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Abstract: The increasing application of fiber-reinforced polymer (FRP) composites neces-
sitates the development of composite structures that exhibit high stiffness, high strength,
and favorable failure behavior to endure complex loading scenarios and improve damage
tolerance. Achieving these properties can be facilitated by integrating conventional FRPCs
with metallic materials, which offer high ductility and superior energy absorption capa-
bilities. However, there is a lack of effective solutions for the micro-level hybridization
of high-performance filament yarns, metal filament yarns, and thermoplastic filament
yarns. This study aims to investigate the hybridization of multi-material components at the
micro-level using the air-texturing process. The focus is on investigating the morphological
and the mechanical properties as well as the damage behavior in relation to the process
parameters of the air-texturing process. The process-induced property changes were evalu-
ated throughout the entire process, starting from the individual components, through the
hybridization process, and up to the tape production. Tensile tests on multifilament yarns
and tape revealed that the strength of the hybrid materials is significantly reduced due to
the hybridization process inducing fiber damage. Morphological analyses using 3D scans
and micrographs demonstrated that the degree of hybridization is enhanced due to the
application of air pressure during the hybridization process. However, this phenomenon is
also influenced by the flow movement of the PP matrix during the consolidation stage. The
hybrid laminates exhibited a damage behavior that differs from the established behavior of
layer-separated metal fiber hybrids, thereby supporting other failure and energy absorption
mechanisms, such as fiber pull-out.

Keywords: metal fiber hybrids; homogeneous fiber hybridization; morphology characterization;
mechanical characterization; damage behavior

1. Introduction
1.1. State of the Art

Various methods have been investigated to improve the damage tolerance and energy
absorption of fiber-reinforced plastics, including the improvement of matrix toughness [1],
the hybridization of fibers [2], and the development of 3D composites [3]. In this study,
a hybridization approach is pursued to improve the failure behavior by incorporating
ductile metal material into the laminate. A well-known hybridization approach from this
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category is macroscopic hybridization on the laminate level, which systematically combines
alternating layers of metal sheets and fiber-reinforced plastics (FRPs). These laminates are
called fiber-metal laminates (FMLs) [4—-6]. However, the layer-by-layer arrangement of
FMLs can cause stress concentrations at the interfaces between aluminum foil and fiber-
reinforced composite layers, leading to delamination and premature failure [7,8]. This is due
to poor interlayer adhesion and low shear stress transferability at the small, constrained
interfaces. Improving these interfaces typically requires costly surface treatments like
sandblasting, etching, coating, or plasma-based methods [9-11]. High shear stresses during
deformation further limit FMLs” applicability for complex geometries. Additionally, FMLs
pose economic challenges due to labor-intensive lay-up steps, expensive robotic techniques,
costly autoclave processing, long processing times, and significant joining efforts [12]. A
further development of this concept, where metal sheets are replaced by metal fibers, so-
called metal-fiber hybrids (MFHs), can offer additional advantages. The use of metal fibers
instead of sheets allows the application of manufacturing techniques commonly used in
fiber-reinforced composites, such as compression molding and vacuum infusion, facilitating
the production of more complex structures [13,14]. In addition, due to the significantly
larger contact area, the interface between the different reinforcing fibers and the matrix
is not problematic [15,16]. There are various investigations on combinations of ductile
metallic fibers and conventional high-performance fibers in thermoset or thermoplastic
matrices [6,12,17-27]. The improvements in the mechanical material behavior of this MFH
can be attributed to the failure mechanism of the hybrid laminate. The ductile material
behavior of the metallic fibers allows for further load carrying after the brittle failure of
the classical reinforcement component—the so-called initial failure. The performance of
the metal fiber hybrid composite, especially in post-failure behavior, depends primarily on
the properties of the constituents and their composition. Although most studies on MFHs
focus on a layer-separated hybridization concept, in principle, there are three general levels
of hybridization (see Figure 1) [14].
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Figure 1. Three general levels of hybridization for laminated composites, according to [14].

