufficiently strong fields to align the fibers and finally, magnetic fields
are not as dangerous as electric fields. For this reason, the initial investigations for the fiber
alignment presented in this study focus on the use of the magnetic field.

As can be seen from the types of possible reinforcing fibers [9–17], not only the
mechanical properties but also the electrical conductivity and magnetic properties of a fiber
can be improved by a coating with Nickel, Iron, or Cobalt [18,19]. Thus, coated carbon
fibers can be even more easily aligned in an electric or magnetic field. For this reason,
coated fibers are investigated in the present work.

2. State of the Art—Magnetic Alignment of Reinforcement Fibers

Ciambella [5] investigates the alignment of Ni-Coated (NiC) carbon fibers (diameter
4.8 µm, fiber length 0.25 mm) in a polydimethylsiloxane (PDMS) matrix using a magnetic
field. Specifically, the work investigates the influence of the viscosity of the matrix, the mag-
netic flux density, and the aspect ratio (length/diameter ratio) on the alignment. Stanier [6]
successfully fabricated short PDMS composites reinforced by NiC carbon fibers. The NiC
carbon fibers were aligned in a matrix with a viscosity of 5.5 Pa·s using a weak magnetic
field. Timbrell [9] dealt with the alignment of carbon fibers and other Iron-coated man-
made fibers in liquid suspension using a magnetic field. The alignment of fibers depends
on the fiber diameter, the fiber length as well as on the density, and viscosity of the matrix,
and the strength of the magnetic field. A study presented by Chung [10] investigated
magnet-assisted injection molding for the orientation of NiC fibers during the melt polymer
filling process. Hatta [16] theoretically derives which preconditions have to be fulfilled
to selectively align a Nickel-coated graphite fiber in a fixed time. Based on the derived
preconditions, several parametric studies were performed. In the paper of Pishvar [12], the
orientation of NiC carbon fibers was investigated with the aid of a magnetic field during
the curing of epoxy resin. The effects of different magnetic flux densities (10 mT to 50 mT),
fiber lengths (0.1 mm and 0.25 mm), and Nickel coating content (20% by weight and 40% by
weight of the fiber) on the alignment behavior of NiC fibers were discussed. At a magnetic
field of 50 mT, in addition to a rotation and network formation of the fibers, a significant
migration of the fibers with a length of 0.1 mm towards the magnetic pole can be observed.
In addition, the longer fibers (0.25 mm) achieve better alignment at the same magnetic flux
density (30 mT).

In summary, previous published works on fiber alignment mainly focused on exper-
imental and theoretical studies on the alignment of fibers. In the case of experimental
studies, the number and range of influencing parameters are often limited. For example,
previous works only focus on very comparatively short fibers, but there are almost no
studies on long fibers. Only a few attempts were made to analyze the fiber alignment
by using a finite element method (FEM) simulation. Furthermore, FEM simulations for
studying the effect of fiber and magnetic field parameters on fiber alignment are almost
non-existent. However, parameters such as magnetic flux density, coating thickness [2],
fiber length [20], coating material, and the viscosity of the polymeric matrix [5] have a
huge influence on the alignment behavior of short and long-fibers. The work in this paper
is intended to gain a deeper understanding of the occurring effects by taking the known
relationships into account. For this purpose, the simulation parameters, as well as a test
plan for the simulation, are selected. A suitable multi-physical simulation model is set up
and described using the finite element method (FEM) COMSOL software (V5.4, COMSOL
Inc., Stockholm, Sweden). Thus, parameter studies are carried out to simulate the fiber
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alignment process. Finally, the test results are evaluated and compared to each other and
used for determining the effect of parameters on the fiber alignment process.

3. Materials and Methods
3.1. Material

Previous work has pointed out that magnetic flux density, coating thickness, coating
material, fiber length, and the viscosity of the matrix have a huge influence on the alignment
behavior of reinforcement fibers. For thermoplastic matrices, the rheological behavior is
described by flow curves [21]. Figure 1 shows the flow behavior in form of the viscosity of
polypropylene (PP) for different processing temperatures and shear rates.
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Figure 1. Temperature and shear rate dependent rheological behavior of PP in relation to typical
manufacturing processes for fiber-reinforced composites (press molding, extrusion and injection
molding) in accordance with [22].

