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Abstract

Two fusion bonding techniques typically used for thermoplastic matrix composites, such as ultrasonic
and induction welding, were applied for joining thermosetting matrix composites. A proper
modification of the composite layup was proposed, i.e. a thermoplastic film of Poly-vinyl butyra
(PVB) was added as a last ply in the stacking sequence of carbon fibre epoxy prepregs, typicaly used
in aeronautical applications. After matrix curing, an intermingled thermoplastic-thermoset polymer
zone at the surface of composite was obtained. The composite containing the thermoplastic film was
used for fabrication of single lap joints by ultrasonic and induction welding, exploiting the melting of
the thermoplastic film. The joint properties and the chemical compatibility and adhesion of PVB to the
carbon fiber-epoxy prepregs were studied by mechanical testing and microstructural analysis.

1. Introduction

Thermoplastic composites (TCPs) offer several advantages compared to thermoset composites (TSCs).
Besides the reduction of processing times and the enhanced possibilities for recycling, a significant
benefit is presented by the possibility of automated joining of thermoplastic composite parts . Since
assembly of fiber reinforced composites roughly represents 50% of the manufacturing costs of an
aeronautic structure, faster and cheaper assembly technologies strongly attracts the interest of industry
[1]. Fusion bonding techniques eliminate the well known drawbacks of the traditional joining
techniques for composite materias, like stress concentration and intense labor associated to
mechanical joining or extensive surface preparation and long curing cycles related to adhesive bonding
[2].

Welded joints present several advantages with respect to bolted joints, such as weight reduction,
increased mechanical performance due to the more homogeneous load transmission and short
processing cycles [3-4]. Among fusion bonding techniques for TPCs, induction welding and ultrasonic
welding are the most promising since they can provide adequate mechanical properties and severa
processing advantages, such as high speed, efficiency and repeatability [5-7].
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Ultrasonic welding involves the use of high frequency mechanica waves to soften or melt the
thermoplastic matrix at the joint line. The parts to be joined are held together under pressure and
subjected to ultrasonic vibrations applied by awelding horn, usudly at afrequency of 20 or 40 kHz. In
comparison to other joining techniques, ultrasonic welding is characterized by a low energy input,
consequently low temperatures in the welding zone, very short welding times and ease of automation
[5]. Induction welding is based on electromagnetic induction heating for a contact free heating and a
subsequent adhesion by pressure. When an electrically conductive workpiece is placed close to a coil
crossed by an aternating current, which generates an alternating time-variable magnetic field, eddy
currents are induced in the workpiece. A conductive metal mesh (a susceptor) must be used at the
welding interface when using glass fibers while carbon fiber composites can be heated without using
any additional susceptor, thanks to the conductive properties of carbon fibres [8-9].

Till now, welding techniques have been limited to joining continuous fiber-reinforced thermoplastic
composites since thermoset matrices cannot melt due to their crosslinked molecular structure. The
possibility of applying fusion bonding technologies to the joining of TSC structures is attracting
growing attention for the potential reduction in assembly times, assembly costs and weight as
compared to mechanical fastening [9]. Even if some developments in hybrid welding were reported
since the end of nineties [10-11] a renewed interest for joining thermoset matrix composites using a
thermoplastic layer at the surface of the thermoset composite recently appeared [1]. A thermoplastic
polymer film introduced as alast ply before the cure of the thermosetting composite laminate provides
ameltable layer at the surface of the laminate [12].

In this work, the applicability of ultrasonic and induction welding for joining carbon reinforced epoxy
composites has been investigated. The thermoset composite layup is modified by the addition of a
thermoplastic film as a last ply in the stacking sequence. Due to co-curing, an intermingled
thermopl astic-thermoset polymer zone at the surface of composite is obtained, which can be used for
further assembly operations by welding. During ultrasonic or induction welding, the melting of the
thermoplastic film has been exploited to join the composite parts.

2. Experimental

The materials used in this study was a carbon fabric/epoxy prepreg supplied by Hexcel with the
commercial name 3501-6 and a fiber volume content of 58%. 14 plies of CF/epoxy prepreg were
stacked adding as last ply a thermoplastic film, as schematicaly shown in Fig. 1. The used
thermoplastic film was poly-vynil-butyral (PVB) with the commercial name Mowital, supplied by
Kurakay with two different thicknesses (45 and 250 um). The laminate was cured in a press at 180 °C
and 2 bar for 1 hour alowing the development of a bond between the composite plies and the
thermoplastic film. The cured laminate had afinal thickness of 2.7 mm.

