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Abstract Carbon fiber-reinforced thermoplastics offer the possibility for short lead times and dustless assembly in
aerospace applications. However, their great potential for efficient processing to date is not entirely exploited. At the Center
for Lightweight Production Technology (ZLP) in Augsburg smart automation of thermoplastic composite production is
investigated. To assess the overall process chain a sine wave beam designed as crash-absorber serves as demonstrator.
The production process from as-delivered material to final assembly is presented. In addition to non-destructive testing at
the end of the value adding process chain, production-integration quality assurance, and process characterization serve
to evaluate each process step. In this context, water-coupled ultrasonic testing as an established method in aerospace
production is used to assess the degree of consolidation after vacuum consolidation and press-forming. Thus, quality
issues and crucial process parameters can be identified and optimized to improve robustness.
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Introduction
Compared to aerospace grade thermosets the main advan-
tages of carbon fiber-reinforced thermoplastic composites
with matrices such as polyphenylene sulfide (PPS), polyeth-
erimide (PEI), polyetherketoneketone (PEKK), and polyeth-
eretherketone (PEEK) lies within the fact that these materials
store at room temperature, allow faster cycle times by press
forming, and dustless assembly by welding. Especially the field
of joining and welding of thermoplastic composites has been
studies extensively with a broad comprehensive knowledge
base available.'""® Advanced manufacturing techniques have
been discussed and demonstrated.'-"® The so-called TAPAS
(Thermoplastic Affordable Primary Aircraft Structure) consor-
tium has demonstrated a number of large-scale thermoplas-
tic components for aerospace applications since its launch in
2009.16-18

A high volume example of advanced thermoplastics
usage in Aerospace is the use of thousands of clips and cleats
within the structure of the A350 XWB. These clips are made

*Corresponding author, email frederic.fischer@dlr.de

of pre-consolidated laminate blanks,' often referred to as
organo sheets. However, along this production route the
design freedom in terms of prepreg material, layer orientation
and local thickness variation is limited so that the potential
of fiber-reinforced thermoplastics is not yet fully exploited.
At the DLR Center for Lightweight Production Technology
(ZLP) research is focused on smart automation of carbon fib-
er-reinforced thermoplastic (CFRTP) production to push the
technology readiness level (TRL) from demonstrator level
which proves the general feasibility (TRL 3) to full-scale tech-
nology demonstration in an industry-like environment (TRL
6). For this purpose an automated process chain has been set
up that allows swift adaptation to customization and product
improvements.?’ Reproducible quality is ensured by means of
production-integrated quality assurance. In this work, we have
mainly focused on the degree of consolidation and the respec-
tive void content along the process chain which was identified
as major issue in thermoplastic composite production.
Originally designed and validated as a crash-absorber for
helicopter sub-floor configurations at the DLR Department for
Structural Integrity*'? a sine wave beam serves to illustrate
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and assess the overall process capabilities from as delivered
material to final part. The sine wave beam (see Fig. 1) is made
of an upper and lower cap attached by two edge links to the
sine wave web. The all-thermoplastic assembly is made of car-
bon fiber-reinforced polyetherimide (CF/PEl, TenCate Cetex®
TC1000 Premium) material and joined by implant resistance
welding. PEI film (SABIC ULTEM™ 1000) was used for the
fabrication of pre-assembled resistance welding elements.
The steel tooling for the complexly shaped edge links was
designed to compensate spring-in effects.

Automated production

Figure 2 illustrates the established process chain at ZLP for
thermoplastic CFRP parts. The process starts with the cutting
of the prepreg material and ends with the joined assembly.
The entire process chain with all its interfaces is investigated
to identify optimization potentials.

For this purpose an integrated work cell has been set up to
identify and assess viable technologies in an industry-oriented
environment (see Fig. 3). In this cell an industrial robot for
high temperature applications (KUKA KR210 R3100 Ultra F) is
combined with a composite hot press system (WICKERT 4400
S). The hot press can be heated up to 450°C at a platen size of
1800 mm by 1200 mm.

