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ABSTRACT ARTICLE HISTORY
Transportation emissions are a major driver of global warming, making vehicle green- Received 3 June 2025
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lowers energy use by optimizing stiffness-to-mass ratios. Fiber-reinforced polymers,
especially thermoplastic variants, excel in these applications due to their high specific
stiffness, customizable mechanical properties, and scalable manufacturing. This study - -
. . . . . molding; thermoplastics;
introduces two novel methods for producing braided hollow carbon fiber-reinforced composites; braiding;
polyamide 6 profiles: rotational molding for straight preforms and bladder-assisted BraidSim; Bladder-assisted
molding for curved preforms. Numerical simulations of braiding were compared to molding

actual braid architectures, revealing both the capabilities and current limitations of

the simulation software for tape-based braiding. Analyses included fiber angle, cover

factor, and CT-based wall thickness measurements. The potential for increasing con-

solidation pressure in rotational molding is shown by means of a theoretical analysis.

Bladder-assisted molding produced fully consolidated, minimally wrinkled curved pro-

files, proving the feasibility of manufacturing high-quality curved braided profiles with-

out post-consolidation forming.
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1. Introduction

Transportation and mobility emissions significantly contribute to global warming, making the reduction
of greenhouse gases one of the most critical challenges of this era [1]. In mobility applications, reducing
weight is a key strategy to lower energy consumption and greenhouse gas emissions during operation.
Lightweight components like shafts, tubes, profiles or tension-compression struts are widely realized as
hollow structures with closed cross-sections due to their superior stiffness-to-mass ratio when compared
to solid material variants. Fiber reinforced polymers (FRP) excel in such applications with highly direc-
tional loading directions due to the possibility to orient their reinforcing fibers along the load path. By
adapting fiber-reinforced composite designs for tubular sections, component properties like bending or
torsional stiffnesses can be locally adjusted using fiber orientation. Optimizing the composite design and
advancing manufacturing processes in terms of flexibility and efficiency therefore holds great value and
cost-saving potential [2].

Thermoplastic composites offer several advantages, rendering them an attractive choice for the pro-
duction of structural FRP components in series scale. These advantages include reduced energy require-
ments during production and better suitability for mass production due to reduced process cycle times
[3-5]. Additionally the capability to process the composite parts by reheating them, enables
post-forming, reconfiguration or recycling [6]. Consequently, various thermoplastic fiber-reinforced manu-
facturing processes have been developed. For hollow profiles automated fiber placement (AFP) [7,8],
pultrusion [9], shrink tape consolidation [10,11], rotational molding [12,13] and bladder-assisted molding
(BAM) [14] are the most common processes. However, each of these processes presents specific chal-
lenges that impact achievable component quality, characterized primarily by void content, fiber orienta-
tion, and achieved degree of crystallinity [4,5].

Processes such as rotational molding, BAM and shrink tape consolidation require the prior manufac-
ture of a preform - a textile-based semi-finished product. Preforms for hollow structures are typically
produced by either winding or braiding fibers onto a mandrel [15]. Winding is characterized by high
fiber tension, excellent dimensional accuracy, and a high degree of automation [2]. Braiding, meanwhile,
offers additional advantages, including the formation of textile interlacing, which enhances drapeability
and allows for the creation of complex structures with high material deposition rates [16]. Pre-
impregnated thermoplastic tape materials are the key product for improving cycle times of these pro-
cess chains, since the additional impregnation processing step during consolidation is not required [2].

There are two main approaches for producing curved thermoplastic FRP-profiles made of braided
preforms: reheating and reshaping already consolidated straight hollow profiles - a process that is
complicated and can disrupt previously established fiber orientations [17] - or directly producing near-net-
shape preforms by braiding on a curved mandrel, which minimizes post-consolidation efforts [18]. Braiding
a curved profile can involve variability of braid angles and cover factor due to differences in the distance to
the deposition point and roving tensions along the curvature [19]. In order to take advantage of the braid-
ing of near-net-shape preforms, it is therefore necessary to precisely predict the braid architecture resulting
from the braiding process. For this purpose, braiding models have been developed which, in a so-called
‘inverse solution’, allow the prediction of the process parameters required to achieve a desired braid archi-
tecture [18,20]. In the ‘forward solution’, the braid architecture can be predicted based on the input process
parameters [18]. In [21], the inverse solution in the BraiDSIm software was used to output the axial speed of
the braiding machine for overbraiding a pressure vessel. The modeling approach is improved by incorpo-
rating a yarn interaction model for the axisymmetric, biaxial braiding process [22] and the simulation of
non-axisymmetric geometries or preforms with a curved centerline [18]. An improved yarn interaction
model is proposed in [23], enabling the simulation of the biaxial overbraiding process for non-
axisymmetric preforms by incorporating the stick-slip effect of interlaced yarns and the friction between
yarns and the guide ring. This yarn interaction model was extended to the triaxial braid architecture [24].
In a parametric study, the authors confirmed that the yarn interactions strongly influence the simulated
braid angles and convergence zone length of the braiding process. This significantly improved the model’s
predictions, especially for overbraiding of mandrels with sudden shifts in cross-section [23,24].

Consolidating textile preforms in BAM enables the production of complex curved profiles utilizing
adapted bladder systems [25]. Meanwhile, rotational molding provides a cost-effective alternative for
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rotationally symmetric components such as tension-compression struts, with the added benefit of requir-
ing fewer auxiliary materials, such as bladder systems [12,13]. During consolidation, the textile preform
expands in diameter inducing fiber loading, thereby optimizing fiber orientation [14,25,26]. A big advan-
tage of BAM and rotational molding compared to other molding processes is the option of using a vari-
othermal mold heating. It allows for controlled heating and cooling rates, ensuring constant and - in
case of semi-crystalline thermoplastics — adaptable material properties [26].

