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Abstract: The use of pyrolyzed carbon fibers (pCFs) in the secondary raw material market is growing,
but potential applications for pCFs are limited by their wool-like appearance. Common solutions
are further processing into fiber mats or shredding and adding the fibers during compounding
in twin-screw extruders (TSEs). In the latter process, the initial fiber length is usually reduced to
less than 1 mm during compounding and further reduced during injection molding. Hence, this
paper presents an alternative compounding approach by investigating if internal mixers (IMs) are
suitable for retaining pCFs after compounding longer. First, the influence of the mixing sequence for
adding pCFs to the mixing process of the resulting fiber length was investigated. Second, a design of
experiments was carried out using a laboratory IM, considering the process parameters of rotational
speed, mixing time, coupling agent content, initial fiber length, and chamber filling level. Third, the
results obtained were scaled up and applied to a production-scale IM. Important findings are that the
melting of the matrix polymer should occur before fibers are added. This results in fiber contents of
20 wt.%. To achieve higher fiber contents, small amounts of carbon fiber must be added during the
melting process. The process parameters investigated had no significant influence on the resulting
fiber length. Compounding with IM is suitable for an initial fiber length of up to 24 mm. A composite
with carbon fibers from industrial offcuts (rCFs) prepared by TSE compounding was used to compare
the mechanical properties of the injection-molded samples due to the non-availability of composites
with pyrolyzed fibers. Compounding resulted in an improvement in the weight-average fiber length
from 226 um (TSE) to 540 um (IM). However, this fiber length could not be preserved during injection
molding, resulting in similar mechanical properties of both, the pCF composites prepared by an IM
and the commercially available rCF composites.

Keywords: carbon fiber-reinforced thermoplastic; pyrolyzed carbon fiber; IM; fiber attrition; recycled
carbon fiber; recycling; fiber length; mechanical properties

1. Introduction

Recently, fiber-reinforced composites with thermoplastic matrices have been gaining
increasing attention. This is due to their potential advantages, such as excellent weight-
specific mechanical properties, short cycle times, storability, repeated meltability, recyclabil-
ity, good formability, and the use of alternative joining processes that enable automated
large-volume manufacturing processes. These exceptional features make them applicable in
numerous industries, including electronics, aerospace, automotive, transportation, military,
energy, marine, sports and leisure, construction, medical, agriculture, recreation, industrial
equipment, furniture, and more [1-5].

Carbon fiber composites on the market today predominantly consist of carbon fiber-
reinforced thermosetting resins. During the curing process of thermosetting resins, in-
termolecular cross-linking occurs, resulting in the formation of a mesh structure. This
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cross-linked structure significantly complicates the recycling process, as it becomes difficult
to break down and repurpose the material [6]. The recovery of the fibers requires a material-
friendly separation of the carbon fibers from the resin matrix. The high-temperature
pyrolysis method offers high processing capacity and an enhanced recovery rate [7]. This
approach allows for the recovery of long pyrolyzed carbon fibers (pCFs) that retain excellent
mechanical properties as they preserve 94% of the tensile strength of the original fiber [8].

Maintaining the fiber length is of crucial importance when processing fiber-reinforced
composites, as the resulting fiber length has a significant influence on the mechanical
properties of the molded part [9,10].

The impact of fiber length shortening in the injection molding of glass fiber-reinforced
PP was studied by Mohammad Karimi et al., who examined factors including screw speed,
temperature, and fiber volume [11]. The findings show that higher screw speeds cause more
damage to fibers, resulting in their shorter length, while increasing temperature preserves
them due to decreased viscosity. The increase in fiber volume causes fiber interactions to
intensify, leading to shorter lengths.

The fiber length, distribution, and orientation of long glass fibers were analyzed by
Hou et al. during injection molding [12]. The shear rate was increased by high injection
volume flow rates, resulting in fibers breaking more frequently, and 60-90% were less than
3 mm in length after plasticization.