The drawbacks of MFHs arise from the stiffness differences between metal fibers and
the matrix, leading to micromechanical stresses in transversely loaded structures. Especially
for layer-separated hybridization concepts, which result in locally dense packing of metal
fibers with resin-rich areas surrounding them, the effects of micromechanical stresses lead to
influences on the corresponding shear and transversal tensile behavior of FMHs. Moreover,
under realistic stress conditions with local stress peaks, plastic necking of the steel fibers
occurs only in locally limited areas, causing local fiber detachment. Due to the layer-
separated MFH concept, these local fiber detachments rapidly grow into delamination
between the metallic reinforced layers and the conventional reinforced layers [19]. In
accordance with the size of the local delamination, enhancements in energy absorption can
only be achieved with higher metal fiber contents. MFHs with a small metal fiber volume
often exhibit brittle failure in the material behavior [19].
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1.2. Challenge

By developing an MFH with hybridization based on micro-level mixing, the disad-
vantages of the layer-separated MFH concept can be improved. Compared to the layer-
separated MFH concepts, the homogeneous dispersion of steel fibers and high-performance
filaments can reduce morphologically induced local stress concentrations. In addition, local
fiber detachment due to plastic necking is not expected to lead directly to delamination for
a hybrid on the micro-level [17]. Furthermore, the close proximity of different fiber types in
highly dispersed MFHs enables a more homogeneous load transfer and activates additional
failure and energy absorption mechanisms, such as fiber pull-out [17]. For the manufac-
turing of highly dispersed MFHs, typically, hybrid yarns are needed. There are numerous
basic technologies for producing hybrid yarns, including friction-spun staple fiber hybrid
yarns, ply yarns, carded yarns, twisted yarns, and commingling yarns [13]. A promising
approach is the hybridization of yarns using air jet technologies [28]. The air jet texturing
process involves the mixing and twisting of filaments by feeding them through an air jet,
creating alternating compact and open yarn structures. The properties of the resulting
yarns depend on several factors, including the process parameters, nozzle geometry, and
the characteristics of the filaments used [29]. However, research has mostly focused on the
combination of two classic FRP materials, while the manufacturing of hybrid yarns from
metal, high-performance, and thermoplastic filaments has hardly been investigated [30-32].
Therefore, the development of multi-material hybrid yarns with homogeneous mixing of
metal and high-performance fibers is a challenging task. This particularly applies when
regarding the processing of fiber components with different properties, such as bending
stiffness and density. In addition, hybridization with air jet technology is accompanied
by process-related fiber damage and undulation, which counteract the advantages of the
homogeneous mixed hybridization partners for the material concept of MFHs.

1.3. Objective

The objective of this study is to examine the morphological and mechanical charac-
teristics of a multi-material hybrid yarn as well as its laminates, comprising glass, steel,
and polypropylene (PP) filament yarns with micro-level hybridization. Hybrid yarns are
manufactured using an air jet technology-based process. The laminates are manufactured
via thermoforming in a heat press. In a previous paper [33], the adaption of air jet texturing
technology as well as the development of multi-material hybrid yarns from glass, steel,
and polypropylene was reported. This study focuses on investigating the process-related
changes in properties throughout the manufacturing process, from the initial properties
of the individual filaments to the hybridization process and finally to laminate manufac-
turing. The tensile properties, morphological properties, degree of damage, and degree of
undulation of the different yarn and tape structures are analyzed and evaluated based on
selected process parameters of the air jet texturing process.

2. Experimental Setup and Methodology
2.1. Materials

The production of the multi-material hybrid yarns involved the use of stainless-steel
(SF), glass (GF), and polypropylene (PP) filament yarns. The properties of these filament
yarns are presented in Table 1. The GF and PP yarns were employed in their original state,
while the SF yarn was created through the combination of ten stainless-steel monofilaments.
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Table 1. Filaments yarns used for manufacturing hybrid yarns.

Glas Fiber (GF) Steel Fiber (SF) PP Fiber (PP)
P-D Glasseiden GmbH Oschatz, Heinrich Stamm GmbH, Griiner Chemosvit Fibrochem, s.r.o,
Supplier Wellerswalder Weg 17, D-04758 Talstrafie 125 Stdrova 2/101, 059 21 Svit,
Oschatz, Germany 58644 Iserlohn - Germany Slovakia
Product label EC9 1.4301 Prolen H EC 330/200
Density [g/cmg] 1.77 7.95 £ 0.01 0.89
Diameter [um] 8.5 +1.09 59.4 +1.29 15
Melt-Flow-Rate-Index [g/10 min] - - 25

2.2. Hybridization

The hybridization was carried out using an air jet texturing machine (type RMT-D,
Stdhle) to produce multi-material hybrid yarns from stainless-steel (SF), glass (GF), and
polypropylene (PP) filament yarns (see Figure 2).

Yarn take
off : :

Temco LD
air jet nozzle

Feeding roller

Pre tension
roller

Temco LD d
air jet nozzle ‘

T

as
SF PP GF

Figure 2. Manufacturing hybrid multi-material yarns using air jet texturing machine along the
direction of the arrow.