It is shown that the viscosity of PP at the processing temperatures commonly used
for injection molding is in the range of 18 Pa·s to 80 Pa·s. For press molding processes it
is in the range of 100 Pa·s to 300 Pa·s. Additionally, the viscosity of a polymer depends
on the respective temperature and the exposed shear rate. In the laboratory, it proves
difficult to control the stability of these two values. Even a slight change in polymer
viscosity sometimes results in high deviations in the test results. Similarly, it proves to
be very challenging to align the fiber in the molten polymer at more than 200 ◦C, which
will therefore only be investigated in later tests and not in the present work. For the
investigations carried out, the viscosity of the molten polymer is replaced by the equivalent
viscosity of different silicone oils at room temperature. In this way, both a defined viscosity
that is almost constant throughout the experiment and the feasibility of the experiment
can be ensured. A total of nine different silicone oils were selected, which are suitable to
compare the viscosity of PP during press molding and injection molding. Due to the fact
that the dwell time of the magnetic field is one of the main influences for the rearrangement
of the fibers, the influence of pulsed magnetic excitation will be investigated in further
experimental studies. The selected oils, designated as S1 to S9, and the respective kinematic
and dynamic viscosities are listed in Table 1. The silicon oils are obtained from Quax GmbH
(Otzberg, Germany).
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Table 1. Selected silicon oil types and resulting viscosity data for the simulation [23].

Designation Product Name Density at 25 ◦C
[g/cm3]

Kinematic
Viscosity [cst]

Dynamic
Viscosity [Pa·s]

S1
ELBESIL

SILIKONÖL B
12.500

0.97 12,500 12.125

S2
ELBESIL

SILIKONÖL B
20.000

0.97 20,000 19.4

S3
ELBESIL

SILIKONÖL B
30.000

0.97 30,000 29.1

S4
ELBESIL

SILIKONÖL B
40.000

0.97 40,000 38.8

S5
ELBESIL

SILIKONÖL B
60.000

0.97 60,000 58.2

S6
ELBESIL

SILIKONÖL B
80.000

0.98 80,000 77.6

S7 SILIKONÖL AK
100.000

0.98 100,000 97

S8 SILIKONÖL AK
200.000

0.98 200,000 194

S9 SILIKONÖL AK
300.000

0.98 300,000 291

According to Zhang [24], the shape of a fiber influences its properties. Likewise,
the fiber shape is also important for the orientation of the fibers. Before the simulation
experiment, the shape of the fibers has been determined by microscopic analysis. Thereby,
Nickel-coated fibers of Toho Tenax HTS 40 MC 12 K 1420 Tex with a circular cross-section
were investigated. These fibers are obtained from inca-fiber GmbH (Chemnitz, Germany)
by galvanic Nickel metallization of standard carbon fiber rovings. Thus, a cylindrical shape
of short and long fibers is taken as a basis for the simulation within the scope of the present
work. The fiber diameter and coating thickness are then determined by micrograph analysis
of the fiber cross-section. Figure 2 shows the microscopic measurements of an exemplary
sample (sample 01-01). Thus, a determined mean value of the carbon fiber diameter of
7.2 µm is taken for the definition of the fiber diameter in the simulation.
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For the orientation of fibers using magnetic fields, the relative permeability of the fiber
material or the fiber coating material is also a very important parameter. For the performed
studies, coated fibers are investigated. Thus, the force on the fiber in the magnetic field
is related to the relative permeability of the coating. In the current work, the coating
material is assumed to be a linear magnetic material. The magnetic properties are only
approximated by a constant permeability. Table 2 shows the maximum magnetic relative
permeability for common coating materials. Exemplary materials, which represent the
permeability ranges from 100–1000, 1000–10,000 and above 10,000 were selected. Thus,
three common materials—Nickel (500), Iron (5000) and Cobalt–Iron (18,000)—are selected
as coating materials for the parameterized simulation studies. Hajjari [25] indicates that
a coating thickness of 0.5 µm allows the most uniform coating of the entire fiber surface
and the best continuity on carbon fibers. When the coating thickness falls below 0.2 µm,
the discontinuity of the coating becomes prominent. If the coating thickness exceeds 1 µm,
the toughness of the fibers decreases significantly. For this reason, a coating thickness of
0.2 µm to 1 µm was selected for parametric simulation studies.

