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Abstract. In recent years, there is a growing interest imij@ techniques for
thermoplastic composites as an alternative to adihdsonding. In this manuscript, a
fusion bonding process called hot-tool weldingnseistigated for this purpose and the
used material is a carbon fabric reinforced polygiene sulphide.

The quality of the welds is experimentally assesssidg a short three-point bending
setup, which haan interesting distribution of interlaminar shefessesit can be
concluded that although the hot-tool welding precgsows high short-beam strengths, it
has some drawbacks. Therefore, a design of arrédfraelding setup is presented.

1. Introduction

An ideal structure would be designed without jgirisice joints are potential sources of weakness
and additional weight. In practice, however, theximaam size of a component is generally limited
by the manufacturing processes. Moreover, demamdts as inspection, accessibility, repair and of
course transportation and assembly result in tbietifeat load-bearing joints cannot be avoided. This
fact does not change when designing with fibrefogoed composites; joints can be drastically
reduced, but they will always be a part of a stieest Adhesive bonding is inherently preferable to
mechanical fastening because of the continuous emtiom, avoiding large stress concentrations
induced by each discrete fastener hole. Howevelensive surface preparation and long curing
times make adhesive bonding labour intensive. Magedhe need for recyclability incites more and
more manufacturers to choose materials and borglisgms which allow for recycling, excluding
most thermosetting composites and adhesives.

Therefore, in recent years, the interest is grgmn welding processes for thermoplastic
composites, since (i) thermoplastics are diffitcalbond because of their chemical inertness ahd (ii
the welding processes can reduce overall manufagteost and are expected to replace traditional
assembly methods, such as adhesive and solveninigomadechanical fastening and co-consolidation
bonding [1]. The fusion bonding of pure thermoptssts already a well known and commonly
applied production process, but the process pammeannot be extrapolated to the welding of
fibre-reinforced thermoplastics, since the reinfonent has a large influence: the material is no
longer isotropic, head conduction is influenced n.géneral, these fusion bonding techniques can be
categorised in three groups [1]: (i) frictional diglg, including ultrasonic welding [2, 3]; (ii)
electromagnetic welding, including resistance wedd#, 5, 6,] and induction welding [7, 8] andiii
thermal welding, including infrared welding [9] ahdt-tool welding [10].
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In this manuscript, the hot-tool welding processonsidered as fusion bonding technique for a
carbon fibre reinforced polyphenylene sulphide.sTteichnique has some interesting advantages, for
instance: dissimilar thermoplastics can be weldled,temperature of the molten interfaces can be
accurately controlled, surface inaccuracies cataken into account during the process and it can
handle complex geometries [1]. Furthermore, itiislatively cheap process, since it does not requir
expensive machinery, as is the case for frictiowt @trasonic welding [1].

To evaluate the quality of the weld, a short-bela@mding test, as described in the ASTM
D2344/D 2344M Standard Test Method for Short-Beam Strength of/Ret Matrix Composite
Materials and Their Laminatess considered. This test has the advantage thagitires a lot less
material than for the lap shear or mode | DCB st it is a very simple test; force and
displacement already give plenty of information.s@l this setup induces an interesting stress
distribution in the bond, as was seen by finiteredat modelling in ABAQUS™ [10].

2. Materials and Methods

2.1.Composite Material

The material used for the experiments was a 5-karreatin-weave carbon fabric-reinforced
polyphenylene sulphide (PPS). The carbon PPS pledes hot pressed, one stacking sequence was
used for this study, namely [(0°,9Q02)vhere (0°,90°) represents one layer of fabric.

The test coupons were sawn with a water-coolechali@ saw; the dimensions of the specimens
are shown in Fig.ure 1. The dimensions of the wekjgecimen are chosen so that from each weld,
three bending coupons can be cut.
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(a) Bending specimen (b) Welded specimen

Fig. 1 Dimensions of the used specimens in millimetres.

To evaluate the strength, the short beam streagtmentioned in the ASTM D2344/D 2344M
‘Standard Test Method for Short-Beam Strength ofrRet Matrix Composite Materials and Their
Laminates'is calculated using Equation 1:

750 75 [MPa 1)
bh

wheret™ is the short-beam strength [MPa}, B the maximum load observed during the test [N],

b is the width of the specimen [mm] and h is thig/hieof the specimen [mm].
2.2.Equipment

All bending tests were performed on an electromeiciad INSTRON 5800R tensile testing machine
with a FastTrack 8800 digital controller and a laadl of +10kN. The quasi-static bending tests
were displacement-controlled with a speed of 2 mm/nfror the registration of the data, a
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combination of a National Instruments NI-USB-6254tad acquisition card and the SCB-68 pin
shielded connecter were used. The load and dispkaai given by the FastTrack controller, as well
as the temperature from the thermocouple were shwi the same time basis.

