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ABSTRACT

Advanced carbon fiber-reinforced thermoplastics offer a great potential for aerospace applications
by efficient and customizable processing via pick-and-place preforming and oven vacuum
consolidation. However, omitting autoclave cycles and press-formed blanks bears the risk to produce
parts with an insufficient degree of consolidation.

In order to assure reliability a cobot-based test stand was developed to automatically produce
customized laminate stacks of reproducible quality with defined ultrasonic spot welds. The laminates
are subsequently vacuum consolidated in an oven and inspected by water-coupled ultrasonic testing.
Material and process qualification was carried out with different prepreg and semipreg materials.

The DLR Center for Lightweight Production Technology (ZLP) in Augsburg will give insight into
the challenges and current work.

1 INTRODUCTION

The structure of modern twin-aisle airplanes such as the Airbus A350 XWB primarily consists of
carbon fiber reinforced plastics. High volume clips and cleats as connecting elements between skin
and frames are made of advanced thermoplastics. They are produced of pre-consolidated blanks, so-
called organo sheets that are cut and thermoformed. Approximately half the preconsolidated material,
i.e. the cut-off is scrap which impairs the fly-to-buy ratio. In addition, the organo sheets are typically
supplied with a defined laminate building sequence of constant thickness. Design freedom in term of
local thickness variations of the blanks is thus not given. On the other hand large parts are typically
produced via costly autoclave processing. Both these production routes barely exploit the potential for
cost-effective processing of thermoplastic composites.

The Center for Lightweight Production Technology (ZLP) of the German Aerospace Center (DLR)
aims for efficient and customizable production technologies combining pick-and-place preforming
with oven vacuum consolidation. Thereby enhanced design freedom at reduced material and energy
consumption may be achieved.

This work presents an automated test bench[1] for the preforming of laminate stacks that is based
on a patented downholder end-effector[2] mounted to a KUKA LBR iiwa. This cobot meets the
requirements for human machine interaction (HMI), where workers and robots share the same
workspace. The gripper is both used for the pick-and-place handling and prevents ply warpage during
storage in the ply magazine. Thus the cobot produces customized laminate stacks that are spot welded
by ultrasound and subsequently vacuum consolidated to tailored blanks.
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Special focus is laid on the process data assessment and the degree of consolidation after oven
vacuum bag processing as a measure of process reliability. Material and process characterization
serves to quickly assess the respective applicability. All value adding production steps from as-
delivered material to consolidated part may thus be assessed.

2 STATE OF THE ART

2.1 Ultrasonic Spot Welding in Automated Preforming

Ultrasonic systems are readily used for automation and high-volume production [3]. Weiland has
discussed the advantages of ultrasonic spot welding for binder-based preforming of carbon fiber-
reinforced plastics (CFRP) [4]. Benatar and Gutowski significantly influenced and established
this technology for carbon fiber-reinforced PEEK [5-7].

At ZLP ultrasonic spot welding is applied in preforming to locally melt thermoplastic matrices by
mechanical vibrations and thus bond laminate layers to one another. Heat is generated by a
combination of intermolecular and surface friction within the material [3]. The preform is locally
compacted while pressure is applied through the vibrating horn. Within the heat-affected zone (HAZ)
flowing polymer chains diffuse and entangle across the interface of neighboring plies [7]. The main
process parameters are thus weld pressure, time, amplitude and frequency.

Since the thermal conductivity along the carbon fibers is high energy dissipates in the
reinforcement direction. This may results in a lengthening of the welding time which can cause
detrimental overheating of the laminate below the horn and a penetration of the horn into the part [8].
Using a horn with a rather large surface at comparably lower contact pressures is recommended to
avoid disruption of the fiber architecture [9], [10].

Studies have been carried out to establish weld parameters and assess their impact on the
performance of advanced thermoplastics [11], [12].

2.2 Vacuum Consolidation

Pick and place preforming of locally fixed thermoplastic prepreg stacks requires a final
consolidation step at processing temperatures up to 400°C to produce a part or blank. However,
advanced thermoplastics compared to thermosets have far higher viscosity and their composite UD-
prepregs and woven semipregs can have high levels of intrinsic porosity, also depending on the
respective impregnation technology.

