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Abstract

Laser assisted Thermoplastic-Automated Fiber PlaoceniTP-AFP) is of big interest due to its
possibility of the laminate’s in situ consolidatidaring lay-up. On simple geometries like flattpta

or cylindrical tubes, the process can be regarded steady-state process, as the thermal boundary
conditions don’t change during placement. Basedrooptimized 2D steady-state process this paper
focuses on describing the differences for 3D layeaps-shaped tools with a rounded corner. Due to
the geometry, the heating behavior changes, wiiatid to local overheating of the material withia th
laser spot. Overheating occurs especially onubstgate laminate. Test specimens with differegt |
angles are manufactured and the heating behavimgged and described. During placement the
corner section gets overheated, while the closeg loontrol of the machine induces too low
temperatures behind the corner. The specimenmachanically tested for their radial out-of-plane
tensile strength in the curved segment based onMA&A15. A decreasing failure strength was
measured for specimens with sharper leg angles.

1. Introduction

Automated Fiber Placement (AFP) is a well-establisanufacturing process for aerospace parts.
The high degree of automation reduces expensiveiahdabor time and guarantees constant high part
quality. Thermoset prepregs are used for stat&efart aerospace parts produced by AFP. Thermoset
processing requires compaction cycles during aadrimg cycle in an autoclave after the lay-up. In
contrast, using thermoplastic (TP) composite maltefor AFP may reduce processing times through
in situ consolidation during placement. Thus, tigr@ energy consuming autoclave consolidation
including vacuum bagging and very high temperatates/e the matrix’ melting temperature over a
long period of time can be avoided.

In situ consolidation requires accurate processrabduring lay-up. Predominant process parameters
are the process temperature (respectively heatofdg) and the cooling rate to solidify the comjtes
during the compaction by the placement head’s moltdés aimed for equal temperature of tape and
substrate in the joining area (nip point). The &ldsoprocess temperature has to be high enough to
melt the thermoplastic matrix within the tape loingrits viscosity while its degradation threshold
must not be exceeded [1].

For steady-state 2D lay-up processes optimal psogasameters have been investigated for different
types of TP-AFP machines and tape materials [2-Based on a 2D lay-up setup, this paper
investigates the challenges of the material hedting laser at the nip point during 3D lay-up cdirgh
convex corners.
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2. TP-AFP Processfor In Situ Consolidation

2.1. TP-AFP Machine

A fiber placement machine from AFPT GmbH (Doérth, r@any), derived from their winding
technology, is used for placement trials. A comfable silicone consolidation roller with 64 mm in
diameter and 30 mm in width is used for compactioA. near infrared diode laser (wavelength
1030 nm — 1060 nm) is used for material heatingr ofstics forms a rectangular laser spot heating
both the incoming tape and the substrate laminad&PT’'s machines have comprehensive data
logging, involving process parameters such as tapsion, compaction force, deflection of the
compaction roller, max. process temperature, teatper of incoming tape and substrate laminate in
reference to the robot’s position. These dataddgduring placement of the test specimens will be
evaluated in section 3.3.

2.2. 2D TP-AFP with In Situ Consolidation

Although TP-AFP features high material temperatamed high cooling rates it can be regarded as a
steady-state process for certain part geometrims,ekample when manufacturing flat plates or
winding of cylindrical tubes. Up to now resear@simainly focused on these simple part geometries
with steady-state processes. In this case théengesitategy can be optimized to a fixed set otpss
parameters as the heating area won't change its diizing lay-up. By optimizing the process
parameters in situ consolidation was demonstraagd-8).

In recent years, nip point heating strategies weostly used with high power near infrared (NIR)
lasers and a rectangular focal spot height of UgOtexm. The laser spot on the composite is formed
by fixed laser optics and cannot change its shapiegllay-up. Heating can start up to 50 mm before
the nip point allowing relatively moderate heatnates compared to other TP-AFP heating strategies.
This makes the process less sensitive to deviatiogs caused by tape inhomogeneity or robot
trayectory tolerances.

Additionally AFPT machines use a closed loop cdrfoothe laser power and laser angle (Figure 1).

An infrared thermal camera measures the absolm@deature and temperature distribution in the

nip point area and automatically adjustes thesanpaters. The machine user defines the set-point
temperature suitable for the polymer in the tape the closed loop control adjusts the laser power
accordingly. Thus, laser power is adjusted autimailt for the respective tape width and thickness.
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Figure 1. Schematic of AFPT’s closed loop control during AtBcess

Also, with increasing laminate thickness the laaegle and thus the laser spot distribution, are
adjusted as thicker substrates need higher heat topachieve the same temperature as the single
layer incoming tape.

By using optimized lay-up parameters combined withrocess temperature closed loop control the
required laminate quality according to aerospaeadsirds is achieved for flat laminates [3,9,10].
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2.3. Heat Transfer for 3D Laser TP-AFP

As the laser optics is mounted on the placemerd,higaposition relative to the incoming tape isn't
influenced by the lay-up geometry. This also mdaas the heat input by the laser into the incoming
tape doesn’'t change. Only the part of the lasdratian reflected by the substrate towards the
incoming tape will vary compared to steady-statd@pBup.