Other publications concentrated less on the process parameters and more on enhancing
the machine parameters. Inoue et al. examined a screw design that is fiber-friendly and
discovered that the area between the feed and compression zones is where the most fiber
degradation occurs, also confirmed by Huang et al. [13,14]. Similar approaches were taken
by Ville et al. [15]. As the results of Huang et al. indicate, the use of specially designed
machines is necessary to achieve the longest possible fiber length in injection molding.

Theoretical models for the description of fiber shortening are not the focus of this work
but can be found in previous publications [16,17].

There are few theories and publications on fiber shortening in carbon fibers during
TSE and injection molding. In the work of Malatyali et al. from 2021, a model for fiber
shortening of CF in TSE is established [18]. Further publications then focused on the fiber
shortening of recycled CF (fiberballs and chopped fibers) [19,20]. Shear rate, screw speed,
fiber content, and fiber density were varied.

The study by Unterweger et al. examines how fiber length and fiber content affect the
mechanical properties of injection-molded CF short fibers [21]. The composites’ tensile strength,
tensile modulus, and notched impact strength were strongly correlated with the weight-average
fiber length. Composites with 15 vol% CF showed the best mechanical performance.

Hoftberger et al. clearly show that, in addition to shortening fibers in the compounding
step of TSE from 900 to 300 um, another shortening occurred during injection molding of
approximately 500 to 250 pm [22]. Shortening the residence time in the compound could
lead to a slight increase in fiber length after compounding, which in turn affected the
mechanical properties after injection molding by 5-10%.

Published work on fiber shortening in the internal mixer is limited.

Simizu et al. used a tangential internal mixer to simulate the kneading zone of a TSE
with glass fibers [23,24]. Fiber damage was identified as a result of the number of rotations
and shear stress. A similar approach was used by Inceoglu et al., comparing a tangential
IM with two TSEs when using PA6 [25]. The fiber shortening was caused by screw or rotor
speed and mixing time.

The processing of recycled, pyrolyzed CF on an intermeshing IM is a completely
new approach.

The IM compounding process originated in the industrial rubber products and tire
industry. It has been widely used and established for decades as the standard method for
producing rubber compounds [26]. The process can also be used for compounding fibers in
thermoplastics, although there is still a lack of published data [27].
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The aim of this paper is to investigate the influence of compounding pCF composites
using an IM. Hence, the influence of the processing parameters on the resulting fiber length
is examined. Furthermore, the fiber length after compounding with an IM is compared to
commercially available rCF composites prepared by the established compounding process
using twin-screw extrusion.

2. Results
2.1. Mixing Sequence for Processing pCFs

Three different times of addition were investigated, as described in Section 4.3.3.
Figure 1a displays an optical microscopy image of a calcined fiber sample after using the
mixing sequence I shown in Figure 10.
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Figure 1. Comparison of calcined samples from the IM taken for different fiber addition times:
(a) optical microscopy image of pCFs after mixing sequence I; (b) image of the PP-pCF composite
after mixing sequence I.

Fiber length measurements, as described in Section 4.3.1, exhibited a significant de-
crease in fiber length from the initial fiber length of 6 mm. The number-average fiber length
for the pCF composites was 51 um, while the weight-average fiber length was 79 um. A
picture of the composite sample after internal mixing depicted in Figure 1b shows the
mixing quality of this sequence as an example. The investigated sections did not contain
fiber nests or unincorporated fibers, and the fiber content of the samples was 20%.

After compounding using mixing sequence II (Figure 2a), an increase in the number-
average fiber length from 51 um to 139 pm and in the weight-average fiber length from
79 um to 282 pm was observed. This process can be operated independently of fiber
preservation due to the absence of fibers during the melting. High rotation speeds and
long mixing times are possible in the melting phase. On the other hand, the fiber—fiber
interactions are minimized by the shorter mixing time. The disadvantage of the later
addition is a low initial chamber filling volume, which decreases the shear forces during
the melting of the polymer. Consequently, the time until PP was molten increased from 100
to 300 s. pCFs are visible on the surface of the composite sample in Figure 2b. Compared to
mixing sequence I, an increase in the amount of unincorporated material was observed,
resulting in a slightly lower fiber content of 19.3 wt.% in the composite.

