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ABSTRACT

This paper presents the assessment of non-conventional materials and consumables as well as the
development of novel technologies and processing strategies for the manufacturing of thermoset
composite materials in order to reduce the ecological footprint of structural components in the aerospace
industry. The particular technologies, which are being addressed, involve, novel automated preforming
concepts with dry unidirectional fabrics, optimized infusion processes with a sustainable polymer resin
and corresponding infusion strategies, a novel smart mould with micro-vibrations for improved fiber
wetting and integrated sensor technologies, resulting in a significant reduction of energy consumption
during composite manufacture and consequently a minimization of production costs and the
environmental footprint of composite manufacturing technologies. Lastly, a stabilizer panel, with slight
curvature and integrated stiffener elements was realized using the aforementioned technologies in order
to demonstrate the feasibility and ecological benefits. This paper presents the results of the Clean Sky 2
ecoTECH project and highlights its potential and ecological benefits.

1 INTRODUCTION

The European Union’s Clean Sky 2 (CS2) joint research programme [1] has been launched in order
to push the European competitiveness in cutting edge technologies and environmentally friendly
production methods on a new level and to develop a strong and globally competitive aeronautical
industry and supply chain within Europe. CS2 is covering all major topics of innovative aviation
research, in order to develop cleaner air transport technologies and reduction of CO2, NOX and noise
emission compared to state-of-the-art (SoA) aircrafts. The Institute of Aircraft Design (IFB), Israel
Aerospace Industries Itd. (IAl) and INVENT GmbH (INVENT) are part of the ecoTECH project within
the CS2 sub-branch “AIRFRAME ITD” and are responsible for research on the development of novel
and efficient manufacturing technologies for composite materials used in aerospace applications. Main
goals within the ecoTECH activities are the decrease of production costs at increased process
efficiencies and to provide a lower ecological impact of the resulting composite structure and its
manufacturing chain.

Up to today, the manufacturing of large-scale structures, made from fiber reinforced composite
materials in various industries is still dominated by a high percentage of manual work. Next to the
utilisation of pre-impregnated semi-finished products [2], it is still standard practice to first build a near-
net shape preform from pre-cut semi-finished products, layer by layer [3]. The individual reinforcement
layers are held together and fixed by an auxiliary binder material [4]. In a subsequent processing step,
the finished preform is then impregnated with a low-viscosity resin system. Automated preform
manufacture offers the potential of a faster, more cost-effective and more sustainable production of FRP
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structures [5]. For successful automation, reliable textile handling and wrinkle-free draping of the semi-
finished structures in the mould are essential.

This study will present the main achievements and developments of the CS2 project ecoTECH with
special focus on novel automated preforming concepts with dry unidirectional fabrics (USTUTT),
optimized infusion processes with a sustainable polymer resin and corresponding infusion strategies
(1Al and a novel smart mould with micro-vibrations for improved fiber wetting and integrated sensor
technologies (INVENT).

1.1 STATE OF THE ART

In order to achieve high and repeatable quality, while maintaining competitive production rates,
automated processing of FRP materials is essential for a resilient, industrial production of composite
materials [5]. In the aerospace industry, the Automated Tape Laying (ATL) [6] and the Automated Fiber
Placement (AFP) [7] technology can help to achieve a resilient and sustainable value creation. Within
robotized AFP technologies, textile semi-finished products are placed onto a substrate material in order
to achieve near-net shape preforms [6]. State-of-the-art AFP technologies focus on the layup of pre-
impregnated semi-finished products. However, Dry Fiber Placement (DFP) has recently gained
increasing interest in various industrial sectors, due to reduced storage and material cost as well as
enhanced process- and material flexibility [8, 9]. Within DFP technologies, unimpregnated, pre-
bindered textiles are used during fiber deposition. For processing of the dry fiber textiles, an auxiliary
tackifying agent, which is located on the textiles surface, needs to be thermally activated during the
layup process in order to achieve adequate adhesion between a substrate material and the textile semi-
finished product [10,11]. The thermal heat input in AFP technologies can be achieved with common
heat transfer principles [12].

