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ABSTRACT

This paper presents a project at Collins Aerospace on the manufacturing of complex curvature
thermoplastic composite parts with laser assisted fiber placement (LAFP) in-situ consolidation.
To date, most of the work done in in-situ consolidated thermoplastic AFP parts have been limited
to simple curvature parts, or body of revolution parts where the AFP process has been used much
like a Filament Winding process. This work investigates the processing of a complex 3D part
with double curvature surface and confined space constraints via LAFP in-situ consolidation. A
true 3D complex curvature part inevitably contains fiber convergence zones, and the gaps
associated with such zones. These gaps present a significant challenge to achieving good
laminate properties, and a subsequent design optimization was performed to minimize them.
Other challenges characteristic of in-situ and thermoplastic processing included print-through of
tool release film and splices, which require industry solutions. Finally, a set of validation articles
were fabricated by applying the appropriate processing settings. While the finished validation
articles had limited defect areas, they were deemed acceptable for postlamination operations like
bonding or induction welding of thermoplastic stiffeners.
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1. INTRODUCTION

Carbon fiber reinforced thermoplastic composite materials have been available for many years.
Although the theoretical promise of high volume, low cost thermoplastic composite parts has
been discussed and explored, there has yet to be a major commercial aerospace manufacturing
program that combines the large scale, complex integration, and competitive cost required by
modern reinforced skin fuselage or nacelle aerostructures. Thanks to advances in automation,
such as laser assisted fiber placement (LAFP), and production thermoplastic welding processes,
the aerospace industry is on the cusp of achieving the necessary processes and fundamental
understanding to bring this to reality.

To achieve the ultimate low cost reinforced nacelle or fuselage skin assembly and eliminating
subsequent joining process, one can use in-situ only processing, where aircraft skin is fused via
the laser assisted AFP process over pre-consolidated frames and stringers. This in-situ melt
consolidation process was first explored at a large scale by the Sikorsky SARAP demonstrator in
2006-2007. [1]
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Laminates made with in-situ only processing and PAEK family of polymer prepregs have yet to
achieve anything much more than 75% of autoclave or vacuum bag properties, even when using
low melt temperature PEEK (e.g., Toray’s TC1225 or Victrex’s AE-250). Additionally, for a
fuselage and nacelle skin melt consolidation process, it is required that the skin is placed on a
convex tool, as shown in Figure 1. This processing method requires the final ply of the AFP
sequence to be the aerodynamic surface. As such, all the defects occurring during the layup tend
to print through to the surface, and therefore the process is very sensitive to small variations.

Conversely, when a concave tool is used, the tool side surface becomes the aerodynamic surface,
and the process is subsequently less sensitive to material and process variation. The skin can
even be post-consolidated before stiffener joining. However, this process choice does not allow
the option of melt consolidation of the skins directly to the frames and stiffeners, and therefore
results in a higher process cost.

Figure 1: AFP lay up of convex and concave 3D shapes

This paper investigates both approaches to evaluate the limitations and state of the art. Included
in the outcomes of the investigation are a list of needed material and process improvements that
are required before in-situ melt bonding can become a viable aerostructure manufacturing
process.

2. EXPERIMENTATION
2.1 Approach

Before beginning the layup of the 3D parts, various material and process parameters were
explored via flat panel fabrication and inspection. These included variations in speed,
temperature, and materials. These evaluations were done both to provide needed inputs to the 3D
part layup, and to determine mechanical performance as a function of material and process
parameters. This flat panel investigation is reported in a companion paper in this SAMPE
conference [2].



2.2 Materials

Two commercially available slit tapes from Toray were used in this study, a traditional PEEK
prepreg material, TC-1200, along with a newer “low melt” or LM-PEEK resin system, TC-1225.
Both prepreg systems used Hexcel IM7 fiber. Only the LM-PEEK system was used on the 3D
fiber placed part.

2.3 Machine details

The machine used to manufacture the panels and 3D part was a CORIOLIS® C1, with 8 tows x
6.35mm (1/4 inch) width per tow head mounted on an ABB IRB6650 robot, itself mounted on a
GUDEL TMO90 linear axis. This machine can layup simultaneously up to 8 continuous tows at speeds
up to 1000mmy/s. This machine is the property of the ComposiTIC Research Centre based in
Ploemeur, Brittany, France.

