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Abstract

Fusion bonding of thermoplastic parts will mostelik result in joints strengths, close to the origin
cohesive strength of the matrix material, if sugaparameters are applied. However, fusion bonding
of thermoplastic materials and thermosets will gateean adhesion based joint, with the strength
highly dependent on the thermosets surfaces conditi

In this paper different surface pretreatments vievestigated regarding the application on hand. The
carbon-fibers of an aerospace epoxy prepreg wegesex using different laser parameters also the
surface of an automotive RTM material was grit tddsand also treated with a laser. The thermosets
afterwards were joined to their appropriate thedasic composite using adhesive bonding,
conductive or ultrasonic welding.

The laser pretreated surfaces were analyzed u&iMy Bp shear samples were welded and tested and
the joints were examined using cross section mreyas.

1. Introduction

The vast use and nearly endless variability ofrfileinforced materials, which are used nowadays, is
clearly the best argument in regard of their advge$ as a construction material. A suitable
combination of fiber and matrix materials can benfe for nearly any kind of application.

On the grounds of this variety of different matksjaheir properties and behavior, the pursuitdor
well suited joining techniques getting more and more complex.

In most cases mechanical joining and fiber reirddrcomposites are not seen as an ideal arrangement.
Delamination due to the drilling, concentrated stes caused by the holes and furthermore downsides
disqualify mechanical joining for a lot of compe@sapplications [1]. On the other hand, in conttast
adhesive bonding no surface preparation is reguiihedprocess is well known and the necessary tools
are rather ordinary. In general, choosing an apjatgpjoining method is mostly a compromise based
on the weighting of requirements.

The possibly most crucial factor for non-mechanjoaling of fiber reinforced plastics (FRP) is the
matrix material. The major market volume is takgntbermoset epoxy-resins, processed through
different production methods e.g. autoclave cuiingerospace applications or resin transfer molding
(RTM) for automotive structures. Nonetheless theuastic matrix materials are gaining market
shares as well [2]. Thermoplastic composites offegood damage tolerance with a high impact
resistance and fracture toughness. Also the cemsigtagainst solvents and corrosion, the fatigue
behavior, the virtual infinite shelf life and thbility to be reformed, repaired and reprocessedtaie

main benefits. Furthermore, apart from the clagsiing techniques thermoplastic materials are also

H.Grefe, S.Kreling, R.van Moorleghem, I.F.VillegaslK.Dilger



Excerpt from ISBN 978-3-00-053387-7

ECCM17 - 1 European Conference on Composite Materials
Munich, Germany, 26-30June 2016 2

suitable for fusion bonding. This introduces a @griof bonding methods usually divided by their
heating mechanism or energy source [3]. Welding faistbn bonding of thermoplastic materials is
widely used in commercial applications and the psscis consequently well understood. Another
joining method, operating on -at least- relatedgatgl principals is hot melt adhesive bonding. This
broadly established technique uses thermoplaskiesigks which are applied onto the adherends in a
liquefied state and form a joint during solidifiat which might also be assisted by crosslinking.
Including a thermoplastic adhesive as a functidagr in the thermoset adherend [4] would cut the
necessary application of adhesives out of thengimrocess. A severe drawback to this technique is
the additional effort of producing or includingunttional layer in the thermoset part. Fiber reioéa
thermoplastics however do not necessarily requulditianal layers for fusion bonding. The
thermoplastic matrix could function as adhesiveemak This is also possible in regard of joining
fiber reinforced thermoplastics with other matesja.g. metallic components [5].

The paper on hand investigates the technical fidiagilof directly joining fiber reinforced
thermoplastics and thermosets without the use dfitiadal adhesive. Two different material
combinations were used: an automotive relevant auatibn of glass-fiber reinforced polyamide 6
(PA®G) joined with an RTM manufactured carbon-fibeinforced epoxy and a carbon-fiber reinforced
polyether ether ketone (PEEK) combined with an eate cured carbon-fiber reinforced epoxy
prepreg.

Fusion bonding as a joining technique for fibenfeiced thermoplastics has a simple benefit: due to
the complete melting of the surface and interfageis, the challenge in adhesive bonding due to the
comparably low surface energy of the thermoplasiatrices is thereby avoided. The strength of the
joint can even achieve the values of the bulk nltfs, 7].