These single-component yarns were fed separately via godet pairs and aerodynami-
cally blended using a mixing air jet nozzle (Temco LD 32.04). This setup facilitated filament
opening by overfeeding the filaments (7% overfeed). Various hybrid yarns were produced
by varying the air pressure from 2.0 to 5.0 bar at a constant feed speed of 30 m/min. The
yarns we produced had a theoretical fineness of 490 tex with a weight ratio of 43/43/14
for the SF, GF and PP, components. Hot air (180 °C) was used to reduce the viscosity of
the sizing on the GF filaments to facilitate their separation. As a reference, hybrid yarns
have been produced that represent a “SidebySide” approach (SBS). They have been made
by simply fusing the single-component yarns together to form a hybrid multifilament yarn.
As these hybrid yarns are not treated by the air jet texturing machine, they are not accom-
panied by hybridization process-related fiber damage and undulation. Therefore, the SBS
configurations are suitable as a comparison partner. All yarns aim for a steel fiber volume
fraction of 18.2 vol.%, a glass fiber volume fraction of 40.4 vol.%, and a PP volume fraction
of 41.4 vol.%. Table 2 summarizes the hybrid yarns produced under various processing
conditions using the conventional air-jet texturing machine.
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Table 2. Overview of the manufactured hybrid multifilament yarns.

Fineness of Filament Yarns (tex) Overfeed Air Pressure Linear Density of
Label .
abe SF GF PP (%) (bar) Hybrid Yarn (tex)
SBS - -
2 bar 7 2
3 bar 1 x 225 3 x 68 2 %33 7 3 422
4 bar 7 4
5 bar 7 5

2.3. Tape Manufacturing

MFH tapes were produced using a specially designed winding unit in combination
with a press tool adapted to the tape geometry (see Figure 3a). The hybrid multifilament
yarn was fed to the winding unit through a yarn guide, which allowed for the systematic
positioning of the hybrid yarns. The winding unit consisted of a frame and two winding
shafts. The winding shafts were provided with slots and allowed the hybrid yarns to be
deposited in a targeted manner. A pre-tension device ensured that the winding shaft could
move inwards during the pressing process to prevent the fibers from tearing and to apply a
targeted pre-tensioning force. Silicone pads were used to balance the different tensions of

the individual hybrid yarns.
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Figure 3. (a) Winding unit and press tool adapted to the tape geometry, (b) process overview of the
tape manufacturing, and (c) time-temperature profile of the press process.

The manufacturing process is shown in Figure 3b. Eight windings were used for each
tape. The distance between the windings was 1.12 mm. After winding, a pressing process
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was carried out to produce the samples. This was achieved using a specially designed
pressing tool consisting of a base plate and a press stamp. Analog to the winding unit,
the base plate and press stamp have slots into which the hybrid yarns are pressed when
the pressing tool is closed. The UD tapes were consolidated using the P300 PV thermal
laboratory press from COLLIN Lab & Pilot Solutions GmbH (Gewerbestrafse 11, 83558
Maitenbeth, Germany) at a temperature of 210 °C and a pressure of 65 MPa. The used
time—temperature profile is shown in Figure 3c.

2.4. Mechanical Characterization

Mechanical characterization was carried out in parallel to the production process of
the hybrid tapes and refers to the single filaments before hybridization, to the hybrid yarns
after hybridization, and to the hybrid tapes after laminate production. The mechanical
characterization of the single filaments was carried out by single-filament tensile tests.
The stress—strain behavior of single GF filaments were tested using the Vibromat ME
from Textechno, Monchengladbach, Germany. The tests were performed according to
DIN EN ISO 5079 [34]. A test length of 20 mm, a crosshead speed of 0.15 mm/s, and a load
cell of 100 N were used. The tensile tests on the stainless-steel filaments were conducted
using a modified hydraulic tensile testing machine (Zwick Roell HTM 5020) (see Figure 4a).
For these tests, specimens with a total length of 160 mm and a gauge length of 100 mm
were tested with a crosshead speed 1 mm/s. To simplify specimen handling and to avoid
clamp breakage or slipping, the specimens were provided with 30 mm end taps made of
adhesive tape. Deformation was measured using a high-speed camera system combined
with optical motion tracking of the clamping devices. Force measurement was performed
with a piezoelectric load cell calibrated to 50 N. The test result for the SF, GF and PP
filaments were analyzed on basis of 50 single filament tests. The mechanical properties of
the multifilament yarns were evaluated using an identical test setup and specimen size as
the ones employed for the single-filament tests. The calibrated range of the piezoelectric
load cell was modified to 1 kN for force measurement for these tests. For each hybrid yarn
configuration, 30 specimens were tested.