This work focuses on the production of high-quality tape-preforms, addressing both straight and
curved hollow profiles. First, the capability of numerically designing the braiding process with thermo-
plastic FRP tapes using the BrapSim software of the University of Twente is investigated. Since the intrin-
sic bending stiffness of the thermoplastic FRP tapes is neglected in the software, the model accuracy for
predicting tape braided architectures is of great interest. Based on the simulation results of a straight
tape-braided preform the braiding process is adapted for curved structures, introducing a novel preform-
ing solution for curved tape-preforms. The simulation results are then compared with experimental
observations of the braid architecture and the model accuracy is evaluated.

In addition, existing consolidation processes for tape-braided structures are adapted to further
enhance manufacturing efficiency. Specifically, rotational molding is applied to straight tape braids for
the first time, demonstrating its feasibility for rotationally symmetric structures. Furthermore, blow mold-
ing is successfully employed for the first time with curved tape-braided preforms, showcasing its poten-
tial as a consolidation method for complex geometries. Through these investigations, this work
contributes to advancing the manufacturing processes for thermoplastic tape composites, paving the
way for resource-efficient production of advanced hollow profiles.

2. Materials and methods
2.1. Material

In this study, a thermoplastic tape by Celanese is processed in the braiding process. The CeLstran® CFR-
TP PA6 CF60-03 has a Polyamide (PA) 6 matrix, Toravy INc T700S carbon fibers (CF) and a fiber volume
fraction of 48%. Detailed information on the PA6 polymer utilized as matrix for the fibers is not avail-
able. However, a melting temperature of 220°C and a glass transition temperature of 57 °C is provided
in the data sheet [27]. In Figure 1 an exemplary cross-section of a single tape is shown. It exhibits a con-
sistent thickness of 0.14 mm with matrix-rich surfaces. However, the distribution of fibers and matrix is
non-uniform, with fiber bundles remaining distinguishable. The dense packing of fibers results in an
insufficient impregnation of the fibers and thus intralaminar voids in the fiber bundles.

2.2. Kinematic braiding simulation by BraipSim

While the braiding of rotationally symmetric profiles can be accurately described using analytical rela-
tionships [28,29], the design and characterization of non-symmetric braids is more challenging. Curved

Matrix Void

Figure 1. Photomicrograph of the used tape material.
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braided hollow profiles, for instance, feature double-curved surfaces that complicate the prediction of
fiber orientation and cover factor. Consequently, conventional analytical models prove inadequate, and
more advanced methods, such as kinematic simulations, are required to capture the intricate motion
and geometry involved. In this work, the kinematic braiding simulation software BraipSim is used to pre-
dict the braid angle and the cover factor on the intrados, the extrados and the neutral line of a curved
mandrel. Two main inputs are required to run BraipSim. First, a mesh that maps the mandrel’'s geometry
is needed. The geometry of the mandrel is meshed using the GmsH software [30] with 3-node triangle
element types and an element size factor of 0.02, resulting in a surface mesh containing 228,146 ele-
ments. Second, an input file containing process-specific parameters, such as take-up speed and yarn
width, is required. RavenrorsT insightfully describes the functionality and possibilities of BraipSim in detail
in [20]. Since BrapSm is based on a kinematic approach, it has computing power advantages over a
finite element approach. However, it neglects some effects that occur in a real braiding process. For
example, the effects of yarn interactions, such as friction between yarns or between yarn and mandrel
during deposition, are not considered yet. Additionally, the mechanical loads on the yarns caused by
the bobbins’ spring-loaded tensioning system are not considered. These effects can cause fiber entangle-
ment or breakage, which leads to deviations in inter-yarn forces. Ultimately, this influences the braid
angle and cover factor [22]. Furthermore, BraipSim does not allow for the use of thermoplastic tapes as
semi-finished products. These tapes have a higher bending stiffness than regular yarns, resulting in dif-
ferent deposition behavior during braiding. To evaluate the impact of these model simplifications and
determine the accuracy of the model for the curved, tape-based preform, the model results are com-
pared to those of the experimental investigation. Table 1 shows the parameters used for the kinematic
simulation. The take up speed and spool rotation speed were calculated based on analytical relation-
ships between process parameters and braid architecture [28,29] and used for the experimental braiding
operations as well. There is a difference in the machine setup modeled in the simulation compared to
the machine setup used in the experiments. An axial braiding machine (Herzoc, KFh 1/72/48-100) is used
for the experimental investigation. Due to collision issues involving the mandrel and the tapes as well as
the tapes relatively high flexural modulus, two guide rings have been implemented to deflect the tapes,
see Figure 2b. In the experimental setup, the tapes are deflected on the outer radius of the first guide

Table 1. Parameters for the kinematic braiding simulation.