The joining processes should fit into a possibleasgroduction with the desire to be faster than
regular adhesive bonding while hopefully achievandpigher joint strength or reducing the process
effort. During the process, pretreatment of therttogplastic surface can be omitted, adhesive neither
has to be applied nor cured. The still necessatygatment of the thermoset adherends is investigat
in the following.

2. Experimental

In order to directly fusion bond or weld thermopiaso thermoset composites, without the use of a
thermoplastic functional layer on the thermoset posite, two different types of surface treatments
were explored: sandblasting and laser treatmernithvwdre fast-and-easy to automate processes. These
surface treatments were applied to the thermosepaosite with the idea of promoting mechanical
interlocking between the molten thermoplastic resid the thermoset composite during the welding
process. Two different welding processes, condodaiiod ultrasonic welding, were evaluated together
with adhesive bonding as a reference joining pracélke details on the experimental work performed
in this research are provided below.

2.1. Materials

To examine the feasibility of fusion bonding, twaterial combinations were used regarding different
fields of application. A typical automotive matér@mbination was investigated using woven glass
fiber reinforced polyamide 6 and quasi-isotropicmoimp carbon fiber reinforced epoxy, which was
fabricated in a resin transfer molding processs Thaterial combination was joined using conduction
welding and adhesive bonding as a reference.

As typical aerospace material combination, a wofleharness satin) carbon fiber reinforced PEEK
(CETEX, Ten Cate Advanced Composites) material gfassen to be joined with epoxy reinforced
with woven (twill weave) carbon fibers (Hexply M1§/Hexcel Composites). [0/9Q] CF/PEEK
laminates with a final thickness about 2 mm weraufiactured in a hot plate press at 385and 10
bar for 20 min. [0/90 CF/M18 laminates were manufactured in an autocid\gecuring temperature
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of 18C°C and 2 hours curing time, following the instruogsoof the manufacturer. In this case the
joining was performed using two different technigueonductive welding and ultrasonic welding.

2.2. Pre-Treatment

For the laser pre-treatment an ns-pulsed third daiersolid state laser, emitting radiation of 355 n
wavelength was used due to good results in prevstudies. As a result of the decent absorption, the
high photon energy and the comparably low thermédiénce of the UV radiation a removal of the
matrix resin without thermal degradation of thelkoulaterial can be achieved. [8]

For the grit blasting aluminum oxide was used. Blasting pressure was kept rather low, so it would
only penetrate the resin surface and not to dantegfibers underneath.

aerospace LAS1 aerospace LAS2 automotive LAS automotive sandblast

Figure 1. Photos and electron microscope images of theetleatrface.

As shown in figure 1 the aerospace material waseatewith two different parameters. Configuration
LAS1 (a) only partially removed the surface resid @aused only minor damage to the fiber. Whereas
configuration LAS2 (b) removed the largest parttbé surface resin and exposed most of the
accessible fibers. Due to the more aggressiventiergttmore fibers have been damaged and the rather
deep penetration of the laser beam might leadleordeation.

The automotive composite, due to its productioncess, has a much thicker surface resin layer.
Therefore more resin had to be removed to expasélibrs and more energy was introduced into the
material. This caused a more severe abrasion andmare loose fibers which had been cleared from
the resin. Also the non-crimp fiber design gengraicludes a stitching yarn, which separates the
rovings and creates a fiber free trail along therfiorientation.

The low pressure grit blasting broke open the serfayer as intended: enlarging the effective sarfa
area, removing auxiliary processing materials arabbng mechanical interlocking. No damage to the
fibers was detected, only the resin layer has peeetrated.

2.3. Joining methods

Ultrasonic welding

Individual test samples were ultrasonically welded single lap configuration with 12.7 mm overlap

using a Rynco Dynamic 3000 ultrasonic welder ande&ding jig custom-designed and built at TU

Delft (Fig. x). A displacement-controlled weldingogess was used with the following welding

parameters: 1500 N welding force, 86.2 um peakemk@amplitude, 0.10 mm travel (i.e. displacement
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during vibration), 1000 N solidification force adds solidification time. The travel value was chose
based on the feedback provided by the ultrasonidexdollowing the procedure explained in [9].
0.25 mme-thick flat energy directors, i.e. a layémeat PEEK resin, were used during the welding
process to effectively concentrate heat generatibrthe welding interface [10]. The welding
parameters were chosen to ensure heating timesv 60 ms to avoid thermal degradation of the
epoxy resin as explained in [11].

