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SUMMARY

Research on different energy directing surfaces utirasonic welding of advanced
thermoplastic composites was performed. Speciahtiin was paid to the influence of the
orientation of the energy directors with respedtht® load direction and to multiple energy
directors’ configurations.
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INTRODUCTION

Fusion bonding, also known as welding, is consuiiécebe a technique ideally suited for
joining continuous fibre reinforced thermoplastamposites (CFTPCSs). It takes advantage
of the main characteristic of thermoplastic resimbich is the possibility of being melted
and cooled while retaining their properties. Fusmonding eliminates the well known
drawbacks of the traditional joining techniqueke Istress concentration and intense labour
(mechanical joining) or extensive surface preparatnd long curing cycles (adhesive
bonding). As a result, the possibly of assemblitgicsures by welding adds to the
numerous advantages of thermoplastic compositeg dvermosets, like improved
toughness, better environmental resistance, shoreessing times, non-flammability and
infinite shelf life.

Fusion bonding techniques are usually classifiedhaytype of heating being used. Vast
number of means can provide the interface with .helat plates, hot gas, spinning,
ultrasonic and radio signal, microwaves, joule effi@ a resistor, laser and induction are
some of them [1]. From the variety of techniquésee¢ are traditionally regarded as the
most promising for CFTPCs: induction, ultrasonid aesistance welding.

Ultrasonic welding, unlike the two other weldingchaiques, belongs to the group of
friction welding techniques. The principle of hegéneration is thus based on the
conversion of high-frequency mechanical vibratiam® heat through combined contact-
surface and intermolecular friction. The major atages offered by ultrasonic welding are
extremely short welding times, ease of automatiang excellent quality. Likewise,
ultrasonic welding does not require the use of forgign material in the joint like the



resistive inserts used for resistance welding. H@mein order to concentrate ultrasonic
heating at the welding interface, energy direci&Bs), i.e. man-made asperities in the
form of resin protrusions, are required on theawe$ to be welded. Energy directors play
an important role in the welding process and timearphology, size and configuration

affect the quality of the resulting welds [2, 3].
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Figure 1. Ultrasonic welding set-up

The process of ultrasonic welding of thermoplaptitymers was extensively investigated
in the last decades. Rather large number of mesiherimental studies performed provided
good insight into the nature of the process. Coatpaaly limited research has been
performed on ultrasonic welding of CFTPCs. Benataat Gutowski introduced ultrasonic
welding of advanced fibre reinforced thermoplastiemposites [4]. They characterized and
modelled ultrasonic welding as a complex processsisting of five distinct, highly
coupled sub processes: (i) mechanics and vibratiadhe parts; (ii) viscoelastic heating of
the thermoplastic resin; (iii) heat transfer; (lpw and wetting and (v) intermolecular
diffusion. Due to the difficulties related to apjlg energy directors on sheet components,
the possibility of welding CFTPCs without energyedtors was investigated by several
researchers [5, 6]. Liu et al. performed an expenital study, based on the Taguchi method,
on the factors influencing the weld strength ofrtheplastic composites [2]. They also
investigated the influence of the shape of the gagnelirector on the performance of the
weld.
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Figure 2.“I_3esign of the shifting clamp

This paper presents an experimental study on ttheemce of several configurations of
energy directors in the quality and the mecharpeaformance of the weld. In first place,
the effect of the direction of the energy directath respect to the load direction was
investigated. Secondly, attention was paid to tfiece of the size and distribution of
multiple energy directors.



EQUIPMENT, SAMPLESAND EXPERIMENTAL PROCEDURE
Welding set-up

The welding set-up used in this study is schemififichown in Figure 1. The power
supply, denoted as “electric generator” in Figur&rdnsforms the main line electric current
into controlled high frequency current. The gemaratutput frequency (typically between
20 and 40 kHz) determines the operating frequerfcth® entire welding system. The
piezoelectric converter, or transducer, converts #bectrical signal into mechanical
vibrations. To transfer the mechanical vibrationkr@sonic waves) to the work piece, the
transducer is connected to the horn (also calledtsode), which is placed at right angles
in contact with the part to be welded. The shapthefhorn, i.e. its mass distribution with
respect to the nodal plane determines its raticaraplification. In order to vary the
amplitude of vibration without reshaping the haarhooster is usually placed between the
transducer and the horn. The product of the angptifon ratios of the booster and the horn
provides the amplification ratio of the system.