Typically, autoclave processing in inert atmosphere and external pressure is used to produce high
quality thermoplastic composites with low void content [13—15]. In order to reduce processing costs
so-called Out-of-Autoclave (OoA) processes are increasingly investigated as an alternative route.

Vacuum consolidation of advanced thermoplastic composites without additional pressure was first
reported by Kempe and established at the Institute of Structures and Design of the German Aerospace
Center [16—18]. Especially APC-2' CF-PEEK was used to cost-effectively produce high quality blanks
and large parts such as an airplane rudder [19], [20].

Certain efforts have been made to establish vacuum consolidation in furnaces (a.k.a. oven vacuum
bag) for different thermoplastic composite materials [21-27]. The parts are placed on a single sided
mold and sealed under a vacuum bag. In terms of design freedom this route offers enhanced flexibility
for parts and blanks of varying (local) thicknesses and adaptable build-up sequence of laminates since
unique tooling is not required.

However, the displacement of intrinsic air is most vital in any thermoplastic consolidation process
[28]. Zhang et al. have proposed a void removal mechanism based on single intralayer diffusion of
entrapped gas volatiles encapsulated in melt impregnated UD-tapes (Cytec APC-2 AS4/PEEK)
followed by gas evacuation along the permeable interlayers formed by the rough surfaces of the
thermoplastic prepreg layers toward the laminate edges [26].

! Aromatic Polymer Composite commercialized by ICI
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Figure 1: Schematic of void removal mechanisms [26]

2.3 Smart Automation

“Most aerospace components are still laid-up by skilled labor, although considerable efforts are
being made to automate or mechanize the process [...]. Hand lay-up is very versatile because human
hands make excellent grippers, eyes marvellous sensors, and the brain a powerful process control and
quality control unit!” [29]

Already in the 1995 the Institute of Robotics and Mechatronics of the German Aerospace Center
(DLR) designed a small so-called lightweight robot (German: Leichtbauroboter, LBR) and conducted
research on safety issues. Haddadin tackled one of the main challenges namely to allow human
machine interaction or collaboration within the same shared workspace which, in terms of classical
automation with common industry robots is usually ruled out [30]. In a joint approach KUKA then
industrialized the DLR robot design and introduced the first LBR to the market in 2004. Within the
framework of “Industrie 4.0” smart automation for mass-customization is often considered a basal
necessity for the competitiveness of industrialized countries [31].

Aerospace industry in this sense is thus a prime example for the challenges of producing
specifically designed products at rather small lot sizes. Even considering the high volume example of
advanced thermoplastic composite usage in Aerospace, i.e. the thousands of clips and cleats within the
structure of the A350 XWB, only roughly half are of identical design [32—35]. In addition, as high
value industry performance and quality requirements simply have to be met. In this context,
automation has always had convincing prospects in terms of reproducibility in production.

In this work, cobots are thus applied to fulfil the repetitive tasks of preforming laminate ensuring
reproducibility. If need be the skilled worker is able to customize the stacking sequence and interfere
should the process deviate from target.

3 EXPERIMENTAL SETUP
3.1 Cobot Test Bench

The cobot test bench was designed to produce laminate stacks for material processing qualification
(see Figure 5). The basic requirements of the test bench are:

Storage of pre-cut prepreg plies (305 mm x 305 mm | 635mm x 325 mm)
Prevention of warpage of the impregnated plies

- Pick-and-place of single plies from the magazine to the vacuum plate

- Fixation of the laminate stack during the ultrasonic spot weld process

In order to meet these requirements the patented end-effector system is separated into the actual
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end-effector mounted to the robot and the downholder [1]. Function-integrated lightweight
construction was employed to meet the limited load capacity of the KUKA iiwa 14 R820.

Figure 2: Side view of the downholder end-effector [21]

Apart from the fixation of the plies in the magazine and during the weld process the downholder
also serves as gripping unit to move the plies. Vacuum is applied through channels within its glass
fiber composite construction (see Figure 3). Thus the downholder ensures the correct positioning of
each ply throughout the entire preforming process. Spot welding of the single plies to form locally
fixed laminate stacks is realized by a lowerable sonotrode on a linear axis mounted to the end-effector.
Accessibility of the sonotrode to the laminate is achieved by a pattern of quadratic cavities (25 mm x
25 mm) in the downholder. The downholder is connected to the end effector by permanent magnets,
extended by electric coils to neutralize the magnetic effect and hence allow releasing.