(" JmaceCenes )
Image Series

Camera

Strain State Series

.-

L
Stress-Strain-

Behavior

100
160

@Test Machine Sensors ;
v F Specimen data: “ :
'/_ + Thickness |:> LI

Figure 4. (a) Test setup for single and multifilament testing; (b) setup for laminate testing.

For the mechanical characterization of the MFH tapes, we performed a tensile test
according to DIN EN ISO 527 [35] using a servo-electric testing machine of the type
Zwick/Roell Z250 (Shanghai, China) (see Figure 4b). The specimens were fitted with end
tabs to enhance load application by the hydraulic grips of the test machine. A load cell with
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a calibrated range up to 10 kN was used to measure the force, while a three-dimensional
digital image correlator (DIC) was applied to record the specimen strain. Data acquisition
started when the force exceeded a threshold of 10 N and stopped when it fell below this
threshold. Eight specimens were tested for each MFH tape configuration. All tests were
conducted under laboratory conditions at a room temperature of 23 °C. The forces and
deformations were analyzed using engineering stresses and strains. Additionally, the
stress—strain behavior of all hybrid yarns and tapes was analyzed with regard to their
characteristic properties (see Figure 5).

initial failure g . Stiffness (linear regression within 0.05

and 0.10 % of the nominal strain)

c,.. . Yield stress (stress at a plastic strain
threshold of 0.2 %)

Oini - Stress at Initial failure

8.  Elongation at break

U:  Energy absorption in the post failure

— ——>
15ini: Sp ! €

Figure 5. Qualitative stress—strain behavior of SCFRP, including its characteristic properties.

2.5. Analyses of the Material Microstructure

To analyze the damage caused by the initial failure, additional tensile tests were
carried out and stopped immediately after the initial failure. The specimens were then
removed from the testing machine and further processed for microstructural analysis. For
this purpose, 2D radiographic images were taken under an X-ray microscope, namely, the
Zeiss Xradia 520 Versa (Zeiss, Oberkochen, Germany). The parameter set used for taking
radiographic images is listed below (see Table 3). In order to obtain a complete image of the
specimen, two scans were required: one of the upper portion and one of the lower portion.
A marked label on the specimen has been used to facilitate the merging of the two images.
The label was applied with a colored ink containing metal particles, which allowed for
the visibility of the mark in the X-ray microscope. Further microstructural investigations
were conducted on the hybrid multifilament yarns and hybrid tapes. For this purpose,
three-dimensional microstructure determinations were performed using the same X-ray
microscope. To mount the hybrid yarn sections in the X-ray microscope, the yarns were
stitched into opaque foam material and mounted to a sample holder. The MFH tapes were
analyzed on small tape sections, which could be mounted directly. The parameter settings
utilized for these investigations are presented in Table 3.

Table 3. Parameter sets used for radiographic images.

Parameter Units 2D Radiographic Images 3D Analysis of Yarn 3D Analysis of Tape
Voltage keV 70 90 90
Current HA 85.7 95.2 95.2
Pixel/voxel size um 28.54 1.021 0.721
Magnification factor 0.4 0.4 0.4
Exposure time s 6 6 6
ROI Pixel 500 x 2000 2000 x 2000 2000 x 2000

The resulting grayscale image series were further processed to separate different
material phases and derive the geometric information (see Figure 6). Therefore, different
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filter and segmentation algorithms implemented in GeoDict 2023 were used. First, a non-
local means filter with a patch size of 2 voxels and a search radius of 3 voxels was used
for noise reduction. Afterwards, a segmentation algorithm based on the random forest
model with 100 trees and a depth of 6 levels was trained on selected grayscale images
and applied to the whole series for segmentation. To derive geometric information, fiber
identification was performed for each segmented image using a Hough circle detection
algorithm implemented in a Python subroutine based on the OpenCV library. To derive the
3-dimensional centerline geometry of the fibers, the circles that had been found in every
image were connected to a circle with similar centerpoint coordinates in the following
images. Finally, a fiber type assignment based on the circle diameter was carried out.

Foam

‘ Hybrid
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t 1

Figure 6. Overview of the process for determining the geometry information of hybrid yarn and
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tape morphologies.

