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DEMONSTRATION AND TESTING OF A PROCESS CHAIN FOR THE
REALIGNMENT OF DISCONTINUOUS RANDOM-ORIENTED
RECYCLED CARBON FIBERS INTO A UNIDIRECTIONAL TAPE
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Abstract

This study introduces a process chain for the realignment of discontinuous, randomly oriented recycled
carbon fibers (rCF) into a unidirectional tape, to achieve higher mechanical values compared to
nowovens rCF materials. The first step involves carding for sliver production, followed by a lab-scale
alignment unit to reorient the rCF, with the final step being a laminating machine to achieve the tape
structure. For this study two different tapes were produced, to evaluation of the process chain for
thermoset and thermoplastic applications.

The materials used are pyrolyzed carbon fibers (Tenax HTA 40) with a fiber length of 60-100 mm and
two different Polyamides (K140 and P301). The first set of tapes consists of 90-wt% rCF content and
10-wt% Co-Polyamide (K140). This material was wet pressed with the use of a thermoset matrix
(Araldite LY3585/ Aradur AD3475). The second set of tapes will comprise 50-wt% rCF content and
50-wt% Polyamide-6 (P301), processed in a variothermal mold. The combination of carding, alignment
unit and a laminating machine allows a continuous production of rCF-tapes for thermoplastic or
thermoset systems/processes. As a result, the mechanical properties of the tapes reach up to 57 GPa
bending modulus and 690 MPa bending strength in fiber orientation.

1. Introduction

Carbon fibers are a valuable material with excellent mechanical properties, making them highly
desirable for a wide range of applications, including aerospace, automotive, and sporting goods.
However, the production of fibers is a resource-intensive process. The increased demand for carbon
fiber has led to a significant increase in waste generation throughout the entire process chain. This waste
is generated during the production of carbon fibers, various manufacturing processes for semi-finished
products, and the generation of cut-offs or trimmings for part manufacturing. Recycling carbon fibers
not only reduces the environmental impact of producing new carbon fibers, but also creates the potential
for a circular economy promoting more sustainable composites. This recycling process involves the
collection of all fiber waste and end-of-life carbon fiber products, followed by their purification and
homogenization. This may also include pyrolysis to break down the material into its component fibers,
which can then be used to produce new carbon fiber products.

However, the use of recycled carbon fiber (rCF) products is still uncommon in the composite industry

due to two main reasons. First, there is a reduction in mechanical performance due to a low fiber volume
content (FVC) of 30 % or less. Secondly, the need for adapted process technologies for the available
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rCF products, such as nonwovens. Tapes made of rCF address these issues by providing a well-known
material shape and higher FVC, thereby expanding the range of potential applications. [1, 3, 4]

2. Process chain for the realignment of discontinuous rCF

The first step involves a carding machine for sliver production, followed by a lab-scale alignment unit
to realign the rCF, and the final step is a laminating machine to achieve the tape structure. The carding
machine and the double belt press are both common industry machines for processing carbon fibers.
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For this study, two different types of tapes were produced. One tape which consists of a thermoplastic
matrix, while the other tape is intended for a thermoset matrix. The evaluation of the process chain
covers a wide range of applications. Figure 1 illustrates the steps, which will be discussed in detail in
the following chapters. Table 1 outlines the material specifications used.

I I /T

Sliver / web formation Y Fibre orientation Y Fiber fixation
(mixing + carding) (alignment unit) (double belt press)

Figure 1: Overall process chain of tape production

Table 1. Material specifications

Type Manufacturer Product name Typ
pyrolyzed CF Teijin/ ELG Tenax HTA 40 pCF 60-100mm
binder fibers EMS K140 CoPA

thermoplastic fibers EMS P301 PAG6
Thermoset matrix Huntsman Araldite LY3585/ Epoxy
system Aradur AD3475
Mixture wt% FVC
Material 1 (M1) 50/50 pCF/PA6 38,8 %
Material 2 (M2) 90/10 pCF/CoPA 25,6 %

The fiber volume contend was determined by pyrolysis.

