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1. Introduction

Low density and high surface-to-volume ratio have made open-
porous metal foams increasingly popular in recent years.[1,2]

These foams mimic the microstructure of
natural materials like trabecular bone[3]

and have a wide range of applications,
including heat exchangers, catalytic coat-
ings, electrodes in batteries, and fuel cells.
Moreover, they are also used as lightweight
construction materials in industries such as
automotive, aerospace, and building protec-
tion, providing a cost- and resource-efficient
alternative to traditional materials.[3–8]

Open-porous metal foams also have poten-
tial applications in energy absorption and
mechanical damping.[7,9] While aluminum
foams have been commonly used in the
past, their production is very expensive,
complex, and not always reproducible
because of casting inhomogeneities.[10]

To create new hybrid materials, different
components with varying properties are
combined to meet multiple specifications
simultaneously. By combining cost-efficient
polyurethane (PU) foam with a thin coating
of mostly nanocrystalline metal, the low-
cost template structure is significantly rein-
forced in terms of mechanical stiffness and

reproducibility. The coating of the open porous foams can be
achieved by various methods,[8] but the galvanic deposition in
particular offers a wide range of controllable parameters for
industrial production. The specific energy absorption capacity
of the developed hybrid foams increases significantly with a
150micro meter thick layer of nanocrystalline nickel (Ni), com-
pared to, for example, regular metallic (Al) foams.[10,11] The
increased stiffness improves compressibility, making hybrid
foams suitable for damping and energy absorption applications,
especially in automotive industry and protective systems. The
reason for their excellent energy absorption capacity is given
by the microplasticity of their struts, which are stochastically dis-
tributed in the open porous foam. Layerwise compression of the
different pore layers within the foam volume increases the dis-
sipation of the mechanical energy during the crash event.[12]

The thickness of the nickel coating is an important parameter
affecting the mechanical behavior of these materials. The varia-
tion of the coating during the manufacturing process requires a
continuous investigation of the local coating thickness along the
sample surface and at varying depths.[13] For studying the thick-
ness and the distribution of the coating layer, a 3D finite element
simulation is required. Using fully resolved, real-world geometry
model of open-cell foams presents several challenges, such as
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Hybrid foams are promising materials for a wide range of applications due to
their high strength and low weight. Due to the manufacturing process, the
material properties are heterogeneous, therefore requiring characterization
methods to quantify local coating layer thicknesses for both research and process
scale-up. Compared to microscopy, remanent magnetic scanning enables shorter
turnaround times for the estimation of coating thickness. This study aims to
improve quantitative characterization with magnetic scanning measurements by
proposing an equivalent model for open-cell hybrid foams. This model helps to
identify possible sources of deviations in the thickness-magnetic correlation that
can occur in hybrid foams. Simulations reveal that several geometrical features
contribute ambiguously to the magnetic field. The level of influence on the
magnetic signal varies depending on the feature under investigation and its
proximity to the surface. High influence is observed for displaced cells in the
depth and vertical struts at varying depths compared to adjacent cells on the
surface. This should be considered when using remanent magnetic scanning for
the quantitative estimation of local coating thickness. In the future, more
experimental data may help to use this approach for quantitative characterization
of layer thicknesses and reduce ambiguity of the measured data.
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creating and connecting mesh elements on strut-coated surfaces.
In many works,[14,15] the high-resolution 3D voxel data was used
to build a numerical model of a small volume cell. This resulted
in a large number of degrees of freedom. Furthermore, this
number increases rapidly when modeling the entire sample vol-
ume instead of using a single-cell model.

The discretization of the model using finite cell method (FCM)
significantly reduces the computation time for voxel models
obtained from CT scans. However, it is not possible to change
the model geometry to study new samples with these models.
The heterogeneous nature of the open-cell foam requires an
automated model that can adapt to any geometry deviation in
the subsequently manufactured samples.

Kunz et al.[13] introduced a simplified numerical model that
allowed the representation of the magnetic properties of the
nickel-coated open-cell foams without the need to explicitly model
the complex geometrical features of the samples. The simulation
results confirmed a possible qualitative estimation of the coating
thickness using the remanent magnetic field scanning. However,
some discrepancies were found when comparing the magnetic
curve from the simulation and the experimental data. Building
on our previous work, the present study discusses possible reasons
for this deviation by iteratively integrating the structural and mor-
phological features of an open-cell sample into the simplifiedmodel
and analyzing their effect on the magnetic signal by comparing the
simulation data with the experimental measurements. Therefore, in
this study, an equivalent model of a hybrid foam is constructed by
replacing the ferromagnetic nickel-coated foams with a set of geo-
metrically predefined permanent magnets. In addition, the pores
between the struts are replaced with air gaps in the model.
Round surfaces and edges are avoided by the choice of magnet
geometry, as these geometries increase the number of mesh ele-
ments and thus the computation time. A better understanding
of the effect of the hybrid foam geometrical features on the mea-
sured magnetic signal is sought, taking into account their proximity
to the evaluation line and the scanned cells. Each feature is inte-
grated separately into the simplified model, and the simulation
results are examined.