The results of mixing sequence III are shown in Figure 3b, showing that fiber bundle
sections are not well incorporated and distributed in the composite.
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(a) (b)

Figure 2. Comparison of calcined samples from the IM taken for different fiber addition times:
(a) optical microscopy image of pCFs after mixing sequence II; (b) image of the PP-pCF composite
after mixing sequence II.

(a) (b)

Figure 3. Comparison of calcined samples from the IM taken for different fiber addition times:
(a) optical microscopy image of pCFs after mixing sequence III; (b) image of the PP-pCF composite
after mixing sequence III: undistributed fiber bundles on the surface.

Hence, it may be concluded that the mixing quality of mixing sequence III was lower
than the previous mixing sequences I and II. Additionally, the resulting number- and
weight-average fiber lengths of 115 pm and 222 um, respectively, were less than the fiber
length obtained by mixing sequence II.

A comparison of the weight-average fiber length of commercially available composites
produced with rCFs by TSE and the PP-pCF composites prepared by internal mixing using
mixing sequence II is shown in Figure 4.

For both CF composites (TSE with rCFs and IM with pCFs after sequence II), the
largest proportion of fibers had a measured fiber length in the range of 50-75 um, whereby
most of the fibers were between 50 and 75 pm long for the IM and between 75 and 100 pm
for the TSE. Both composites had a similar range of 125-300 pm, and the IM composite had
a greater proportion of long fibers at a fiber length of over 325 um. However, the proportion
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of fibers over 350 um was only 4% higher than that of the commercial composites, which
was further increased through process optimization, as discussed in the next sections.
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Figure 4. Histogram of the fiber length distributions of PP composites with 20 wt.% rCFs (prepared
by TSE) and pCFs (prepared by IM).

2.2. Design of Experiments for Laboratory IM
2.2.1. One-Factor-at-a-Time Experiments for Laboratory IM

The influence of other process parameters on the resulting number- and weight-
average fiber length are given in Table 1.

Table 1. One-factor-at-a-time results for laboratory IM.

Number-Average Weight-Average
Process Parameter Value Fiber Length Fiber Length
[um] [um]
Mixing time 42s 125+ 13 340 + 75
Mixing time 120s 142 + 16 251 + 49
Chamber filling level 66% 51+8 181 £ 22
Chamber filling level 78% 127 £ 21 264 =71
Initial fiber length 6 mm 141+ 19 254 £17
Initial fiber length 24 mm 86 + 4 272 £ 12

The results show that the mixing time had a noticeable influence on the fiber length in
the PP-pCF composite. Additional measurements with 60 s, 80 s, and 100 s were similar to
the fiber length at 120 s mixing time. Thus, a mixing time of 42 s was the shortest setting
for low fiber damage without worsening the incorporation of pCFs into the matrix.

Longer fibers were observed at higher chamber filling levels, but at 78%, the process
was not stable. Hence, the fiber content in the composite was reduced by 2-3 wt.%, and fiber
nests from incompletely dispersed fiber bundles were observed on the surface, compared
to Figure 13. Therefore, this process parameter was studied in greater detail, as discussed in
Section 3.2, with a range of 68-73%, along with the initial fiber length of 12-24 mm. Table 1
shows a slight difference in fiber length in the investigated range of the initial fiber length.
A full-factorial experimental plan was employed to determine the correlation between the
initial fiber length, the chamber filling level, and the resulting fiber length to confirm a
possible linear progression.
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2.2.2. 22 Design of Experiments for Chamber Filling Level and Initial Fiber Length

The results of the full-factorial experimental plan are shown in Figure 5. The param-
eter’s standardized effect must exceed the calculated threshold of 2.306 to be considered
statistically significant. This threshold was determined using a 95% confidence interval.
Figure 5 demonstrates that neither the chamber filling level nor the initial fiber length
significantly affected the resulting weight-average fiber length. Consequently, variations in
these process parameters did not have a significant influence on the weight-average fiber
length. The results for the number-average fiber length had comparable or worse values,
so in what follows, only the weight-average results are discussed.