Accurate control of the substrate’s heating byl#iser is the dominant effect with respect for laaten

quality during 3D lay-up. The intensity of the dasheating on the substrate corresponds to the
following relationship:

PLaser

I = A *Lilluminated = @ (1)
illuminated
I = Specificengergy intensity; tiuminates = Duration of laser heating of point on the sulistra
Plaser = Power of the laser beam; a = Absorptivity;
Aiuminaed = llluminated area by laser spot;

Only the laser power can be adjusted independénoify the geometry to be manufactured and has a
direct influence on the energy intensity and thushe material temperature.

The curvature of the part defines the projected @@uminaied) Of the laser beam. This can be seen in

Figure 2 for 2D lay-up and a following rounded ed8P lay-up). Due to the curvature the projected

length of the laser spot heating the substratenaraibefore the nip point changes.

lay-up direction
—

tape

laser

substrate nip ;;oint

overheating of the laminate

Figure 2. Energy intensity of the laser spot for 2D steadyestleft) and 3D non-steady (right)
laser heating

When the AFP head moves around a corner, the ilam®d time(tiumnaed) Of the substrate material
within the laser spot also varies from the steddyes2D process. The laser already heats theratdst
behind the corner and the laser spot remains gnhmted region for a moment while the placement
head is turning around the corner (compare FigurelRis laser spot standstill on the same ardheof
substrate leads to overheating of the region tighind the corner.

When laying 3D parts, the angle of incidence of heer spot relative to the substrate laminate
changes as well along the change of the geomeatwyisture. Figure 3 shows the absorptivity rate of
CF/PES (Suprem™ T 55% AS4 / PES-4100) measured asspectrophotometer with an integrating
sphere at 1060 nm. It also shows the increasesufrativity of about 10 % when the laser’s angle of
incidence changes from 65° to 90°. This will happdren the nip point has not jet reached the curved
corner of the part, but part of the projected ldssam heating the substrate already has. Thisadall

to the increased laser intensity on a curved sectibis assumed that different polymers do natha
decisive influence on the absorptivity, as theddsam is absorbed by the carbon fibers.
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Figure 3. Absorptivity over angle of incident for CF/PES, BbFVC, at 1060 nm

Another influencing factor is the lay-up speed bé tplacement process. However, this can be
compensated by an increased or decreased laser.pé&we 3D lay-up it can be useful to vary the
lay-up speed around corners, if possible by thetrkimematics (see section 3.3) without changirgg th
laser power proportionately. This can reduce gsgihg time of the substrate behind a convex corner

3. 3D Test Specimens

3.2. Material and Lay-up Parameters

Within this study carbon fiber reinforced polyamitipe, Celstréh CFR-TP PA6 CF60-01 from
Celanese (Sulzbach, Germany), with a tape width2alhm and a fibre volume content of 48 % was

used [11]. The toolings were made of 2 mm thieleksheets and were not heated.
The lay-up parameters for the test specimens céounel in Table 1.

Table 1. Lay-up parameters for 3D test specimens.

Parameter Name Parameter Value
Lay-up Speed 75 mm/s
Compaction Force 130 N
Set Point Temperature 300°C
Initial Laser Angle to Substrate 24.5°
Cosed Loop Control Laser Angle “ON", after firsyéa
Closed Loop Control Laser Power “ON”

3.1. Lay-up Geometry of Test Specimens

2 mm thick UD laminates, consisting of 18 layergrevmanufactured with three different geometries
based on ASTM 6415. The leg angles were 90°, 4088°120° respectively while the inner radius of

the specimens was 6.5 mm. Sufficent leg lengthse vebosen to achieve a stable lay-up process
before reaching the corner.

Figure 4 shows a lay-up sequence of the manufagtaifia set of 90° specimens.
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Figure 4. Lay-up sequence for 90° specimen

Three specimens were manufactured in parallel ahdfterwards by a watercooled diamond circular
saw.

3.3. Manufacturing Processfor 3D Specimens

Figure 5 shows the representative logfile data firtrack in the middle of the lay-up of a 90°
specimen (track 6 of layer 12). The process teatpeg, laser power, compaction roller deflection,
robot’s Tool Center Point (TCP)-speed and z-co@idirand the resulting tape-speed are plotted along
the lay-up direction.

It can be clearly seen that the robot’s speed dawpsnd the corner and regains 100 % after about
30 mm. Additionally the deflection of the flexibi®ller, which is pressed on the tooling by a
pneumatic cylinder changes by about 7.5 mm. Thesesffects add up with each other and cause a
big drop in tape-speed. Suddenly slower tape-speedases the time of the incoming tape remaining
in the laser spot which causes overheating ofrtbeming tape.
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Figure5. Lodfile of track from 90° specimen
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The drop in the TCP-speed of the robot is causedhbyneed of a strong change of the robot's
orientation around the corner (compare Figure Bhis effect is less critical for the specimens with
105° and 120°. The big deflection of the comparctioller is caused by the robot programming to
enable such big changes of orientation in a shstankce at high speed. The robot is blendingath p
trajectory, programmed by individual points. THerlding causes TCP deviations from the intended
path, which are compensated by the compactionri®beispension, causing the deflection. However,
without blending the robots trajectory no smoothvermaent of the robot would be possible.