2. Experimental Section

2.1. Hybrid Foam Samples

The investigated open-cell hybrid foam samples consists of a
series of structural elements referred to as struts.[16] These struts

forms together the cells that contain the pores. The hybrid foam
struts, as illustrated in Figure 1a, have a random orientation in
the sample, resulting in a stochastic cell and pore size in the three
spatial dimensions. The pore size is also influenced by the coat-
ing process, which in some cases can close the pores completely
(see Figure 1a). The coating thickness varies along the sample as
shown in Figure 1b and can be estimated using the remanent
magnetic scanning method.[17]

The wide range of morphological features in the open-cell
foam samples led to the adoption of an equivalent numerical
model, referred to as the simplified model.[17] The main objective
of this study is to investigate the possibility of detecting various
effects of the hybrid foam geometry in the measured signal and
isolating them from signal information related to coating thick-
ness variations.

2.2. Simplified Simulation Model

The model used in this simulation is constructed from a set of
parametric rectangular cuboid permanent magnets separated
by air gaps. The air gaps represent coating discontinuities
and voids between the struts. The cuboid magnets represent
the nickel-coated struts, which have ferromagnetic properties.
The height of the magnets in the model is dependent on the
thickness gradient from optical measurements of open-cell sam-
ples (see Figure 3 and Table 3). The magnets are modeled in
Comsol software (version 5.6) using its geometry tool, which
allows a flexible adjustment of the cuboid dimensions, orientation
and positions. To study the influence of the selected features of the
hybrid foams, the magnets size, orientation, and position are var-
ied successively as shown in the results section. The parameteri-
zation for the dimensions are given in the respective sections.

2.3. Modeling

The Magnetic Fields, No Currents physic (AC/DC) in Comsol is
selected in the simulation as it is normally used for the calcula-
tion of static magnetic fields such as those generated by the mag-
netized nickel layer.[18] The magnetic field is calculated by solving
Gauss’s law using the scalar magnetic potential Vm.

To study the features influencing the measurement signal in
the method described in ref. [17] the magnetization field with an
intensity of 10 kAm�1 is chosen to have only a vertical compo-
nent. Depending on the type of simulation, the magnetization
vector can be described as follows.

Figure 1. Morphology of a hybrid foam. a) Optical micrograph of the structure of an open-cell foam and its components. b) Schematic representation of
the coating thickness variation from sample outer surface to its center.
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My ¼ 0
10

� �
(1)

Mz ¼
0
0
10

0
@

1
A (2)

where the value in Equation (1) is for the case of 2D simulation
and Equation (2) is for 3D simulation. The magnetic flux density
B can then be calculated using the equation.

B ¼ μ0ðH þMÞ (3)

where B is the vector magnetic flux density, H is the vector mag-
netic field intensity, and M is the magnetization vector. μ0 is the
permeability of free space with μ0 ¼ 4π 10�7 H=m.

2.4. Simulation Verification

As illustrated in Figure 2, the simulation model is constructed
with an air domain containing rectangular coil magnets. The
exterior boundary of the air domain cube is assigned a magnetic
insulation boundary condition. The magnets are set to have a
constant thickness of 1mm. To ensure reliable simulation
results, several parameters are iteratively adjusted, including
the air domain size, mesh density, grid method or discretization
type, and solver settings. This is carried out using a 2D simula-
tion approach due to its lower memory consumption and com-
putation time. Since the static magnetic field is the point of
interest, the simulations are performed using a stationary study.
The size of air domain is investigated as it directly affects the
magnetic field propagation around the magnets.[19] For this pur-
pose, a parametric study is performed by varying the edge length
of the air cube from 50 to 200mm. Throughout this study, the
mesh size in the air domain is kept constant at 0.5 mm, while in
the magnets domain, it is set at 0.02mm. This ensures that the

mesh does not affect the results and allows a more accurate
investigation of the desired parameters. The simulation is
repeated using the infinite domain feature, focusing specifically
on an air domain with an edge length of 100mm and a layer
thickness of 10mm. The comparison of simulation results indi-
cates that utilizing the infinite domain feature eases the impact
from the air domain size on the results. The solution obtained
from the infinite domain function converges to the solution
obtained with significantly larger domain sizes, which requires
an extensive memory usage and longer computation times.
For this reason, the infinite air domain feature is used to study
mesh properties, discretization, and their effect on simulation
results.[20] The triangular mesh size in both the magnets and
air domains is set to “physic controlled-fine” and the discretiza-
tion order is varied from linear to quartic. The magnitude of the
magnetic flux density By is evaluated along the model at distances
of 1 to 5mm. Applying a higher degree of discretization than that
of a linear level results in the generation of a magnetic curve that
is more uniform and smooth. However, once the discretization
reaches a quadratic level, the smoothness remains relatively con-
stant despite a significant increase in the computation
time.[21] Therefore, a quadratic discretization is chosen to study
the influence of the mesh on the results. A mesh refinement
study is selected separately for the magnet and air domains.
The study yields the mesh parameters shown in Table 1 as they
provide reliable simulation results. Examining the effect of mesh
refinement at higher discretization orders reveals that its influ-
ence on improving simulation accuracy is limited.