ATL and AFP are known to be the key enabling technologies for the application of composite
materials in major aerospace structures, such as the Boeing 787 or the Airbus A350. Semi-finished
products with high fiber areal weights can be used for Automated Tape Laying in order to quickly layup
large amounts of material. However, the ATL process is limited to large-scaled components with little
complexity and what the process offers in speed and volume it sacrifices in conformability and flexibility
[13]. The AFP process, on the other hand, can be used for automated manufacturing of parts with higher
degrees of complexity but is restricted to fabrics with lower fiber areal weights at the same time [14].

To accommodate for parts, that lie within the range of the two aforementioned processes, a novel
layup process has been developed: The Advanced Ply Placement (APP) [15].

In order to impregnate the preform with a polymer matrix system, a variety of liquid resin infusion
(LRI) processes are available [16]. Resin infusion technology is a process that uses a vacuum to pull a
low viscosity liquid resin into the dry preform and is used for manufacture of high-quality composite
components. LRI processes cover a variety of applications and are compatible with different types of
textile semi-finished products and resin matrices commonly used today. It is suited for the manufacture
of large-scale composite parts, in which high strength and light weight are essential. In the resin infusion
process, the dry preforms, necessary auxiliaries and potentially core materials as well as inserts are laid
up in a mould. This layup is covered by a vacuum bag and sealed to the mould. The entire setup is then
put under vacuum, which compacts the preform and the low viscosity polymer resin is introduced into
the preform via a resin inlet. The pressure differential between the atmosphere at the resin inlet and the
vacuum port is causing the infusion of the resin into the layup [3]. Due to the vacuum compaction,
composite structures manufactured with the resin infusion process can achieve fiber volumes of about
55-65% [17]. Autoclave manufacturing is regarded as benchmark for the manufacture of composite
structures in the aerospace industry. The autoclave process consolidates the impregnated preform via
pressure and thermal heat in order to cure thermoset-based composite structures. Due to the elevated
consolidation pressure in the autoclave process, high mechanical properties and a low void content can
be achieved [3]. However, high capital invest for acquisition and operational cost are required to enable
the autoclave process. Large autoclaves are often used inefficiently for the manufacture of composite
parts, where unnecessary energy is utilised for achieving and maintain the consolidation pressure and
the heat input. As a result, the use of autoclaves does not allow for sustainable composite manufacture.
For that reason, flexible and sustainable out-of-autoclave (O0A) processes are gaining increasing
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interest within industrial applications in order to speed up manufacturing time and reduce operational
cost without sacrificing composite quality [18]. Next to flexible heating blankets [19], self-heated
composite toolings [20] are one possibility to achieve a homogeneous heat distribution during the
composite cure.

1.2 Scope

This study presents the results of the Clean Sky 2 ecoTECH project, in which a novel approach for
the manufacture of aerospace composite structures was developed. Special emphasis was set on the
processability of unidirectional (UD), non-crimped fabrics (NCF) within a novel automated preform
manufacturing approach and a subsequent one-shot liquid resin infusion (LRI) approach with sustainable
polymer resins and corresponding infusion strategies. Therefore, preforms were manufactured, using
the Advanced Ply Placement (APP) technology. Furthermore, a novel smart tooling concept is
introduced, using micro-vibrations for improved fiber wetting and integrated sensor technologies, in
order to achieve data collection and process control during the entre infusion process. Furthermore, the
smart mould technology enables integrated heating with reduced energy consumption, when compared
to SOA curing concepts.

2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Fabrics

Initial infusion trials were carried out, using an AFP laminate, which was manufactured using "4”
HiTape® [21, 22] from HEXCEL Corporation (Stamford, USA) with a fiber areal weight (FAW) of 126
g/m2. For the manufacture of the final demonstrator geometry, the unidirectional carbon fiber plain
weave fabric HEXForce G0827 BB1040 [23] was purchased from HEXCEL Composites SASU
(Dagneux, France). G0827 has a fiber areal weight of 160 g/m?, containing 3k TORAYCA FT300B
carbon fibers (198 tex, density: 1.76 g/cm3) in warp direction (97 wt.%) and EC5 5.5 X 2 glass fibers in
weft direction (3 wt.%).