Parameter Value Units
Machine radius 390 mm
Number of bobbins 48 pcs.
Mandrel diameter 42 mm
Radius of curvature 101.6 mm
Guide ring - braiding wheel gap 0.3 mm
Guide ring radius 25 mm
Spool rotation speed 225 deg/s
Take up speed 9.2 mm/s
Yarn width 3 mm

Axial braiding machine

b

b

L ‘ Collision with incoming tapes

°
°

1]

= Mandrel with Mandrel with

= preform \d preform
Bobbin

a) b)

Figure 2. Tape-mandrel collision in a conventional braiding process (a); Double guide ring setup (b).
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Mandrel

Guide ring
Bobbins

Figure 3. Configuration of the numerical braiding process.

ring (r; = 200 mm) first and then on the inner radius of the second guide ring (r, = 50 mm). In BraiDSIm
this configuration of the tape deflection cannot be modeled. By using one guide ring in the center of
the braiding machine, proper yarn deposition in the simulation can be ensured. The configuration of the
numerical braiding process is illustrated in Figure 3. This configuration is only possible in simulation
since the collision of incoming tapes and the mandrel (see Figure 2a) is not an issue in the kinematic
model. The radius of the guide ring in the simulation is slightly larger than the mandrel’s radius, which
enables a uniform yarn deposition.

2.3. Preforming

2.3.1. Straight preforming

A Herzoe KFh 1/72/48-100 axial braiding machine is employed in the fabrication of straight preforms. A dis-
tinguishing feature of this machine is the parallel orientation of the spool or bobbin axes relative to the
process axis (Figure 2b). The preform’s inner surface, and consequently its shape, is determined by the
mandrel that is overbraided in the process. For straight preforming, the mandrel is fixed on a KR 210 L180-
2 2000 KUKA AG industrial robot, which moves the mandrel along a single axis through the machine. The
desired hollow profile has an outer diameter of 40 mm and the laminate structure follows the sequence
[£45°]. This fiber orientation is primarily optimized for torsional load transfer, making it suitable for appli-
cations such as drive shafts. A mandrel with a diameter of 34 mm, a braiding wheel configuration with 48
bobbins and tapes with a width of 3 mm are used. The eight layers of the desired preform are braided on
to the mandrel and over one another in the process. Therefore, the ‘mandrel’ diameter of each subsequent
braid layer increases. During consolidation the preform expands radially inducing a shear deformation on
the braid layers changing the braid angles. The inner braid layers are subjected to a greater shear deform-
ation then the outer layers. Therefore, the initial braiding angle of the preform varies from + 42.1° at the
inner layer to + 44.8° at the outer layer and is different from the final braid angle. With the used set-up,
preform lengths of 2 meters were produced. For the subsequent consolidation, the preforms were cut into
segments with lengths of 150 mm. To ensure their structural integrity after cutting, each segment was cir-
cumferentially welded with a soldering iron on both sides of the cut.

2.3.2. Curved preforming

The manufacturing of a curved hollow profile was developed at the same braiding machine. The desired
hollow profile has an outer diameter of 51.1 mm, a laminate architecture of [+45°g] and features a 90° curva-
ture with a neutral fiber radius of 101.6 mm. Due to the sharp curvature of the mandrel that undercuts the
preform, it is impossible to demold the preform from a conventional mandrel without causing damage.
Therefore, a lost core approach was chosen, which uses a water-soluble braiding mandrel to demold the
preform. The mandrel is additively manufactured using a Creauty Enper 5 printer to enable reproducible
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fabrication of braiding mandrels. POLYMAKER POLYDISSOLVE S1 filament, a polyvinyl alcohol (PVA)-based
material, was selected due to its notable water-soluble properties. To ensure complete dissolution, it is
advantageous to rinse water through the entire mandrel, thereby eliminating its structural integrity. The
braiding process involves high fiber tension, so adequate intrinsic rigidity during braiding is necessary.
Consequently, the braiding mandrel is constructed using a gyroid infill structure—a triply periodic minimal
surface that forms a highly ordered, interconnected pore network—to ensure sufficient reinforcement while
allowing water to flow through [31]. Alternative infill structures, such as honeycomb or cubic patterns, pos-
sess closed-cell designs that hinder uniform rinsing and are therefore not suitable for this application. The
additive manufacturing process with an insight view of the mandrel as well as the resulting braiding man-
drel are shown in Figure 4. Prior to braiding, the entire mandrel is wrapped with polyimide tape to prevent
contamination of the preform during the subsequent dissolution process. The braiding set-up is similar to
the braiding of the straight profile. To prevent breakage at the clamping point, this mandrel section is rein-
forced with a metallic insert, ensuring structural stability during the braiding process.

In order to maintain a constant fiber angle of the preform, the industrial robot navigates the braiding
mandrel through a guide ring, ensuring that the cross-section of the mandrel at the deposition point
remains parallel to the guide ring. Another challenge during the braiding of curved sections, particularly
those with a 90° curvature and additional straight segments, occurs in the form of tape-mandrel colli-
sions, as illustrated in Figure 2a. To address this challenge, the double guide ring configuration depicted
in Figure 2b has been devised. This configuration deflects the tapes more steeply, thereby preventing
collisions with the mandrel.

2.4. Consolidation processes

2.4.1. Rotational molding
The straight preforms are consolidated using a rotational molding process. The process set up is shown in
Figure 5b. The preform is mounted into a one-piece mold and the assembled mold is clamped into a

Metallic
reinforcement

Gyroid infill
Recess for metallic reinforcement
% —
a) b)

Figure 4. Additive manufacturing process of the mandrel (a); Braiding mandrel (b).

flange one-piece mold IR heater lathe flap

b)

Figure 5. Inside of the heat chamber with flange, tool and one of the four infrared heaters(a); Integration of the heat
chamber into the turning center (b).
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spindle. In this case a modified INDEX IT 600 turning center with an integrated heat chamber is used. The
heat chamber consists of three layers. The innermost and outermost layer are made out of aluminum with
a layer of rock wool in between in order to minimize the heat loss during the process. Furthermore, four
infrared (IR) heaters with 1.5kW are mounted into the heat chamber to assure contactless heating and
holding of the tool temperature during the process. There is a flap on the top of the heating chamber for
inserting the tool. The flap can be operated remotely to control the airflow and as a result control the cool-
ing process. Figure 5a shows the inside of the heating chamber with the mold attached to the flange.