So far, the out-of-plane thickness in the model has been set
to 1mm, which is applied uniformly to both the magnets and
the air domains. Consequently, the propagation of the magnetic
field in the 2D simulation is limited in the thickness direction.
Since the real magnetic field propagates in the three spatial
dimensions, the subsequent simulations are performed in a
3D space using the previously chosen simulation parameters.

Figure 2. 2D model used for verification analysis.
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The simulations are conducted using a cubic discretization in the
3D model and applying the mesh parameters given in Table 1.
This leads to comparable results as those achieved with higher
discretization level and reduces computation time.

Solver settings are examined and adjusted to achieve a balance
between accuracy and computation time.[22,23] The direct solver
(PARDISO) reaches a converged solution in 1minute and
9 seconds. The iterative multigrid solver takes 2minutes and
13 seconds to reach convergence and delivers highly comparable
results. Therefore, the direct solver (PARDISO) is used in the
following simulations due to its efficiency and ability to provide
accurate results in a shorter computation time.

3. Influencing Features

Several geometrical features influence the mechanical magnetic
behavior of hybrid foams such as pores anisotropy, coating thick-
ness and struts dimension and alignment.[16,24–26] Other geomet-
rical features such as strut curvature, foam topology, and foam
node rounding are mentioned and studied in ref. [26] As the goal
of this investigation is to model the magnetic measurements of
hybrid foam coating thickness, the simplified model presented in
this work does not cover all the morphological features but
focuses on those that are conjectured to influence the magnetic
signal. Some of these features, shown in Figure 3, are as follows:
strut dimensions, which is studied by varying the width of the
magnets; adjacent cell, which is studied with two sets of magnets,
either next to each other or stacked; coating discontinuity, which
is studied by varying the gap distance between magnets; tilt angle
of struts and cell size variation, which is studied by modifying the
tilt angle of the magnets; the alignment of struts on the surface;
and vertical struts in the depth.

The hybrid foam morphological features impact on the signal
is studied by analyzing the difference between simulation and
measurement results. The difference is defined by a deviation
area between the simulation and measurement signal curves
(see Figure 4). It can be observed that the variation in the mea-
surement curve along the measurement line is less than that of
the simulation curve. The simulation curve demonstrates a repet-
itive pattern of maximum and minimum peaks. Both curves are
normalized to their maximum value and studied around these
peaks (a and b regions). The center of these regions corresponds

Table 1. Mesh parameters for 2D and 3D simulation.

Parameter 2D simulation 3D simulation

Magnets
domain [mm]

Air domain
[mm]

Magnets
domain [mm]

Air domain
[mm]

Maximum
element length

0.2 1 0.2 8

Minimum
element length

0.0014 0.002 0.2 1

Growth rate 1.1 1.1 1.1 1.45

Curvature factor 0.2 0.2 0.2 0.5

Resolution narrow
regions

1 1 1 0.6

Figure 3. Selected geometrical features of the open-cell foam sample from ref. [17] and their representation in the simplified model for analyzing their
influence on the magnetic measurement signal.
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to the maxima of the simulation curve for a regions and the min-
ima for b regions. The width of both regions is set to 1mm.
Within these regions, the average of each curve is calculated
and compared to the average of the other curve. The resulting
curve from each feature and its deviation from the measurement
is compared to the simplified model curve deviation.

3.1. Strut Dimensions

In this section, the influence of strut dimensions will be studied.
The model utilized represents a single measurement along the
sample length. Consequently, only struts situated along the des-
ignated measurement line, which is set to 44mm, are modeled.
This means that struts from neighboring regions on the surface
and in the depth are not represented in the initial simulation
model. Moreover, the modeled struts are assumed to have a uni-
form length, width, orientation, and tilt angle (see Figure 3).

The coating thickness gradient is accounted for in the numeric
model by changing the height of the magnetsH (as illustrated in
Table 2). The coordinate x refers to the center of the magnets in
the numerical model, where the evaluated z-component of the
magnetic flux density Bz is at its maximum.