2.1 rCF carding to produce a sliver /web formation
The materials are weighed, mixed by hand, and then put into the carding machine (KC11 2-4 SD /
MEK 11 from Dilo Systems GmbH, Eberbach) for sliver/web formation.

stripper roller

I
A

— work roller material

material path

G €
€

R A— | J winding unit
be};;vglgsset;;nd pre roller main roller  doffer roller, sliver formation and

material transfer system
transfer roller

production direction

Figure 2: Sliver/web formation in the carding machine [8]

The sliver production can be divided into two consecutive steps: fiber preparation and sliver/web
formation. In the first step, the fibers undergo fiber preparation, which involves the uniform blending
and pre-opening of the fibers. Pre-opening refers to the gradual separation of fibers into fiber flakes.
The web formation takes place in a roller carding machine, where the fiber flakes are further opened and
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parallelized between the main cylinder and worker-stripper pairs until individual fibers are achieved.
This results in a continuous web of fibers. The web is still loose and voluminous at this stage. Therefore,
it is subsequently squeezed together to form a sliver. The squeezing process is performed by a
combination of continuous airflow and a pair of baffles. The sliver is wound and can then be stored or
fed directly into the alignment unit. Figure 2 and 5 shows this process schematically.

The carding process applies mechanical stress to the fibers, making it crucial to optimize it to minimize
fiber breaking or damage caused by the rollers. This becomes even more important when working with
carbon fibers, as their delicate nature requires extra care to preserve their integrity. Depending on the
machine settings, fiber damage can be reduced, but not eliminated. Therefore, the fiber length after
carding was determined using the DIN 53808-1 standard. This manual method involves assigning fibers
to respective bins based on their lengths, with each bin representing a 5 mm interval. The input material
was chopped rCF Roving with a length of 60 mm. The results are presented in Figure 3. It can be
observed that approximately 50 % of the fibers are shorter than 30 mm and 30 % of all fibers are shorter
than 20 mm. Showing the severe fiber shortening appearing in the carding machine. [11]
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Figure 3: Fiber lenght distribution after carding [7]

2.3 Fiber alignment

Fiber orientation is crucial in the production of composite materials, as it directly impacts the mechanical
properties of the final product. In the context of your research, the alignment of carbon fibers is achieved
through a process that involves feeding/clamping the fiber at one point and pulling it at another point,
effectively orienting the fibers in a desired direction. The distance between two clamping points
determines the maximum fiber length that can be effectively aligned. The alignment unit in this research
is designed to minimize the distance between the clamping points, which is essential for achieving higher
fiber orientation, as the fiber length of rCF is relatively short as shown in in fiber A.

The second effect that occurs, is a geometrical alignment and fixation of the fibers in that position. This
process aims to improve the fiber orientation throughout the “geometry” to enhance its mechanical
properties. [5]

In Figure 4 the alignment unit is illustrated, where the first pair of rollers has been removed, compared
to a common alignment unit, and replaced with a hopper. The material is fed loosely into the hopper and
pulled out by the second pair of rollers. The shape of the hopper funnels the material and compresses it
and predetermines the tape geometry of the tape. The final diameter of the hopper determines the new
minimum clamping distance. The smaller the diameter, the closer it can be positioned to the roller pair.
However, this new distance does not correlate to the actual clamping point. The clamping point is
somewhere inside the funnel due to a combination of friction (fiber-to-fiber friction and friction of the
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funnel) and force (applied by the hopper wall), which depends on the material mass inside the hopper
and the end diameter.

F F n
D F ~
=
L
Funnel -
) P
Material
O
Y
‘ L min ‘
' ‘ Top roller ‘20&‘

Figure 4: Schematic of the alignment unit [6, 7]

The effect, alignment via stretching, is relatively small, when comparing the input and output weights
of the material. For M1 the input weight was 5,1 g/m and the output weight was 3,65 g/m. Even smaller
for material 2 from 4,3 g/m to 4,1 g/m. Indicating that most of the alignment comes from the geometrical
component. For this project, a hopper with an end diameter of 4 mm and 4,5 mm was utilized.