2.1.2 Tackifying Agents

Within the ecoTECH project, a comprehensive screening of tackifying agents was carried out [10,
24, 25]. For manufacturing of the preforms, using the APP technology, the self-adhesive veil SAERfix
EP [26] was purchased from SAERTEX GmbH (Saerbeck, Germany). SAERfix EP (SAER) is
compatible with epoxy resins due to chemical cross-linking in the course of curing. Throughout the
various studies, SAER was considered for further application, due its low impact on mechanical and
thermal properties as well as minimal impact on overall composite performance, while maintaining good
processability in terms of binder application and adhesive properties [27].

2.1.3 Resin System

The initial LRI trials were carried out using the mono-component HexFlow RTM6 [28] from
HEXCEL Corporation (Stamford, USA), as an aerospace qualified resin system and benchmark system.
For the manufacture of the ecoTECH demonstrator, the resin system Resoltech 1500 with the hardener
1504 from Resoltech Advanced Technology Resins (Rousset, France) [29] were used. This low-
viscosity, amine curing epoxy resin is suited for LRI processes. The mixing ratio is stated in the
respective technical data sheets (TDS) with 100:30 £ 2 wt.% (resin: hardener). Curing was accomplished
within 24 h at room temperature, followed by a resin-specific post-cure cycle at 3 h at 50°C, 3 hat 100°C
and 3 h at 150°C, according to the respective TDS, resulting in a glass transition temperature (Tq of 141
°C [29].
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2.1.4 Consumables

During the LRI manufacture of the stabilizer panel with the smart mould approach, the following
consumables were used. The knitted polyester flow mesh KNITFLOW 105HT [30] from AIRTECH
EUROPE SARL (Hanebosch, Luxembourg) was used to support the resin flow throughout the preform
during LRI. The polyester weave RELEASE PLY C [31] and RELEASE EASE 234 TFP [32] from
AIRTECH EUROPE SARL (Hanebosch, Luxembourg) were applied as peel ply materials. WL5200R
[33] from AIRTECH EUROPE SARL (Hanebosch, Luxembourg) was selected as perforated release
film. As vacuum bagging, the embossed nylon vacuum film SK2VF200-E1 was purchased from VIK-
Composites (Schwabisch Gmiind, Germany). During LRI processing, the VAP Membrane C2003 [34]
from COMPOSYST GmbH (Landberg am Lech, Germany) was utilized to create a vacuum over the
entire components surface and to ensure that air and gas pockets are reliably extracted during resin
infusion. For manufacture of the inner mold line of the omega shaped stiffeners a customized and
thermoformed DAHLAR® RELEASE BAG 500 (RB500) [35] from AIRTECH EUROPE SARL
(Hanebosch, Luxembourg) was purchased and used during LRI processing.

2.2 Methods
2.2.1 Preforming

The Advanced Ply Placement technology [15] was developed as a technology for the automated
manufacturing of complex, large-scaled carbon fiber reinforced components using unidirectional, pre-
impregnated fabrics. Within the APP technology, three coordinated robots are used for placement of
NCF materials onto a double-curved mould (Figure 1 a). Two industrial six-axis robots are used for
synchronized transportation and handling of the unidirectional fabric, while a third robot is responsible
for the layup and consolidation of the pre-cut reinforcement fabrics into the corresponding mould.
Segmented gripper elements, allow axial shearing of the UD fabric and therefore compensation of
differences in length during layup on complex geometries. Furthermore, the gripper segmentation
guarantees a defined and constant ply tension throughout the entire layup process. Furthermore, the
shape adaptive compaction roller enables adaption of the layup head to double-curved surfaces and a
defined pressure across the entire ply width can be set and enabled during the layup process.