The effect of strut dimensions on the correlation is investi-
gated by applying a parametric study to the model. In this study,
the width of the magnets is varied from 0.5 to 10mm, and thick-
ness is assumed to be equal to the height of the magnets, as
shown in Table 2. The magnetic flux density is evaluated at
1mm from the model surface parallel to the symmetry line of
the magnets where y= 0 (red line in Figure 5c). An additional

evaluation is then carried out parallel to the edge of the magnets
at the same distance (orange line in Figure 5c). Both evaluation
lines have the same length. By comparing the results of the two
evaluation lines, the effect of the measurement position on the
correlation can be examined. Both the calculated magnetic flux
Bz and the thickness profile T are normalized to their respective
maximum values for an efficient analysis and ease of observa-
tions. The normalization is particularly valuable when comparing
results obtained at significantly different evaluation distances, as
the magnetic flux is inversely proportional to the distance from
magnetic field source.

As illustrated in Figure 6a, the simulation results indicate a spe-
cific magnets dimension at which the correlation between coating
thickness and magnetic flux is at its maximum. For the selected
magnet length of 4mm, the highest correlation is observed around
a width of 5mm when the evaluation is selected in the symmetry
plane of the magnets. When the evaluation line is shifted to be
along the edge of the magnets, a reduced correlation is observed
for the width of 5mm, resulting in a decrease in the accuracy of the
thickness estimation. The estimation error in this case is relatively
low for a width of 3mm. Since the orientation, length, and width of
the struts vary along the surface of the sample, the measurement
line will experience a continuous transition from the symmetry line
to the edge line, and thus, the correlation value will fluctuate
depending on the value of the measured magnetic flux.

3.2. Adjacent Cells

In the following simulations, the evaluation is performed in the
symmetry plane in order to obtain the maximum Bz and a better
correlation. The simulation model is modified to match the sam-
ple length and thickness measurement points by setting each
magnet length to 3mm and width to 5mm. The measurement
signal is obtained by scanning a hybrid foam sample with the
coating thickness T presented in Table 3 along with the selected
magnets height H in the simulation. The investigated sample

Figure 4. Magnetic field curve from the simulation of the simplified model compared to measured values from the remanent magnetic scanning. Both
simulation and measured values are normalized to their maximum. a) The simulation and magnetic curves with the highlighted a regions. b) The curves
with the highlighted b regions.

Table 2. Variation of magnet height H in the simulation at specific points
x along the evaluation line.

x [mm] �20 �15 �10 �5 0 5 10 15 20

H [μm] 1000 400 300 250 200 250 300 350 700
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length is 40mm, and the pore size is 10 ppi. The model total
length is set to start with 39mm and is varied according to
the investigated feature.

The investigation of the influence of adjacent cell struts that
are located on the sample surface is achieved by adding an addi-
tional set of magnets with the same thickness profile. These mag-
nets are shifted by bxy distance from the original model along the
y-axis and have the same length, width and height as the original
magnets (see Figure 7a). The distance between the two sets of
magnets bxy is varied using a parametric study. The purpose
of this study is to understand how the proximity of adjacent struts
affects the overall measured magnetic flux density. The overlap

between the field lines of neighboringmagnets is strongly depen-
dent on the distance between them, since the magnetic flux den-
sity is inversely proportional to the distance from the field source.

Adding the second set of magnets results in a decrease in the
magnetic flux density. This reduction is primarily related to the
common magnetization direction of the magnets, which results
in the magnetic fields of the two sets opposing each other at the
measurement region. The impact of this set on the deviation
from the measurements is illustrated in Table 4 and 5. The sim-
ulation results indicate a notable decline in the magnetic flux pro-
duced by the adjacent struts when the value of bxy exceeds 5mm.
The impact of the additional magnets results in an enhancement
of the correlation between simulation and measurement curves
in the vicinity of the model central region x=�2mm for a
regions. In b regions, the additional set leads to reducing the
alignment with the measurements, thereby producing a greater
deviation as in the simplified model. In a subsequent simulation,
a set of magnets is integrated into the simplified model in the
depth along the z-axis with bxz= 1mm. The thickness of the
added magnets is set to the same value as the surface thickness,
as the coating process ensures a relatively constant thickness
along the sample depth[13] and the distance bxz is varied from
1 to 5mm. The aligned magnetization direction of both surfaces
and depth magnets results in an increase in the evaluated

Figure 5. Magnet width variation in the simplified model. Depicted are exemplary variations of the width of a) 0.5 mm, b) 5mm, and c) 10mm.

Figure 6. Simulation results of models with various magnet widths compared to the coating thickness curve (green line). The evaluation is carried out at a
z-distance of 1 mm above the magnet surface. The evaluation is conducted at two different positions: a) along y= 0 and b) along the edge of the magnet.
Tn refers to the coating thickness and Bz norm the magnetic flux density; both are normalized to their maximum value.

