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ABSTRACT

Long fiber thermoplastic (LFT) materials can be compounded in an effective LFT direct (LFT-D)
process. Polycarbonate (PC) is used in various applications for example in and around battery enclosures
for electro mobility. Reinforced with glass fibers (GF), PC exhibits solid mechanical properties and is a
promising and novel addition to the material portfolio of the LFT-D process considering current industry
demands. Combining continuous (Co) and discontinuous (DiCo) fiber reinforced polymers (FRP)
according to their respective strengths enables unique design freedom to this class of materials. LFT-D
materials can be used as the DiCo phase. The semi-finished material of the LFT-D process, called
plastificate, is placed in the charge area and will fill the mold during compression molding forming the
flow area. These areas are very distinct in their microstructure.

In this work, PC GF LFT-D is produced at various process parameter sets and molded into plates.
Screw speed and fiber roving amount is varied. Plates were characterized for their fiber mass fraction,
fiber length and tensile properties. Fiber mass fraction as well as fiber length are very homogenous over
charge and flow area. Tensile properties are characterized in the flow area in eight adjacent positions. A
strong influence of sample position on modulus and strength, resulting in deviations of up to twenty-
five percent from highest to lowest value, is present. Running the extruder at increasing screw speeds
improves Young’s modulus as well as tensile strength.

1 INTRODUCTION

Molding of continuous (Co) and discontinuous (DiCo) fiber reinforced materials has great
lightweighting potential. Material is used where it is needed according to load paths, complex
geometries, and other requirements. Various material systems across a wide variety of processes can be
used for each of the phases [1]. Long fiber thermoplastic (LFT) materials offer a good compromise
between mechanical performance and design freedom. LFT materials can be processed in various ways.
One cost effective DiCo option is LFT-direct (LFT-D) processing demonstrated in various CoDiCo
projects [7, 17, 18].

The process scheme of LFT-D compression molding is shown in Figure 1. Two twin screw extruders
(TSEs) are used to compound the polymer matrix from granulate (TSE 1 also called ZSE) and to
compound LFT-D from molten matrix material and continuous fiber rovings (TSE 2 also called ZSG).
The resulting semi-finished material extruded from TSE 2 is called plastificate which is cut at specific
lengths and subsequently compression molded. Plastificate geometry, especially the length is
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determined by part geometry and thickness. The plastificate is the link between continuous extrusion
and discontinuous compression molding. As such it has an old end and a new end. The “age” difference
is usually shorter than the compression molding cycle time which depends on part size and thickness.

During compression molding the mold is filled and two microstructurally distinct areas are
developed. Fiber orientation is dependent, among others, on extrusion direction and was described by
various authors [20, 21, 23, 34]. The initial fiber orientation in the plastificate influences at least the
mechanical characteristics in the charge area. Gandhi et al. have presented an overview of these
investigations [9]. Mechanical properties overall are strongly dependent on fiber length and in the flow
area by flow induced fiber orientation. The correlation of mechanical properties to fiber mass fraction
and fiber length was shown by Thomason et al. for glass fiber (GF) reinforced polypropylene (PP) [31-
33] as well as polyamide 6 (PA6) [27-30]. LFT materials change their fiber properties, length, and mass
fraction, along the flow path. Gandhi et al. [9] as well as Rohde-Tibitanzl [25] present overviews of
these phenomena for various processes including LFT-D. Changing fiber properties mean different
mechanical properties.
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Figure 1: Processing scheme LFT-D compression molding. LFT-D compounding comprising two twin
screw extruders is shown left. Shown right is the compression molding process [26].

Previous work in LFT-D was presented for PP [5, 14, 19, 22, 23, 34], PA 6 [15, 24, 37] , PA 66 [2—
4, 6] as well as specialty materials [8, 10-12, 26]. Where mechanical properties were investigated, the
distinction is usually made between charge and flow area and the sampling is done accordingly. The
work presented here expands upon a paper published by the authors dealing with process development
for a novel LFT-D material system, polycarbonate (PC) GF. Detailed descriptions of parameter
development are presented as well as a discussion of tensile and bending test results as well as impact
properties. [26]

2 EXPERIMENTAL

The matrix material, PC Makrolon 2405, was provided by Covestro Deutschland AG. The GF
material, StarRov 853, was provided by Johns Manville Europe GmbH. Trials were conducted on
machines at Fraunhofer Institute of Chemical Technology. A Dieffenbacher LFT-D line comprising two
40 mm Leistritz TSEs and a Dieffenbacher parallel guided hydraulic press with a total press force of
5000 kN were used.

A selection of processing parameters, corresponding plates, additional tensile testing as well as
additional fiber length measurements are discussed here. The following Table 1 shows these processing
parameters Fiber mass fraction is set to be 40 % for all parameter sets. The throughput of polymer
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material was kept at 30 kg/h. Total LFT-D material throughput is at a constant 50 kg/h accordingly. This
resulted in an age difference within the plastificate of around 45 s from oldest to newest material.