These sets of geometrical information were further processed to determine the degree
of undulation, fiber orientation deviation, as well as the degree of dispersion. The fiber
orientation deviation was quantified by measuring the angle between the reference edge of
the region of interest (ROI) and a line defined by the start and end points of each fiber. The
degree of undulation ® was calculated based on the ratio of the length of the 3-dimensional
centerline [ of a fiber and the distance between its start and its end point ! (see Formula (1)).

i
0= 1)

Although there is a well-established methodology for quantifying undulation, there
is currently no accepted standard for measuring dispersion. This lack of a standardized
definition for dispersion hinders the ability to assess the scattering of multiple object types
within a given area. There are several methods for evaluating the distribution of fibers
within a fiber matrix architecture through statistical point pattern analysis. Accordingly,
a parameter for the quantitative assessment of the degree of dispersion was developed.
Therefore, the centerpoint coordinates in each image were treated as individual point
patterns for the steel fibers Ps¢ and the glass fibers Py ¢, where

ng/sf = {(Xi sf/gfrYi Sf/gf)} fOI’ i€ {1,2,. . .I’Z} 2)

In order to facilitate the subsequent analysis of the dispersion, the region of interest
(ROI) in each image was divided into a set of subsections M, where

M = M, My, .., My,) for j€{1,2,...m} 3)

Each subsection was defined by its lower and upper boundary in each direction (see
Formula (4)).

M] (Xj mins Xj maxs ¥j min’ ¥ max) 4)
Subsequently, the points of each point pattern that fell within the boundary of a
subsection were counted and assigned a respective subsection count N; (see Formula (5)).
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(a)

i
Nj sf/sf = Zl<xj min < Xisf/gf <X max/\y]' min = Visf/gf < Y max) &)
i=1

An example of the resulting local density evaluation for the point pattern of a hybrid
yarn configuration is illustrated in Figure 7a.
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Figure 7. (a) Local density evaluation for the point pattern of a hybrid yarn and (b) iterative
accumulation of the normalized subsection counts for steel fibers and glass fibers over the total
number of subsections.

This local density evaluation was further used to determine the iterative accumulation
of the normalized subsection counts for steel fibers and glass fibers over the total number
of subsections (see Equations (6)—-(8)/Figure 7b).

So=0 (6)

Nj st/gf

j=0+Nj st/gf

Sjst/gf = Sj—1sf/gf +

Sst/gt = (50 st/gfs 1 sf/gfs -+ Sm sf/gf) 8)

The resulting lists of normalized and incrementally accumulated subsection counts
S can then be used to define a criterium for the dispersion of different fiber types within
a point pattern. In an ideal homogeneous dispersed hybrid yarn or tape, the curves
of the incrementally accumulated subsection counts of steel fibers and glass fibers are
superimposed. This can be expressed as the ratio between the steel fibers in a subsection
and the total number of steel fibers in the ROI being identical to the ratio between the glass
fibers in the subsection and the total number of glass fibers in the ROI for each subsection.
In the event that the dispersion deviates from ideal homogeneity, the two curves enclose an
area whose size enables the quantitative evaluation of dispersion. Therefore, the enclosed
area A between the curves of the incrementally accumulated subsection counts can be
determined using the following integral:

1 ‘
A:%/jzl‘sjsf—sjgf]d] )

Given that the degree of hybridization is related to the size of the subsection, it is
necessary to provide the edge length of the subsection as well. The degree of hybridization
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converges to A = 1 for strongly separated steel fibers and glass fibers and converges to
A = 0 for an ideal homogeneous dispersion (see Figure 8).

o

ol

OoPR

AlOO = 0.82
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D %OOQO O

AlOO =0.73

0 B’ 0U0r

00 % 0.13

Figure 8. Exemplary fiber topologies in an ROI of 500 x 500 um, a subsection size of 100 x 100 um,
and two fiber types (@1 = 10 um and @, = 50 um), including the evaluation of the associated degree
of hybridization.

In addition to the analysis of the three-dimensional morphology, micrographs of the
cross-section of the hybrid tape were employed to analyze fiber volume fractions. For this
purpose, samples were extracted from the hybrid yarns and the tapes, embedded, ground,
and polished, and micrographs were taken. These micrographs were segmented using
threshold values in the gray value spectrum, filtered, and analyzed using a circle detection
algorithm based on Hough circle detection.

3. Results and Discussion
3.1. Single Filaments

Figure 9 illustrates the stress—strain curves of the individual glass fiber (GF) and the
stainless-steel fiber (SF). The curves of the PP filaments are not included in this figure.

These stress—strain curves are used as references in this work and serve to evaluate
the influence of the manufacturing process steps. Since this work considers hybrid yarns
and tapes consisting of these components, for the purpose of better comparability, the
characteristic values of the single components are superposed according to the composition
of the hybrid materials (see Figure 10).

3.2. Hybrid Yarns

The micrographs of the hybrid yarns and the 3D geometries investigated in this study
are outlined in Figure 11.

