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Abstract

In recent years, automation in the composite sector has transformed production, enabling precise, cost-
effective lay-ups and expanding applications of once-expensive high-performance materials. Automated
fiber placement (AFP) is one such technology, which customizes fiber orientations using dry spread
tapes, achieving exceptional mechanical performance while minimizing waste. However, conventional
resin infusion methods face challenges with such preforms, prompting the exploration of alternatives
like online-prepreg (OPP) technology. OPP streamlines the automated preparation of semi-finished
prepreg products from dry fiber textiles, reducing resin-contaminated waste and enhancing recyclability.

This study proposes combining AFP and OPP to achieve nearly zero-waste pre-impregnated preforms.
Dry preform lay-ups with different binder contents and fiber orientations were produced using AFP
before transferring to the OPP setup. Resin application optimization ensured uniform distribution across
desired fiber-volume content. The resulting prepregs were cured for subsequent analysis. Mechanical
property evaluations involved three-point bending tests, while optical microscopy examined different
laminate sections for trapped air bubbles. Efforts were made to correlate findings with CT scanning
technology for future insights.

This integrated methodology offers a novel approach to enhancing efficiency and sustainability in
composite material production. By leveraging AFP and OPP strengths, it optimizes performance while
mitigating environmental impact through waste reduction and improved recyclability.

1. Introduction
When producing structures out of fiber-reinforced polymers (FRP), textile fabrics manufactured,
distributed, and stored as rolled goods are often used. During the cutting of those textile fabrics,
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considerable amounts of cutting waste occur. This waste not only increases the cost of the end product
but also increases its ecological footprint. Technologies such as Automated Tape Laying (ATL) [1],
Automated Fiber Placement (AFP) [2], or Dry Fiber Placement (DFP) [3] offer significant potential for
more material- and therefore cost-efficient composite production (see Figure 1). To reduce cutting waste
these automated placement technologies use different pre-cut or pre-bindered spread fiber reinforcement
materials with discrete material widths (e.g. AFP: 6.35 mm; ATL 300 mm; DFP 25 mm) [4].

CONTENTS

In AFP layup, in general, unidirectional tapes are used distinguished by means of their matrix material
or applied tackifying agent. While pre-impregnated slit thermoset tapes are the most commonly used
fiber reinforcement type for AFP processes, thermoplastic tape materials or dry fiber tapes are gaining
increasing interest within industrial applications [5]. Especially, tailored preform manufacturing using
DFP is an emerging technology, that enables high mechanical and cost-competitive performance for
composite components. During DFP layup, continuous unidirectional pre-bindered spread fibers are
placed directly onto a tooling surface in a robot-assisted layup process or onto a plane table in case of a
gantry process to create a near-net-shape preform. By using DFP technologies the additional cost of
prepregging, refrigerated storage, and autoclave processing can be significantly reduced. Furthermore,
the production of large-scale structures is facilitated, due to the missing out-time limitations of classical
prepreg materials. In comparison to pre-impregnated materials, dry fibers must be coated with a
tackifying agent, to prevent displacement during automated placement. This is due to the fact, that dry
fabrics do not possess an inherent tack. Various authors have studied the different effects of tackifying
agents on mechanical and rheological performance for fiber-reinforced composites [6]. However, the
precise parallel alignment of the filaments within the dry tape leads to low permeability of the DFP
preforms produced, which is a major disadvantage [2]. Therefore, different approaches to impregnate
dry tape preforms are developed using impregnation directly on the laying heads by a sort of RTM or
by using vacuum-assisted processes especially VAP process using air permeable membrane.

The combination of DFP-tailored preforms with the novel online-prepreg (OPP) technology presented
in this paper is a material efficiency-driven process development that allows fully automated preparation
of semi-finished prepreg products.