3. Experiments and discussion

3.1.Welding Process

The fusion bonding process of choice is the ‘hot-teelding’, of which the principle is illustrated
Figure 2 (a). The two surfaces to be welded ardguisgainst a heating element (step 1) and once
the temperature is high enough, the two parts e¥espd against one another with sufficient force
(step 2). The ‘hot-tool’ is shown in Figure 2 (bhe surfaces of the parts to be welded make contact
with the top and bottom contact plate respectieglgl the heat is generated using a heating resistor.
A thermocouple is embedded near the surface ofidirdool to control the temperature of the unit.
The power of the resistor is controlled with thg@amte control unit, which takes the temperature
into account. With this device, an area of 100 mmh0® mm can be heated. For this research, an
extra plate was added on top of the welding dedoethat a contact area of 50 mm wide can be
heated, in order to produce the specimens illiesdrat Figure 1 (b).

One of the disadvantages of hot-tool welding & #ome thermoplastic material remains on the
hot-tool. By using this plate, it is easier to kabp hot-tool clean and a number of films can be
wrapped around this plate to avoid the stickingthBbEFLON and KAPTON were assessed for this
purpose, since these materials survive at the mgetémperature of PPS, which is 280 °C, but
eventually, the best method was using no film bamadl making contact between the steel plate and
the composite. PPS always stuck to the film, batfthm itself made the removing of the hot-tool
prior to the consolidation phase a lot more cuntraes

Step 1 Pressure p, Heat-resistant handles

l l l l i i i i i . S Thermocouple
/‘ A Top contact plate

Heating element at temperature T

Step 2 Pressure p,

11111l

Fibre-reinforced thermoplastic

Step 3 Consolidated weld

(a) Principle of hot-tool welding (b) The actual setup

Fig. 2 The ‘hot-tool’ welding process and device.

During the welding phase, one can choose to hmdbntact pressure constant or to press down
until the weld has a certain thickness. For thigdgt the contact pressure was increased to the
desired value and then the displacement was kepstaot. Figure 3 illustrates the evolution of the
contact pressure and the temperature during welding specimen was heated for about 80 seconds
at an average temperature of 305 °C. The temperatas set at 310 °C but because of the high
thermal conductivity of carbon, a lot of heat wassipated to the surroundings and to the tensile
machine. Since the temperature of the hot-tool amitored, only the evolution of the temperature
during the heating phase is relevant. Since theeddihg of a thermocouple in the weld poses some
difficulty, there is no information present on thevolution of the temperature during the
consolidation.
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There is some scatter on the contact pressureg #iris quite difficult to maintain a constant
load, even in load-controlled mode. The decreasmimact pressure during consolidation is due to
the fact that the pressure pushes the liquid PR®fahe weld. The specimen is removed once the
weld is fully solidified.
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Fig. 3 lllustration of the temperature and the weldinggsure during the welding process

3.2.Bending Experiments

In order to have some sort of reference valuet, fsisme specimens were adhesively bonded with
adhesives that gave good results in the past 4. results are shown in Figure 4, together with
two bending tests on not bonded specimens. Thesadaled to evaluate the bending stiffness when
the bond has failed completely. For the adhesibelgyded specimens, it can be clearly seen that
once a load level around 1800 to 2000 N is reachedgesponding to a short-beam strength of
20.4 MPa, a very brittle interlaminar failure ocgwnd the force-displacement curve then follows
the same trend as the curve from the unbondedmpasi As such, the quality of the weld can also
be assessed by the bending stiffens. The loadagisplent of the failed bonded specimens lies a
little higher than the not bonded specimen, b ihidue to the fact that only half of the bondefi
between one outer support and the centre support.

Initial bending tests for comparison purposes
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Fig. 4 Bending experiments on adhesively bonded specimens
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A first series of tests were conducted to evalttaereproducibility of the quality of the welds of
one welded specimen, as illustrated in Figure 1 Kb¥ould be concluded that there is a good
reproducibility, especially with respect to the bierg stiffness.

Figure 5 shows several bending experiments on spged from different welding processes. As can
be seen, the reproducibility of the bending stiéfhés high. With respect to the failure force, this
value of course depends on the welding parameiatgven for a not so successful weld (R4-3) the
failure force is still significantly higher thanrfahe adhesively bonded specimens. It can also be
noticed that most specimens tend to follow the ewf two separate, not bonded specimens after
initial failure, meaning that failure is still qeitbrittle, although specimen R14-1 shows a very
progressive failure.