Due to the low consolidation pressure the preform would reach as a result of the centrifugal forces from
its own weight, an elastic core is introduced. The elastic core aims to increase the pressure onto the pre-
form and consists of silicon rubber and lead balls with a diameter of 0.6-1.5 mm. The two components are
mixed and then casted into a mold with a volume-ratio of 50% of lead balls. After the hardening of the sili-
con rubber, a small layer of pure silicon around the circumference of the core is applied to reduce the risk
of lead balls breaking out and contaminating the inside of the manufactured part. After introducing the
core into the mold, the consolidation process starts. CeLanese presents a guideline for press processes for
the CeLstran® CFR-TP PA6 CF60-03 tape [27]. According to this guideline the process cycle for rotational
molding was designed. The tool is heated by the IR heaters to a target temperature of 260 °C from room
temperature in approximately 10 min. The temperature is held for 10 min in order to achieve a uniform
temperature distribution and afterwards the tool is rotated with 3300 rpm leading to a pressure of 0.17 bar.
Since the pressure in rotational molding is lower than the pressure specified for the tape in the processing
guideline of CeLanese (5.8 bar for 5 min) a longer time under pressure of 20 min was chosen. After maintain-
ing the process conditions for 20 min the flap is opened and the assembly is cooled. By opening the flap, a
cooling rate of approximately 10 K/min is achieved. Pressure is maintained until the glass transition tem-
perature of PA6 of 57 °C is reached [27]. Due to the relative low cooling rates, it can be assumed that the
final part achieves a high degree of crystallinity, which contributes to its mechanical performance. Figure
6a gives a schematic representation of the process temperature and pressure of the full process cycle.
Furthermore, the mold, flange, elastic core and preform are displayed in Figure 6b.

2.4.2. Bladder-Assisted molding (BAM)

The consolidation of curved preforms is performed by BAM. The consolidation tool is shown in Figure 7b.
Due to the complex curvature of the preform, a multi-piece tool is employed to facilitate easy demolding
after consolidation. The bladder used to apply the consolidation pressure is made of silicone rubber with a
wall thickness of T mm and a diameter of 35 mm. Silicone is selected for its high elasticity, enabling signifi-
cant expansion during consolidation without risking bladder failure. The consolidation process follows the
temperature and pressure profile illustrated in Figure 7a. The consolidation pressure of 8 bar was selected
based on experience, given that the processing guidelines for the PA6 tape outlined in the datasheet [27]
are based on a heated platen compression molding process with molding conditions that are not directly
comparable to BAM. The consolidation pressure was monitored by means of a pressure gauge and multiple
drop tests were implemented during the process cycle to ensure bladder tightness. In order to monitor the

300 - 0.5
50 Flange
04 Elastic Core

Z 200 | & _
2, =5 One-Piece Mold
[ =
3 150 - 02 3
g O Preform
o, (=9
g 100 | gosen

50 -
a : | 0 b)

30 60
Time [min]

Figure 6. Schematic representation of the consolidation process for rotational molding (a); Molding tool (b).
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Figure 7. Schematic representation of the consolidation process for BAM (a); Multi-piece molding tool (b).

Coverage evaluation Fiber angle evaluation

Q Image of preform
section

o Crop to multiple
unit cells

. Filter to a black
and white image
. Pixel counting

. Five measurements of fiber angle taken at tape
intersections per preform section

b)

Figure 8. Methods for cover factor evaluation (a) and fiber angle evaluation (b) on the preform.

temperature, holes were drilled in the upper and lower tool half for temperature sensors. Temperature was
measured inside the steel tool at a distance of 1.5mm to the preform. The tape manufacturer specifies a
melt temperature of 220 °C for the CF/PA6 tape [27]. To ensure full melting of the preform, the entire tool-
ing assembly is heated to a target temperature of 230°C at a heating rate of approximately 3 K/min inside
a convection oven. A constant bladder pressure of 0.5 bar is maintained during heating, to prevent the pre-
form from collapsing when the matrix polymer begins to melt. Once the target tool temperature is
reached, bladder pressure is increased to the consolidation pressure of 8 bar in approximately 30s. The
assembly is cooled at 10 K/min after a hold time of 5min. The pressure is maintained until the assembly
cools down to the tape material’s glass transition temperature of 57 °C [27].