Station 5
B-staging

Station 3
Drying

Station 4
Impregnation

Station 2 Station 1
Cutting Materialstorage

Gripping and
handling system

Figure 1. Online-PrePreg (OOP) process chain [7].
With OOP, the process chain of conventional prepreg technologies is rearranged to allow maximum

resource saving, as well as recyclability of processing waste. Figure 1 illustrates the material flow of
this processing technology, beginning on the right with an automatically nested cutting of dry textiles
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according to the application needs and preferably close enough to the required end shape. After this step,
an optional subsequent temperature-controlled drying is recommended, especially for fiber types prone
to moisture uptake like natural fibers. A contour-accurate layer-by-layer placement and impregnation
allow contour-dependent resin application resulting in minimal chemical waste. Optional B-staging
enables the production of samples with desired tackiness [7]. OOP enables prepreg production to
minimize resin-contaminated textile waste that can only be treated in specialized facilities. The dry fiber
cutouts might be reused in secondary production processes like for organosheets or in short-fiber
reinforced plastics directly, minimizing the environmental impact of this material class while
maintaining the flexibility for manufacturers who are not able to deal with in-mold resin impregnation
technologies [8].

CONTENTS

2. Materials and Methods

2.1. Materials
Table 1 provides a summary of the used materials for this work.

Table 1. List of materials for sample production.

Type Material Source

Fiber roving GRAFIL TRHS50 30K 0.9%R Mitsubishi Chemical Europe
GmbH, Diisseldorf, Germany
Binder powder EPIKOTE™ Resin TRAC 06720 - 3 Westlake Epoxy GmbH, Duisburg

Germany

Epoxy resin EPIKOTE™ Resin MGS™ RIMR Westlake Epoxy GmbH, Duisburg
135 Germany

Epoxy hardener EPIKURE™ Curing Agent MGS™ Westlake Epoxy GmbH, Duisburg
RIMH 137 Germany

The carbon fiber roving was spread to a width of 20 mm using a spreading machine of M&A Dieterle
GmbH [3]. A powder binder is applied to fix the tows. The binder content was increased from 5% to
7% and finally 10%. The fixed tows were produced with a speed of 10 m/min while holding a tension
of 60 N for unwinding, 10 N for spreading, 20 N for binder application, and 15 N for the winding up of
the tape. The applied temperature for spreading the tape was 100 °C.

2.2. Methods

The produced preforms vary in binder content and laying pattern. During impregnation, the resin
distribution varies as well. This leads to 12 different samples for evaluation and testing. The
nomenclature is shown in Figure 2. Production processes and parameters will be presented in the
following sub-chapters.

@ = resin on top

oYoXo

= resin layer-to-layer
=5% binder content

= 7% binder content

=10% binder content

= UD lay-up

©
©

Figure 2. Nomenclature of produced samples.

= Cross lay-up

OOOEOEO
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2.2.1. Production of Preforms Using Crosslayer

After their production, the fixed tows were used to produce preforms for later online impregnation and
sample production. Two types of preforms have been produced using a DFP machine (Crosslayer) from
M&A Dieterle GmbH [3] (see Figure 3). The placement pattern resulted in DIN A4 paper sized preforms
with the fiber directions: UD=[0°|0°|0°|0°]4 and Cross=[0°/90°|90°|0°]4. The laying speed was 2.4 m/min
and the IR halogen lamp had an output of 360 W. As a placement substrate a fine glass weave is used
(HexForce® 02116 1260 TF970, Wela Handelsgesellschaft mbH, Geesthacht, Germany).

CONTENTS

| Fixed tow
material

Cutting system —

Halogen
lamp

Cooling system —

Placement
substrate |~ T

Figure 3. Crosslayer and manufacturing of UD sample.

2.2.2. Stacking and Impregnation of the Preforms

To impregnate the previously produced dry preforms with resin, the individual 4-layered preform first
had to be placed manually and precisely on station 2 (see Figure 1). As cutting of these preforms was
not necessary and the residual moisture was discussed not be an issue with this specific setup, station 3
drying of fibers was not utilized. Next, the automated gripping system picks up the 4-layered preforms
one by one and stacks them beneath the robot-guided impregnation system. Subsequently, the preforms
were evenly coated with resin. This step either takes place after laying down all four layers, or directly
layer by layer allowing even shorter impregnation lengths. A short period (approx. 10-15 seconds) under
the infrared heating lamps of station 5 further assists an even resin distribution by lowering its viscosity.