Plates of 400 mm2 are molded at constant press closing profiles to a thickness of 4 mm with a press
force of 3200 kN.

Table 1: Processing Parameters

Parameter Screw speed Roving amount
set (rpm) (pcs)
V5 53 28
V7 62 24
V12 45 34
V16 36 41
V33 74 20

The fiber mass fraction was analyzed via thermographic analysis (TGA). The samples were heated
at 650°C for 12 hours. This removes the polymer matrix. During this process the samples are weighed,
and the fiber mass fraction is calculated afterwards. Samples are taken for fiber length measurements.

Fiber length measurement is conducted via FASEP, an image evaluation method [13]. Ashed fiber
residue from TGA is diluted in water following a controlled procedure. The water-fiber suspension is
scanned, and the scans are evaluated for fiber lengths.

Tensile testing was conducted according to DIN EN I1SO 527-5. Samples were taken from plates via
water jet cutter in the locations 1 to 8 as indicated in Figure 2. The charge and flow area are designated
here as well as extrusion direction and corresponding old and new end of the plastificate. To illustrate
this scheme a top-down view of the plastificate in the mold before molding is shown on the upper right.
On plates molded from LFT-D the charge area can be identified by characteristic rough surface
appearance as can be seen on the lower right.
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Figure 2: Distinct areas of an LFT-D plate shown schematically on the left. The charge area is where
the plastificate is initially placed, upper right. During molding the flow area is formed, both areas are
visually distinct as well (lower right).
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3 RESULTS AND DISCUSSION

To describe the DiCo phase in CoDiCo, flow phenomena and resulting microstructures must be
considered. When co-molding, additional restrictions on plastificate placement might have to be
respected. These include secure positioning of Co-materials during mold filling and location of
geometrical features. Fiber length and mass fraction can be considered representative of mechanical
properties and are discussed here first.
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Figure 3: Number average fiber lengths I, for two plates from parameter set V33 sorted by columns
and rows representing the flow path (1 to 4 upper left) and plastificate age (a to d lower right). The
sampling scheme is given in the lower left.

The fiber length distribution for two plates (400 mm by 400 mm) is shown in detail in Figure 3. The
sampling scheme is shown in the lower left. The plastificate placement area is indicated by the dashed
lines similar to Figure 2. A total of 16 samples per plate were taken in an equidistant four by four grid.
All distances are 80 mm. Rows are indicated by letters a to d, columns are indicated by numbers 1
through 4. Both designations are also displayed on every sampling position. The standard box plots
show four quartiles of the data set, the whiskers representing first and fourth quartile. The median is
indicated by a black line in the box. The mean value for every row and column is indicated by a quadratic
box symbol. All measured mean fiber lengths per sampling position are displayed as black dots next to
the boxes, between eight to ten thousand individual fibers are measured for every position. Two outliers
exist in samples 1c and 1d. They are displayed in line of the whiskers of the box plots of column 1 and
row c and d.
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Columns 1 and 2 can be assigned to the charge area and columns 3 and 4 represent the flow area.
The spread of fiber lengths increases with flow length from column 1 to column 4. Median and mean
values are all at around 500 um. The following statements can be made on PC GF LFT-D:

1. Fiber lengths in PC GF LFT-D do not differ over wide parameter variations [26].
2. Fiber lengths are equally not affected by the flow during mold filling. Fiber shortening does
not happen.

Fiber lengths are also evaluated by row in the box plot on the lower right. The age of the plastificate
has been sectioned from old (a) to new (d). The spread as well as the mean value increases slightly,
again insignificantly, towards the old end (a).

Evaluating the data in other ways, by grouping the sampling positions, for example as quarters or
sixteenths does not yield further findings. Fiber lengths are often weight averaged to account for the
increased impact of longer fibers on the mechanical properties. The weight average fiber length I,
calculated from 32 measurements for these sampled plates is 1254 um and does also not differ
significantly over either flow path or age.

The same type of plot can be arranged for fiber mass fraction. Results of fiber mass fraction
measurements via TGA are shown in Figure 4. The sampling scheme shown in Figure 3, bottom left,
was omitted here due to redundancy. The positions of x- and y- axis have been retained for the sake of
consistency.
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Figure 4: Fiber mass fraction for two sample plates from parameter set V33 sorted by columns and
rows representing the flow path (1 to 4 on the left) and plastificate age (a to d on the right).

Targeted fiber mass fractions for all trials were 40 %. Overall, the measured fiber mass fraction at
41.07 % is higher than it was set to be. This is because the continuous fibers are drawn into the second
TSE as a function of screw speed and roving amount. This is subject to slippage depending on screw
speed which can only be corrected by empirically measuring a fiber intake factor which was not
available for this material combination. A detailed explanation regarding the fiber intake factor is given
by Schelleis et al. [26] and was mentioned before by Troster [34] as well as Truckenmuller [35, 36]
among others. The mean fiber mass fraction increases slightly from 40.4 % to 41.3 % along the flow
length. The spread of measured values increases with plastificate age (from d to a). None of the effects
are significant. One further statement can be added to the previous list:

3. Fiber-matrix separation as described in the state of the art and observed in LFT-D
compression molding for other material systems like PP or PA does not occur for PC.