2306 A Chamber filling level [%]
B Initial fiber length [mm)]

05 10 15 20 25
Standardized effect

Figure 5. Standardized effects of the process parameters chamber filling level and initial fiber length
on the resulting weight-average fiber length, 95% confidence interval.

The chamber filling level of 73% yielded no significant results in the area of fiber
shortening but showed the best results in the area of mixing quality; thus, it was utilized
for further experiments. The initial fiber length of 24 mm had no significant advantage
over 6 or 12 mm. Since the longest possible initial fiber length was used to investigate IM
processing, 24 mm long fibers were utilized.

2.3. Mechanical Properties

The resulting mechanical properties of the composites were determined in tensile and
impact tests. The examination of ten injection-molded samples per composite included an
analysis of tensile modulus, tensile strength, and Charpy impact strength. The laboratory-
scale IM process parameters were projected onto a production-scale IM using the results
from Section 2.2. The chamber filling level of 73% and the initial fiber length of 24 mm
were adopted, and the mixing time was set to 140 s. The rotor speed had to be adopted and
varied between 30 and 60 rpm to avoid significant cooling and freezing of the PP during
the addition of pCFs. The results for the composites from laboratory- and production-scale
IMs are shown in Table 2.

Table 2. Results of the tensile and impact tests.

Compounding Tensile Modulus Tensile Strength Charpy Impact
Equipment [N/mm?] [N/mm?] Strength [kJ/m?]
Laboratory-scale IM 5738 £ 381 83 £29 262 +1.2

Production-scale IM 6537 4+ 356 100 + 2.6 240+ 1.3
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Injection-molded parts from the production-scale IM showed an 800 N/mm? higher
tensile modulus and 17 N/mm? higher tensile stress. The difference of 2.2 kJ/ m? in
Charpy impact strength was within the standard deviation of both values, meaning that the
difference in impact strength was negligible. The standard deviation for the tensile modulus
was 5.4% for the production-scale IM and 6.4% for the laboratory-scale IM; these values
are high, so it can be assumed that fiber distribution or orientation is not homogeneous in
the molded samples. A comparison of the resulting fiber length for both IMs is shown in
Table 3.

Table 3. The resulting number- and weight-average fiber length after compounding.

Compounding Equipment Numb[e an?]verage Welgllltuz?l‘]/erage
TSE 97 + 11 226 + 69
Laboratory-scale IM 152 + 21 585 £ 296
Production-scale IM 123 4+ 38 445 + 21

The resulting fiber length was higher for compounding using the IMs. The significantly
increased standard deviation of the weight-average fiber length in the laboratory-scale
IM can be explained by its more compact design. This caused the fibers to be subjected
to greater shear stresses than in machines on a production scale, so the variations in fiber
length were higher. Another source of error can be the statistical evaluation of the fiber
length measurements. With a wide fiber length range of 10-2400 um, long fibers of 1000 um
or higher can ensure that the remaining image section shows a high number of small-to-
medium fiber lengths. These high differences in the measured fibers increase the difficulty
of identifying the fiber length at one value, and therefore the density distribution curves
should instead be compared.