(L)
'fU Delft &

Figure 2. Ultrasonic welding equipment and clamping jig. S@notrode (2) sliding platform for
clamping of top adherend, (3) clamp top adheref)dglamp bottom adherend.

Conductive welding

The joint is placed between two conductive heagllggnents, which are embedded in a metal casing.
Both parts are held in place by the joining pressiihe joining process is not regulated by the
displacement but through the force applied by tlenders. Therefore the actual displacement may
vary slightly between the samples. The joining éofor both material combinations was set to 16 N
for an overlap of 15 x 25 mm. The temperature ef ldwer and the upper heating strip is regulated
independently.

Due to the individual material properties, differgnning strategies have been employed. Completely
melting the thermoplastic material consumes a fotime and energy. Therefore the automotive
GF/PA6 was only heated up to 195 °C and kept wetlen its melting point. The corresponding
CF/RTM material is able to withstand a temperatfr820 °C for a short time. While under joining
pressure, it is heated up to 260 °C to melt thentbplastic material in the joining area and thereby
form the bond. Keeping the PA6 under its meltingnp@220 °C) reduces the amount of molten
material and the risk of pores and cavities injtliret. Also a better surface quality on the non-aesl
side is sustained. The joint displacement or respdy the compression of the thermoplastic materia
during the joining process was measured with ansgeeof 0.3 mm.

To melt the PEEK matrix of the aerospace materiaintiination a higher temperature is
required (335 °C). Even though the aerospace epagya higher temperature tolerance compared to
the automotive matrix, the required temperatureods high to press the overheated epoxy into the
thermoplastic matrix. Therefore the PEEK is molfeeaating temperature 370 °C), and pressed onto
the warmed epoxy (290 °C). The average compresgammeasured at 0.2 mm.
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Heating elements

Specimen 2

Figure 3. Conductive joining device and PEEK specimen.

2.4 Testing and analysis

The ultrasonically welded samples were testeddwigk Roell 250KN universal test bench following
ASTM D 1002 standard. The cross-head speed waast e13mm/min and the clamps were offset to
ensure load application parallel to the weldlingeFsamples were welded per set of parameters.

To test the conductive welded specimen, a Inst&fitSvith a 10 kN load cell was used. The testing
was performed following the DIN EN 1465 (which isitg comparable to the ASTM D 1002).

Cross section microscopy and fractography were asedell to gain deeper understanding on the
output of the different welding processes considiénehis study.

3. Resultsand discussion

Lap shear strength

Comparing the lap shear results of the differemtgo(figure 4); some general observations can be
made: Regarding the aerospace combination, ulti@saiding achieved a higher lap shear strength;
whereas the highest overall strength was attaiggddoconductively welded automotive joints.

B ultrasonic
B conductive

AERO LAS1

AERO LAS2

AERO LAS1

AERO LAS2

AUTO LAS

AUTO GRIT —

AUTO w/o

AUTO Adh

0 2 4H“6 8 10 12 14HH16””18H”20
lap shear strength [MPa]

Figure 4. Results of the lap shear testing.
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Comparing conductive or adhesive bonding withoyt surface pretreatment (figure 4 AUTO w/o and
AUTO Adh) the grit blasted conductively welded PARTM joints had double the LSS.

Regarding the different material combinations jdiney conductive heating the laser treated
automotive combination (figure 4 AUTO LAS) has &4bigher LSS than either of the conduction
joined aerospace materials (figure 4 AERO LAS1 ABRO LAS?2). The lap shear strength of the grit
blasted joints is even 60% higher.

Considering the material properties of the thermsit matrices or respectively the adhesives, a
significantly higher LSS would have been expecteithe aerospace combination.

Failure patterns

The lower than expected LSS of the aerospace rahtenmbination might be caused by the different
fiber volume content of the composites. Even thaihghPA6 was only partially molten, it had a larger
joining compression than the PEEK composite whiati been completely liquefied. The PEEK joint
was thereby comparatively dry with only little matrto bond to the exposed carbon-fibers.
Considering the failure modes (figure 5) suppdrits assumption.

Figure5. Fracture patterns of welded specimen (AUTO GRIDT® LAS, AERO LAS1).

The laser treated RTM-specimens all failed by delation of the upper fibers which were joined to
the thermoplastic matrix.