2.5. Evaluation methods

The braid angle, cover factor and wall thickness are the main parameters chosen to characterize the
quality of the preform and the final composite part. Characteristics, such as braid angle and cover factor,
vary from the innermost to the outermost layers of the composite tube. For complex-shaped tubes with
curved segments, changes in diameter, or variations in cross-sectional shape, the local differences in
braid angle, cover factor, and wall thickness become more intricate and pronounced. To evaluate these
parameters, cover factor and fiber angle are visually analyzed at the preform level as shown in Figure 8.
Due to the need of high contrast for the analysis of the cover factor, a single layer was braided onto the
mandrel wrapped with a white nylon weave. The images are transformed into black-and-white, using
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suitable image filtering techniques, enabling the calculation of the cover factor through pixel counting.
For the fiber angle measurements, pictures of small preform sections are taken ensuring orthogonal
alignment of the camera to the preform surface. A measuring inaccuracy of approximately 1% occurs in
this two-dimensional analysis of the 3D surface, due to the curvature of the surface. For each profile sec-
tion, five measurements were averaged at the tape intersections. Wall thickness measurements of the
preform are performed using a vernier caliper by HoLex with a scale of 200 mm and an accuarcy of 1/
20 mm. Computed tomography (CT) scanning is employed for the consolidated hollow profiles, as it
allows for precise measurement of the wall thickness along the profile axis. The straight tubes, manufac-
tured using rotational molding, were examined at the Karlsruher Institute of Technology - Institute of
Production Science (KIT-wsk) using CT on a ZEISS Metrotom 800 with an operating voltage of 120kV, a
current of 160 pA and an exposure time of 700 ms in a single detector configuration. The scan is ana-
lyzed using VGStubioMAX 3.4.5 software by volLumecrapHics. The CT scans of the curved hollow profiles,
manufactured using BAM, are performed at the Dresden University of Technology - Institute of
Lightweight Engineering and Polymer Technology (Tup-ik) using a PHoENIX v|TomE|x 450 L system, operat-
ing at a voltage of 80KkV, a current of 150 pA, and an exposure time of 500 ms in a single detector con-
figuration. Together, these techniques offer a comprehensive approach to characterizing the textile
architecture of braided composite tubes. The results of the experimental evaluation are compared to the
results of the numerical braiding process in BraidSim to evaluate the simulation accuracy for braiding
with pre-consolidated semi-finished tape products. Furthermore, a comparison between the cover factor
of the preform and the resulting wall thickness of the hollow profile is drawn.

3. Results and discussion
3.1. Textile architecture of the straight preform

The straight preform’s first braided layer is visually analyzed as explained in chapter 2.5. A simulation of
the overbraiding of a mandrel with a length of 1000 mm was performed using BraipSim. As results, the cover
factor and fiber angle were extracted for comparison. Figure 9 shows that the predicted fiber angle and
cover factor remain constant for the whole length of the straight tube except for one tube ending. This
deviation corresponds to the convergence zone of the tapes at the beginning of the numerical braiding
process. After about 70 mm the targeted deposition point for the desired braid architecture is set.

The experimental results as well as the simulation results are provided in Table 2. In BrapSiv, the
resulting braid angle is given for either the warp yarn (designated as ‘X Braid Angle’) or the weft yarns
(designated as ‘O Braid Angle’). Since experimentally the fiber angle is determined between the warp

Cover Factor X Braid Angle
ook . irection
Braiding direction Braiding direC

Z/[\x Z/‘\X
Cover Factor [-]

0.938 0.943 0.948 0.953 0.958 0.963 0.968 0.973 0.978 0.983 0.987

27.4 28.9 30.3 31.8 332 34.7 36.1 37.6 39 40.5 419
X Braid Angle [deg]

Figure 9. BraipSim simulation results for the first braided layer of the straight preform.

Table 2. Simulated and measured cover factor and fiber angle (mean value and standard deviation).

Parameter Experiment Simulation Deviation

Cover factor 97.16 % 98.73 % + 0.002 % 1.62 %
Fiber angle 40.83+£1.29° 41.84° £ 0.01° 241 %
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and weft yarn the two fiber angle results in simulation are averaged at every node. The comparative val-
ues from simulation were calculated by averaging the results of all nodes on the circumference of a
tube segment with a length of 10 mm positioned in the center of the tube. The specified values of the
standard deviations of the numerical values correspond to the spread of the results of the selected
nodes. The standard deviations specified for the measured fiber angle correspond to the spread
between the five measurements. The cover factor was determined using one representative cutout.
Therefore, no standard deviation could be calculated. However, this measuring method averages the
braid architecture over the selected cutout area. The simulation is in good agreement with the experi-
ment with deviation of the predicted cover factor by 1.62% and of the predicted fiber angle of 2.41%.

3.2. Textile architecture of the curved preforming

For curved preforming, the first braided layer is visually analyzed using photographs taken at the extra-
dos, intrados and neutral line of the curvature. An increase in the cover factor between the extrados
and the neutral line is noticeable and is even more obvious in comparison to the intrados, where full
coverage has been achieved. In the transitional area between the straight and the curved section of the
preform, depicted in Figure 10, an out-of-plane bending of the tapes from the mandrel surface can be
observed (scale effect). Depositing two-dimensional tape materials flat on a double-curved surface
requires a certain shear deformation of the tapes that is impeded by their stiffness. Consequentially, the
tapes deviate from their targeted deposition path resulting in local changes of the braid architecture.

The cover factor and fiber angles of the curved preform are measured at the positions shown in
Figure 11 and compared to the numerical results from BraipSim (See Figure 12).

Figure 10. Scale effect observed on the first braided layer of the curved preform.

Extrados

Fiber angle, cover factor and
wall thickness analysis

122.0
U PRI ?51.1
Extrados
Neutral line
Intrados
i
1
!
i \
i N
2 i N
i ! .
! 1 45°
a) [ s i _______ N

Figure 11. Nomenclature of the curved profile section with dimensions in millimeters (a); Preform images for visual
analysis (b).
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Figure 12. Comparison of model predictions and measurements of the curved preform for fiber angle (a) and cover factor (b).

Intrados Neutral Extrados

Cover Factor [-]

3) 0.873 0.885 0.898 0911 0.924 0.936 0.949 0.962 0.975 0.987 1
I -
30.1 329 35.8 38.6 41.5 443 47.1 50.0 52.8 55.7 58.5
X Braid Angle [deg]
_—
Intrados Neutral Extrados

Local deviations

b)

Figure 13. Results of the BrapSim simulation for the first braided layer: Cover factor (a) and braid angle (b).

The plots of the cover factor and braid angle of the kinematic simulation for the first braided layer
can be seen in Figure 13.