The support collar of the transducer-booster-hgstesn is attached to a pneumatic piston
that provides the vertical movement of the systdomga with the static force applied
through the horn to the work piece (welding fordénally, the welding fixture or anvil
provides support and positioning of the parts toMedded and avoids unwanted shifting
during the welding process.
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Figure 3. Actual welding fixture and shifting clamp

An enhanced 1000 W Branson 8200 ultrasonic weldér an output frequency of 20 kHz

was used in this study. An aluminium booster witti Dain together with a horn

specifically designed for welding standard lap si{&&) specimens provided the required
amplitude. The samples were welded in near field.

Welding fixture

A specific aluminium fixture with a so-called simig clamp was designed for positioning
the LS specimens to be welded. The fixture provigedect positioning and alignment of
the specimens and prevented them from shiftingnduaippliance of ultrasonic vibration.
The design of the shifting clamp is schematicaligwen in Figure 2. The upper specimen
was clamped between the aluminium and steel blagksg the middle bolt. Any



movement of the specimen on a horizontal planetias avoided, while it could still move

as a rigid solid in the vertical direction (togethveith the aluminium and steel blocks).

Therefore, the samples could be welded with mininfigmding in the upper specimen due
to melting of the energy director. The actual fretwith the shifting clamp is shown in

Figure 3.

Materials and samples manufacturing

The material used in this study was continuous ararfibre reinforced polyetherimide
(CF/PEI). The preimpregnated material, suppliedTbyp Cate Advanced Composites, the
Netherlands, had a 5-harness satin weave confignrahd 42.4% wt. resin content. Six-
ply laminates, with dimensions of 500 x 500 mm, @veonsolidated in a hot platen press.
The stacks of preimpregnated material were plastdden two aluminium plates, coated
with release agent prior to every pressing cyclee leminates were compression moulded
at 320C and 1.0 MPa. Preheating time was 35 min and ¢ioiason time, 15 min. The
laminates were subsequently cooled down to 170°@=wime consolidation pressure was
maintained. The final thickness of the laminates @anm.
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Figure 4. Mould design and procedure for applytlmg¢nergy directors
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In order to apply the energy directors on the ocinsairfaces of the specimens, specific
moulds were designed and manufactured. Laminatdgsdirensions 320 x 205 mm were
cut from the consolidated plates and placed inethesulds. A typical mould design and
the procedure for applying the EDs are depicteHigure 4. The grooves carved in one of
the sides of each mould (one different mould fartheBD configuration tested) were filled
with PEI powder prior to situating the laminate eTdlosed mould was subsequently placed
in the hot platen press and the consolidation glaeewas repeated with a consolidation
time of 5 minutes. Finally, 25.4 x 101.6 samplesensawed from the resulting laminates.



Experimental procedure

Standardized lap shear specimens with a numbeiffefahtly sized and oriented energy
directors were used in this study. The specimemgéy is schematically shown in Figure
5. Based on previous experience, a basic energgtdir was defined. The basic energy
director (denoted 1) had a triangular shape with a 90° angle at fishase of 4 mm, height
of 2 mm and length of 25.4 mm, equal to the widththe samples to be welded. As
depicted in Figure 5, it is a single energy diregitaced transversal to the test load and
located at the middle of the overlap. The lengtlthefoverlap was defined to be 15 mm in
this study. All the different configurations of egg directors under investigation were
derived from T.
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Figure 5. Standard lap shear sample with basiagrdirector

All the welds were performed under the same weldiogditions. The welding time was
3.5 sec, the hold time was set at 3.0 sec and ¢fairngg pressure was 4 MPa. The peak-to-
peak amplitude of vibration was 50um. The influeatéhe energy director on the strength
and the quality of the weld was investigated frovo tlifferent points of view.