3. Discussion
3.1. IM Mixing Sequence for pCF Production: Summary of Key Findings and Future Work

The results in Section 2.1 show that although fibers can be added to the IM at any
point in the process, only the addition shortly after the melting of the polymer matrix is
effective in preserving the fiber length. This result therefore limits the maximum possible
pCF content that can be added to PP with an IM. This is because an IM uses the shearing of
the plastic granulates in the rotor chamber to achieve melting. The absence of fibers at the
beginning of the melting process reduces the actual filling level in the chamber; therefore,
more time and energy are required to melt the polymer. With a chamber filling level of
73%, after the addition of pCFs, the production of 20 wt.% pCFs was possible. Higher fiber
contents failed because the PP granules did not melt. One solution to this limitation would
be to add 2-5 wt.% pCFs in the melting step, which would introduce additional shear and
heat conduction into the material. The validation of this approach is underway, including
the extent to which the added proportion of fine short fibers influences the long fibers in
the composite with fiber—fiber interactions.

3.2. The 2% Design of Experiments for Chamber Filling Level and Initial Fiber Length: Summary of
Key Findings and Future Work

The investigated IM process parameters that theoretically have an influence on the
resulting fiber length after mixing had only a minor (ram pressure) or no significant
influence (chamber filling level or initial fiber length) within the investigated limits, as
demonstrated by the findings in Section 2.2.

The greatest influence was observed for the mixing time, but a statistically relevant
influence was not found in the investigated range of 42-120 s. A further reduction in the
mixing time was not possible, because the full incorporation and distribution of pCFs into
PP could not be ensured. A further investigation of the intermediate steps of the mixing
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time range of 42-54 s mixing time could provide further information on the optimum
mixing time.

The process parameters for a maximum fiber length after compounding on the
laboratory-scale IM within this study were therefore a rotor speed of 100 rpm, a cham-
ber filling level of 73%, and 50 bar ram pressure. The resulting composite consisted of
77 wt.% PP, 3 wt.% AP, and 20 wt.% pCFs with an initial length of 24 mm. The mixing time
after the addition of fibers to the IM was 42 s.

3.3. Mechanical Properties

Despite the higher fiber length in the PP-pCF composite (Figure 6), Section 2.3 shows
that the mechanical properties were lower than that of the PP-rCF composite. This may
be because only a fraction of the long fibers can be preserved in the composite during the
injection molding of the test specimen.

Weight-average fiber length: L, = 254.96 ym
Fiber Portion =500 um: = 1.69 %

Laboratory-scale IM composite
Weight-average fiber length: L, = 584.95 pm
Fiber Portion =500 pym: = 4.87 %

P
LI B B B B B B B B B BN B RN BN B BN BN R

125 225 325 425 525 625 725 825 925
Fiberlength | [um]

Figure 6. Histogram of the fiber length distribution of the laboratory IM composite before and after
processing on an injection molding machine.

The shortening of the fibers to approximately 250 pm after injection molding was
independent of the IM type (laboratory and production scale). Hence, the reduction in
the fiber length of PP-pCF composites during injection molding should be investigated in
future works to further exploit the potential of the PP-pCF composites.

4. Materials and Methods
4.1. Materials

Polypropylene (PP) with 20 mass percent recycled carbon fibers (rCFs) from Techno-
Compound GmbH (Bad Sobernheim, Germany) was investigated as a TSE-compounded
benchmark material (TechnoFiber PP CF20). The mechanical properties of the PP-rCF
composite showed a tensile modulus of 3.4 GPa, a tensile strength at break of 99 MPa, and
an elongation at break of 3%. Researchers’ own measurements revealed a Charpy impact
and notched impact strength of 28.6 k] /m? and 1.5 k] /m?, respectively.

The IM composite was prepared using a PP type H]325MO (Borealis AG, Vienna,
Austria) and pyrolyzed carbon fibers (pCFs) (CFK Valley Stade Recycling GmbH & Co. KG,
Stade, Germany) from high-modulus (HM) applications. The unenforced matrix material
showed a maximum tensile modulus of 1.6 GPa, tensile strength at break of 35 MPa, and
an elongation at break of 9%. The Charpy notched impact strength was 2.0 k] /m?. The
used pCFs had an initial fiber length of 6, 12, and 24 mm. As an adhesion promoter (AP),
HYV Scona TSPP 10,213 GB (BYK-Chemie GmbH, Wesel, Germany) was used to improve
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the surface of the fibers, which, after the pyrolysis process, has no adhesion promoter for
bonding to the matrix polymer.