Thermoplastic preforming

Plies of thermoplastic prepregs are stacked and locally joined
by ultrasonic spot welding. For this purpose a pick-and-place
end effector is fitted with a special camera-based cut piece
detection, as presented by Schuster et al.2,

Process parameters for the ultrasonic spot welding of the
prepreg plies with a 12 mm titanium stepped horn and a
BRANSON 2000 LPe: 40:0.50.4T generator (40 kHz & 500 W)
have been validated (Table 1). Spot welding with the 12 mm
sonotrode shows no measurable effect on the organo sheet
quality.”® In addition, the web plies are only welded where the
organo sheets are clamped during press processing and the
final parts are trimmed.

Vacuum consolidation

Vacuum consolidation is an out of autoclave (OoA) vacuum
bag technique especially suitable for pre-series and the
manufacture of larger structures with smaller lot sizes like
for instance stiffened fuselage skins or rudders.??” In terms
of design freedom it offers enhanced flexibility for parts and
blanks of varying (local) thicknesses and adaptable build-up
sequence of laminates since unique tooling is not required.
The welded laminate stacks are vacuum bagged and
pre-consolidated at 310 to 320°C in a hot air oven. The dwell
time is roughly calculated with 10 min plus an additional
minute per ply.?® The maximum heating and cooling rates
depend on the respective equipment (2-5 K/min). At ZLP we
employ both a NABERTHERM N1500/45HA and a VOTSCHVTU
300/300/500 circulating air oven for vacuum consolidation.
The comparably small N1500/45HA (1 m x 1.5 m x 1 m) ful-
fils AMS 2750E requirements and reaches temperatures up
to 450°C.The VTU 300/500/300 (3 m x 5 m X 3 m) also meets
aerospace demands for high temperature uniformity up to
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Figure 3 Thermoplastic production cell at ZLP

Table 1 Weld processing window

Force N 100-150
Pressure MPa 1.0-1.2
On time S 3

Hold time S 2
Amplitude pum 40-60

420°Cand allows the production of large thermoplastic struc-
tures. For the heat treatment in both furnaces special tooling
equipment has been designed (see Figs. 4 and 5) with vacuum
piping that is connected to rotary vane pumps.
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Figure 6 shows a vacuum bag setup with its auxiliaries. The
laminate stacks are placed between polyimide separation foils
(UPILEX-125S) coated with release agent (MIKON® 705). The
breather materials are based on desized glass fiber fabrics. If
necessary, metal caul sheets atop the laminates can provide
uniform surface finish. The outer polyimide vacuum foil is typ-
ically KAPTON 200HN fixed to the tooling with high temper-
ature silicone sealant tape (AIRTECH A-800-3G or VBS 750).%

For enhanced process control the part temperatures are
measured with thermocouples (type K) in between the upper,
middle, and lower layers of preforms.

Organo sheet handling, preheating, and press
forming

The press forming process is performed in combination of an
infrared (IR) oven and a composite hot press (see Fig. 7).

S
mmmnm»»mym\\\“\w\

Figure 4 Transportable tooling (1 m x 1 m) for vacuum
consolidation

Figure 5 Movable tooling (2 m x 3 m) for vacuum
consolidation

Figure 6 Vacuum bag setup for consolidation (Ref. [29])
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In the IR-oven the organo sheets are rapidly heated above
the melting temperature of the matrix (T (PEI) ~315°C) at a rate
of approximately 200 K/min. The top and bottom surface tem-
perature are both measured by pyrometers and regulated indi-
vidually. Depending on the number of layers the dwell time for a
homogeneous temperature distribution within the organo sheet
is set to 60 s for the edge links (with 6 layers) and 90 s for the sine
wave web (with 8 layers). The distance between the IR-heater
and the organo sheet is 100 mm on either side. The transfer time
between the pre-heating stage up to the moment when pres-
sure is applied was as short as 5.9 s. To ensure uniform pressure
build-up the pressure is regulated by four plane-parallel cylinders.

Throughout the forming process the blanks are fixed in a
clamping frame which sustains tension and keeps the blanks
level once the softening temperature of the respective matrix
system is reached (see Fig. 8). Thus, uniform heating without
sagging is assured.

During press forming the softened blankis shaped follow-
ing the tooling contour. The clamps at the outer corners of
the frame then move along linear guides which allows for a
defined and reproducible forming.

The clamping frame is activated automatically by a spe-
cial docking station (see Fig. 9). Within this station the organo
sheet is positioned and clamped prior to forming and after-
ward the respective final part is released herein.