Firstly, the influence of the orientation of theeegy director was studied. The standagd T
energy director was compared with two combinatioh€nergy directors parallel to the
direction of the test load, a single parallel egedirector, denoted as;Pand a double
parallel energy director, denoted as.,,2fFigure 6). The sizes of the parallel energy
directors were determined so that the amount af @&ilable at the welding interface was
equal for each configuration.
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Figure 6. Energy directors with different orientais

Secondly, the influence of multiple transverse gwpedirectors was investigated. Four
different types of energy directing surfaces wemalgzed and compared to the basic T
configuration. The main characteristics of thesafigorations are displayed in Table 1.
Subscripts 1, %2 and % are directly related to ithee &f the basic energy director. Therefore,
the cross-section areas of T% and TY energy dneate, respectively, 0.5 and 0.25 times
that of the basic Tenergy director. As it can be seen in Table 1,oerlap length of the
T4/T, configuration was increased to 22.5 mm in ordekkéep a distance of 7.5 mm
between the Tupper and lower energy directors.

Mechanical lap-shear strength (LSS) testing, visual microscope observation were used
to evaluate the quality of the welds. In absence dfpecific standard test method for



welded specimens, the tests were performed acaptdiASTM D 3163-01, developed for
adhesive bonds in rigid plastics. Eight to fiftesamples were welded per type of energy
directing surface. The welds and the tests wertopeed under standard conditions, i.e.
21°C and 50% relative humidity.

Table 1. Different configurations of transversergyeadirectors

Confiauration Resin volume Overlap
9 (compared to T,) length (mm)
2T,/T, ' - . 1.0 15.0
2Ty, ' == — | 0.5 15.0
To, ' —a— | 0.5 15.0
TJT, ' ——— — . 2.0 22.5

Visual observation of the fracture surfaces progtidertain information about the quality of
the weld. Two modes of failure were primarily expaced during LS testing: interlaminar
and interfacial failure. Failure was consideredrdsrlaminar when it occurred within the
bulk structure of the material, with a visible fpull-out from the specimens. This type of
failure usually leads to the highest LSS valueglying by that the best weld quality.
Interfacial failure occurs at the interface betwées laminate and the energy director and
yields lower LSS values, pointing to insufficierdrtaling. The amount of welded area was
also measured on the fracture surfaces.

RESULTSAND DISCUSSION

Orientation of the energy director

As mentioned earlier, three types of energy dimsctoere tested; the basic transverse
energy director, 1, was compared with the single parallel, #d with the double parallel,
2P, (Figure 6). Twelve specimens were welded for eacbrgy director type. Figure 7
shows the results in terms of LSS and amount ofl@khrea. Due to the differences in the
welded area, two LSS values were obtained for dgpk of energy director: LSS1,
calculated as the maximum load yielded by the jdinided by the whole overlap area; and
LSS2, calculated as the maximum load divided by ¢imé welded area. Therefore, LSS1
quantifies the effectiveness of the overall joinhile LSS2 gives an idea about the local
guality of the weld and can be correlated withfdikire mode.

Figure 7a shows that the average amount of weldealia around 90% of the total overlap
area for configurationsiTand 2R,, while for B decreases to approximately 80%. Therefore,
the distribution of molten resin from the energyedtor to the welding area during the
initial stages of the welding process is more ¢i¥edn the case of the single transverse ED
than in the case of the single parallel ED. Th&ileis consistent with the fact that for the
single transversal ED the resin needs to flow sa&@ao cover up to 7.5 mm (half the
overlap length) on both sides of its centre limetHe case of the single parallel ED, the



resin needs to flow, however, to cover up to 12a7 ¢half the width of the sample) on both
sides of its centre line. Consequently, the digtrdn of resin within the overlap is
enhanced when two parallel EDs are used insteagsbbne, as indicated by the results in
Figure 7a. It is important to notice also in thgufe that the scatter in the welded area for
the two solutions involving parallel energy dirastés quite big as compared to that of the
transverse ED. This phenomenon could be explamiddd into account that melting of the
energy directors results from the combination & titrasonic vibration and the pressure
(strain) applied to them [6]. When the transvergeriergy director is used, the longest side
of the quite slender sonotrode completely restshenED. That is not the case, however,
when using the parallel ED configurations. As aulteslifferences in the actual pressure
applied on the EDs, and thus in their melting saleare more likely to occur when a
parallel ED configuration, and then a smaller supfay the sonotrode, is used.
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Figure 7. Results for T P, and 2R, configurations in terms of (a) welded area anddp)shear strength