Figure 3: Foam rubber interface with perforation Figure 4: Vacuum cups grippers for semipregs
for the gripping of UD-prepregs with rougher surfaces

Fabric-reinforced semipregs have different handling requirements compared to UD prepregs.
Especially solvent impregnated CF-PEI material with its rough surface and high inherent stiffness
required a modification of the downholder gripping interface. Natural rubber vacuum cups (Schmalz
SGP 24 NK-40 NO16 [36]) with low shore hardness of 40 were chosen for air-tight form fitting to the
rough surfaces (see Figure 4). An additional downholder was designed for the production of larger
semipreg laminates.
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Figure 5: Cobot-based automated preforming with the down holder end-effector

3.2 Sample Preparation

A main goal of the investigation was to probe the applicability of vacuum consolidation for
different prepreg materials.

305 mm by 305 mm cross-ply laminate stacks of 14 UD-prepreg layers (TenCate TC1200 PEEK
AS-4 [37] as well as 635 mm by 325 mm TenCate Cetex TC1000 Premium CF-PEI of 6 £45° layers
were produced.

The laminates were welded with a titanium stepped horns of 10 mm diameter. A Branson ultrasonic
welder of type DCX S 40:0.8 H 40 kHz power supply with a titan solid mount gold booster was used.

Branson’s amplitude reference guide [38] recommends an amplitude range for PEI from 42 —
60 um and for PEEK 42 — 72 um. The amplitude can be calculated by multiplying the converter
output with the booster and horn gain along with a setup value between 10-100 %, which in the case of
a 40 kHz converter (with 8 um) and a setup value of 100% yields:

A=8um X 1.5 X5 Xx 1 = 60um

In order to optimize the processing parameters for the vacuum consolidation CF-PEI laminates
were heat treated at different dwell times and temperatures according to a face-centered cubic design
of experiment (DOE). Three different levels of applied temperature (310°C, 330°C, and 350°C) and
dwell time (5min, 22.5 min, 40min) were used to investigate the degree of consolidation.

Figure 6 shows the bagging setup for vacuum consolidation. A polyimide separation film
(UPILEX-125S) coated with release agent (MIKON 705) is set atop and below the laminate. A
desized glass filament fabric (FAW =200 g/m?) covers the separated part. Metal caul sheets that
provide uniform surface finish are covered with glass fabric (FAW = 300 g/m?). The outer polyimide
vacuum foil (KAPTON 200HN) is fixed to the tooling with high temperature silicone sealant tape (A-
800-3G). Glass fabric tape (FAW>1000g/m?) is applied as edge breather around the laminate. The
vacuum bag is connected to the rotary vane pump outside the furnace via corrugated metal hoses.
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Figure 6: Vacuum bag setup for the consolidation of CF-PEI semipreg

In addition, a resource-optimized vacuum bag setup was probed for the consolidation of CF-PEEK
UD-Tapes (see Figure 7). The glass fabric tape edge breather (FAW > 1100 g/m?) was replaced by a
stainless steel metal wire mesh. The incompressible 2 mm thick mesh has a porosity of 60 % and an
effective cross section of 3.6 mm?%cm at the cutting edges with low drag to improve air flow. Atop the
separation film a non-woven fiberglass breather (AIRWEAVE UHT 800) allows good transition
between the laminate and vacuum film at any given radius so that no wrinkles in the vacuum film are
imprinted on the part surface.

CF-PEEK prepregs were heat treated at temperatures above 380°C for 35min.

Bagging Film

Non-woven glass Breather
Edge Breather

Separation Film

Laminate

Sealant Tape

Vacuum Connection
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Figure 7: Resource-optimized vacuum bag setup for the consolidation of UD-Tapes

All laminates were vacuum consolidated in a Nabertherm N1500/45HA oven that fulfils AMS
2750 E. The process parameters were measured during the oven process for in-line process
monitoring.

Figure 8: Vacuum consolidation setup in the furnace
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3.3 Quality Assessment

The degree of consolidation of the organo sheets was characterized by water-coupled ultrasonic
testing (WCUT) using the pulse-echo method. An Olympus Omni Scan MX2 with a phased array
module (OMNI-P-PA32:128), a SMHz PA-probe with 64 elements (5L64-NW1), a wedge (SNW1)
and a 2-axis encoding manual scanner (GLIDER 36 x 36) were used for the measurements.