In order to heat the material to the required processing temperature, a Laserline LDF6000-100 6kW
Infrared laser source was used. A laser homogenizer optic (Figure 2.a) mounted on the fiber
placement head created a rectangular laser beam with a cross section of 8mm height and S56mm width
for flat panels and 8x40mm? for 3D complex shape. An optical fiber guided the laser energy from
laser source to the fiber placement head (Figure 2).
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Figure 2 a) CORIOLIS Automated Fiber Placement (AFP) robotic machine in thermoplastic configuration b) Definition of layup
parameters [3]

2.4 Molds and 3D part

For the flat panel investigation, both controlled heated and room temperature tools were used to
evaluate the influence of heated substrate. For complex 3D shape manufacturing, two
demonstrator molds, one convex and one concave, showing typical topology singularities were
used. Neither of these tools was heated during AFP processing. As discussed, the convex tool
demonstrator represents the ultimate low cost process choice, where aircraft skin can be melt
consolidated over pre-consolidated frames and stringers during in-situ fiber placement.

The second 3D complex layup was done on a concave tool to achieve high quality outer surface.
This configuration also allowed us to evaluate the ability of the AFP head to fit into confined
complex spaces (Figure 1).



The part lay up in both 3D scenarios was a simple quasi isotropic laminate built with 8 full plies
[45/90/-45/0]s. The Toray TC1225 LM-PEEK was used due to its better laminate properties and
larger processing window.

2.5 Programming software

CADFiber® and CATFiber® for CATIA® (Dassault Systemes) were used to program and
analyze AFP machine trajectories. The mold surface was approximated using an adapted mesh
and implemented into the software. Layup strategies were determined using the simulation tools
developed in the software (roller crush, laser beam visualization, fiber deviation angle, etc.).

2.6 Layup and characterization

The different laminates were laid up using a polyimide film as a first ply deposition solution.
Prior to layup on complex surfaces, dry runs were conducted in order to validate programming
strategies. The layup was then performed with ply inspection between each ply.

Process temperatures during layup were measured using an infra-red camera Optris P14000 with
an acquisition frequency of 120 Hz. The measured temperature (Figure 3) was an average of the
temperature values located at the nip point, defined here as the first point of contact between the
fed fibers and the substrate detected by the IR camera. Material emissivity is supposed to be
equal to 1 as it is assumed that all the wave reflections are absorbed by the material [4]. This
measurement technique is very sensitive to surface defects and material quality (recorded
temperature variations can reach up to 80°C at a constant laser power). Since the variation due to
surface defects is much larger than that of the potential variation in material emissivity, an
assumed material emissivity equal to 1 is reasonable.

The recorded temperature is the average of the values measured on a distance smaller than
deposition width and located at the nip point. Considering the limitation given above, the layup
temperature is given with an error equal to +£25°C, between minimum and maximum recorded
values.

Temperature is a function of laser power which is adjusted to reach the desired processing
temperature.



@ 464,9°C

Figure 3 Temperature measurement using IR camera: recording during in-situ layup

From previous studies [5-8], it has been showed that optimum in-situ consolidation was obtained
when applying measured temperature of around Tm+100°C. Hence, PEEK materials are
processed at 450°C while LM-PEEK materials are processed at 410°C.

Roller hardness is a key point while talking about LAFP. Indeed, the best properties on flat
panels have found to be obtained with unconformable metallic rollers. On this study, due to the
high complexity of the demonstrator part, conformable rollers must be used. Hence, two different
roller hardnesses and widths (leading to different compaction pressure) were tested and their
impact on surface quality and porosity content evaluated. This work was conducted on PEEK
material laid up on flat panels only. Porosity content on each panel was evaluated using cross
section microscopy and density measurement.

Even though better sample microstructure was obtained on heated tooling, the 3D complex part
was laid up on room temperature tool. However, the remaining layup settings, such as layup
temperature, speed and roller hardness derived from the flat panel study, were applied.