Variothermic processing was carried out with the tool
temperature set to 280°C and an applied pressure of 15 MPa
for 300 s, under consideration of the recommended processing
window for compression molding of CF/PEI defined by Hou
et al3**" The parts were then cooled to 190°C within the
closed mold with the pressure still applied. Cooling time
was approximately 20 min. These conditions were defined as
benchmark.

For the alternative isothermal processing route the tool
temperature was set to 190°C, i.e. below the glass transition
temperature of PEI (Tg ~ 215°C). A processing window of
pre-heating temperatures from 320 to 360°C and applied
pressures between 12.5 and 21 MPa was screened. The
respective pressures were applied for 300 s.

Implant resistance welding

The assembly of the sine wave beam parts was carried out
using implant resistance welding, a joining technique estab-
lished for APC-2 PEEK Material by Freist®? at the Institute of
Structures and Design. The method was chosen following
a thorough utility analysis®*® comparing thermoplastic join-
ing methods'**732343% and adapted for the fiber-reinforced
PEI matrix. The required process parameters namely electric
power P and external joining force F were determined by a
parametric scale up from specimen to demonstrator size.

Polymer film
Glass breather
Caul sheet
E Composite laminate
D Sealant tape
---- Perforated sheet
Vacuum fitting

NO. 1



Releasing

Transfer out of Press

Pressforming

Figure 7 Diagram of the press forming process

Figure 9 Clamping frame with 3D part after press process

The electric power P depends on the geometrical dimen-
sions of the weld element:

Pmm=Pd><wx(L—43—b>
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Clamping

Heating in IR-Oven

Transfer in Press

where Pd represents the power density, w the width, L the
length, and b the clamped length of the welding element.

The necessary joining force is calculated by multiplying the
two-dimensional projected weld area Ao by the maximum
required pressure within the weld zone P __:

F=P, x4

proj.

Before welding the mating surfaces were cleaned by sand-
blasting in order to remove potential impurities such as
remains of release agent.

A 0.3 mm thick stainless steel mesh (ISO 1.4301) with a wire
diameter of 0.065 mm was used as an electrical conductor. To
prevent current leakage the mesh is sandwiched in between
glass fiber polyetherimide semipregs with a 100 um PEI film
surface layer to form pre-assembled welding elements.

Copper clamps allow current flow through the stainless
steel mesh which leads to the heating of the welding element
and the adjacent joint area up to the melt temperature of the
thermoplastic matrix (see Fig. 10). An electric power source
provided 40 A of constant current output for 45 s.

An external force of 7.4 kN for the joining of the edge links
to the web and 13.1 kN for the welding of the caps to the
edge links was applied by two pneumatic cylinders to assure
satisfactory consolidation. Due to the geometry of the corru-
gated web the resulting pressure on the inflection points is
30% lower compared to the upper/lower center points.

The setup of implant resistance welding of the edge link
and the web is shown in Fig. 11, the final sine wave beam
assembly in Fig. 12.

Production-integrated quality assurance

In general the goal of production-integrated quality assurance
is to create a fundamental process understanding rather than
relying on non-destructive testing of the final assembly. Within

Advanced Manufacturing: Polymer & Composites Science 2017 voL. 3 NO. 1
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Welding Element Clamp Connection
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Figure 10 Schematic setup for the resistance welding
process (adapted from Ref. [41] cited in Ref. [7])

Figure 11  Experimental setup for the implant resistance
welding of the sine wave beam parts

Figure 12  Final sine wave beam assembly

this scope production and part characterization is performed
along the process chain.

For the part characterization water-coupled ultrasonic
testing (WCUT) was carried out on the vacuum consolidated
organo sheets and the variothermic press formed sine wave
beam using the pulse-echo method. The test device was an
Olympus OmniScan MX2 with a phased array module (OMNI-
P-PA32:128), a 5MHz PA-probe with 64 elements (5L64-NW1), a
wedge (SNW1) and a 2-axis encoding manual scanner (GLIDER
36 X 36).

In addition, thicknesses of the organo sheets and final parts
were measured with a Kroeplin C450. The measurement tool
has an accuracy of measurement of 0.02 mm.
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Figure 13 Temperature and pressure profile of a CF/PEI web
laminate during vacuum consolidation in the furnace

The respective process data during vacuum consolidation
and press forming were monitored and automatically stored.

Results

At DLR ZLP in Augsburg a process chain for the automated
and flexible production of high performance thermoplastic
composites combining vacuum consolidation and press form-
ing was setup yielding CF/PEI parts, i.e. webs and edge links
of good quiality.