The biggest process deviation from steady-statda®Eup can be seen in the substrate temperature.
With the nip point getting closer to the corner thackside of the corner already gets illuminated.
The geometry induces an almost halt of the laset sppvement on the substrate which causes an
overheating of the substrate on the backside ofctmaer in lay-up direction. This overheating is
detected by the closed loop control which then gty laser power to compensate this. Following
this, the robot turns around the corner. Now, ldek of laser power induces a lack of process
temperature in the substrate as well as in themimagp tape. Once the closed loop control determines
the lack of temperature, the normal 2D proces$tained again for the flat part on the backsidthef
geometry. This effect can be seen on the testimpas. The frontsides of the specimens show a
smooth and closed surface, while the backsidesalgaps between the individual tracks in the region
right behing the corner (Figure 6), due to lesadvarse squeeze flow of the tape.

Figure 6. Photo of the frontside (left) and backside (righftihe corner during lay-up of 90°
specimens with highlighted too hot and too coldoeg

The change of heated aré&imnaed) ON the substrate during lay-up around the coraarbe seen in
the thermal camera image sequence in Figure 7. pidjected laser spot size decreases right before
the nip point reaches the corner (see picture i-Bigure 7). This causes a local increase of laser
intensity as stated in section 2.3. Additionalig deflection of the compaction roller causes angro
laser spot distribution for the incoming tape anbstrate (picture 5 in Figure 7).

incoming tape

5

Figure 7. Thermal camera images of the nip point during Ipyatound the corner of a 90° specimen
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A test lay-up of the 90° specimen with constaneidgsower of 300 W confirms this hypothesis. The
laminate overheated strongly around the cornemand over to normal process after the corner.

As for other composite production methods, thekiinéss around the corner is reduced as well.
Compared to the flanges the laminate thicknesseataorner is reduced by 18 % in average. The big
thickness reduction can be explained by the high tansion, the reduction of the pressure actine zo
under the compaction roller around the corner causin increase of surface pressure by 50 %.
Additionally, this is also promoted by the high surtate temperature at the corner reducing the
matrix’s viscosity.

3.4. Mechanical Testing

A four-point-bending test based on ASTM 6415 wagseim to evaluate the geometries influence on
laminate quality. The tests were perfomed withnaversal testing machine. Before testing the
specimens were dried in an oven at 60°C for 24 h.

A set of six specimens per angle was tested iaradatd four-point-bending fixture with a loading ba
diameter of 10 mm. Due to the geometry of theufietrecommended by ASTM 6415, it can not be
used for specimens with 105° and 120° leg angle.order to reduce friction between the test
specimen and fixture the loading bars were grebeéate each test.

Figure 8 shows on the left side the test setupeargpresentative force — displacement curve fdi°a 9
specimen. In contrast to the example given in ASGANI5 for a UD specimen, a ductile behavior can
be observed. The force increases beyond the Slon eiterion by ASTM 6415.

Figure 8 (right) shows the test results for the-afyplane radial tensile strengthy at initial
delamination for the 90°, 105° and 120° specimeiity wtandard deviation for each test series.
Higher values are reached for less sharp leg angléswever, the values may not be compared
directly due to the different specimen geometmy.agireement with the standard, failure is produced
along the whole width of the specimens, before hieac 5 mm machine displacement and
symmetrically along the corner.
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Figure 8. Left: Test setup and representative curve loadigiggnent for 90° specimen
Right: radial tensile strength. of 90°, 105°, 120° specimens

The specimens show a ductile failure behavior waitlincreasing test force until they are deformed to
an almost flat shape. Thermoplastics like PA6kavn to be more ductile than epoxy matix systems
and especially TP-AFP manufactured specimens sfiew low crystallinity. Due to the fast cooling
rate of the process the matrix stays in a mostlgrahous state.
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4, Conclusons

Based on 2D steady-state process parameters, 8Bpesmens were manufactured by TP-AFP and
mechanically tested. During manufacturing the R2cémens, the substrate laminate gets too hot
around the corner, which causes the closed loogpoantrol to reduce the laser power immediately.
The consequence of this drop in laser power istti@imaterial on the following centimeters behind
the corner is not sufficiently heated. Mechanitasts based on ASTM 6415 support these
observations from the process log data.

Despite this behavior a laser control along theupypath is necessary. Both the laser power and it
areal distribution need to be adapted to the 3Dmg#y. Only then equal heating might be possible
even for complex 3D lay-up around sharp cornerkis Tan be done either by a set of laser power
values in a table for each geometry or by an igestit closed loop control that can detect the hgati
disturbance of a convex 3D corner. Another chgleis to optimize the robots trajectory as the tobo
mounted laser optics needs to be kept in a conpw@sition to the nip point and compaction roller.
Besides more constant heating also the fiber akgriwould benefit by this.
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