Finally, Table 1 shows an overview of the weldppayameters for the experiments discussed in
this paper. The contact pressure during consotidatias always the same as the contact pressure
during heating. This pressure was chosen closeM®4, since this is also the consolidation pressure
during the hot pressing of the composite plategdrier experiments, tests were done with contact
pressures up to 3 MPa, but with results inferiothi® ones shown here, because al liquid PPS was
pushed out of the bond. Therefore, these expersnantl settings are not discussed in this
manuscript.

Overview of several bending experiments for different welding processes
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Fig. 5 Force-displacement curves for specimens from miffewelding processes

With respect to the temperature, the melting pofrPPS is 280 °C, so temperatures lower were
not considered. A temperature higher than 310 °€ twa high; on some locations of the welded
surface, the PPS started to burn whereas on atbations (for the same weld) the PPS had not even
melted. As such, the two specimens could be joingdther, but there was no continuous weld and
the strength was, of course, inferior. For the easful welds (R10, R12, R13 and R14), an average
short-beam strength of 52.4 MPa is achieved.

Table 1 Overview of the welding parameters for the experita shown in this paper, together with the short-
beam strength (Equation 1)

Process  Contact pressure [MPalemperature [°C] Heating time [s] t°°[MPa]

R4 0.9 290 60 30+5.2

R10 0.9 300 75 55.0£ 0.5
R12 1 310 20 46.9+ 3.5
R13 1 290 100 54.8+ 4.2
R14 1 300 70 52.7+£5.3
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4. Design of an infrared welding device

Although the short-beam strengths, achieve withhhietool device, are very promising for further
research, the presented setup has some drawbdeksndst important one is the fact that the liquid
matrix sticks to the hot-tool upon removal, meanthgt an unknown but significant quantity of
welding material is lost. Furthermore, althoughotietically possible, it is difficult to add extra
thermoplastic to the weld, since after the remafdhe hot-tool, the molten specimens solidify very
quickly and in most cases, insufficient heat remginesent to melt the added thermoplastic and
form a strong bond. A second drawback is the faet the removal of the hot-tool is quite
cumbersome because of the sticking thermoplastaking the setup difficult to automate. To
overcome these drawbacks, infrared welding willcbasidered. With this setup, heat is generated
using strong infrared lights which are placed betwéhe two specimens, without making contact ,
solving the sticking problem. After melting, therips are removed and the two coupons are pushed
together using a set of pneumatic actuators. Tha&l ®etup, including power electronics and
pneumatics, is shown in Figure 6 (a). Figure 6sfiyws a detail of the infrared lamps, mounted in
the movable frame.

[T
G

Ok

Frame with
IR-lamps

(a) Total setup (b) IR-lights within frame

Fig. 6 The infrared welding setup

The pneumatic actuators operate at 10 bar, yieldingaximum force of 22.5 kN, corresponding
to a welding pressure (welding pressure) of 1 MWihich should be sufficient, considering the
results from the hot-tool process mentioned earlidre setup is designed for nine pneumatic
actuators; currently, three are mounted, meaniagah area of 150 mm x 450 mm can be welded.
With the nine actuators, an area of 450 mm x 450aambe heated and welded.

Underneath the actuator, a vacuum pick-up systemasnted to hold the top plate over the
infrared light frame during heating. The bottomtelaimply rests on the frame.

The infrared lights use a carbon filament and gatees power of 4000 W each. Six lamps can be
mounted in the frame (Figure 6 (b) shows the twared lights) and they are controlled two by two.
A separate control system continuously monitors tdraperature of the specimens, using a non-
contact temperature sensor and controls the pamits the IR-set.

5. Conclusions

The hot-tool welding process is suited for weldithg carbon-fabric reinforced polyphenylene
sulphide considered for this research. The interamstrength in a short three-point bending test i
significantly higher than for adhesively bondedapens.
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For the welding parameters, a temperature bet®8&rC and 305 °C in combination with a
contact pressure of 1 MPa for about 60 seconds sh@st results. Other temperatures resulted in
either no melting or burning of the PPS. Lower eshipressures resulted in bad consolidation and
higher pressure pushed out all PPS, so no bond d@uformed. The time interval is not so narrow,
but in general it may be concluded that within specified range of temperature and pressure, the
quality of the weld is mostly dependent on the eigmee of the operator. For the successful welds,
an average short-beam strength of 52.4 MPa was\aahi

Despite the high short-beam strength achievedfaittethat a lot of PPS stuck to the hot-tool is a
serious drawback, since it removes an unknown igaifecant quantity of welding material out of
the weld. Also, the current process is difficultantomate, due to the cumbersome removal of the
hot-tool. Therefore, an infrared welding setup Heen designed, which no longer has these
drawbacks.
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