4.2. Equipment

First, a laboratory-scale IM with a 5 L chamber volume type GK5E (Harburg-Freudenberger
Maschinenbau GmbH, Hamburg, Germany) with PES5 intermeshing rotor blades was used.
For the production of granules, a laboratory sheet and a mixing mill 300 x 700 (Harburg-
Freudenberger Maschinenbau GmbH, Hamburg, Germany) were used to draw a fleece, and then
shredding was performed with a GR 150 UC Band Granulator (Sagitta s.p.a., Vigevano, Italy).

Then, for investigations of the production scale, a 320 L IM type GK320E (Harburg-
Freudenberger Maschinenbau GmbH, Hamburg, Germany) was utilized. Initially, this
machine was modified for compounding natural fibers with thermoplastics so that water in
the fibers could leave the chamber as steam (Harburg-Freudenberger Maschinenbau GmbH,
Hamburg, Germany). After using the IM, a single-screw extruder type EAE 300/16D
(Harburg-Freudenberger Maschinenbau GmbH, Hamburg, Germany) was utilized for the
underwater granulation of the resulting composite.

Finally, an injection-molding machine type KM80 0080/00380/CX/ /04 MC6 (Krauss-
Maffei GmbH, Munich, Germany) with an 80 t closing force was used to produce the
test specimens. The following settings were used to produce the test specimens: cylinder
temperature 230 °C, decreasing; injection speed, 20 cm3/s; screw speed, 150 rpm; back
pressure, 20 bar; holding pressure, 450 bar for 4 s; and injection pressure, approximately
950 bar.

The fiber distribution was investigated with a digital microscope type VHX-5000
(KEYANCE DEUTSCHLAND GmbH, Neu-Isenburg, Germany) and an optical microscope
type Stemi 2000-C (Carl Zeiss AG, Oberkochen, Germany).

4.3. Methods
4.3.1. Fiber Length Measurement and Sample Preparation

In the literature, the number- and weight-average fiber length are usually used as
parameters for the quantitative evaluation of the fiber length distribution. The number-
average fiber length Ly corresponds to the arithmetic mean of the distribution and can be
determined via the total number of all evaluated fibers n and the length L; and frequency
n; of the individual fibers [28]: won L

_ =itk
Ly = S0 1)
Ly = number-average fiber length;
n; = number of fibers;
L; = fiber length;
n = total number of all evaluated fibers.

The weight-average fiber length Ly also results from the total number of measured
fibers n as well as the fiber length L; and the fiber frequency n; of the individual fibers,
but the square of the individual fiber length L; leads to the distortion of the measurement
results. Since the fibers are assigned a higher weighting proportional to their length L;,
long fibers have a greater significance in the weight-average fiber length Lyy, analogous to
the influence of the fiber length on the mechanical properties [28].

Y gni-Li?

, 2
Y oniLi @)

Ly =

Ly = weight-average fiber length.

Fibers were obtained from the composites or injection-molded samples by calcination
according to DIN EN ISO 1172 [29]. Three subsamples were taken from each sample
and dispersed on a slide by adding decanol. The fiber length was measured on three
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different images per subsample as shown in Figure 7. At least 500 fibers were analyzed
per subsample.

Sample
Fiber subsample (R (X T)
Images ' (i SAN]
Average fiber length of Ly Lys
subsample Lw, Lws
L )
Y
Average fiber length and Ly s(Ly)
standard deviation of Ly £ s(Lw)
sample

Figure 7. Determination of the number- and weight-average fiber length. [Figure adopted from [28]].