Table 2. Magnetic permeability of selected materials.

Coating Material Relative Permeability Reference

Cobalt–Iron * 18,000 [26]
Iron * 5000 [27]
Steel 100 [28]

Nickel * 100–600 [29,30]
Copper 1 [30]

* Materials used for the parametric studies.

Short fibers are assumed as fibers with a length of 100 µm to 1000 µm, while long
fibers are characterized by a length of 1000 µm to 50,000 µm [31]. Regarding identifying the
influence of fiber-length, a short fiber length of 100 µm to 1000 µm and range of 1000 µm
to 10,000 µm was selected for the simulation studies. Additionally, the flux density of the
magnetic field ranges from 20 mT to 1000 mT. All investigated parameters and the range of
their values for the simulation are listed in Table 3.

Table 3. Parameter data for the simulation.

Parameter Unit Range of Values

Viscosity (η) Pa·s 12; 20; 30; 40; 60; 80;
100; 200; 300

Diameter of core carbon fiber (df) µm 7.2
Coating relative permeability (µr,c) - 500, 5000, 18,000

Coating thickness (tc) µm 0.2; 0.4; 0.6; 0.8; 1

Fiber length (lf) µm 200; 400; 600; 800; 1000;
2000; 4000; 6000; 8000; 10,000

Magnetic field/Magnetic flux density (B0) mT 20; 40; 60; 80; 100;
200; 400; 600; 800; 1000

3.2. Simulation Methods

The orientation of fibers in a fluid using magnetic fields is a multiphysics problem,
where the following two research areas are involved: electromagnetics and fluid–structure
interaction (FSI). On the one hand, the loading of the fibers by magnetic fields, and on
the other hand, the interaction of the fibers with a fluid have to be considered. In this
work, the simulation and model setup is performed using COMSOL (V5.4, COMSOL Inc.,
Stockholm, Sweden). To establish a suitable physical model, the simulation is divided into
two stages (see Figure 3). The first stage comprises the magnetostatic simulation, where the
force on the fiber is calculated at each angle during rotation. The calculation results (forces)
of the static magnet simulation act as input values for the second simulation stage. Here,
the dynamic FSI simulation is performed, where the rotation of the fiber in the polymeric
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matrix is calculated. Figure 3 shows the developed procedure for the simulation of the
coupled electromagnetic and fluid–structure interaction simulation.
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Figure 3. Developed simulation procedure divided into two stages for the representation of the
induction of a force caused by an external magnetic field to the fiber (stage 1) and the interaction of
the fiber and surrounding fluid during the orientation process (stage 2).

Regarding the rotation of the fiber in the matrix using a magnetic field, the rotation
of the fiber in the 3D space can be considered as a 2D rotation in the fiber rotation plane
(Figure 4). The fiber’s physical thickness (i.e., z-direction) is parameterizable via the model
depth, which scales all 2D volume-related simulation results. In order to approximate the
3D simulation with the simplified 2D model, an appropriate depth based on the diameter
of the fiber can be derived.
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As the complex 3D motion can be simplified to a 2D motion, a 2D model is used in the
presented work. By using a 2D model instead of 3D solid elements, a representative model
with fewer nodes can be created. Although some accuracy is sacrificed, the computation
time of the simulation is significantly reduced.

The movement of multi-fibers in fluids is complex and will be investigated in future
studies. This paper focuses on the movement of single fibers in the fluid. The time which
is necessary to achieve a single fiber motion in the liquid is investigated. Since the fluid
is not given an external velocity in the simulation, additional external loads, such as
external pressure loading and shear rate during injection molding, are also not taken into
consideration in these early investigations. The alignment of a single fiber will be observed
in a constant time static magnetic field. This is because it is only the motion of the single
fiber that needs to be concerned, not the change in the magnetic field. The magnetic field
around the fiber can be described by magnetostatics with no free currents.