Table 3. The measured coating thickness T and the magnets height H
along the evaluation line.

x

[mm]
�18 �14 �10 �6 �2 2 6 10 14 18

H

[μm]
1000 400 300 250 240 250 260 280 380 700

T

[μm]
184.02 73.37 56.13 47.53 45.73 45.11 48.36 52.77 70.63 132.42
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magnetic flux within the model. By normalizing this flux to its
maximum value, it can be seen that the influence of magnets in
the depth decreases for relatively high bxz values. As illustrated in
Table 4, the impact from the magnets in the depth is the lowest

around the middle regions x=�2mm where the thickness is
low and around the left edge of the model x=�18mm where
the thickness is at its maximum. For b regions, the correlation
improvement is observed for low bxz values, with the greatest

Figure 7. Adjacent cells’ influence in the simulation model. a) Added set of magnets in the xy-plane. b) Added set of magnets in the xz-plane.

Table 4. Mean values of magnetic field in the simulation and measurement curve for features in a regions.

Distance [mm] mean of values of Bz [%] within x� 0.5 [mm]

�18 �14 �10 �6 �2 2 6 10 14 18

Measurement

80.56 59.18 41.78 26.56 22.13 27.19 31.66 33.71 62.71 81.57

Simplified model

95.96 37.91 28.91 24.46 23.88 25.14 25.91 27.13 37.15 73.03

bxy Adjacent cells on the surface

1 95.63 34.18 25.70 21.67 21.20 22.65 23.47 23.96 33.86 72.46

3 95.82 35.96 27.10 22.83 22.25 23.68 24.57 25.27 35.33 72.80

5 95.86 36.76 27.75 23.38 22.74 24.17 25.07 25.86 35.94 72.89

bxz Adjacent cells in the depth

1 96.58 46.02 33.86 28.55 27.56 29.11 30.33 31.48 43.40 76.64

3 96.50 42.85 32.05 26.86 25.89 27.30 28.43 29.83 40.87 74.44

5 96.24 40.92 31.06 26.08 25.16 26.51 27.61 28.89 39.30 73.68

dxz Adjacent cells in the depth with a displacement

1 95.76 48.20 34.33 28.51 27.31 28.80 29.97 30.98 42.18 77.47

3 95.98 58.94 42.71 34.14 31.86 32.90 34.28 35.61 46.16 85.97

5 96.30 60.27 50.70 38.08 34.62 35.25 36.62 38.00 48.44 88.74

Coating discontinuity

0.5 97.87 35.61 26.23 22.04 21.48 22.87 23.70 24.38 34.60 73.25

0 98.37 34.96 25.32 21.21 20.70 22.09 22.90 23.53 33.89 73.25

Tilting in þ45°/�45°

85.67 38.79 27.22 23.00 23.38 23.40 23.19 27.56 38.31 65.60

hxz Struts alignment on the surface

0.1 95.75 42.02 28.34 26.81 24.58 27.53 23.99 32.26 38.46 78.72

0.3 95.49 51.47 26.99 32.40 23.54 33.12 22.87 38.93 36.98 92.18

0.5 85.35 56.08 22.96 34.96 20.05 35.58 19.33 41.95 31.65 96.62

rxz Vertical struts in the depth

1 96.46 41.12 31.22 26.52 27.16 27.46 27.37 33.27 43.36 76.50

0 97.53 40.57 31.02 26.34 27.11 27.39 27.07 33.03 43.24 79.59
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influence occurring near the edges of the model x= 16 and
x=�16 (see Table 5). Given the variability in the dimensions
of the sample cells, the strut position in the depth can be adjusted
along the x-axis, relative to the struts on the surface (Figure 7b).
To investigate the effect of these struts, a series of simulations is
conducted with a varied displacement dxz added to the magnets
in the depth along the x-axis. This displacement was initiated at a
value of bxz= 1mm and incrementally increased up to 5mm.
The simulation results (see Table 4 and 5) show a notable reduc-
tion in the deviation areas in both the a and b regions. Less devi-
ation is noticed for magnets in the depth with high displacement
values for both regions and the majority of x values. This indi-
cates that the incorporation of the displacement enhances the
correlation between the simulation and measurement curves,
thereby increasing the reliability of the model. Nevertheless,
more deviation is evident between x=�6 and x= 2mm in a
regions and low influence at the highest thickness of the model
on the left edge x=�18mm. This can be attributed to one of the
following aspects of the sample: 1) In these regions, the struts in

the depth are perfectly aligned with the ones on the surface, cre-
ating perfectly lying struts in the depth under the scanned sur-
face. This phenomenon may occur when the cells on the surface
and in the depth in the surrounding region and within this area
are of comparable dimensions and tilt angles. 2) The depth of the
struts below the surface is relatively high. Consequently, the con-
tribution of the magnetic field of the shifted deep struts to the
signal is reduced, as they are situated at a considerable distance
from the surface and the measuring probe. This may be attrib-
uted to the presence of large cells on the surface. 3) A coating
discontinuity or voids in some depth regions which will be dis-
cussed in the following section.