The results of a targeted selection of nodal groups along the profile axis and circumference were aver-
aged at the desired preform positions. An averaging region of approximately 2mm? was defined at the
extrados, neutral line, and intrados at the cross-section specified in Figure 11. By avoiding the inclusion of
the nodes with significant local deviations (See Figure 13) representative values could be obtained. The
local deviations of the braid angle are due to numerical issues and were designated as numerical noise by
[21]. A mesh refinement did not improve the numerical issues. The cover factor exhibits a maximum value
on the intrados of 99.5%. It gradually decreases towards the extrados, at which point it attains its minimum
value of 85.2%. The resulting braid angle deviates at the cross-section and has its maximum of 43.6° on the
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neutral line. It gradually decreases toward the intrados, reaching a value of 41.9°, as well as toward the
extrados, where the simulation predicted the minimum value of 41.1°. In Figure 12, a comparison of the
experimentally measured data and the results from the BraipSim simulation is shown. The standard devia-
tions are calculated analogous to the approach described for the straight tube. The simulation results dem-
onstrate a good agreement with the experimental data, with a maximum deviation of the cover factor
from the measurements of approximately 5%. Cover factor predictions at the intrados closely match experi-
mental observations, indicating full coverage. However, the simulation tends to overestimate the cover fac-
tor at the extrados and neutral line. The predicted trend of a decreasing cover factor from the intrados
through the neutral line to the extrados aligns well with experimental observations. Both simulation and
experimental results indicate that the maximum fiber angle is located on the neutral line. Nevertheless, the
simulation underestimates fiber angles at the extrados and neutral line by approximately 11-14%, whereas
the predicted fiber angle at the intrados closely matches the measured value. Notably, the measurement
revealed a substantial decrease in fiber angle from the neutral line toward the intrados, a trend that is not
captured by the simulation.

A possible explanation for the discrepancies between the simulation and experimental results is the
omission of the tapes’ intrinsic stiffness, since BraipSim was developed for yarn-based braiding, in which
bending stiffness is typically negligible [22]. Depositing two-dimensional tape materials flat on a double-
curved surface requires a certain shear deformation of the tapes that is impeded in practice by their
stiffness. This leads to an arising of the tapes resembling a scale pattern (see Figure 10). Qualitatively,
the trends of cover factor and fiber angle of a curved braided preform could be predicted. However, uti-
lizing BraiDSIM as a process design tool for curved braiding in combination with tape materials requires
further investigation. One area for future research is identifying ratios of mandrel curvature to diameter
in geometric sensitivity studies at which BraipSim simulations are accurate. Applying the improved yarn
interaction model for yarn-yarn and yarn-guide ring friction in non-axisymmetric overbraiding could also
significantly improve the model predictions as already shown in [23,24]. To enhance the accuracy of
fiber architecture prediction in curved braiding processes, an alternative approach involves applying FEM
methods that incorporate the intrinsic bending stiffness of the tapes [32].

3.3. Rotational molding

The straight profiles were visually inspected immediately after demolding. The external appearance of
the component is largely homogeneous (see Figure 14). The individual UD tapes of the preform are
clearly visible and no changes in the fiber angle can be observed. There is an incompletely molded area
in the center of the component around its entire circumference (See Figure 14b). In this area a sealing
would have been placed in a thermoset process since the tool was used for parts with a thermoset

Bevel

c)
View direction

Figure 14. Overall view of the manufactured straight profile (a); Close-up of the dry area at the sealing point (b); View

of the inner part of the profile (c).
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Figure 15. Cross-section of the straight tube from a CT scan for wall thickness analysis.

matrix in the past. The surface defects are therefore caused by the tool and are not considered critical.
Partial consolidated areas in the UD tape intersections of the braid are visible at the surface of the
component.

The cause can be process-related due to a lack of pressure and as a result of insufficient consolida-
tion. A smooth surface has formed on the inside of the component due to the outside of the elastic
core. Furthermore, an impression of the seam of the core is visible. In Figure 14a a complete image of
the component is depicted. The profile section containing the dry area caused by the mold seal is visible
in Figure 14b. The course of the UD tapes is also clearly visible. Figure 14c shows the inside of the hol-
low profile with a small bevel along the axis that is molded of the manufacturing related seam of the
elastic core. The wall thickness was evaluated from the CT scan depicted in Figure 15. In large parts of
the component, there is a compaction of the preform from an initial wall thickness of 2.5mm to
1.22mm. The maximum observed wall thickness after consolidation is 2.21 mm, indicated in dark blue,
and the minimum observed wall thickness is 0.83 mm, indicated in green in Figure 15. Nevertheless,
there are some anomalies in the wall thickness measurement. At 190° position, the scans show a thicker
wall area with a wall thickness of about 2 mm. Furthermore, there is a lack of consolidation of the inner-
most layer in the range of 90-135° and 270°-315°. The innermost layer has no intimate contact with
the rest of the laminate. The symmetry of the delamination around 90° and 270° suggests that the pres-
sure distribution in the process was not homogeneous. Possible causes for the inhomogeneous results
may be an uneven distribution of the pressure due to inhomogeneities in the elastic core used. This
problem could be addressed by optimizing the manufacturing process of the elastic core. Furthermore,
the lack of consolidation of the innermost layers indicates a lack of consolidation pressure in the rota-
tional molding process. By increasing the rotational speed an increase in pressure would be achieved
but due to limitations of the available machinery this was not possible.