Figure 7b shows quite similar LSS2 values for thee¢ configurations, which indicate
comparable quality of the welds. Fracture surfeales support this observation showing
interlaminar failure in the majority of the samplétwever, the relatively high scatter of
the LSS2 values (around 8% of the average valuwl ithe three configurations) does not
allow concluding that parallel and transverse EBPsult in welds with the exact same
nature. In particular, these results do not cortfroar prove the findings of other
researchers about a molecular alignment transverte direction of the test load (parallel
EDs) resulting in decreased strength of the jobiht As for the LSS1 values also depicted
in Figure 7b, a decrease in the lap shear streofgthe R joints caused by a decreased
welded area can be observed. Due to the also hatesin the amount of welded area, the
scatter of the LSS1 values is even higher thanahtite LSS2 values (9% of average LSS1
for the T, configuration and 14% for the Bnd 2R, configuration).

Multiple energy directors

Four different configurations with transverse eealigectors were tested: 2Ty, Ty, 2Ty,
and T/T;. The first one had the same volume of resin asohfiguration, the second and
the third had half that volume and the fourth hatté the volume of T Fifteen samples



were welded and tested for the first configuratihijle 8 samples were welded and tested
for each of the second, third and fourth configorzt.

Figure 8 summarizes the results obtained for tisaseples. Figure 8a shows again how
multiple energy directors contribute to increase #mount of welded area. This stands
clear from the fact that the,Iconfiguration yields a welded area of only 77%kaf whole
overlap area, while by splitting that single ECiwo (2T.,) the coverage of the overlap area
rises up to 90%. Such an effect is not observedigh, when comparing the and 21,/T.,
configurations, which is believed to be caused Hwy fiact that, in order to maintain an
overlap length of 15 mm, the distance between thkipre energy directors in the 2T,
configuration was so small that hindered the fldwhe molten material.
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Figure 8. Results for ] 2T./T,, Ty, 2Ty, and T/T, ED configurations in terms of (a) welded area @rdap
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Figure 9. Cross-sections of welds with different &ihfigurations (from top to bottom): P1,.2M.,/T,, and
2Ty[Ty,

The LSS2 values for all the configurations testedeetween 32 and 36 MPa except that of
the To/T; configuration, which is only 23.90 MPa. An explaoa for this can be found in



the failure mode of the samples. Most of the sampfehe T/T; configuration showed an
interfacial fracture mode and extensive flash ofteroresin, indicating that the amount of
resin material to form the joint was excessive. agority of the samples belonging to the
rest of the groups showed, however, an interlantiyyae of failure. The highest LSS1 and
LSS2 values were yielded by 2T, EDs, although the relatively high scatter in &k t
results does not allow drawing any general conchssabout this behaviour.

Apart from a potential improvement of the coverafehe overlap area, there is a clear
advantage in using multiple energy directors therivés from the decreased pressure at
their tips and leads to reduced disturbance offittres in the outermost layers of the
welded parts. This effect is clearly visible in &ig 9, where microscopic images of four
samples welded with different ED configurations ah@wn. Fibres are clearly disrupted
when using a single ED (Figure 9a for €bnfiguration) and the result is undoubtedly
improved when gradually increasing the number o EBigures 9b and c for a two-ED
configuration and Figure 9d for a three-ED confagian).