Having established that neither fiber mass fraction nor fiber length do significantly differ on a sample
plate, tensile properties of eight samples taken in 0° orientation from the old, flow area are now
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discussed. Refer to Figure 2, left part, for these sampling positions 1 through 8. Remaining in the
designation scheme from Figure 3 and Figure 4, the intersection between columns 3 and 4 and rows a
and b is sampled here. In the following Figure 5 young’s modulus in GPa over said positions is shown.
A selection of processing parameters is shown for reference on top of the figure.
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Figure 5: Young’s modulus over eight sampling positions from the old flow area in 0° direction (left).
Box plots of results per parameter set sorted by ascending screw speed(right).

A characteristic curve can be identified for sampling series V5, V7 and V16. Young’s modulus is
increasing from position 1 through 4 then decreases to position 6 and levels out through to position 8. It
is unclear why testing of parameter set V12 returned unsteady results that could also not be explained
after visual inspection of the tested specimens.

Mean values calculated over all samples are displayed in a box plot on the right. The results are
arranged according to screw speed. While statistically insignificant, a slight increase in mean young’s
modulus towards higher screw speeds can be seen from 10.7 GPa to 12.1 GPa. This may correspond to
slightly higher fiber lengths reported for higher screw speeds [26]. Higher screw speeds generally
generate higher shear forces that result in better fiber dispersion and impregnation [16].

In the following Figure 6, tensile strengths are shown in similar fashion. The same overall decline in
properties towards the middle line of the plate can be observed as before. Again, before declining, the
tensile strength reaches a maximum between sample position 2 and 4. Plotting box plots for all eight
samples shown on the right of the figure shows again a slight increase of properties towards higher screw
speeds.



23" International Conference on Composite Materials
Belfast, 30th July- 4th August 2023

—m—V16_05; screw speed = 36; roving amount = 41
—@— V12_06; screw speed = 45; roving amount = 34
VO05_04; screw speed = 53; roving amount = 28

—w— V07_04; screw speed = 62; roving amount = 24
170 - - P 9 170 Mean values

N——V - 160

~ 150

o = -
B '\'\ - 140

- vt
\Isv/' - 130

>
7

e <
<

tensile strength in MPa
[ = = = = =
[N N w B [S)] [o2]
o o o o o o
L | L | L | L | L | L | L

[ J
- 120
| u|
- 110
100 T T T T T T T T 100 T T T T
1 2 3 4 5 6 7 8 36 45 53 62
tensile sampling position screw speed in rpm

Figure 6: Tensile strength over eight sampling positions from the old flow area in 0° direction (left).
Box plots of results per parameter set sorted by ascending screw speed(right).

The difference between sampling positions, for example from 3 and 4 to 7 and 8, is significant. While
it is normal for LFT-D characteristics to scatter due to possible fiber agglomerations etc. it is noteworthy
that the increase and decrease in mechanical properties follows a very similar curve for various
parameter sets. Even considering the closeness of sample 1 and 2 to the mold edge, where fiber
orientation might be affected, the remaining decline in properties is still around 20-25 % from highest
to lowest value.

Again, the tensile strength increases with screw speed from a mean value of 133 MPa at 36 rpm to
146 MPa at 62 rpm.

The plastificate does not perfectly match the entire length of the mold, so material flow especially
towards the mold edges might be affected and fiber orientation not ideally oriented in 0° to the flow
direction. This was noted by Troster who described a shift in main fiber orientation in plates of around
10° out of the 0° flow direction [34]. Radkte [23] explored these phenomena further and added, that
plastificate temperature from old to new end increases by 20 K, suggesting that material viscosity might
influence material flow additionally to the observations Tréster made [34]. Bondy and Altenhof noticed
in their work on carbon fiber reinforced PA6 LFT-D, that samples taken from 45° direction exhibited
better properties than similar samples from — 45° direction, hinting towards the same phenomenon [2].

4 CONCLUSIONS

PC GF40 LFT-D was processed and sampled regarding fiber and tensile properties for various
parameter sets.

Neither fiber matrix separation nor fiber length shortening occurs over the flow path or plastificate
age as was shown in Figure 3 and Figure 4. PC GF presents a very homogenous LFT-D core material
for CoDiCo structures.

A significant change of properties over sampling positions can be seen for tensile testing. This is in
good agreement with studies conducted in the past. In the future, cutting schemes for sampling need to
consider that a lot of scatter will result from sample placement. It is encouraged to cut more plates on
the same position than to sample one plate in more positions.
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Detailed investigations into how plastificate properties, geometry, or temperature, influence the
characterization next to known factors like fiber length, mass and initial orientation shall be done to
improve parameter optimization.
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