Polymers 2022, 14, 534 7 of 17

The developed geometric model consists of four components, including an infinite
element domain, a silicone oil domain, a rotating domain, and a fiber (see Figure 5).
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In the first simulation stage (magnetostatic), only the influence of the magnetic field
on the fiber is considered. The silicone oil domain and the rotating domain are filled with
air. The fiber is placed in the center. The force on the fiber in the magnetic field results
mainly from the magnetic coating material. Therefore, the geometry of the fiber is divided
into two parts, the core fiber, and the coating, as shown in Figure 5a. In the second stage,
only the influence of the FSI is considered in the dynamic study. The silicone oil domain
and the rotating domain are filled with fluid and the magnetostatic simulation does not
need any consideration in this case. Thus, the fiber does not have a coating layer in the
second stage, as shown in Figure 5b.

The calculation effort for the magnetostatic simulation is less than that for the transient
FSI simulation. Additionally, even with a fine-meshed geometry, the computational effort
of simulation stage 1 is not too high. Therefore, the model in stage 1, in particular for
the narrow area of the coating, can be meshed with smaller element sizes to obtain a
more precise input value for simulation stage 2. Thus, a mesh consisting of a total of
38,000 triangular elements was chosen for simulation stage 1. For simulation stage 2,
a high computational effort is required if the meshing of the model is not optimized.
Especially regarding the rotating domain and the fiber, the meshing has to be refined. After
a convergence study of the mesh, a mesh consisting of 16,218 triangular elements was
chosen for simulation stage 2.

For a situation where no free currents exist, but only a static magnetic field, simplified
Maxwell–Ampère law of magnetostatics and Gauss’s magnetic law can be used to obtain
the magnetic field around the fiber by the following equations:

∇× H = 0 (1)

∇·B = 0 (2)

There, B is the magnetic flux density and H is the magnetic field intensity. The fact
that the magnetic intensity field is irrotational (curl-free) means that a scalar potential as
following exists:

H = −∇Vm + Hb (3)
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where Vm defined as scalar magnetic potential and Hb is the magnetic field intensity of
the defined background magnetic field. Thus, the magnetic field intensity equation (H) is
solved by using the defined scalar magnetic potential (Vm) and the magnetic field intensity
of the defined background magnetic field (Hb). The background magnetic field can be
calculated using the given magnetic flux density B

H =
B

µ0µr
(4)

where µ0 is the permeability of vacuum and µr denotes the relative permeability. By using
an “infinite element domain” in COMSOL, a background magnetic field with an infinite
area is obtained. The outer boundary of the infinite element domain is set to magnetic
isolation by adding “external magnetic flux density” (see also Figure 6):

n·B = 0 (5)

where n represents unit normal. By adding zero magnetic scalar potential, a point at the
boundary between the infinite element domain and the silicon oil domain is set as:

Vm = 0 (6)

Polymers 2022, 14, x FOR PEER REVIEW 8 of 17 
 

 

There, B is the magnetic flux density and H is the magnetic field intensity. The fact 
that the magnetic intensity field is irrotational (curl-free) means that a scalar potential as 
following exists: 𝐻 = −∇𝑉 + 𝐻  (3) 

where 𝑉  defined as scalar magnetic potential and 𝐻  is the magnetic field intensity of 
the defined background magnetic field. Thus, the magnetic field intensity equation (H) is 
solved by using the defined scalar magnetic potential (𝑉 ) and the magnetic field intensity 
of the defined background magnetic field (𝐻 ). The background magnetic field can be 
calculated using the given magnetic flux density B H = B𝜇 𝜇  (4) 

where 𝜇  is the permeability of vacuum and 𝜇  denotes the relative permeability. By 
using an “infinite element domain” in COMSOL, a background magnetic field with an 
infinite area is obtained. The outer boundary of the infinite element domain is set to 
magnetic isolation by adding “external magnetic flux density” (see also Figure 6): 𝑛 ∙ 𝐵 = 0 (5) 

where n represents unit normal. By adding zero magnetic scalar potential, a point at the 
boundary between the infinite element domain and the silicon oil domain is set as: 𝑉 = 0 (6) 