In the following, the pressures within the centrifugal process will be discussed further. The calculation
of the resulting pressure from the centrifugal force of the preform and the elastic core is briefly
explained below. For this, the Lamé-Navier equation is coupled with the deformation tensor and
Hooke's generalized law. The pressure of the core Ap. is caused by the elastic core at the interface
between core and the preform as a result of the centrifugal forces with the angular velocity ® = n/(2n)
assuming that the preform is rigid [33]. The elastic core has a young’s modulus E. which is determined
by the shore hardness via an empirical relation [34], a poison’s ratio v and a density p.. The resulting
pressure of the elastic core Ap, is represented in a normalized form by the expression in Equation 1 and
allows the calculation of the pressure for any cylindrical geometry and material

2
Apc = poR2 ;A (‘2 (2v§ +2(1 =)V +ve— (1-t) v =1-3(1- t;‘)z) — M(/o:R; ; — 1)>. Q)

M expresses the dimensions index shown in Equation 2 while factor A" is based on the poison ration v
and normalized wall thickness t; expressed in Equation 3
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The normalized inner radius of the preform Rt ; is given by
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and the normalized wall thickness 7 of the core is expressed by

o Rc,o - Rc,i

t*
¢ RC,O

(5)

The outer radius R, , of the core in this work is selected to be 17 mm which is a little smaller than the
inner diameter R¢; of the preform. This is to ensure smooth assembly in the preparation of the mould with
maximum pressure build-up during manufacturing. The inner radius of the core R.; is set at 9mm in
accordance with Koch’s methodology [33]. The density p, of the core results from the densities of the sub-
components according to the rule of mixture. In this case, the density of the silicone rubber type 3 HB
from TFCis p = 1170kg/m3 and the density of the lead is p = 11350kg/m?3. The selected volume con-
tent of the lead balls in the silicone rubber is ¢g; = 50%. The lead balls were added to increase the elastic
core’s overall density and, consequently, the exerted pressure while rotating. The volume content was
selected based on empirical values derived from previous studies on producing polygonal cross-sections
because this method results in a uniform distribution of the lead balls [33]. The additional pressure of the
core due to the rotation in the process can now be calculated using the determined geometry of the elastic
core. The total pressure in the process for each layer is calculated by adding the centrifugal forces of the
core and the inner layers of the preform. This leads to a pressure of 16000 Pa during manufacturing of the
part at n = 3300 rpm in the presented work. Based on this approach the achievable pressure for five differ-
ent diameters namely 40, 60, 80, 100 and 120 mm with identical wall thickness of 2.5 mm and an elastic
core with a normalized wall thickness of 0.47 are calculated. The results are presented in Figure 16 for dif-
ferent rotational speeds. The achieved consolidation pressure of the demonstrated rotational molding pro-
cess is quite low, compared to the 8 bars of consolidation pressure in the BAM process. A pressure of 8 bar
can be achieved in rotational molding for a part with a diameter of 100 mm at a rotational speed of
9000 rpm. This theoretical analysis shows that high pressures similar to BAM can be achieved by rotational
molding with an elastic core for bigger diameters and high rotational speed. Unfortunately, this was not
feasible in the present work due to the limitations of machinery.

]

=
|

Pressure [bar]
e W
X

w
s

0 2000 4000 6000 8000 10000
Rotational speed [1/min]

Figure 16. Comparison of the achievable pressures with an elastic core at different component diameters and speeds
in rotational molding.
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3.4. Bladder assisted molding (BAM)

Figure 17 shows the curved demonstrator which was consolidated in a BAM process. The surface is fully
molded on the intrados, extrados and neutral area. A flash can be seen at the intrados and extrados at
the parting line of the multipiece-mold. Due to the application of internal pressure by the bladder sys-
tem, the diameter of the preform expands and the fibers are loaded during consolidation which mini-
mizes in-plane fiber wrinkling.

In CT-scanning the physical dimensions of the complete hollow profile would have exceeded the optimal
sample size for achieving the required spatial resolution. Therefore, a smaller segment of the curved hollow
profile (see Figure 18a) was scanned in CT, ensuring the inclusion of the halfway point A-A of the curve
where differences between intrados and extrados are expected to be at their maximum. The CT scan
revealed that the cross section along the profile axis is without any major voids or defects indicating a good
consolidation quality of the composite. The wall thickness was evaluated from the cross-section depicted in
Figure 18b, which was defined orthogonal to the center line of the profile. Multiple measurements were
taken in intervals of 45° around the profile cross-section, beginning at the intrados (0°), passing through
the neutral line (90°), reaching the extrados (180°), and continuing back around to the intrados (360°).

A significant deviation in wall thickness between the extrados and intrados was observed, with a dif-
ference of approximately 1.04 mm, corresponding to roughly 53%. This difference can be attributed pri-
marily to differences in the cover factor between these two regions. Figure 19 illustrates the relationship
between cover factor and wall thickness. At the extrados the lower cover factor value signifies less tape
material and more gaps in the braided architecture when compared to the intrados resulting in a lower

a) c)
Figure 17. Curved demonstrator manufactured by BAM (a); Detailed few of the intrados (b); Detailed few of the extrados (c).
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S— 0.800 mm
90°
a) b) A-A

Figure 18. CT scan of the curved tube segment (a); cross-section for wall thickness analysis (b).
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Figure 19. Measured wall thickness variance of the profile from extrados to intrados (a) and comparison to the meas-
ured cover factor (b).

wall thickness. It should be noted that this comparison is only of qualitative nature, since the cover fac-
tor was only measured on the first braided layer. The consolidated curved profile consists of eight
braided layers with a non-negligible difference in diameter between the outermost and innermost layer.
The diameter has a significant influence on the cover factor and the effects of the gaps within the braid
architecture stack with increasing layer count.