It is evident that the structure of the hybrid yarns undergoes significant widening in
response to airflow or rather the air pressure. In contrast, the side-by-side configuration
exhibits a compact yarn structure. The steel filaments, in particular, exhibit a pronounced
alignment parallel to the yarn axis, irrespective of the air pressure. A widening of the steel
fiber bundles can only be observed at higher air pressures of 4 to 5 bar. Due to their high
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stiffness and significantly larger diameter, the steel fibers offer much greater resistance
to airflow-induced deformation and are therefore only deformed or swirled at high air
pressures. In contrast, the glass filaments are much more flexible due to their lower stiffness
and smaller diameter and can be deformed and swirled by the airflow even at lower air
pressures. This is indicated by the increasing deviation in the fiber orientation and the
increased degree of undulation with increasing air pressure (Figure 12a,b). As both types
of fibers must be deformed and swirled to achieve homogeneous dispersion using the air
jet texturing process, significant changes in the degree of hybridization are only achieved
at higher air pressures (Figure 12c).

a b
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Figure 9. (a) Stress—strain curves of the individual glass fiber (GF) and (b) the stainless-steel fiber
(SF), including the characteristic properties.
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Figure 10. (a) Superposed mechanical properties of a hybrid composite with a steel fiber volume frac-
tion of 18.2 vol.%, a glass fiber volume fraction of 40.4 vol.%, and a PP volume fraction of 41.4 vol.%.
and (b) superposed characteristic properties of the hybrid composite with the corresponding determi-
nation equations.

The stress—strain behavior of the hybrid yarns investigated in this study is outlined
in Figure 13a using the mean value curves of the corresponding test series. The following
Figure 13b—f illustrate the characteristic properties of the stress—strain behavior.

It can be seen in Figure 13b-d that there is a notable decrease in the stiffness, yield stress,
and tensile strength of the hybrid yarns with increasing air pressure. The observed behavior
correlates with the behavior of the degree of undulation and the deviation in fiber orientation
at increased air pressures. Therefore, it is assumed that the degree of undulation and the
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deviation in fiber orientation have a particular effect on the stiffness. With regard to the
influence of air pressure on strength, it is postulated that the increased flow velocities caused
by the high air pressure lead to greater stress on the filaments, which ultimately results in
greater damage to the individual filaments. This phenomenon is particularly evident in glass
fibers, which are significantly smaller and more sensitive. The mean tensile strength of the
side-by-side-configuration is approximately 991 MPa, whereas the configurations produced
at 5 bar have an average tensile strength of approximately 606 MPa, which corresponds to
a reduction of 32%. In contrast, the measured elongation at break (Figure 13e) and energy
absorption (Figure 13f) demonstrate no notable impact from the air pressure. A comparison
of the results of the hybrid yarns with the material behavior superposed on the basis of
the individual components reveals that the theoretically determined strength (1324 MPa) is
notably higher than the strengths of the hybrid yarns (Figure 13a). In contrast, the theoretically
determined post-failure behavior matches the behavior of the hybrid yarns to an acceptable
degree of accuracy. The post-failure behavior is mainly determined by the steel fibers. The
behavior preceding the initial failure is primarily influenced by the interaction of glass and
steel fibers, with the glass fibers demonstrating a more pronounced effect. Therefore, it is
assumed that the difference between the measured tensile strength of the yarns and the
theoretically determined strength of the superposed composite is mainly due to the size effect
of the glass fiber properties. The theoretical material behavior is based on the superposition of
individual component properties determined in single-fiber tensile tests. It is established that
for glass fibers, the probability of a critical failure within the limited length of a single fiber is
lower in single-fiber tests, which leads to higher observed strengths. Conversely, in tensile
tests on multifilament yarns, the probability of a critical failure increases, as the effective
volume and loaded cross-section area are significantly larger. This results in a reduction in the
average strength, as the weakest fiber determines the failure of the entire multifilament yarn.

500 ym

Figure 11. Micrographs and the 3D geometries of the hybrid yarns investigated in this study.

3.3. Hybrid Tapes

The results of the morphology analyses on the hybrid tapes are presented in Figure 14
using 3D scans and micrographs. The determined fiber volume fractions show excellent
agreement with the targets set during the hybridization process.

The analysis of the micrographs and 3D scans of the hybrid tapes indicates that the
degree of hybridization of exhibits only slight variation (see Figure 15c). However, the
originally used yarns demonstrate a notable dependence between the air pressure and
the degree of hybridization. It is assumed that this phenomenon is caused by the flow
movement of the PP matrix during the production of the tapes in the thermal press. It is
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hypothesized that locally melted PP filaments flow into resin-free areas under the pressure
within the thermal press, and, due to their comparatively high viscosity, pull or displace
both glass fibers and steel fibers with them. This effect is particularly evident in yarns with
a low degree of hybridization and poorly mixed PP filaments. Hire, the flow movement
results in further intermixing of the steel and glass fibers. In the case of multifilament yarns
produced at higher air pressures and with a higher degree of hybridization, the effect of
the flow movement is only slightly pronounced. Consequently, the degree of hybridization

of the hybrid tapes is identical to that of the hybrid yarns.