Figure 1: APP a) Ply Placement b) Offline APP Programming

Within the ecoTECH project, a methodology for the offline programming of the multi-robotic APP
process was developed, using a kinematic draping approach for analytical calculation of the placement
behaviour of the NCF material, visual process simulation and subsequent export of synchronized robotic
trajectories to the machine control (Figure 1 b).

After successful process simulation and feasibility studies, APP specific parameters were set for the
manufacture of the skin preform (Length: 1800 mm; Width: 750 mm). HEXForce G0827 with a width
of 300 mm was determined as NCF material for preform manufacture due to its superior shearability.
Prior to layup in the APP preforming cell, the NCF material was equipped with the SAER tackifying
agent. Based on a previous numerical simulation of the load cases the stacking sequence was set to [0°
[ 45° | -45° ] 90° / 90° / - 45° / 45° / 0°]. Omega stringers were chosen as stiffener elements and the
corresponding preforms were manufactured in a winding process. In order to achieve material
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compliance HEXForce G0827 with a fabric width of 150 mm was set as reinforcement material for the
winding process (unfolded dimensions: Length 1800 mm; Width: 230 mm). [0° / 45° / 0°/ -45° / 0° / 90°
/0°/-45°10°/45°/0°] was determined as stacking sequence based on the aforementioned numerical
simulation.

2.2.3 Smart Mould

One of the main objectives of the ecoTECH project is the reduction of energy consumption in
composite manufacture and the minimization of the cure cycle duration by adopting OoA processes with
a self-heated composite mould. Therefore, two self-heated composite moulds with integrated sensors
and piezo-based actuators were manufactured in order to study the influence of micro vibrations on the
impregnation behaviour and the energy input during FRP cure in order to realize sustainable
manufacture of composite components. Numerical simulation of the piezoinduced microvibrations and
the smart mould periphery was carried out to identify suitable positioning and amount of the piezo-based
actuators as well as corresponding frequencies of the microvibrations in order to improve the wetting
behaviour.

For analysis of the active impregnation improvement a two-dimensional composite mould (780 mm
x 780 mm) was manufactured, which was equipped with piezo-based actuators DuraAct P-876.A15 [36]
from PI Ceramic GmbH (Lederhose, Germany), integrated heating as well as temperature and cure
sensors (Figure 2 a).

Consequently, a scaled three-dimensional mould (2310 mm x 2020 mm; R: 1303,21 mm) was
manufactured based on the outputs and conclusions from the initial 2D composite mould. For active
impregnation improvement, piezo-based actuators were integrated and the heating system was adapted
to a resistive multi-zone heating concept for improved heat homogeneity. In order the quantify the
energy consumption of the scaled smart mould with integrated heating and in order to compare it to a
corresponding oven cure, two infusions with the final demonstrator preforms were carried out (Table
1). During the infusion of the demonstrator using the smart mould approach, a minor inhomogeneity in
the heat distribution on the upper surface of the aluminum caul plates was noticed. For that reason, an
additional fan heater was connected to the smart mould and its energy consumption was recorded and
analyzed. The control unit of the moulds allows adjusting and programming of the microvibrations
frequencies, the cure cycle as well as extraction and export of the sensor data. The infusions on the smart
moulds were carried out according the specifications and settings, as it can be seen in Table 1.

Figure 2: SMART Mould a) 2D Set Up b) 3D Set Up

Table 1: Description of Smart Mould Infusion Campaigns

Label Mould Microvibrations FRP Cure

PRE-INF-01 2D Smart Mould
PRE-INF-02 2D 255 Hz * Smart Mould
PRE-INF-03 2D 287 Hz * Smart Mould
DEM-INF-01 3D 4 x 265 Hz; 2 x 180Hz * Multi-Zone Smart Mould
DEM-INF-02 3D Oven

* acc. to num. Simulation
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2.2.2 Liquid Resin Infusion

In the course of the ecoTECH project a comprehensive material screening was carried out with the
objective of finding a room temperature infusion resin with corresponding high T, improved fiber
wetting and adequate mechanical performance. For that reason, 6 resins were down-selected from initial
40 potential resin systems. Testing and preliminary characterization was carried out, analyzing viscosity,
Tg, curing profile, mechanical properties (OHC, ILSS, DMA, etc.). Finally, the low viscosity infusion
resin Resoltech 1500/1504 was selected.