All parameters can be seen in Table 2.
Table 2. Funnel parameters

Parameter Values
Clamping distance 40 mm
End diameter M1 4 mmQ
End diameter M2 4,5 mm@
Temperature M1 350 °C
Temperature M2 250 °C
Production speed M1 500 mm/min
Production speed M2 1000 mm/min
Funnel Length 150 mm

Due to a very low fiber-to-fiber adhesion when using 100 % rCF the process could not be stabilized. A
minimum amount of 10-wt% binder fibers is required to continuously run material though the funnel.
The funnel was heated up to a constant temperature of 260 °C, causing the binder fibers to melt and to
stick to the rCF as they were pulled through, increasing the fiber-to-fiber friction, and therefore
stabilizing the process. The top roller is made of cooled metal, which helps in cooling down the material
and shaping it into a tape-like form, increasing the tape strength even further. The lower roller has a
rubber surface to enhance friction and ensure consistent production. Figure 5 shows the chosen machine
setup.

Alignment
web unit
\ sliver
feed system card Wi”diTQ unitand  glignment unit
storage | 400mm

production direction

Figure 5: Setup of the alignment unit [7]
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2.3 Fiber fixation

The next step in the process chain is to fixate the funnelled material using a flatbed laminating machine
(KFK-XF from Maschinenfabrik Herbert Meyer GmbH, R6tz). In this step, the material is heated up to
melt the thermoplastic / binder fibers and then cooled down, always keeping the material under pressure.
Therefor the material changes its form from roundish to flat. During the process it is clamped and
secured by a transport belt inside the machine. A pair of rollers applies the main force of pressure. A
schematic diagram illustrating this process, as well as a possible pressure and temperature profile, can
be seen in the following figure 6.
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Figure 6: Process of the fixation as well as a schematic pressure and temperature profile [9]

The flatbed laminating machine offers multiple settings for pressure and temperature control. Tabel 2
shows the chosen machine settings. Providing a still flexible material.

Table 2. Machine settings flatbed

Parameter Values
Time heating zone 20s
Temperature M1 (hz) 190 °C
Temperature M2 (hz) 160 °C
Time cooling zone 15s
Temperature (kz) 20 °C
Main pressure 40 N/mm
Belt pressure 1,5 N/cm?
Belt distance 0,1mm / 0,4 mm

3. Sample preparation

All materials were manually stacked to achieve the required 2 mm thickness according to
DIN EN ISO 14125. M1 material had a thickness of 0.22 mm and a width of 6.2 mm, while M2 material
had a thickness of 0.55 mm and a width of 12.5 mm. Both tapes were secured in place using a vibration
welding device. The M1 plates were dried at 80 °C for 4 hours and then processed using a hot-pressing
method, with pressures of 55 bar and 65 bar, and temperatures of up to 290 °C. For the M2 plates, the
epoxy was degassed for 7 minutes, manually applied to the material inside the press, compressed with
350 mbar pressure, and then fully pressed at 130 °C for 5 minutes. The preparation and press results for
the aligned material 1 and 2 can be seen in Figure 7. All samples were cutted using a water jet, resulting
in each 5 bending samples in 0°, 90° +45°, -45° and each 5 tensile samples in 0° and 90°.[2]

vibration welding
points

t sample plate M1
ape sample plate M2

‘ 90mm
Figure 7: Laid M1 Plate (1), hot pressed plate M1 (m), thermoset plate M2 (r)
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4. Mechanical properties

The following Figure 8 shows the bending and tension moduli as well as the bending and tension strength
for Material 1. This material achieved a bending strength of 691 MPa and a bending modulus of
56.6 GPa. In terms of tension, it reached 61.1 GPa for the modulus and 608 MPa for the tensile strength,
indicating very similar moduli when considering the high standard deviation for the tensile tests.
Additionally, there is a deviation of around 10 % for the tension strength, also reflecting a higher
standard deviation.