Then, Equation (3) is solved and the load is calculated according to the following 
equations in the “force calculation” in COMSOL. 𝐹 = 𝑑𝑛𝑇𝑑𝑆 (7) 

𝑀 = 𝑑(𝑟 − 𝑟 ) × (𝑛𝑇)𝑑𝑆 (8) 

where T is the maxwell stress tensor, n is the unit outer-pointing normal of the object, S is 
the surface of the object, 𝑟  is the pivot point of rotation and M is the torque. The fiber 
rotates in the z-direction in the xy-plane. Therefore, the rotation axis rax = (0, 0, 1) and the 
pivot point of rotation 𝑟  = (0, 0) are set in this work. 

 
Figure 6. Settings of the boundary conditions and the load for the magnetostatic simulation (stage 
1). 
Figure 6. Settings of the boundary conditions and the load for the magnetostatic simulation (stage 1).

Then, Equation (3) is solved and the load is calculated according to the following
equations in the “force calculation” in COMSOL.

F =
∫

dnTdS (7)

M =
∫

d(r− r0)× (nT)dS (8)

where T is the maxwell stress tensor, n is the unit outer-pointing normal of the object, S
is the surface of the object, r0 is the pivot point of rotation and M is the torque. The fiber
rotates in the z-direction in the xy-plane. Therefore, the rotation axis rax = (0, 0, 1) and the
pivot point of rotation r0 = (0, 0) are set in this work.

In the second stage—the dynamic simulation—the rotation of the fiber in the fluid
was simulated. This is relevant for FSI, which represents the interaction of a fluid with
a solid. In the present case, the fluid is to be considered as an incompressible fluid. For
such incompressible fluids, the continuity equation given in Equation (9) is applied. The
Navier–Stokes equation of incompressible laminar flow during injection molding can be



Polymers 2022, 14, 534 9 of 17

found in Equation (10). The Navier–Stokes equation of incompressible creeping flow during
press molding processes can be found in Equation (11).

ρ∇·(u) = 0 (9)

ρ
∂u
∂t

+ ρ(u·∇)u = ∇·
[
−pIn + η

(
∇u + (∇u)T

)]
+ F (10)

ρ
∂u
∂t

= ∇·
[
−pIn + η

(
∇u + (∇u)T

)]
+ F (11)

where ρ is the fluid density, u is the flow velocity, p is the fluid pressure, I is the identity
matrix, η is the dynamic viscosity and F is the external forces. The calculation result of
simulation stage 1 is imported into the dynamic simulation as an external force acting
on the fiber. As the relation between magnetic torque and rotation angle is sinusoidal in
principle, a fitted sinusoidal function is used, since it is continuously differentiable. The
force coming from the magnetic field is calculated using the following command:

Mext = an10(mod(alpha, 360[deg])) (12)

where Mext is the magnetic torque, an is the analytical (in this case sinusoidal) function
in COMSOL and mod is the modulo operation. For the rotational motion of the fibers in
the fluid, the coupling is achieved by manually adding the reaction of the fluid on the
fibers (fluid applying torque on the fibers). The resistance of the fluid comes from the fluid
pressure p. The pressure p corresponds to the force per surface. In COMSOL, the normal
vector of an edge is defined as (nx, ny), the normal vector of a surface is defined as (nx, ny,
nz). This force always acts in the normal direction. Therefore, the vector of force density is
given by f = p * (nx, ny, nz). The torque is determined as follows:

M = r× F (13)

where r is the vector from the reference point (here the axis of rotation) to the point under
consideration and F is the force. Analogously, a surface torque density can be defined
as follows:

m = p ∗
(
rx, ry, rz

)
×
(
nx, ny, nz

)
(14)

where p is the fluid pressure; rx, ry, rz denote the spatial coordinates; (nx, ny, nz) is the
normal vector of a surface. Because the reference point is the origin (0, 0, 0), the vector (rx,
ry, rz) will be equal to (x, y, z) after the calculation (x-0, y-0, z-0). After calculating the cross
product, the result is p * (ny * x − nx * y). To calculate the torque (Mfluid), the force density
on the surface of the fiber is integrated (Figure 7).