The grit blasted samples show a separation of uhace resin film from the topmost fiber layer. A
higher LSS would have been expected by the lasated specimen, due to the direct bonding onto the
fibers, however the production process of the RThtanal created a rather thick resin surface film.
To remove this, an intense laser treatment wasssacg This causes in delamination due to thermal
degradation of the residual matrix (figure 6) [1R). other studies, using the same thermoplastic
material, the same joining process and equipmerd feon-crimp epoxy prepreg with no pretreatment
at all a LSS of 14 MPa has been reached.
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=

delamination

Figure 6. Cross section of the delamination in the RTM epoxy

Cross sections

The cross section micrographs shown in figure 7ultnasonically welded samples with LAS1 and
LAS2 laser treatment, respectively, show that degphie very short welding times, excellent wetting
of the laser-treated epoxy surface by the PEEKnesis achieved. They also confirm the absence of
thermal degradation in the epoxy adherends, whichldvcause resin sublimation [11] and result in
porosity in the epoxy adherend. However, the LShiesm obtained for the CF/PEEK-CF/epoxy
welded joints were significantly lower than valudstained for similar material combinations welded
through a thermoplastic resin layer co-cured toGRéepoxy composite [13]. This results from thet fac
that in this research adhesion between the theastipland laser-treated CF/epoxy relies solely on
mechanical interlocking. More intricate textures tve surface of the CF/epoxy composite could
hence be expected to result in higher weld strength

The conductive welded CF/PEEK — CF/M18 showed alainbehavior. The cross section of the
LAS1 parameter (see Figure 7) shows isolated filvengch are partially still bound to the epoxy resi
but mostly embedded in the PEEK pressed onto tfAdra. overview shows some defects in both
adherends. Inside the CF/PEEK part, some minorspare visible, which possibly already occur in
the base material. The CF/M18 shows some interl@minacks which might be the first signs of
thermal degradation due to the heat conductiorthEBuinvestigations are planned to clarify the eaus
of this defects. These defects might be the camsthé lower LSS which had been observed earlier
(figure 4).
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Figure 7. Cross section micrographs for a CF/PEEK — CF/Miisy PEEK resin (light grey) and
epoxy resin partially removed by the laser treatnf@arker grey).

The image of the LAS2 parameter (Figure 7) shoves résult of the more intense treatment: the
topmost fibers are locally damaged and partialipoeed. Due to the undulation a bigger ablation
depth into the resin was necessary to expose erlarga of fibers. To accomplish this, the desdribe
local fiber deterioration had to be taken into asdoThe overview (figure 7 top, right) also shoavs
cavity, which is completely enclosed in thermoptastaterial. So this void -like many other- is not
part of the boundary layer but rather a pore insidiae thermoplastic composite.

For both conduction-welded configurations somerfatgal voids occur, which presumably result
from air, which is entrapped between the adherandscannot effuse during the welding process.

The different laser parameters, used to pretraatsthifaces show more or less exposed fibers and
accordingly residual resin. This causes differeohding conditions; the LAS2 parameter has an
overall larger area of exposed fiber to bond onenshs the treatment using the LAS1 parameter
results in significantly more residual resin to damn. The slightly higher LSS of the conductively
bonded LAS2 specimens might be caused by a bettersion of the PEEK to the fibers compared to
the matrix material. To determine whether the amafirexposed fibers and residual resin is a major
influence to the joint strength, further testingianed with a non-crimp prepreg epoxy materialolvhi
allows a complete fiber exposure through lasetrrent.

4. Conclusion

Both material combinations applied in the presemestigations show the general ability to be diyect
joined using the thermoplastic matrices as adhes@aterial. The necessary high temperatures of the
conductive joining process for the aerospace nateombination might result in thermal degradation
and will therefore be further investigated. No thal degradation, however, was found in the
ultrasonic welded samples, which was probably these of higher lap shear strengths. Nevertheless
the mechanical interlocking created between thenbplastic resin and the thermoset composite was
not enough to achieve the lap shear strength vgietted by ultrasonically welded samples in which
a thermoplastic functional film was added to therthoset composite [13].

As a continuation of this work also fusion bondfgthermoset/thermoplastic material combinations
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using inductive heating of the carbon fibers wal investigated. Furthermore the origin of the pores
and cavities which occurred in the conductivelydeel specimen will be explored.

Due to the delamination in the RTM-material causgdhe laser pretreatment further testing will be
conducted using alternative thermoset materialsagswldifferent pretreatment methods.
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