4 RESULTS
4.1 Vacuum Consolidation
CF-PEIl

Figure 9 illustrates a representative pressure and temperature profile during the vacuum
consolidation for CF-PEIL Thermocouples were placed in the top, middle and bottom of the laminate
(marked in grey lines). The furnace temperature was regulated by the charge temperature sensor on top
of the vacuum bag (yellow triangles). The pressure is measured at the vacuum pump inlet and depicted
as grey circle scatter diagram. Above the glass transition temperature of CF-PEI (7, = 217°C) the
temperature gradient decreases until the processing temperature is reached.
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Figure 9: Temperature and pressure profile of a CF/PEI laminate during vacuum consolidation

Table 1 lists the measured process parameters, i.e. temperature, dwell time, and pressure for the
produced CF-PEI laminates. In contrast to temperature and time that are regulated by the furnace,
pressure is an uncontrollable factor. The vacuum level is primarily relevant during the consolidation
phase, i.e. above the glass transition temperature of PEL. Only above this temperature the pressure
during the vacuum consolidation was evaluated (pa). In addition to the pressure measurement during
the consolidation, the leak tightness before (p,..) and after (pp.s) the oven process was recorded by
measuring the pressure increase 60 seconds after the vacuum pump is switched off. The higher the
pressure increase after this period of time the higher the leakage current thus indicating low leak
tightness.
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Label Tset t Pavg Dpre Phrost

°C min mbar mbar mbar

VK _PEI #1 310 5 0.16 9.1  13.0
VK PEI #2 310 225 - 9.1 82
VK PEI #3 310 40 016 160 7.9
VK _PEI #4 330 5 0.16 64 160
VK PEI #5 330 225 053 65 170
VK PEI # 330 40 020 71 76
VK PEI #7 350 5 021 73 79
VK PEI #8 350 225 019 71 58
VK PEI #9 350 40 010 06 L5

Table 1: Process parameters for the vacuum consolidated CF-PEI laminates [24]
CF-PEEK

Figure 12 shows the pressure and temperature profile during the vacuum consolidation for CF-
PEEK UD cross-ply laminates. The furnace temperature was regulated by the charge sensor atop the
vacuum bag (yellow triangles). Above the melt temperature of CF-PEEK (7, ~ 343°C) the
temperature gradient over part thickness decreases (grey lines). The laminates are consolidated at
temperatures above 380°C for 35min. In accordance with Cogswell [39] a drying step of the laminate
stack was carried out at 150°C furnace temperature for 30 min. No greater change of the pressure
levels during the drying step is measured. Once furnace temperatures of 240°C and part temperatures
of 200°C are reached the pressure rises to about 0.2 mbar. The surface is rougher compared to samples
consolidated with caul sheets.
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Figure 10: Temperature and pressure profile of a CF-PEEK laminate during vacuum consolidation
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Figure 12 indicates the pressure rise during the leak test after the vacuum source has been turned
off, both prior and after the vacuum consolidation. After consolidation the pressure rises from
0.2 mbar to 9.3 mbar within the first minute. The dashed line indicates a pressure rise of 5 mbar within
the first minute which serves as process quality requirement. The leak tightness is obviously weakened
during consolidation.
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Figure 11: Pressure rise during leak test

4.2 Consolidation Quality

Finally the organo sheets were tested via water-coupled ultrasonic testing (WCUT). The
measurement yields a colored C-Scan picture of the back-wall echo attenuation. Blue colors indicate
echo amplitudes below 50%. Between yellow and red the amplitude lies within 50% to 100%,
showing the areas with back-wall echo attenuation lower than 6 dB. These areas are considered to be
of sufficient quality according to the AITM 6-4005 test method [40].

CF-PEI

Each produced blank is labelled according to

Table 1 along with the area percentage of sufficient back-wall echo above 50 %. The consolidation
quality as measured by WCUT was found to be insufficient for CF-PEI prepregs. Figure 12 illustrates
the WCUT measurements for CF-PEI organo sheets at different levels of dwell time and temperature.
Despite increasing temperature and time the area percentage of sufficiently good consolidation
reached a plateau at approximately 37%. Merely the consolidation quality near the laminate edges was
improved with increasing temperature. Up to five centimeters from the edges were affected by the
improvement, while an oval area within the center remained comparable constant. The resulting
absence of back-wall echo indicates insufficient void removal from the center area. Additional
thickness measurements showed a correlation between back-wall echo and the organo sheet thickness.
The well consolidated areas were thinner compared to areas of insufficient quality. In contrast to
temperature, an increase in dwell time yielded little or no significant improvement of the consolidation
quality.