2.7 3D Part Programming

Once the tooling surface was discretized into a mesh, the part ply contours were applied. Due to
the double curvature of the surface, it was necessary to sectorize the surface to keep the fiber
deviation as low as possible from the optimum direction. The fiber deviation analysis and the
resulting contour sectorization is given for one ply in Figure 4.
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Figure 4 Fiber orientation analysis results for two different strategies: a) one single sector (max fiber deviation angle=10.92
deg), b) three separate sectors (max fiber deviation angle=5.02 deg)

Triangular gaps and overlaps are the inconvenient consequence of contour sectorization (Figure
5). When no post consolidation is applied, these gaps can be transformed into porosities if the
matrix flow is insufficient. In order to minimize the impact of such gaps, those defects were
shifted in space from one ply to another.
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Figure 5 Creation of gap/overlap at the border of each sector (a,b: software illustration, c: triangular gaps on real part)

Once sectorization was complete, a second check was performed using the roller/surface contact
analysis tools. This software tool helps to estimate the required roller deformation in order to
ensure full contact between the roller and the surface. From this analysis (Figure 6), it was
determined that no additional contour sectorization was necessary. The roller deformation
properties were adequate to apply constant pressure over the contact area.
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Figure 6 Analysis values for deposition roller deformation and roller/surface contact

The final optimization performed for the part is called laser heating feasibility. To ensure proper
in-situ consolidation, laser angle must remain below a given tilt angle limit. Moreover, when the
tooling surface contains local convex areas, the laser beam can be partially blocked by the
substrate (i.e., shadow effect) before it reaches the nip-point (Figure 7.a). Local tilting values
must then be adjusted to prevent inadequate heating (Figure 7.b).

Figure 7 Laser beam visualization a) without sufficient head tilt angle (shadow) b) with corrected tilt angle



Finally, before generating the program that will be read by the machine, a tool path simulation is
conducted in order to detect any trajectory deviation or collision between the machine and the
tooling (Figure 8.a).

Figure 8 a) Layup simulation with CADFiber software, b) Corresponding real layup

3. RESULTS
3.1 3D Part Manufacturing

Tool preparation before layup required installing a release film. At this point, the only option to
create the necessary balance of tackiness and release was polyimide release film. However, the
double curvature surface required discretization of the release film. Each section was linked to



the other by adhesive tape. As a result, the overlaps created by the tapes printed on the first ply
of the part (Figure 9), and also can result in print through to final layer, which is discussed later.
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Figure 9 a) Polyimide film strips positioning on the concave tool, b) Print through of the tape on the first ply of the part

Once the program was generated by the CADFiber software and the layup parameters applied,
layup was performed on the complex 3D shape. The entire required surface was deposited by the
AFP machine without any egregious defects: no fiber bridging, or untacked tows.

For the convex tool layup, outside surface condition was critical since, in production, this would
be the aero surface layer. As can be seen in Figure 10, print-through from both polyimide release
film, tape and overlaps/gaps were present on the surface. It should be noted that for the layup
shown, no overlaps were permitted in the programming, and the resulting gaps were visually
significant. Later iterations switched to a split, where the convergence of zones were shared as
50% overlap and 50% gap area, and resulting surface defects were found to be visually less
severe.
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Figure 10 Print througf; of process features on what would be the aerodynamic surface

In terms of in-process defects, unlike thermoset AFP, the deposited tows are immediately fused
to the underlying layer, hence it is very difficult to repair defects created during AFP. When the
AFP parameters are properly set, defects occurring are mostly due to the raw material: tape
splices and localized lack of impregnation. When properly marked, tape splices can be detected
by the machine and removed before being deposited. However, such operation increases
significantly the layup time and the scrap rate. Impregnation flaws create gaps that are difficult to
fill, especially if viscous matrices are used.

Figure 11.a shows the final part in concave mold. One can notice the overall good quality of the
in-situ manufactured part. Moreover, due to its good surface aspect, the part was considered
acceptable for post lamination operations. Hence, Figure 11.b shows the finished skin with a
stamped stiffener adhesively bonded to the inside surface.



Figure 11 a) Final manufactured part, b) with bonded stiffener

4. CONCLUSIONS

Even though this work clearly shows the applicability of LAFP for complex 3D shaped parts,
and the potential for in-situ only fiber placement, several issues need to be addressed before
production can be realized. While the issues are fewer for concave tooled skin layups, this option
requires settling for a less cost-efficient manufacturing solution.

The primary issues with the convex-tooled in-situ melt consolidated stiffened structure, not in
any particular order, include: 1) print through of the release film borders/tape joints on the part,
2) print through of the overlaps/gaps required when converging zones on double-curvature parts,
3) print through due to variation in stamped part (i.e., frame flange) thicknesses that are melt
consolidated, and 4) print through of tow splices. Solutions to each of these challenges are
necessary across the industry. Indeed, we suggest that collaborative endeavors among the raw
material, consumable and processing companies and institutions be encouraged to solve these
universal problems in the thermoplastic composite supply chain.
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