4.3.2. Description of the Used IM

The IM is mainly used in rubber processing but thermoplastics and thermoplastic
elastomers can also be processed. During the mixing process, a composite is created from
two or more starting materials. Figure 8 shows an IM with intermeshing rotor systems,
while Figure 9 shows the used blades in more detail.

The raw materials for the plastic composite are fed into the feed hopper and are
then transferred to the mixing chamber using a ram. The pneumatically or hydraulically
operated ram is not permanently mounted but is pressed onto the composite with constant
pressure. This prevents large load peaks during the mixing process.

The mixing chamber consists of two end frames, two mixing chamber halves, and
a rotor system. The rotor system consists of two cylindrical rotor bodies with two to
six blades each; the number of blades in this investigation was two. The rotors mix the raw
materials in the mixing chamber. As the rotors rotate in opposite directions, new materials
that are fed in via the ram are introduced directly into the process. Once the mixing process
is completed, the composite is conveyed to the discharge and ejected from the machine.

Ram

Left Rotor clockwise

Right Rotor counterclockwise

Temperature-controlled
Mixing Chamber
Mixing Chamber

Discharge

Figure 8. Sketch of the used IM with intermeshing rotor systems.
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Figure 9. Sketch of mass flow with intermeshing rotor blades as used in laboratory- and production-
scale IMs.

4.3.3. Mixing Sequences for the IM

To produce a PP composite with pCFs, three possible mixing sequences were examined
using the GK5E laboratory IM. All experiments were carried out at a rotor speed of 100 rpm.
The IM chamber filling level was 68%. The composite consisted of 78 wt.% PP, 2 wt.%
adhesion promoter (AP), and 20 wt.% pCFs with an initial length of 6 mm.

The mixing sequence during compounding using an IM has several degrees of free-
dom, for example, the time of addition of fibers and additives, ram position, and force.
Before the process parameters for compounding the PP-pCF composite can be investigated
systematically, the mixing sequence must be adopted for processing the PP-pCF composite
to retain the fiber length.

In this study, three different mixing sequences were examined regarding mixing
quality and fiber degradation. The mixing quality was estimated by visual inspection
and the determination of the fiber content of the partial samples. Figure 10 shows mixing
sequence I schematically, according to which fibers and granules were added together at
the beginning of the mixing process, thus maximizing the shear on the fibers. The fiber
length measurement was carried out as explained in Section 4.3.1.

Figure 11 schematically explains mixing sequence II, according to which the fibers
were added after melting the PP granules so that the fibers would be exposed to less shear.
The mixing time of the fibers in the plastic melt was set at 40 s and adjusted via the sensor
data of the IM if needed.

In mixing sequence II, it was observed that the addition of the fibers after melting
the PP resulted in unincorporated fiber nests at the bottom of the stamp. This reduced
the total fiber content in the composite. Hence, the mixing sequence used was mixing
sequence III shown in Figure 12. First, half of the fibers were added to the melt. After initial
mixing, the stamp was raised so that unincorporated fiber nests would be released into the
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melt together with the second half of the fibers. After further mixing, the composite was
discharged and analyzed.

Figure 10. Mixing sequence I: (a) the addition of the fibers during the melting process of the polymer
granules (gray = solid) in the IM; (b) the mixing of fibers and molten polymer (orange = liquid);
(c) discharge of composite.

V%
i/
\

Figure 11. Mixing sequence II: (a) the melting process of the polymer granules (gray = solid) in the
IM without fibers; (b) the addition of fibers to the molten polymer (orange = liquid); (c) the mixing of
fibers and polymer; (d) discharge of composite.

\\\\ '/
it

Figure 12. Mixing sequence III: (a) the melting process of the polymer granules (gray = solid) in the
IM without fibers; (b) the addition of 10 wt.% fibers to the molten polymer (orange = liquid); (c) the
mixing of fibers and polymer; (d) the addition of the remaining 10 wt.% fibers to the polymer; (e) the
second mixing of fibers and polymer; (f) discharge of composite.