Organo sheets with higher pressure levels and reduced vacuum tightness (

Table 1) such as sample PEI #5 show higher back-wall echo attenuations (Figure 12).
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Figure 12: C-Scan of the back-wall echo attenuation for CF-PEI at different design points. [28]

CF-PEEK

Figure 13 shows the WCUT measurement of a CF-PEEK cross-ply laminate. Areas of insufficient
consolidation quality (blue) alternate with sufficiently good consolidated areas (orange and red).
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Figure 13: WCUT A-, B-, C-Scan and D-Scan of a CF-PEEK UD laminate
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S DISCUSSION

Solution impregnated semipregs like CF-PEI typically show bubbles at the surface where the
solvent evaporates. Voids exist between the warp and weft where impregnation with polymer is
reduced. [41]

Design of experiment was used to evaluate different levels of dwell time and temperature to define
processing parameters that render samples of minimized void content. The WCUT results served as an
input parameter for the evaluation and revealed that a temperature increase impacts the close-to-the-
edge back-wall echo approximately linear and over eight times higher as an increased dwell time [28].
This results from the sharp reduction of melt viscosity of PEI at higher temperatures [42] allowing
quick autohesion between neighboring plies with intimate contact at the edges. However, after the
edges are sealed no further improvement in consolidation quality is reached. With the edges sealed
volatile removal of trapped air becomes a diffusion driven process. According to the impregnation
model of Hou et al. a pressure of 2 MPa is required to provide void contents below 0.5% [43].
Consequently, only pre-consolidation of CF/PEI appears to be achievable via vacuum consolidation
[24], [25].

Compared to the CF-PEI samples the difference in consolidation between center area and border is
less pronounced. Void volatile removal is not yet sufficiently realized.

The measured leakage currents vary between 0.6 to 16 mbar indicating difficulties in achieving
reproducible vacuum tightness. Sources for leakages are manifold such as leaks within the vacuum
connection, perforation of the vacuum bag or weakened tack of the sealant tape due to contaminations.
Most of these sources of error can be minimized or eliminated prior to consolidation. However, during
the oven cycle an oxidation process of the sealant tape occurs partially leading to cracks and in
consequence to low leak tightness. Organo sheets with significant higher post pressures (e.g. PEL #5)
showed approximately three times higher average pressure values during the vacuum consolidation
and reduced consolidation quality. The average vacuum level measured during the heat cycle with a
sensor close to the pump are always comparably low and only allow limited deduction on the leak
tightness.

As a consequence, a quality requirement of 5 mbar/min was defined for future vacuum bagging
configurations.

6 CONCLUSION AND OUTLOOK

A cobot test stand was setup to produce laminates of reproducible quality for materials processing
qualification of various carbon fiber-reinforced thermoplastic materials. The test stand with
downholder end-effector automatically stacks plies and fuses them by ultrasonic spot welding. The
weld parameters can be monitored and adapted depending on the respective materials.

The laminates were then heat treated in an oven vacuum consolidation process. In addition to in-
line process monitoring, the consolidated blank quality is assessed by water-coupled ultrasound
(WCUT).

It was found that this OoA-technology without additional external pressure strongly depends on the
vacuum tightness of the vacuum setup. Degradation of sealant tape may impair part quality.

Certain materials such as CF-PEI semipreg appear to only allow pre-consolidated via this route and
require final pressurized consolidation.

CF-PEEK UD-Tape were vacuum consolidated with a resource optimized vacuum bag setup
allowing a partial reutilization of breather auxiliaries and faster handling times. The general utilization
could be shown. However, the achievable consolidation quality may still be improved.

Currently CF-PEKK UD-Material from Toho Tenax is being investigated concerning its
applicability for future aircraft fuselage applications [44]. At reduced processing temperatures the
degradation of auxiliaries may be positively influenced. In addition, a sealant tape especially designed
for high temperature oven processes will be tested.
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