An induction welding set-up (Fig. 2a), designed and developed by CETMA and SINERGO (ltaly),
was used [8]. Induction welding was performed at 600 kHz and 220 V tuning the power between 1 and
2 kW and using a coil speed of 2 mnv/s. Heating was produced within the conductive patterns present
in the carbon fibre fabric without adding any additional conductive mesh at the welding interface. The
feedback control on the eectric current flowing in the coil was based on a surface temperature
measurement through an optical pyrometer. To avoid polymer degradation and composite
delamination, the temperature of the upper surface of the joint was kept below a defined value, thanks
to an air flow from a cooling nozzle. A cooled cylinder applied the consolidation pressure.
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Figure 1. Schematic representation of the stacking sequence before curing.

Individual test samples were ultrasonically welded using a Rynco Dynamic 3000 ultrasonic welder and
a welding jig custom-designed and built at TU Delft (Fig. 2b). A displacement-controlled welding
process was used with the following welding parameters: 1500 N welding force, 86.2 um peak-to-peak
amplitude, 0.25 mm travel (i.e. displacement during vibration), 1000 N solidification force and 4 s
solidification time. The travel value was chosen based on the feedback provided by the ultrasonic
welder following the procedure explained in [13]. Two different welding procedures were used for the
two different types of laminates considered in this study. In the case of the laminates with a 45 um-
thick PVB welding surface, a 0.25 mm-thick flat energy director was placed between the samples to
be welded to ensure preferential heat generation at the welding interface [14]. In the case of the
laminates with a 250 um-thick PVB welding surface successful heat concentration at the welding
interface could be achieved without an energy director. Average vibration times for the welding of
samples with a 45 um-thick PVB welding surface were around 300 ms, and 250 ms for the samples
with a 250 um-thick PV B welding surface.
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Figure 2. @) Induction welding setup and b) ultrasonic welding set up: (1) sonotrode, (2) vertically
dliding platform for clamping of top adherend, (3) clamping of top adherend, (4) clamping of bottom
adherend.
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Single lap shear tests were performed according to the ASTM D1002 standard to evaluate the strength
of the composite joints welded by means of induction or ultrasonic welding. A Zwick/Roell 250 KN
testing machine and a MTS Insight 100 dynamometer were used for the ultrasonic and induction
welded joints, respectively. In both cases the overlap area (25 x 12.5 mm?) and the crosshead speed
(1.3 mm/min) were the same. The apparent lap shear strength (LSS) of the joints was calculated as the
maximum load divided by the total overlap area.

The thermal properties of the thermoplastic film and the cured laminate was characterized by
differential scanning calorimetry using a 822e DSC (Mettler Toledo).

The microstructure of the samples was observed by a scanning electron microscopy (SEM) using a
Zeiss EVO 40 SEM instrument at variable pressure operating with a voltage of 20KV and a JSM-
7500F Scanning Electron Microscope.

3. Results

In order to achieve a strong joint, different challenges need to be overcome both during curing and
welding. First of all, a good adhesion between the thermoset and the thermoplastic polymer was
obtained before welding through a proper choice of the thermoplastic film, accounting for its
properties as described by the solubility parameter and thermal transitions. The solubility parameters
of different thermoplastic films and composite matrix were compared in a previous work [15] as well
the cure temperature of the epoxy matrix and the glass transition temperature (Tg) of the films. The
DSC characterization confirmed the amorphous nature of PVB with aT, of 70 °C.

During welding, the bond strength of welded components mainly depended on: i) the welding
temperature dictated by the thermoplastic film transitions; ii) the glass transition of the thermosetting
composite matrix and its degradation temperature; iii) the surface damage, thermal stresses and crack
generation.