4.3.4. Parameter Variations and Design of Experiments

A design of experiments approach was employed to assess the influence of process pa-
rameters on the properties of the composite and the fiber length. Several process parameters
can influence the fiber length during compounding using an IM, for example, ram pressure,
mixing time, chamber filling level, and initial fiber length. Hence, one-factor-at-a-time
investigations were carried out to measure possible significances for the parameters first,
as shown in Table 4.
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Table 4. One-factor-at-a-time experiments for the laboratory IM.

Process Parameter Value Range Unit
Ram pressure 0, 25,50 Bar
Mixing time 42, 60, 80, 100, 120
Chamber filling level 66, 68,73,75 %
Initial fiber length 6,12,24 mm

The fiber length in the composite did not change significantly when the ram pressure

was changed from 0 to 50 bar. However, not all fibers were incorporated when the IM was
operated without ram pressure, resulting in a reduction of 3—4 wt.% in the fiber content of
the composite. To ensure the homogeneous mixing of PP and pCF, subsequent experiments
were conducted at 50 bar ram pressure.

The different mixing times in the IM were determined by mixing curves recorded on

the device. In Figure 13, a typical mixing curve for mixing sequence II is depicted. The
mixing time only began after the ram was lowered. A decrease in the required current and
power may indicate that all fibers were incorporated into the matrix material.
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Figure 13. Mixing curve for mixing sequence II.

Current [A]
Power [kW]

Subsequently, the most suspected parameters for fiber length degradation in the IM

(chamber filling level and initial fiber length) were further investigated in a full factorial
22 experimental design (Table 5). Three repetitions of this experiment were conducted to
achieve results that would be statistically reliable.

Table 5. The 22 design of experiments for chamber filling level and initial fiber length.

Process Parameter Value —1 Value +1
Chamber filling level [%] 68 73
Initial fiber length [mm)] 12 24

In addition to the weight-average fiber length of the samples, the target parameters for

the evaluation of the DoE were the mechanical properties (tensile modulus, tensile strength,
and impact strength) of the injection-molded parts.
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4.3.5. Mechanical Properties

In accordance with DIN EN ISO 527-4 (geometry type 1b) [30], injection-molded test
specimens were used to determine the mechanical properties of all composites produced
by internal mixing. All mechanical tests were performed using a universal testing machine
(Shimadzu SFL-50KNAG, Shimadzu Corp., Kyoto, Japan). The experiments were carried
out at room temperature with a testing speed of 1 mm/s until an elongation of 0.5% was
reached; then, the testing speed was increased to 10 mm/s.

For the impact tests, the Charpy arrangement was chosen, and the test was carried
out in the three-point support. The test specimens were standardized according to DIN
EN ISO 179 [31] and were produced by injection molding. Test specimens were stressed in
bending using a pendulum impact device. The impact mechanism according to DIN EN
ISO 13802 [32] with an impact energy of 7.5 ] involved deflection by 160° in these tests.

5. Conclusions

This study investigated the compounding of PP-pCF composites with laboratory-
and production-scale IMs. It was shown that pCF addition should take place shortly
after melting the PP to ensure a high mixing quality and low fiber deterioration. Further
experiments showed that the reduction in fiber length was influenced by the mixing time,
which additionally affected the quality of the mixture. A mixing time of 42 s on the
laboratory-scale IM and 140 s on the production-scale IM was necessary to incorporate the
pCFs into the matrix. A further reduction in this time could improve the fiber length but at
the same time decrease the fiber content in the composite. The maximum initial fiber length
was 24 mm. The mechanical properties of the composites prepared by internal mixing
were on a similar level to the composites prepared by TSE despite higher fiber length after
compounding. This is due to a fiber length reduction of 50% during the injection molding
of the tensile test specimen. Further measurements should be conducted to examine the
influence of injection molding on the fiber length of PP-pCF composites during processing
to make use of the full potential of the longer fibers from the PP-pCF composites prepared
by internal mixing.
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