Pre-consolidated organo sheets

Figure 13 illustrates a temperature and pressure profile of a
representative vacuum consolidation process. Once the glass
transition temperature of the amorphous PEI matrix at about
215°Cis reached the temperature differences within the lam-
inate stack (marked in gray) gradually reduce. The laminates
remain at temperatures above 310 °C for 20 min according to
the predefined heat treatment cycle. The pressure is meas-
ured at the inlet of the vacuum pump. During heating two
minor peaks occur and pressure values increase up to 365 Pa
(3.6 mbar) once the cooling sets in.

The movable tooling (see Fig. 5) was prepared for vacuum
consolidation to produce 12 pre-consolidated blanks for webs
and 8 blanks for the edge links. The blanks of the edge links
were then water jet cut to form 24 single near net-shape blanks.

Organo sheets with thicknesses of 2.10 mm for the edge
links and 2.80 mm for the web and excellent surface finish
were produced. These values correspond to a consolidated
thickness of 0.35 mm per ply. The thicknesses of the blanks
slightly increase from the outer boundaries towards the center.
For comparison commercial pre-consolidated organo sheets
from TenCate show a consolidated thickness of 0.33 mm.

Water-coupled ultrasonic inspection of the consolidated
blanks shows a comparably high amount of damping of the
back-wall echo of the organo sheets. The gate was set over
the estimated depth of the back-wall (2.5-4 mm). Figure 14(a)
shows the A-, B-, C- and D-Scan of the amplitude data of an
organo sheet with the A-Image at a spot in the middle of the
organo sheet exactly at the intersection of the red lines in the
C-Scan with low back-wall amplitude. The attenuation of the



Fischer etal. Production-integrated quality assurance

Figure 14a A-, B-, C-Scan and D-Scan of water-coupled ultrasonic testing of a web organo sheet

40 |60 |80

20

0%

Figure 14b  Colored scale of the ultrasonic amplitude level
given in percentage

back-wall amplitude varies. Towards the outer edges of the rec-
tangular blanks the amount of damping is gradually reduced
(marked in yellow to red). According to the scale the colors
from yellow to red correspond to a lower attenuation with an
amplitude of the back-wall echo between 60 and 100% (see
Fig. 14(b)).

The C-Scans of all produced organo sheets were projected
on respective position of the blanks on the movable tooling
(see Fig. 15). The blanks of the edge links (lowest row) show
broader red edges indicating less back-wall attenuation com-
pared to the web blanks.

Press formed webs

Compared to commercial organo sheets a reduced amount of
swelling during the pre-heating in the IR-oven was observed
with the in-house produced blanks.

The established variothermic processing renders molded
parts with excellent surface quality (see Fig. 16) and an average
thickness of 2.60 mm + 0.13 mm (see Table 2). This thickness
translates into a final consolidated thickness of 0.325 mm per
ply, i.e. comparable to the commercial organo sheets.

For analysis and comparison the sine wave beam was sub-
divided into three regions (see Fig. 16). The plane regions at
both ends (yellow), the hills and valleys (blue) and the inflec-
tion points (red).

Due to the geometry of the web no complete single C-Scan
of the sine wave web was possible with the test equipment
at hand. However, the flat flanks at the inflection points, as
well as the upper region of the wave crest were successively
tested. In order to maximize the investigated area the beam
was scanned from both sides. Figure 17 shows the superposi-
tion of the sine wave beam with the resulting C-Image of the
scan for one side of the beam.

The resulting A-, B-, C- and D-Scan of the bottom and top
scan of the sine wave web are shown in Figs. 18 and 19, respec-
tively. The gate for this evaluation was set over the estimated
depth of the back-wall (2-3 mm).

The evaluation of the scan data shows a very high back-wall
amplitude at the flat parts (approx. 100%) and a high ampli-
tude at the top of the corrugated web (approx. 70%).

To examine the inflection point of the web a manual scan
was performed without the 2-axis encoding scanner. The scan
result (A- and B-Image) of one of these spots is shown in Fig. 20.
The back-wall amplitudes at all measured spots was above 60%.