3.3. Coating Discontinuity

The separation of the magnets in the simplifiedmodel represents
a discontinuity in the nickel coating. Such discontinuities can be
attributed to structural defects in the sample, such as missed cell
struts. In addition, the pores or air gaps also represent coating

Table 5. Mean values of magnetic field in the simulation and measurement curve for features in b regions.

Distance [mm] Mean of values of Bz [%] within x� 0.5 [mm]

�20 �16 �12 �8 �4 0 4 8 12 16 20

Measurement

94.42 58.64 50.34 37.27 24.04 22.61 28.63 31.11 48.98 65.31 59.22

Simplified model

22.71 28.94 8.86 6.54 5.72 5.97 6.39 6.58 8.71 21.32 16.13

bxy Adjacent cells on the surface

1 21.40 24.34 5.79 5.17 4.76 4.65 4.81 4.90 5.78 17.27 16.79

3 21.71 26.72 6.34 4.74 4.08 4.08 4.31 4.49 6.52 19.21 16.47

5 22.11 27.65 7.28 5.07 4.43 4.74 5.06 5.39 7.62 20.20 16.30

bxz Adjacent cells in the depth

1 27.23 40.43 17.57 12.99 11.44 11.72 12.37 12.91 16.66 32.14 20.08

3 25.28 35.94 14.82 10.92 9.45 9.71 10.26 10.84 14.12 27.68 18.19

5 24.24 32.79 12.55 9.29 8.10 8.21 8.71 9.24 12.16 24.83 17.16

dxz Adjacent cells in the depth with displacement

1 23.05 43.80 20.68 14.96 12.91 12.95 13.66 14.38 17.15 32.39 26.67

3 21.33 47.76 28.38 18.65 15.35 14.86 15.61 16.39 18.80 34.13 33.48

5 22.15 35.54 33.99 23.27 17.80 16.36 16.24 17.17 20.07 33.74 32.04

Coating discontinuity

0.5 38.19 55.31 23.79 18.80 16.93 17.20 17.99 18.73 23.09 43.55 28.24

0 43.99 65.47 29.58 23.53 21.17 21.51 22.54 23.41 28.62 52.17 32.65

Tilting in þ45°/�45°

32.04 24.46 20.90 5.09 14.26 4.92 14.29 5.33 22.22 17.80 22.67

hxz Struts alignment on the surface

0.1 24.37 31.89 10.29 7.60 7.04 7.23 7.02 7.83 11.25 23.98 17.28

0.3 27.30 37.61 13.03 9.77 8.93 9.27 9.00 10.02 13.98 28.70 20.33

0.5 27.75 39.05 14.48 10.71 9.81 10.15 9.81 10.90 15.02 30.08 21.07

rxz Vertical struts in the depth

1 49.67 40.29 19.32 15.38 14.60 15.26 15.27 16.94 22.61 34.33 32.28

0 88.18 60.52 30.39 24.50 23.39 24.54 25.08 27.25 38.22 49.48 68.33

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2025, 2402034 2402034 (8 of 12) © 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adem

.202402034 by Fraunhofer IZ
FP, W

iley O
nline L

ibrary on [19/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


discontinuities that can be observed on the sample surface or in
its depth (see Figure 1). The size, position, and distribution of
these breaks or gaps exert a crucial influence on the overall mag-
netic flux of the sample, as well as on the overlapping nature of
the magnetic field lines around these gaps.

A distinct difference between simulation and measurement
curves is the presence of magnetic flux minima in the air gap
regions between magnets in b regions (see Figure 4b). The mag-
netic field lines in these regions overlap and yield to the negative
z direction opposing the magnetization direction of the magnets.
This configuration results in a reduction of the calculated mag-
netic flux value between the magnets in the model. As it has been
previously established, a displacement of the magnets in the
depth leads to a slight reduction in the deviation observed in
b regions.

An additional modification to the simulation model is imple-
mented by reducing the size of the air gap, thereby aiming for a
better alignment between the simulation and measurement
curves. As demonstrated in Table 4, the influence from reducing
the gaps between the magnets is constrained at the central region
of the model at the a regions. As presented in Table 5, reducing
the air gaps leads to improve the alignment of the simulation and
measurements curves in b regions significantly. On the other
hand, the deviation in a regions is slightly increased

Moreover, the stochastic orientation of the struts on the sur-
face of the sample precludes the possibility of avoiding pores dur-
ing the measurements.

3.4. Tilted Struts

The previous variation of the simplified model resulted in an
enhanced convergence between the simulation and measure-
ment curves. A relatively large deviation persists around the
edges of the model at x=�18 and x=�20, 16, and 20mm.
Previous models have operated under the assumption that all
struts are parallel and have the same distance from the evaluation
line. However, microscopic examination of the samples reveals a
range of cell sizes and strut tilt angles. To gain a deeper insight
into the impact of the tilt on the magnetic signal, a simulation of
a permanent magnet with varying tilt angles around the y-axis is
conducted (Figure 8). The results indicate a reduction in the mag-
netic flux density of ≈50% for a tilt angle ranging from 0° to 45°
(see Figure 8a,b). A further tilt from 45° to 90° reveals a slight
increase in the magnetic flux density as illustrated in
Figure 8c. In each simulation, the magnetic flux is evaluated
at a distance of 1 mm from the surface of the magnet.