In order to study the impregnation behavior of a compact AFP preform (HiTape, ¥4, 126 g/m?2; 600
mm x 600 mm) using the 2D smart mould with piezo induced microvibrations, the aerospace certified,
monocomponent RTM6 resin system was used as benchmark resin. Three infusions were carried out
(PRE-INFO01: No microvibrations; PRE-INF02: Microvibrations; Frequency: 255 Hz; PRE-INF03:
Microvibrations; Frequency: 287 Hz). Figure 3 (a) shows the schematic setup for the benchmark
infusion campaign.

Resin Inlet VAP Membrane  vacuum Bag Vacuum Port F =
TR
/ i =N\ )
I ot |

1
1 ||
T

Tacky Tape Flow Mesh

NE
Peel Ply i‘

Figure 3: 2D LRI a) Schematic Infusion Strategy b) LRI Setu

For one-shot LRI processing of the stabilizer panel including skin and stiffener preforms, a
gravimetric VAP infusion approach was chosen. Therefore, the VAP membrane is applied onto the
mould surface and vacuum is being pulled from below the preform (Figure 4 (a)). Two infusions were
carried out in order to study the energy consumption during composite cure and the feasibility of the 3D
smart mould concept (DEM-INFO1: Microvibrations; Cure on self-heated smart mould; DEM-INF02:
Microvibrations; Oven Cure).

Vacuum Bag Caul Plate | Resin Inlet

Ease 234

VAP Membrane W —

Tacky Tape Vacuum Port Flow Mesh Peel Ply

Figure 4: Demonstrator LRI a) Schematic Infusion Strategy b) LRI Setup

3 RESULTS AND DISCUSSION
3.2.1 Preforming

The Advanced Ply Placement robotic cell was used for the manufacture of preforms for subsequent
liquid resin infusion and mechanical characterization as well as the production of the final skin preforms
for demonstrator manufacture (1800 mm x 750 mm) using [0° / 45° / -45° / 90° / 90° / - 45° / 45° / 0°]
as stacking sequence. The SAERfix EP binder veil was able to provide sufficient tack to adhere the
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individual textile layers of the preform. However, prior to the layup of the binder-equipped NCF
material, the backing paper of the tackifying agent has to be removed. It was not possible to automate
this process and due to the fragility of the backing paper, it often tore, which led to increased manual
effort.

Ty
SR NG
Figure 5: Preform Manufacture a) APP; Skin Preform; -45° Layup b) Stiffener Preform Manufacture

3.2.2 Liquid Resin Infusion

CFRP laminates were produced, using the material combination described in Section 2.1 and the
aforementioned infusion strategy. The laminates were mechanically characterized in order to compare
with SoA material combinations. A selection of the material properties can be found below:

Table 2: Mechanical Characterization — LVL1 Testing — G0827 / RESOLTECH 1500/1504

Property Test Standard Unit Mean Value!
Tensile Strength fa1t ASTM 3039 MPa 14194
Tensile Modulus Ei1t ASTM 3039 GPa 115.31
Poisson Ratio V12 - 0.29
Compression Strength f1c ASTM 3410 MPa 838.54
Compression Modulus E1ic ASTM 3410 GPa 107.56
In-Plane Shear Strength fi2 ASTM 3518 MPa 80.58
In-Plane Shear Modulus G ASTM 3518 GPa 5.45
Interlaminar Shear Strength fi3 ASTM 2344 MPa 78.6
Fracture Toughness Gic AITM 1.0005 J/m? 315.18
Interlaminar Fracture Toughness Gac AITM 1.0006 Jimz2 782.44

! Average Values were obtained from 5 measurements

The VAP infiltration approach for the demonstrator part, using four resin inlets for impregnation of
the preform with Resoltech 1500/1504 resin, in combination with the smart molds’ microvibrations for
impregnation improvement was successfully demonstrated (Figure 6). Nondestructive testing, using
ultrasonic C scanning, did not show any dry spots, indicating successful impregnation of the composite
part. Furthermore, micrographs of the demonstrator’s cross-section also indicate adequate fiber
impregnation (Figure 7).