Table 2. Recent results on ultrasonic welding ¢tEl/samples

. . . Average L SS1 Standard deviation (M Pa)
0,
Apparent fibreorientation Welded area (%) (MPa) %]
Parallel to load directiof 100 40.10 0.57 [1.43]
Transverse to load direction— 100 31.14 1.24 [3.97]

Recent work carried out at the TU Delft on multifl® configurations has shown that by
further increasing the number of EDs it is possiidleveld the whole overlap area in a
highly repeatable fashion. Likewise, it has beeowshthat the scatter of the LSS values
can be drastically reduced by taking into accobetapparent orientation of the fibres on
the surfaces to be welded. Five-harness satintia ptain weave fabric, which means that,
although the distribution of the fibres in the &d 90 directions is balanced (50:50), the
apparent primary orientation of the fibres {sob one of the sides and®90n the other side
of a single ply. Due to the type of fracture expeded by the strongest welds (part of the
surface layers being ripped off and getting stuckthe other sample), the apparent
orientation of the fibres on the surfaces to bedeelplays a key role because determines
the number of fibre bundles that need to be sevased result of the fracture process, as
shown in Figure 10. The results obtained are list€thble 2.
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Figure 10. Fibre bundles that need to be severgdo(Kp off a certain patch of material when tipparent
orientation of the fibres is transverse (left) qadallel (right) to the load direction

The values listed in Table 2 and the fact thatdamples used for obtaining the results
displayed in Figures 7 and 8 were cut with the aaeefapparent fibre orientation either
parallel or transverse to the load direction, asddurandomly for constructing the LS



samples, explains the generalized big scatterenL®S2 values. Likewise, the also high
scatter in the welding area also accounts for lénaeed scatter in the LSS1 values.

CONCLUSIONS

An experimental study on the influence of the getoynand configuration of the energy
director(s) in the quality of the weld was presdnia this paper. Its impact was
investigated from two different points of view: tbheentation of the energy director(s) with
respect to the direction of the load and the siwkdistribution of multiple energy directors.

The main conclusions that can be drawn from thidysare the following:

* The coverage of the overlap area can be enhanlced uwsing multiple energy directors,
provided that their location and size do not hirttlerflow of resin.

* Multiple energy directors significantly reduce thésturbance of the fibres in the
outermost layers of the welded parts.

* Transverse energy directors provide less scattdhe amount of welded area than
parallel energy director configurations.

* An excessive amount of resin at the welding imiegfleads to decreased strength of the
weld. There is, however, a wide range of resin m@s for which welds with a
satisfactory strength level can be obtained.

Very few conclusions could be obtained about thiecefof the different configurations of
energy directors in the mechanical properties efwtields due to a generalized high scatter
in the results. Recent results indicate a dirdetticn of such a lack of consistency with a
random usage of samples with 0° and 90° apparefaiceuibre orientations to produce the
welded samples.

ACKNOWLEDGEMENTS

The authors would like to thank Ten Cate Advanced@osites, Airtech International and
INTA for their support in this research work. Theguld also like to thank F.P. Bouwman,
B.J. Weteringe and V. Palardy for their valuablatdbutions to this work.

References

1. A. Yousefpour, M. Hojjati, J.P. Immarigeon, “kus Bonding/Welding of
Thermoplastic Composites”, Journal of ThermoplaSienposite Materials, 17, pp 303-
39 (2004)

2. Liu S.-J., Chang I.-T., Hung S.-W., “Factorseaffng the joint strength of ultrasonically
welded polypropylene composites”, Polymer Compssiz2, pp. 132-141 (2001)



3. Li X,, Ling S,-F., Sun Z., “Heating mechanismuitrasonic welding of thermoplastics”,
International Journal for the Joining of Materidl§, (2), pp. 37-42 (2004)

4. Benatar A., Gutowski T.G., “Ultrasonic weldin§REEK graphite APC-2 composites”,
Polymer Engineering and Science, 29 (23), pp. 1705 (1989)

5. Taylor N.S. and Jones S.B., Feasibility of Waidirhermoplastic Composite Materials,
Bonding and Repair of Composites, Butterworth &(C889)

6. Silverman E.M., Griese R.A., Joining Methods f@raphite/PEEK Thermoplastic
Composites, SAMPE Journal, 25(5), pp.34-38 (1989)

7. Tolunay M.N., Dawson P.R., Wang K.K., “Heatingdabonding mechanisms in
ultrasonic welding of thermoplastics”, Polymer Emggring and Science, 23 (13), pp.
726-733 (1983)

PreviousPaper Backto Programme Backto Topic Next Paper



	Previous: Previous Paper
	Back to Programme: Back to Programme
	Back to Topic: Back to Topic
	Next: Next Paper