Subsequently, the tilt is incorporated into the simplifiedmodel
by rotating the magnets in the simplified model around the
y-axis. The angle of the tilt is selected as þ45/�45° for the mag-
nets, as illustrated in Figure 9, to examine two scenarios of tilting
in a sample that normally exhibits a stochastic orientation and tilt
angles.

The simulation results indicate that the maximum magnetic
values of the tilted struts are slightly shifted depending on the
direction of the tilt. This implies that the residual deviations
can be attributed to the varying angles of tilted struts. For a
regions, as it can be observed in Table 4, a significant decrease
in the deviation compared to the simplified model is evident at
the model edge where x=�18mm. An increase in the deviation
is realized in distant regions from this edge. For b regions, a con-
secutive increase and decrease of the deviation are noticed along
the model (Table 5). This implies that the alteration in struts tilt
angle can impact the measurement signal by shifting the maxi-
mum of the magnetic field and consequently affecting the dis-
tance between the titled struts and the measurement probe.

3.5. Struts Alignment on the Surface and Vertical Struts

A microscopic examination of a sample side section shows a var-
iation in the alignment of the struts on the surface. This indicates
that the distance between the scanned struts and measuring
probe varies along the length of the sample. For representing
this surface feature, the magnets with the center coordinates
(�18,�10,�2, 6, and 14) in the simplifiedmodel aremoved along
the z-axis by hxz (Figure 10a). Three values of hxz are tested, and
the resulting deviation is compared with the simplified model
deviation, as detailed in Table 4 and 5. Due to signal normaliza-
tion, the alignment impact is influenced by the neighboring mag-
nets and their heights. As a result, the correlation of the curves is
enhanced around some a regions, especially x=�14mm at an
alignment of hxz= 0.5mm and x= 18mm at hxz= 0.1mm.
A decrease in the deviation in comparison to the simplified model
is noticed in all b regions when the alignment is adjusted in some
magnets in the model. The deviation decreases more at higher
values of hxz, particularly near the left edge of the model
x=�16mm.

An additional form of cell geometry variation involves the ver-
tical struts in a close proximity to the surface that are extending
into the depth of the sample (Figure 10b). These struts are con-
nected to the nodes situated between the struts on the surface of
the sample. The investigation of their effect on the signal is car-
ried out by introducing a set of vertical magnets in the depth and

Figure 8. The magnetic flux density and field lines in the xz-plane for a model with a single magnet and various tilt angles. a) Tilt angle of 0°. b) Tilt angle of
45°. c) Tilt angle of 90°.
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with an identical thickness to those on the surface of the simpli-
fied model. The added magnets are situated in the interstitial
regions (gaps) between the pre-existing magnets. The distance
between the added magnets and the pre-existing ones rxz is var-
ied. As demonstrated in Table 4 and 5, the incorporation of ver-
tical magnets provide a better correlation of the curves,
particularly when the magnets are situated in closer proximity
to the evaluation line. The greatest impact of the additional mag-
nets is observed on the right edge of the model (x= 18mm) for
the a regions. In the b regions, the additional magnets lead to
notable improvements in the correlation of the curves along
the model, particularly when the vertical magnets are situated
in close proximity to the evaluation line.

The results from all previous simulations are presented in
Table 4 and 5. These tables present the mean values of the mag-
netic flux density Bz at a and b regions for a range of proximities.
The mean is calculated for the magnetic flux density following a
normalization to its maximum value. This is applied to the data
from previous models that are created for each investigated fea-
ture, in addition to the simplified model and measurement data.

4. Discussion

The mechanical properties of the coated open-cell foam depend
on the coating thickness and its gradient. As it has been pre-
sented in ref. [14], the mechanical load is carried out by the

coated layer, and hence, identifying and locating inhomogenei-
ties in the thickness is significant for accurately defining the sam-
ple properties and improving the overall manufacturing quality.
The remanent magnetic field scanning of the hybrid foams[17]

provides a semi-automated method for obtaining useful informa-
tion about the homogeneity of the coating and the coating thick-
ness gradient. The experimental data are validated with the
simulation results of a simplified numerical model. This study
applies a series of variation on the simplified model to analyze
which specific geometrical feature affects the magnetic signal
and analyze the magnitude of the impact of these features on
the magnetic signal. The investigation is performed at varying
distances from evaluation line to examine the impact of features
proximity to the surface on the signal. This impact is defined by
the level of correlation between the simulation and measurement
curves at specific regions along them. The investigated features
are revealed through a microscopic examination of five coated
open-cell hybrid foam samples.