Advanced Manufacturing: Polymer & Composites Science 2017 voL. 3 NO. 1
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Figure 15 WCUT C-Scans projected on the blank position on the movable tooling

In addition, computed tomography (CT) was carried out on
the aforementioned press molded (variothermic) web. Figure
21(a) shows the sectioned profile of the web with the plane
region and the following two half cycles. Figure 21(b) illus-
trates the very same part region cut from atop thus showing
the plane region and two inflection points. Figure 21(c) finally
shows the hill of the second half cycle with its fiber orientation.

The thickness measurements illustrate perceivable differ-
ences along the distinct regions of the sine wave web and
between the two processing routes (see Table 2). The thinnest
areas are the plane regions, followed by the hills and valleys.
The inflection points are thickest. No significant influence of
the screened process parameters (IR-heating temperature
and applied pressure) on the final thickness of the parts was
found. Hence the average of all isothermally produced webs
was calculated and compared to the variothermic benchmark.
The thinnest isothermally formed web was produced at an IR
temperature of 360°C and an applied pressure of 18.8 MPa.
Overall the isothermal webs are thicker than those formed by
variothermic conditions. Besides, the surface of the specimen
was slightly rougher.

Joined beam

In a first approach joining of the CF/PEI sine wave beam com-
ponents by implant resistance welding could be successfully
demonstrated. Minor wrinkle formation within the valleys of
the corrugated edge links were observed.

Advanced Manufacturing: Polymer & Composites Science 2017 voL. 3

Discussion

There is always an intrinsic amount of voids and enclosed
gas in prepreg material. A certain amount of air is entrapped
during the solvent impregnation process of the carbon fabric
with PEI polymer which renders small bubbles on the surface
of the prepreg. Voids exist within the fiber bundles, especially
at the contact area between the warp and weft where impreg-
nation is low since the polymer largely remains at the prepreg
surface™

These volatiles need to be removed during the manu-
facturing process since they may have detrimental effect on
the parts mechanical properties. Therefore, for aerospace
applications less than 1% void content must be achieved.
The respective amount of acceptable back-wall attenuation
is clearly defined in the AITM 6-4005.%°

As for the results of ultrasonic testing the quality of pre-con-
solidated organo sheets would be regarded insufficient and
thus rejected through standard non-destructive inspection.
Due to the absence of a clear intermediate echo which would
indicate flaws like delamination, big voids or layer porosity,
the measured reduction of back-wall echo in WCUT is typically
assigned to volume porosity.*

Since the thickness of the blanks was measured to be
higher towards the center of the blanks one may expect a
greater interply distance and possibly a higher amount of
voids. Thickness was thus found to qualitatively correlate to
the degree of consolidation of the organo sheets. Together
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Figure 16 Variothermic produced sine wave web with marked regions for comparison
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Figure 17 Superposition of the sine wave web and WCUT C-Scan data

Table 2 Average part thicknesses in variothermic and iso-
thermal processing

Plane region
(mm)

Inflection  Hill/valley
point (mm) (mm) Total (mm)

Variotheric 2.40 + 0.03
Isothermal 2.68 + 0.03

2.74+£0.05 2,52 +0.04 2.60+0.13
2.83+0.04 2.72+0.05 2.76 £ 0.07

with the results from the ultrasound inspection this hints at
insufficient consolidation of the blanks. The fact that the thin-
ner organo sheets of the edge links show less damping may
hint at longer consolidation times or higher consolidation
temperatures required.

Consolidation and void removal strongly depend on time,
temperature and applied pressure during processing. In gen-
eral, increasing either the applied pressure or the dwell time
reduces the void content in the laminates, and thereby gives
better consolidated composite parts.*°

Hou et al3*3' suggested an impregnation model and
defined a processing windows for successful compression

Advanced Manufacturing: Polymer & Composites Science 2017

molding of CF/PEI to reach void levels below 0.5%. Once Tis
reached the matrix melts and the entrapped air at the prepreg
surface is removed. With the formation of resin-rich interlayers
bonding of the single laminate layers is promoted. Once the
layers are interconnected the wet out of fiber bundles takes
place while the laminate is compacted due to the applied
external pressure.

Consequently, vacuum consolidation for 20 min at 310°C
under atmospheric pressure (0.1 MPa) appears to be inappro-
priate to produce fully impregnated CF/PEl organo sheets. The
impregnation model of Hou et al. suggest that a pressure of
2 MPa is required to provide a void content below 0.5%.%
The remaining voids within the produced organo sheets are
most likely not filled with compressed gas, since no swelling
is observed during heating in the infrared furnace.