Figure 13. (a) Mean curves of the stress—strain behavior of the hybrid yarns, and (b—f) an overview
of the characteristic properties in the stress—strain behavior of the hybrid yarns. This includes the
tensile stiffness Ex in (b), yield stress oy; in (c), initial failure stress ojy; in (d), elongation at break ¢,

in (e), and energy absorption U in (f).
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Figure 14. Three-dimensional scans and micrographs of the morphology of the hybrid tapes investi-
gated in this study.
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Figure 15. (a) The degree of undulation, (b) fiber orientation, and (c) degree of hybridization of the
hybrid tapes investigated in this study.

Furthermore, it can be observed that both the degree of undulation (see Figure 15a)
and the standard deviation of the fiber orientation (see Figure 15b) exhibit a slight reduction
in comparison to the hybrid yarn configurations. It is postulated that this phenomenon is
predominantly attributable to the pre-tension device of the winding frame in conjunction
with the silicone rings at the deflection points of the winding shafts. Due to this setup, the
multifilament yarns are subjected to slight tensile stresses when the pressing tool is closed,
resulting in a stronger alignment of the fibers along the yarn orientation and a reduction
in undulation. The outcomes of the mechanical characterization of the hybrid tapes are
illustrated in Figure 16. With regard to stiffness (see Figure 16b), yield stress (see Figure 16c¢),
and strength (see Figure 16d), the hybrid tapes display analogous characteristics to those
observed in the hybrid yarns (see Figure 13b—d). The stiffness and yield stress of the
tapes are modestly elevated in comparison to the respective characteristics of the hybrid
yarns, while the strength values are significant lower (Ac > 100 MPa). These observations
can be attributed to a number of factors. Firstly, the lower degree of undulation and the
reduced deviation in fiber orientation contribute to the increased stiffness. Secondly, the
embedding of the fiber in the PP matrix results in a significantly more uniform load transfer
into the fibers in comparison to multifilament yarns. This uniform load transfer leads to
a more balanced stress state for the respective fibers. In contrast to the slightly cascading
load transfer in undulated multifilament yarns, this also contributes to an increase in the
stiffness of the hybrid tapes. The behavior of the yield point can be derived from that of the
stiffness. The yield point is the result of the transition of the steel fibers from an elastic to an
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elastic—plastic material behavior. Consequently, the elongation at the yield point of a hybrid
tape only depends on the behavior of the steel fibers. Given equivalent strains in the fiber
direction when the yield point is reached, the decline in stiffness implies a corresponding
reduction in yield stress.
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Figure 16. (a) Mean curves of the stress—strain behavior of the hybrid tapes and (b—f) an overview of
the characteristic properties in the stress—strain behavior of the hybrid tapes. This includes the tensile
stiffness Ex in (b), yield stress oy; in (c), initial failure stress ojy; in (d), elongation at break ¢, in (e),
and energy absorption U in (f).