As illustrated in Table 4, the mean value of the normalized
magnetic field within a regions exhibits similarities for some fea-
tures. For example, the mean value of Bz at x=�14mm is ≈35%
for adjacent cells on the surface and coating discontinuity.
Furthermore, several features result in a magnetic flux density
of ≈75% at x= 18mm as for adjacent cells in the depth and
struts alignment on the surface at 0.1 mm. By calculating the
deviation between the calculated and measured values, as illus-
trated in Figure 11a, it can be observed that the largest deviation
from the measurements is present at the left edge of the model,
where the value of the magnetic field and the layer thickness are
higher compared to the central regions and at x= 14mm. Low
deviation at x= 10mm is achieved through the utilization of the
struts tilting model, adjacent magnets with a displacement and
vertical magnets near the surface. At x= 14mm, less deviation is
obtained by the model with magnets in the depth and a displace-
ment distance of 5 mm. For x=�14mm, a low deviation can be
achieved by adding a misalignment of 0.3mm to the surface
magnets or adding adjacent magnets in the depth with a displace-
ment of 5 mm.

A comparison of dxz1 and dxz5 reveals that for this feature, the
impact on the signal increases at higher displacement values
around the edges of the model. The central region deviation,
between x=�6 and x= 10mm, is low for vertical magnets in
the depth, adjacent magnets in the depth, tilted magnets, and
adjacent magnets in the depth with a displacement of 1 mm.

Figure 9. Model with tilted magnets around the y-axis in angles of
þ45° and �45°.

Figure 10. a) A model with a varied alignment of the magnets. The amount of alignment variation is referred to as hxz. b) A model with additional vertical
magnets in the depth. The distance between vertical and surface magnets is referred to as rxz.
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For b regions, as given in Table 5 the model with vertical mag-
nets in the depth at rxz= 0mm exhibits the least deviation for the
majority of b regions. The coating discontinuity model provides
comparable Bz values to those observed in the measurement
around x=�16, �8, �4, and 0 and the lowest deviation value
for x= 16mm. Furthermore, similar to the a regions, increasing
the displacement of the magnets in the depth results in enhanced
alignment around themajority of x values except for x=�16 and
16mm. The alteration remains relatively minor for these x val-
ues. Finally, based on the results presented in Table 4 and 5, an
empirical model with a combination of features with a low devi-
ation from measurement data is created. In this model, 10 mag-
nets of varying length are incorporated along the evaluation
line, with length ranging from 5 to 2.5 mm. The magnets posi-
tioned on the edges of the model are tilted in �10 degrees.
Furthermore, five additional vertical magnets are incorporated
into the model at varying depths and in different tilt angles at
x= �22, �12, �6, 4, and 16mm. The combination of several
features with low deviation values into one model allows a nota-
ble reduction in the deviation area between the measurement
and simulation curve as shown in Figure 11b. The position of
the peaks in the simulation curve around x=�22 to �18 and
x= 14 to 18mm can be optimized by iteratively altering the tilt
angle of edge magnets. The simulation results of the previously
investigated models (see Table 4 and 5) suggest a similar influ-
ence of multiple features in some regions on themagnetic signal.
Therefore, a model comprising an alternative feature combina-
tion may provide comparable results as to those observed in
Figure 11b resulting in ambiguities for prediction of geometrical
features. This finding has several implications for the interpre-
tation of simulation results and, subsequently, measurement
signals. Ambiguities will prevent the deduction of certain mor-
phological features. This complicates the process of quantita-
tively analyzing the measured signal and distinguishing
between the thickness information and all superposing geomet-
rical features. In the future, a more extensive set of experimental

data with similar thickness profile and different geometrical fea-
tures is needed to validate the simulations and provide more
insights into the possibility to use magnetic scanning measure-
ments for quantitative analysis.

5. Conclusion

The complexity of the interplay between the selected geomet-
rical features influence on the magnetic characterization of
hybrid foams was shown with the variation of a simplified
numerical model. Several independent features showed simi-
lar effects on the magnetic field, yielding ambiguities in the
interpretation. According to the simulations, attributing the
signal change in some regions to a specific geometrical feature
including the local thickness variation is therefore not possible
without an additional validation method. In order to experi-
mentally quantify the local thickness of a coating using the
magnetic signal from remanent field scanning, it is necessary
to examine the scanned sample microscopically. Based on
these information, the simplified model can be modified
and assist in quantifying the underlying thickness distribution
of samples. In summary, the remanent magnetic scanning
method and the simplified model still provide a qualitative
and fast approach for the estimation of the thickness gradients
along the sample assuming the geometrical features of individ-
ual samples are relatively homogeneous. In the future, to
extend this method and enable comparison between different
samples, more experimental data and a systematic study of
overlapping features are needed.
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