Mfluid = intop1
(

p ∗
(
ny ∗ x− nx ∗ y

))
∗ thickness (15)

where Mfluid is the reaction of the fluid on the fiber; intop1 is the one-dimensional integral
function in COMSOL and the thickness is the depth of the model. The operator intop1
performs a surface integral of the surface torque density. The integrated expression cal-
culates the torque on the particle in regard to the coordinate origin. The algebraic sign
of this expression depends on the direction of the surface normals of the fiber geometry.
By integrating this expression over the surface, the total torque is obtained. The variable
thickness is required to scale the 2D-related torque up to the object’s physical thickness.



Polymers 2022, 14, 534 10 of 17Polymers 2022, 14, x FOR PEER REVIEW 10 of 17 
 

 

 
Figure 7. Overview of the specified simulation model, with the individual components considered 
and the resulting Moment (Mext) caused by spatial dependent fluid pressure (p(rx, ry, rz)). 

4. Results and Discussion 
4.1. Results of the Magnetostatic Simulation 

The fiber was simulated regarding different starting angles in simulation stage 1. The 
result shows that the relationship between the magnetic torque on the fiber and the angle 
is represented by a sinusoidal function. The maximum torque on the fiber occurs at the 
angle of 45°, 135°, 225° and 315°. Furthermore, the minimum torque on the fiber is zero at 
the angle of 0°, 90°, 180°, 270°, and 360° (Figure 8). 

 
Figure 8. Result of the magnetic torque on the fiber of the short fiber (500 µm) with the coating 
thickness of 0.2 µm at B0 = 50 mT. 

Furthermore, Figure 9a,b show the results of the magnetostatic simulation for 
different fiber lengths. As the fiber length increases, the magnetic torque on the fiber also 
increases. This is because the volume of the coating, which causes the magnetic torque on 
the fiber by applying the magnetic field, also increases with the fiber length. Figure 9c,d 
show the result of the magnetostatic simulation for different coating materials. When the 
relative permeability (µr,c) exceeds 5000 (Iron), the coating material will only affect the 
increase in the resulting torque to a minor extent. The difference in the magnetic torque 
between Cobalt–Iron (µr,c = 18,000) and Iron (µr,c = 5000) is significantly smaller than the 

Figure 7. Overview of the specified simulation model, with the individual components considered
and the resulting Moment (Mext) caused by spatial dependent fluid pressure (p(rx, ry, rz)).

4. Results and Discussion
4.1. Results of the Magnetostatic Simulation

The fiber was simulated regarding different starting angles in simulation stage 1. The
result shows that the relationship between the magnetic torque on the fiber and the angle is
represented by a sinusoidal function. The maximum torque on the fiber occurs at the angle
of 45◦, 135◦, 225◦ and 315◦. Furthermore, the minimum torque on the fiber is zero at the
angle of 0◦, 90◦, 180◦, 270◦, and 360◦ (Figure 8).
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Figure 8. Result of the magnetic torque on the fiber of the short fiber (500 µm) with the coating
thickness of 0.2 µm at B0 = 50 mT.

Furthermore, Figure 9a,b show the results of the magnetostatic simulation for different
fiber lengths. As the fiber length increases, the magnetic torque on the fiber also increases.
This is because the volume of the coating, which causes the magnetic torque on the fiber
by applying the magnetic field, also increases with the fiber length. Figure 9c,d show the
result of the magnetostatic simulation for different coating materials. When the relative
permeability (µr,c) exceeds 5000 (Iron), the coating material will only affect the increase
in the resulting torque to a minor extent. The difference in the magnetic torque between
Cobalt–Iron (µr,c = 18,000) and Iron (µr,c = 5000) is significantly smaller than the difference



Polymers 2022, 14, 534 11 of 17

between Iron and Nickel (µr,c = 500). The calculation results point out that there is a
quadratic relationship between the magnetic torque and the magnetic flux density B0.
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Figure 9. Magnetostatic simulation—resulting magnetic torque (M): (a) dependency of fiber lengths
at different magnetic flux densities; (b) dependency of fiber lengths at a constant magnetic field of
B0 = 500 mT; (c) dependency of coating materials/different relative permeabilities (µr,c) at different
magnetic flux densities; (d) resulting magnetic torque depending on coating materials at a constant
magnetic field of B0 = 500 mT.