Material 1 Material 1
Young's modulus (bending) [GPa] | bending strenght [MPa] Young's modulus (tension) [GPa] | tension strenght [MPa]

70,0 800 70,0 r 800

600 | i 700 60,0 t 700

600 600

50,0 F 50,0
500
400 | 40,0
400

30,0 | 30,0
56,6 300

500
400

300

20,0 20,0

200 200

10,07 100 1001 100

| mr
0,0 0 0,0 0

90° 0° 90° 0°

Figure 8: Material 1; Bending and tension moduli (left), bending/tension strength (right)

To assess the impact of fiber alignment, the mechanical properties were compared to those of a
thermopressed web material. Unlike the aligned material, this material was not shaped into a sliver,
thereby preventing any geometrical alignment. Furthermore, it was protected by a layer of paper to avoid
stretching during handling. The processing of the web material followed the same procedure as
presented. It is important to note that the fiber volume content (FVC) of the reference sample only
reached 32 %, which is the maximum achievable for an “unoriented” web.

In Figure 9 a comparison of the young's modulus in bending for the aligned material and the reference
material is illustrated in a polar diagram. The aligned material demonstrates a notable increase in
modulus, reaching 56 GPa from an initial value of 29 GPa. Conversely, the other directions display
lower values, indicating a superior fiber orientation. In contrast, the reference material achieved a
bending strength of 433 MPa, which is significantly lower than the 691 MPa achieved by the M1.
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Ref. Material — thermos pressed web

Young's modulus- bending Material 1 ——__, .

Figure 9: A comparison of the bending moduli between the ref- material and the aligned M1 [7,10]

In the following Figure 8 the bending and tension moduli is shown, as well as the bending and tension
strength for Material 2. This material achieved a bending strength of 545 MPa and a bending modulus
of 37.7 GPa. In contrast, the tension modulus is nearly the same at 37.4 GPa. While the bending and
tension moduli are very similar, the tension strength deviates greatly, reaching 388 MPa within the
tension test. The notable discrepancy can be attributed to a main factors, the poor impregnation quality,
which is evident in Figure 7 ( right ) where dry spots are present across the surface. Taken together,
along with the significant differences in tensile and bending strength, it can be inferred that these dry
spots are also present within the material, resulting in lower values, particularly in tension testing due
to its greater sensitivity to defects.

Material 2 N
Young's modulus (bending) [GPa] | bending strenght [MPa] Material 2
Young's modulus (tension) [GPa] |tension strenght [MPa]

)
5
400 | N

' 600 40,0 450
350 | ] 5o b ] 400

90 0 90° 0

Figure 10: M2, bending/tension moduli (left), bending/tension strength (right)

Based on the presumption, that the binder fibers used in the process closed the surface, it is believed
that this enabled the formation of these dry spots, resulting in lower mechanical values.

5. Discussion & Conclusions

In this specific experimental process, the initial material involved a mix of recycled carbon fibers and
PA fibers, which were then processed using a carding machine to create a uniform fiber web.
Subsequently, the fiber alignment process involved passing the material through an alignment unit to
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improve the fiber orientation before preparing the aligned material into a double belt press for
improvements in the form [6,7].

The objective was to establish a continuous process chain for reorientating discontinuous, randomly
arranged recycled carbon fibers into a unidirectional tape with high fiber orientation and nearly 100 %
recycled carbon fibers. Two distinct materials were developed through this process. Both materials were
suitable for processing on a laboratory-scale setup with relatively slow production speeds. However, the
configuration of the alignment unit could be readily modified to enable faster production speeds, such
as by expanding the heating zone / adjusting the length of the funnel. The inclusion of a binder was
necessary to stabilize the process for pure rCF material 2, which was presumed to result in lower
mechanical values compared to the other material 1.

The demonstrated process chain for reorienting discontinuous, randomly arranged recycled carbon
fibers into a unidirectional tape presents a promising approach to enhancing the value of rCF. While the
carding and double press belt machines are already at an industrial level, further enhancements to the
alignment unit are needed to enable higher production speeds and achieve even better fiber orientation.
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