The comparison of the WCUT-scan data shows a significant
increase of the back-wall amplitude between the pre-consoli-
dated organo sheet and the press formed sine wave web. This
amplification indicates sufficient consolidation after press
forming. The different magnitudes between the measured
back-wall amplitudes in the plane regions and the curved

voL. 3 NO. 1
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Figure 18 WCUT A-, B-, C- and D-Scan of the top of the
sine wave web

Figure 19 WCUT A-, B-, C- and D-Scan of the bottom of the
sine wave web
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3

Figure 20 WCUT A- and B-Scan of a inflection point of the
sine wave web

regions (see Figs. 17-19) may be attributed to difficult cou-
pling and less reflection within the corrugated regions of the
geometry.

In addition, computed tomography was carried out the
sine wave web. The scans show a homogenously consolidated
part with no traces of voids.

Concerning the web specimen produced isothermally the
part quality in terms of thickness and surface quality could not
meet the benchmark. However, the isothermal experiments
have shown that with different process parameters similar part
thicknesses are produced. Thus, we may state that the ther-
moforming process is comparably stable in terms of process
deviations.
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The tooling for the sine wave web has been constructed for
an equal part thickness of 2.64 mm, i.e. consolidated ply thick-
nesses of 0.33 mm. This thickness is closely met by the webs
that were produced by variothermic press forming. Thickness
deviation at the inflection points could be assigned to fabrica-
tion tolerances of the tooling, where too much material was
removed (approx. £0.3 mm). In addition, due to the angle of
45° at the inflection points the resulting pressure is reduced
by 30%.

The resulting thicknesses of the parts are primarily
important when considering final assembly. With dimen-
sional deviations arising from the tooling manufacture
and those induced by the press forming process an overall
mismatch between edge links and web parts is found. With
the defined thickness of the pre-assembled welding ele-
ments, implant resistance welding technique is limited in
terms of tolerance compensation. If pre-stressed parts are
welded wrinkle formation may obviously occur to reduce
the stresses. Ideally, these wrinkles may serve as trigger
during crash loading.

Finally, destructive mechanical testing are yet to be per-
formed to assess the overall part quality.

Conclusion and outlook

At the DLR Institute of Structures and Design an automated
production of the sine wave beam assembly was realized. The
obtained parts show good quality concerning surface finish after
variothermic press forming. Production processes for CF/PEI
organo sheets and press molded parts have been established.
Production-integrated quality assurance was mainly based on
aerospace standard water-coupled ultrasonic testing to assess
the degree of consolidation throughout the process. Together
with the monitored processing data and measured part thick-
nesses a sound process understanding was established.

Tooling infrastructure, vacuum setup and heating cycles
for the vacuum consolidation of CF/PEl and other high perfor-
mance thermoplastics in the furnace have been established
and probed. Only pre-consolidation of the preformed ply
stacks was achievable and higher consolidation pressures
appear to be required.

Vacuum consolidation due to its high flexibility may still
be considered a viable technique, however, limited to cer-
tain prepreg materials. Pre-consolidation of CF/PEIl prepregs
in a vacuum process reduces the amount of gas inclusions
between the stacked plies, which might else hinder through
thickness heating in the IR-furnace and support delamination
during thermoforming.

The established variothermic press processing, including
clamping, preheating and press forming has produced parts
with reproducible dimensions and excellent surface finish. The
goal of a thermoforming process at constant mold tempera-
ture avoiding cyclic heating and cooling to significantly reduce
the process time was achieved, however, leading to declined
surface quality of the produced parts.

The sine wave beam was successfully joined by implant
resistance welding. The observed wrinkle formation after weld-
ing is most likely caused by dimensional deviations between
edge linkand web. These will be removed by adaptions to the
tooling after design iteration within our closed-loop setup in



Figure 21a CT cross section profile of the sine wave web

Figure 21b  CT plan view section of the sine wave web

Figure 21c  CT scan of a hill of the sine wave web

the Institute of Structures and Design. Tolerance management
remains a crucial issue that needs to be considered for every
assembly.

With the setup and trial of a full-scale ready process chain
substantial expertise in the field of production technology was
gathered which now serves as a basis for future optimization
and enhancements. Production-integrated quality assurance
was found to be essential for the overall process assessment.
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