4.2. Results of the Dynamic FSI Simulation

In this paper, the ability to align fibers is evaluated using the calculated time required
to align the fiber by a specified angle. The time of fiber rotation to 89◦ (99% of 90◦) was
recorded. Figure 10a–e show this alignment time in regard to the investigated parameters.
Compared to all other parameters, the fiber is aligned in the shortest time using Cobalt–Iron
coating material. However, the magnetic flux density has the greatest influence on the
alignment of the fiber. Compared to all other parameters, the fiber is aligned the slowest at
B0 = 20 mT, but when increasing B0 to 100 mT, the alignment time is drastically reduced.
Thus, the magnetic field variation (B0) shows the highest impact on the rotation time. In
comparison to that, the fiber length and coating thickness show a smaller influence on the
time of alignment. In this context, a reduction in the alignment time of 78% results by using
a fiber length of 2000 µm compared to the length of 10,000 µm. In regard to the coating
thickness, the alignment time can be reduced by 76% comparing a coating thickness of 1 µm
to 0.2 µm. The rotation time changes slightly with the change of fiber length and coating
thickness. Additionally, the viscosity shows a nearly linear relation to the alignment time,
whereby rising viscosity results in rising alignment times. In this context and relation to
injection molding processes, a reduction in the alignment time of 85% can be achieved by
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reducing the viscosity from 80 Pa·s to 12 Pa·s. It can be concluded from Figure 10 that the
influence of parameters on the alignment could be sorted in such descending sequence as
follows: 1. magnetic flux density; 2. coating material; 3. viscosity during injection molding
(12 Pa·s to 80 Pa·s); 4. fiber length; 5. coating thickness; 6. viscosity during press molding
(100 Pa·s to 300 Pa·s).

Polymers 2022, 14, x FOR PEER REVIEW 12 of 17 
 

 

time of 85% can be achieved by reducing the viscosity from 80 Pa·s to 12 Pa·s. It can be 
concluded from Figure 10 that the influence of parameters on the alignment could be 
sorted in such descending sequence as follows: 1. magnetic flux density; 2. coating 
material; 3. viscosity during injection molding (12 Pa·s to 80 Pa·s); 4. fiber length; 5. coating 
thickness; 6. viscosity during press molding (100 Pa·s to 300 Pa·s). 

  
(a) (b) 

  
(c) (d) 

 

 

(e)  

Figure 10. Comparison of the influence of different parameters on the alignment of the long fibers 
(5000 µm): (a) coating material; (b) magnetic flux density; (c) coating thickness; (d) fiber length; (e) 
viscosity. 

Figure 10. Comparison of the influence of different parameters on the alignment of the long fibers
(5000 µm): (a) coating material; (b) magnetic flux density; (c) coating thickness; (d) fiber length;
(e) viscosity.



Polymers 2022, 14, 534 13 of 17

Figure 11 shows the influence of the coating thickness on the alignment. The higher
the value of coating thickness, the easier it is to align the fiber. There is an approximate
exponential functional relationship between the time to alignment and different coating
thicknesses. The influence of the coating thickness decreases significantly when it exceeds
0.6 µm.
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Figure 12 shows that the difference between the relative permeability of 5000 (Iron)
and 18,000 (Cobalt–Iron) is very small. The magnetostatic simulation concludes that the
linear magnetic coating material has little influence on the resulting torque caused by
the magnetic field when the relative permeability exceeds 5000 (Iron). The result of the
dynamic simulation shown in this diagram corresponds to the result of the magnetostatic
simulation. Exceeding a relative permeability of 5000 (Iron), the alignment time will not be
significantly affected.
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Figure 13 shows that the time required to align long fiber is more than to align short
fiber at the same magnetic flux density. The results of magnetostatic simulation point out
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that the induced magnetic torque of the fiber increases with the increase in fiber length.
However, the interaction of fluid and fiber also increases with the length of the fiber. At the
same viscosity, longer fibers are subject to higher resistance and thus require more time.
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Figure 14 shows that alignment at high B0 values is much faster than at low magnetic
flux values. A slight change in B0 has a significant effect on the magnetic torque of the
magnetic field, which is especially shown when B0 is less than 60 mT. However, the
influence of B0 decreases significantly when it exceeds 60 mT. In this context, the rotation of
a long fiber by 99% of 90◦ in a time of 1 s using the viscosity of injection molding material
requires magnetic flux values higher than 100 mT.
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5. Conclusions