Figure 6: Demonstrator LRI a) Schematic Infusion Strategy b) LRI Setup
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Figure 7: Micrographs a) Stiffener Flange b) IML Omega c) IML Flange Region

3.2.3 Smart Mould

With the utilization of piezo-induced microvibrations on the two-dimensional smart mould it was
possible to reduce the impregnation time during the VAP resin infusion, while maintaining the infusion
parameters, as it can be seen in Table 3. Furthermore, a more homogeneous flow front propagation was
observed. Based on the initial results, it can already be assumed, that due to piezo-induced active
impregnation optimization, the energy consumption during composite manufacture can be reduced by
the decrease of impregnation time and therefore overall process time, which shall be validated by trials
on the scaled tooling.

Table 3: Impregnation Duration on 2D smart Mould

Label Microvibrations Impregnation Duration Reduction
PRE-INF-01 23 min 50 sec
PRE-INF-02 255 Hz 21 min 12%
PRE-INF-03 287 Hz 17 min 29%

Successful one-shot infusion of the combined skin and stiffener preforms on the scaled smart mould
was demonstrated in two infusions. The energy consumption was measured for both scenarios, during
smart mould cure and oven cure (Table 4 and Figure 8). Due to additional volume, which inevitably
needs to be heated during oven cure an elevated energy consumption of 85.02 kW was measured. Using
the smart mould approach an energy consumption of 9.10 kW was measured. Although, an additional
fan heater had to be connected during the last ramp up phase to 150 °C, the overall energy consumption
with 18.85 kW can be considered low in comparison to SoA curing processes and demonstrates a high
potential for sustainable composite manufacture. The energy consumption during manufacturing is
reduced because of the self-heating structures and only heats material and the space directly linked to
the process.

RP Holding Phase - 50°C | RP | Holding Phase - 100°C . RP Holding Phase - 150°C
:

.......

Power [W]
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Figure 8: Energy Consumption during Composite Cure
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Table 4: Energy Consumption Comparison

Label Energy Consumption Overall
Energy
Smart Mould Fan Heater Oven Consumption
DEM-INF-01 9.10 kW 9.75 kW 18.85 kW
DEM-INF-02 85.02 kW 85.02 kW

4 CONCLUSIONS

This paper presents some results of the CS2 ecoTECH project, focusing on the development of novel
manufacturing technologies and processing strategies for the manufacturing of thermoset composite
structures. Global objective of the research project is the development of novel processing approaches
to reduce the ecological footprint of structural components in the aerospace industry. For that reason,
the Advanced Ply Placement process was introduced and a novel material combination for Dry Fiber
Deposition (DFD), using a low FAW NCF material equipped with a self-adhesive tackifying agent was
analyzed und used for preform manufacture. Next to the development and material screening for DFD
processes, a comprehensive material screening was carried out for the selection of a low-viscosity room
temperature infusion resin with elevated glass transition temperature. Furthermore, a novel sensor-
controlled and self-heated tooling concept was developed in the course of the project. The integration
of sensors into the mould enables monitoring of the material state and therefore allows active influence
of the process control. The smart mould is also equipped with piezo-based actuators in order to introduce
microvibrations into the mould for active impregnation improvement. The research indicates, that with
the smart mould approach the impregnation duration can be reduced and furthermore a significant
reduction of energy consumption during composite manufacture can be achieved, resulting in a
minimization of production costs and the environmental footprint of composite manufacturing
technologies. The smart mould concept allows for faster heating and independency from state-of-the-art
ovens and autoclave processes. In order to demonstrate the feasibility and the ecological benefits of the
ecoTECH developments, a stabilizer panel, with slight curvature and integrated stiffener elements was
realized using the aforementioned technologies
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