Figure 4. One instance of the gripping system placing one preform over another resin-coated preform.

2.2.3. Testing
Fiber Volume Fraction (FVF) was determined using the standard DIN EN 2564. Three samples per plate
were analyzed by using sulfuric acid to eliminate the resin from the fibers and calculate the FVF.

Microscopic analysis was performed with a Keyence VHX 7000 microscope. For the micrograph
images, three samples were randomly taken from the produced composite sheets.

3-point bending was performed using the standard DIN EN ISO 14125. Five samples per plate with
dimensions of (100 mm x 15 mm x 2 mm) were cut and tested under Zwick BZ2-MM100TL.ZW01

universal testing machine with a displacement load of 2mm/min.

CT scan was performed exemplary for one cut sample which was outsourced to CT-Lab Stuttgart for
pore detection and imaging.
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3. Results

The combination of DFP and OPP has proven feasible for the manufacturing of composites in this study.
Both UD as well as Cross lay-ups were successfully produced using the above-mentioned automated
processes. A visual inspection after the process has shown overall acceptable composite sample sheets.
The automated process has shown some minor defects during the preforming (DFP) where gaps have
been reported and during impregnation (OPP) where dry spots became visible.

CONTENTS

3.1. Fiber Volume Fraction
The fiber volume fraction, as well as the pore content of the produced samples, are shown in Figure 5.

50

45

XIAT XI1A2 X2A1 X2A2 X3A1 X3A2 XIBI XI1B2 X2BI X2B2 X3B1 X3B2
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Figure 5. Fiber volume fraction and pore content.

3.2. Microscopic Analysis

Both panoramic pictures as well as high-magnification pictures were analyzed for each sample. Pores,
dry spots, and neat resin areas could be identified. Pores were especially pronounced in the area between
the layers of a preform. Undulations were visible, especially for the UD specimen. Figure 6 compares a
Cross and a UD layup exemplified. The above-mentioned defects are marked in the picture.

Resin rich zones Porosity Undulations
| |
A AN

Figure 6. left: Cross specimen X2B1; right: UD specimen X2A2.
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3.3. 3-Point Bending
Bending test results for all the samples are described in Table 2 and plotted in Figure 7.

Table 2. Bending test results. ol
=z
L
Sample Modulus (GPa) Bending Strength (MPa) E
X1A1 85.94 + 8.86 1184.11 + 128.93 8
X1A2 84.49 + 7.30 1171.74 £ 92.88
X2A1 74.55 £ 8.44 1013.15 + 124.60
X2A2 86.99 +5.39 1205.05 £ 75.50
X3A1 92.83+5.74 1278.66 + 78.77
X3A2 91.89 £ 6.94 1259.27 £ 90.74
X1Bl1 51.86 £2.02 718.85+27.97
X1B2 4232 £5.60 588.95 + 70.08
X2Bl1 53.04 +8.33 735.33 £109.45
X2B2 42.96 £2.00 597.93 +30.08
X3Bl1 44.54 £ 6.45 619.26 = 90.52
X3B2 39.55+3.37 541.29 £ 48.17
Bending Stength (MPa) Modulus (GPa)
1600 120
1400 100
1200
1000 80
800 60
600 20
400
200 20
o BE A AR R ol 2RER=2REE=LT
Tx35s5se2gq8849 TXssSss9g28884
KERIRRREKRERR KR REEIEEE KRR

Figure 7. Bar chart representation of bending strength and modulus for all the samples.

3.4. CT Scan Results

A sample of dimensions (30 mm x 30 mm x 2 mm) cut from cross-layer specimen X3B2 was scanned
using CT technology. The pores were color-coded according to diameters as can be seen in Figure 8.
Large dry spots can be spotted in between two cross layers (shown in pink).

|IIolderII Glue I I Region with large air gaps I

Figure 8. left: Front view of CT-scan results for cross specimen X3B2; right: 3D view of CT data.
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4. Discussion