The solubility of poly-vynil-butyral in the epoxy matrix of the composite joint was analyzed.
According to the Hansen theory [16], the solubility parameter, 5, was determined as the sum of three
contributions:

8% =85+, +5; (1)
where 4 is the contribution of dispersion forces, 5, is the contribution of permanent dipoles, and 6y, is
the contribution of hydrogen bonding. The contributions to the solubility parameters of epoxy and
thermoplastic film was evaluated by the group contribution method [17]. The interaction radius, R,,

which expresses the solubility parameter “distance” between two materials based on their respective
partia solubility parameter components, was cal culated from [16]:

Rz = 4(6d,f - 6d,r)2 + (ap,f - 8p,r)2 + (Sh,f - 6h,r)2 (2)

where subscripts f and r refers to the PVB film and the epoxy resin, respectively. The obtained value
of Rafor the PVB-epoxy system was 6.37 J“4/cm*?, indicative of a partia solubility of PVB in epoxy
resin. A complete solubility is not desired since it can lead to dissolution of the film in the resine
during curing before gelation. However a good adhesion between the thermosetting and thermoplastic
resins is promoted by similar solubility parameters. The properties of PVB were considered a
compromise between these opposite requirements.
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Figure 3. SEM micrographs of a carbon/epoxy joint welded by means of a PVB film.

The microstructural analysis carried out by scanning e ectron microscopy (SEM) on induction welded
specimens is reported in Fig. 3. The thickness of PVB, initially of 250 um, was reduced to about 140
um as a consequence of solubilization in the resin occurred during curing. Moreover, mechanical
interlocking was observed in Fig. 3 at the interface between the PVB film and the TS composite, thus
confirming partial solubilization of PVB in the liquid matrix and related wetting of reinforcement
fibers, in any case leading to an improvement of the adhesion between the thermoplastic and
thermosetting interface.

The results of lap shear test, reported in Table 1, evidenced a good adhesion strength. The LSS was
high, very close to other literature results on CF/epoxy [18]. In particular, the ultrasonically welded
samples presented a higher LSS compared to induction welded samples. This difference was very
significant when the thinner PVB film was used. This deserves further studies considering that an
additional film of 0.25 mm was added during ultrasonic welding and that the mentioned partia
solubility of PVB in the epoxy matrix could lead to a very small thickness of PVB at the welding
interface after laminate curing. A higher LSS observed during ultrasonic welding can be also related to
lower maximum temperature reached during welding which prevent epoxy resin degradation. Thisisa
consequence of: (a) the fact that viscoelastic heating is mostly generated around the Tq of the PVB
thermoplastic resin, which is relatively low, and (b) the very low heating times (under 300 ms)
prevented matrix degradation [9].

Table 1. Results of single lap shear tests.

. LSS
Specimen Type (MPa)
250 pm film 45 um film
Induction welded 21.74+£1.3 54+13
Ultrasonic welded 27.9+1.2 24.3+2.9

Induction and ultrasonically welded specimens with a 250 um-thick PVB welding surface showed
two different types of failure: cohesive failure of thermoplastic film and interlaminar in the CF/epoxy
composite (see Fig. 4). In the case of ultrasonically welded specimens with a 45 pm-thick PVB
welding surface, the only type of failure observed was cohesive failure, as shown in Fig. 5. The
differences in failure type and lap shear strength between induction/ultrasonically welded samples
with 250 um-thick PVB welding surfaces and ultrasonically welded samples with 45 pm-thick PVB
welding surfaces could potentially be attributed to a smoothening of the stress peaks within the
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relatively thicker PVB interface [19] in the former welded joints alowing for the critical interlaminar
stress in the adherends to be reached before the critical stressin the PVB weldline.

Figure 4. Representative failure types in welded CF/epoxy samples with 250 um-thick PVB: a)
cohesive failure in induction welded sample, b) interlaminar failure in the compositein the induction
welded sample, c) ultrasonically welded sample showing interlaminar failure (1) and cohesive failure

(2) simultaneoudly.

Figure5. a) Representative fracture surfaces in ultrasonically welded CF/epoxy samples with 40 pm-
thick welding surfaces and b) SEM details showing aresin-rich surface with signs of plastic
deformation which indicates the occurrence of cohesive failurein this type of joints.

3. Conclusions

A new approach for the assembly of thermosetting composites by induction welding and ultrasonic
welding was developed. Two thermosetting composites joints were obtained using carbon reinforced
epoxy matrix composites characterized by a stacking sequence where, as a last ply, a PVB
thermoplastic film with Tg 70 °C was added. The welded joint were characterized by single lap shear
tests and microstructural analysis.

The complex relations among the material variables governing the final properties of the hybrid joint
were highlighted. The compatibility and adhesion of an amorphous thermoplastic film to the epoxy
matrix was related to the solubility parameter and the material transition temperatures. This study
provided promising results, even though still preliminary and limited to the use of PVB at the
interface. Additional studies are needed to correlate the properties of welded joints with the complex
relationships among thermal properties, curing conditions and solubility parametres of the used
materials.
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