These results demonstrate the possibility of consolidating near-net shape tape-braided preforms in
the BAM process. Due to the processes of curved preforming and BAM being auxiliary material intensive,
only two demonstrators were manufactured in total. The results shown in Figure 19 are based on meas-
urements taken from the first demonstrator. To ensure the displayed wall thickness trajectory along the
circumference of the profile is representative, wall thickness values were extracted from two more cross-
section near the vertex of the curved hollow profile, all of which closely followed the depicted trajectory.
A coarse CT scan was used to analyze the second demonstrator, which confirmed the observed trends.
While for this demonstrator a substantial difference in wall thickness from extrados to intrados was
observed, depending on the application the demonstrated process route may be acceptable. Compared
to a previous study on bend forming tape-braided profiles, the fiber angle distribution observed in this
work expressed a contrary trend from intrados to extrados. In [17], the bend-forming process of a CF/
PA6 tube with a braid architecture of +50° was investigated and the resulting fiber angles showed a
decreasing trend from intrados to extrados. In contrast, for the curved braiding process in this study, an
increase in fiber angles, especially from the intrados to the neutral line, was observed. These results sug-
gest contrary trends in the resulting braid architectures of these processes for curved profiles. However,
further investigation of comparable profiles with identical targeted braid architectures is required to
draw a conclusion on the fiber angle distributions achievable by these process routes. Additionally, the
interaction of the braid angle and the cover factor with the resulting wall thickness of the profile needs
to be experimentally investigated and numerically modelled on all layers of a preform taking into
account the changes in diameter from the innermost to the outermost layer of a braided hollow profile
to improve the predictive capabilities of the numerical approach.

4, Conclusion

This work investigates two novel processing routes for manufacturing braided hollow profiles from CF/PA6
tapes, focusing on preforming, consolidation, and quality evaluation of the resulting profiles. For straight
preforms, the braiding process was characterized and shown to be well understood, with analytical models
effectively predicting braid architecture [28,29]. In contrast, the development of a near-net-shape curved
preform presented unique challenges, including designing a mandrel for non-destructive demolding of the
preform and preventing tape-mandrel-collision during the braiding operation. A lost core approach was
realized by 3D printing the mandrel using a water-soluble PVA filament. The collision of incoming tapes
with the mandrel could be addressed by a double guide ring setup that deflects the tapes steeply at the
deposition point moving them out of the mandrel range. In future work, investigating different demolding
strategies for curved preforms, such as foldable mandrels could significantly improve production times and
minimize the amount of auxiliary material for curved braided profiles.
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The software BrapSim developed at the University of Twente was used to predict the resulting braid
architecture based on the input process parameters and the results were compared to the experimental
investigations. The software accurately predicted the fiber angle and cover factor measured on the straight
preform with deviations for the fiber angles limited to 2.42% and the cover factor to 1.62%. For the curved
preform, predicted cover factor values at the extrados, neutral line and intrados were in good agreement
with the experiments with deviations limited to a maximum of 5%. However, a significant underestimation
of the measured fiber angles of approximately 11-14% was observed. Further research is required to
enhance the numerical design of curved tape-based braiding processes. This should include parameter
studies to identify different mandrel curvature to diameter ratios at which the current BraidSim approach
shows an acceptable prediction accuracy. The implementation of friction models that include yarn-yarn
and yarn-guide ring interactions, as well as utilization of FEM techniques to include the non-negligible
bending stiffness of fiber-reinforced thermoplastic tapes, could further improve the numerical approach.

The straight preform was consolidated in the rotational molding process using a modified turning
center with an integrated heat chamber. In addition, an elastic core was introduced to increase the pres-
sure during manufacturing. Results from the CT scan of the manufactured part indicate a wall thickness
of 1.22 mm after consolidation. However, the innermost layer was not fully consolidated. This phenom-
enon occurred on opposite sides and suggests an insufficient and uneven pressure distribution.
Theoretical calculations demonstrated that higher profile diameters and rotational speeds increase the
achievable consolidation pressure and thus could improve the consolidation quality. In future research,
the validation of these theoretical calculations should be prioritized. This can be achieved by expanding
existing machinery to enable higher rotational speeds and by identifying suitable diameters at different
speeds at which the consolidation quality is acceptable.

For the curved preform, BAM using a multi-piece tool and a silicone bladder at 8bar pressure
achieved good surface quality and minimal fiber wrinkling. Analysis by CT scanning revealed a good
consolidation quality, without any major voids or defects within the composite. A significant difference
in the wall thickness of the consolidated profile between the intrados and the extrados was observed
on the CT scan. This difference in wall thickness is mainly attributed to the differences in cover factor
that were predicted in simulation as well as observed on a single braid layer. The results demonstrate
the potential of the novel process route, to manufacture curved braided profiles with a high quality and
without the additional processing step of bend forming a straight profile after consolidation. Further
research is needed to identify the relationship of the curvature to diameter ratio of curved profiles and
the resulting wall thickness variance between the extrados and the intrados. Additionally, the investiga-
tion of methods to locally enhance the ply count or coverage is a subject of interest. Potential
approaches include the use of patching or the application of preforming utilizing automated fiber place-
ment. A comprehensive understanding of the relationship between coverage, ply count, and resulting
wall thickness is imperative for local preform modifications. To achieve this, numerical and experimental
parameter studies are necessary. Furthermore, a comprehensive comparison of the resulting braid archi-
tecture from the bend forming process and the curved braiding process should be conducted, as the
results of this study suggests a divergent trend between these processes.
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