In this research, an automated manufacturing process using AFP and OPP was used to produce several
specimens for characterization. During the lay-up process, visible gaps between the tapes are
documented due to a thickness variation of the tapes from their production. This led to regular
undulations perpendicular to the fiber direction in the UD-preforms and undulations all over the cross-
specimen. The undulation of the UD specimen was more pronounced due to the gaps which exist all in
the same areas and are distributed evenly in the fiber direction. During infiltration, it has proven feasible
to cover the 4-layer preform stacks individually with resin layer-by-layer (nomenclature 1). The four
combined stacks lead to a 16-layer composite. When covering all 16 layers with one resin layer from
the top, dry spots formed at the bottom (nomenclature 2). The impregnation process of the cross
specimens seemed to be more uniform due to a higher amount of undulations and gaps compared to the
UD preforms which are more tightly packed, leading to reduced resin flow. Additionally, an increase in
binder content had a positive effect on the impregnation which could be attributed to a higher
permeability of the preform with the high binder powder content. This effect has also been discussed in
other literature where one research indicates a positive effect of increasing binder content [9], while
another observes this effect only for low FVF [10].

CONTENTS

After manufacturing the composite samples, the microscopic analysis, as well as the CT scan, revealed
several defects such as pores, undulations, and dry spots which are the accumulated results of the DFP
process (gaps) and the OPP process (resin distribution, air entrapment). A further analysis according to
standard DIN EN 2564 has shown an average FVF of 39.6 (+2.1) % and a pore content of 9.2 (x1.6) %.
The samples with the highest binder content of 10 % have shown slightly increased porosity with an
average of 10.6 (£1.9) %.

Besides this analysis, the mechanical characterization shows that the UD samples have an average
bending modulus (for all binder contents and resin application strategies) of 86.12 (£7.11) GPa and a
bending strength of 1185.33 (+ 98.57) MPa. The strength and stiffness of the Cross specimen are much
lower since 50 % of the fibers are oriented perpendicular to the loading direction. For such samples, the
average bending modulus is found to be 45.71 (+4.63) GPa and the corresponding average bending
strength is 633.60 (£62.71) MPa. In another publication [3] similar preforms were produced and tested.
For these tests, different carbon fibers were used, as well as a slightly different binder content of 8%.
The results could be compared since the preforms were also manufactured using the M&A Dieterle tow
spread and crosslayer machines. The infusion was conducted using a VAP process and the testing was
done using 4-point bending. The paper [3] reports a bending strength of 1088 (+ 39) MPa and a bending
modulus of 96 (+ 3) GPa for a 13-layer UD specimen. The values can be compared to the 7% binder
UD specimen tested (bending strength of 1109 (=100) MPa and a bending modulus of 81 (+7) GPa) via
3-point bending in this study. While comparing, the difference in fiber volume fraction has to be taken
into account. The previously mentioned research [3] reports an FVF of 53.0 £ 0.2 % for the UD specimen
whereas the 7% binder specimen of this study manufactured by DFP and OPP has an FVF 0f 39.6 + 1.6
%. This difference can be attributed to the different manufacturing technologies, where the VAP can
lead to better compaction and a higher FVF. The high standard deviations in the porosity, FVF, and
bending test results may be an outcome of the irregular distribution of the gaps and dry spots over the
area of the specimen cut out. A big gap in one of the FVF samples might lead to a high standard deviation
due to a big resin-rich zone or pore.

5. Conclusion

This paper presents an automated method for composite preparation, merging dry fiber placement via
AFP technology with resin distribution through OPP technology. Comprehensive tests were conducted
on the resultant composites, yielding significant insights. Specifically, the study highlights the
collaborative compatibility between AFP and OPP, wherein OPP's layer-by-layer impregnation method,
with its short Z-direction impregnation paths, enhances the effectiveness of both technologies. This
integration facilitates a resource-optimized process, leading to nearly ‘zero-waste’ manufacturing of
high-performance materials, a milestone previously unattained. The discussion section identifies areas
for improvement in both DFP and OPP process parameters, aiming to reduce dry spots, gaps and
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excessive porosity. Future studies should focus on refining lay-up techniques, tape production, resin
distribution, and impregnation processes to fully realize the potential of automation in composite
manufacturing.
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