The initial failure occurs when the glass fibers reach their strength limit. The lower
strength values in comparison to the hybrid yarns can be attributed to pre-tensioning,
which applies slight tensile stresses to the fibers when the pressing tool is closed. In
combination with the fiber damage resulting from the hybridization process, this results in
an additional reduction in tension values. Furthermore, it is observed that the elongation
at break of the hybrid tapes (see Figure 16e), in contrast to the hybrid yarns, exhibits a
notable decrease with the increase in air pressure during the hybridization process. While
the discrepancies between the hybrid yarns and the hybrid tapes of the side-by-side and the
2-bar configuration are relatively moderate, with a Ae of approximately 5%. In contrast, the
discrepancies between the hybrid yarns and the hybrid tapes are more pronounced at higher
air pressures, reaching up to a Ae of approximately 22% for the 5-bar configuration. In this
regard, it is postulated that this phenomenon is predominantly attributable to the increased
undulation of steel fibers at increased air pressures. While the undulated steel fibers within
a hybrid multifilament yarn align themselves along the yarn orientation when subjected to
tensile loads, the steel fibers within a hybrid tape are prevented from realigning due to their
embedding in the PP matrix. This prevents the plastic deformation potential of the steel
fibers from being distributed across the entire sample, resulting in strain localizations and a
reduced elongation at break. The energy absorption during the tensile test (see Figure 16f)
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is a derived parameter that depends largely on the behavior of the strength and elongation
at break. As the air pressure in the hybridization process increases, both the strength and
the elongation at break of the hybrid tapes are reduced, which also effects the absorbed
energy. In particular, the reduced elongation at break leads to significantly lower energy
absorption, as the material shows less plastic deformation. In the comparison between the
theoretical determined behavior of the superposed material and the measured properties
of the hybrid tapes, the greatest discrepancies are observed in the strength, the elongation
at break, and the absorbed energy. With regard to strength, these discrepancies can be
attributed to the size effect and the fiber damage caused by the hybridization process,
while the discrepancies regarding the elongation at break and the absorbed energy are
primarily attributable to strain localization effects. The damage associated with the initial
failure of the homogeneously dispersed glass and steel fiber-reinforced polypropylene
(PP) differs significantly from the behavior observed in layer-separated hybridized metal
fiber composites (see Figure 17a). In layer-separated hybrid laminates, damage induced by
the initial failure typically occurs as delamination at the interfaces between the different
types of fiber-reinforced layers. This delamination leads to a separation of the layers and
spreads as a result of further stress until the laminate fails completely [33]. In contrast, the
homogeneously hybridized glass and steel fiber-reinforced PP material exhibits different
damage behavior. Here, damage occurs in the form of fractures along the fiber orientation.
With increasing deformation, more and more fractures appear, ultimately leading to the
complete failure of the hybrid laminate. The stress—strain behavior post failure can be
divided into two distinct zones. In the initial zone, a slight increase in tensile stress is
evident. This rise can be attributed to the load transfer by the remaining steel fibers, which
remain intact despite the failure of the glass fibers (see Figure 17b).
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Figure 17. (a) Damage occurring in tensile tests of homogeneously hybridized glass and steel fiber-
reinforced PP and (b) a radiographic image of a specimen in a state directly after the initial failure.

In the second zone, a gradual and uneven reduction in tensile stress is observed. This
phase is characterized by the progressive cracking and failure of individual steel fibers,
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which are no longer capable of bearing the remaining load. Given the uneven reduction in
stress, it can be further postulated that the stress—strain behavior is influenced by the friction
forces of steel fiber pull-out mechanisms. The observed behavior clearly demonstrates that
the microstructure of the hybrid laminates significantly influences their damage behavior.
The homogeneous mixing of the steel and glass fibers effectively prevents delamination
and results in progressive damage along the fiber orientation.

4. Conclusions

This study explores the development and characterization of hybrid materials com-
bining glass fibers, steel fibers, and polypropylene (PP) filaments, with a focus on under-
standing the effects of hybridization on mechanical properties, microstructure, and damage
behavior. Hybrid yarns were manufactured using air jet texturing and subsequently pro-
cessed into hybrid tapes via thermoforming. This study covered the entire manufacturing
chain, from analyzing individual filament properties to hybrid yarn manufacturing and
tape manufacturing. Microscopic and three-dimensional analyses revealed that higher air
pressures (4-5 bar) during air jet texturing increase the degree of hybridization of steel
and glass fibers but also lead to greater fiber undulation and deviations in fiber orienta-
tion. These topological influences negatively impact the mechanical properties, including
reductions in tensile stiffness, yield strength, and yarn strength, primarily due to damage
to the glass fiber during the hybridization process. Furthermore, the flow movement of
the PP matrix during thermal pressing also effects the fiber dispersion and partly compen-
sates for the effect from the air jet texturing process. Therefore, it is concluded that air jet
texturing technology is unsuitable for hybridizing the selected steel and glass filaments.
The underlying cause can be attributed to the inherent technological constraints associated
with air texturing technology. The discrepancy in filament size, in conjunction with the
specific material properties of the selected hybridization partners, results in a surpassing of
these constraints. Nevertheless, the mechanical testing further highlighted a novel damage
mechanism in homogeneously hybridized laminates. Unlike layer-separated laminates,
where damage propagates between layers, laminates with micro-level hybridization exhib-
ited fractures extending along fiber orientations, coupled with progressive fracturing of
steel fibers and pull-out mechanisms. These phenomena create a gradual stress reduction
in the post-failure behavior, confirming the initially postulated hypothesis that homoge-
neous hybridization enables alternative failure and energy absorption mechanisms. The
findings from this study indicate the potential for the development and optimization of
homogeneous dispersed metal fiber hybrid composites. Future research should focus on
the development of a suitable hybridization process to achieve a targeted dispersion of
different fiber types while simultaneously ensuring short flow paths and a significant
reduction in fiber damage.
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