Fiber-reinforced composites show high potential for lightweight and high-loaded
structures. Nevertheless, the fiber orientation is limited by geometric, processing, and
material properties. This is especially critical in lightweight structures with high rips
or geometric inhomogeneities. For an additional alignment of the reinforcement fibers,
magnetic fields seem to be a good possibility. The investigations of the fiber alignment
in literature are often performed only for very short fibers or small particles. Thus, the
presented paper shows initial investigations for a multiphysics simulation of the alignment
process independence of the parameters magnetic flux density, fiber length, coating thick-
ness, the relative permeability of the coating material, and viscosity of the surrounding
matrix. Therefore, a coupled two-stage simulation method consisting of static magnetic
stimulation and a dynamic FSI simulation was developed, which allows representing the
alignment of the fibers and the interaction between fiber and matrix. The magnetostatic
simulation (step 1) shows that the resulting magnetic torque and magnetic flux density
have a quadratic relationship. For linear magnetic materials, if the relative permeability
exceeds 5000 (Iron), the coating material has only little effect on the magnetic torque. Fur-
thermore, the dynamic simulation (step 2) shows that compared to other parameters, the
magnetic flux density has the greatest influence on the alignment of the fibers. There is an
approximately linear function between the alignment time and the different fiber lengths.
The longer the fiber, the slower the rotation. The thicker the coating thickness, the easier it
is the alignment of the fibers. The effect of coating thickness is significantly reduced when
it exceeds 0.6 µm. The higher the value of the relative magnetic permeability, the easier it is
to align the fibers. However, if the relative permeability exceeds 5000 (Iron), the coating
material has little effect on the fiber orientation. In the current work, only the rotation of a
single fiber is considered. In practice, fibers in a molten polymer not only rotate but also
move in either the X or Y direction at the same time. This is a problem in terms of rigid
body dynamics. The limitation of considering individual fibers also means that the effect
of liquid flow on the rotation of other fibers is not considered. The pressure conditions
and flow velocities that would apply in the instrument during injection molding and press
molding were initially neglected in the studies listed here. For a possible follow-up study,
the task is to simulate the motion of multiple fibers using ordinary differential equations
and the FSI interface of COMSOL Multiphysics 5.4. In the present work, the simulations
were performed using a 2D model, for possible further research projects, a 3D model could
be used instead. Additionally, the effects of fiber interaction, movement and agglomeration
will be under further investigation. In order to prevent significant effects of these interfer-
ing effects, the approach of pulsed magnetic excitation seems to be target oriented. In the
future, this approach will be investigated numerically as well as experimentally.
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Nomenclature

η dynamic viscosity
µr,c coating relative permeability
µ0 permeability of vacuum
µr relative permeability
ρ fluid density
df diameter of core carbon fiber
t rotation time
tc coating thickness
lf fiber length
B0 magnetic field/magnetic flux density
F force
M torque
B magnetic flux density
H magnetic field intensity
Vm scalar magnetic potential
Hb magnetic field intensity of the defined background magnetic field
n unit outer-pointing normal of the object
T Maxwell stress tensor
S surface of the object
ro pivot point of rotation
rax the rotation axis
u flow velocity
p fluid pressure
I identity matrix
Mext magnetic torque
an analytical function in COMSOL
mod modulo operation
(nx, ny) normal vector of an edge
(nx, ny, nz) normal vector of a surface
(rx, ry, rz) vector from the reference point to the point under consideration
f vector of force density
m surface torque density
Mfluid reaction of the fluid on the fiber
intop integral function in COMSOL
thickness depth of the model
TFP tailored fiber placement
NiC Ni-Coated
PDMS polydimethylsiloxane
FEM finite element method
FSI fluid–structure interaction
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