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Ultrasonic welding of CF/PPS composites with integrated 
triangular energy directors: melting, flow and weld strength 
development

Irene Fernandez Villegas and Genevieve Palardy

structural integrity and Composites Group, faculty of aerospace engineering, Delft University of technology, 
Delft, the netherlands

ABSTRACT
This paper presents a fully experimental study on melting, flow and 
weld strength development during ultrasonic welding of CF/PPS 
composites with integrated triangular energy directors. The main goal 
of this research was assessing whether the heating time to achieve 
maximum weld strength could be significantly reduced as compared 
to ultrasonic welding with flat energy directors. The main conclusion 
is that, in the specific case under study, the triangular energy directors 
did heat up, melt and collapse approximately two times faster than 
the time it took for the flat energy directors to melt and significantly 
flow. However the heating time needed to achieve maximum weld 
strength for the integrated triangular energy directors did not differ 
drastically from that for flat energy directors. This was caused by the 
fact that a fully welded overlap was not directly achieved right after 
the collapsing of the triangular energy directors. Instead a solidified 
resin-rich interface was created which needed to be re-melted as a 
whole in order to achieve a fully welded overlap and hence maximum 
weld strength.

Introduction

Ultrasonic welding is a joining technique widely used in the plastics industry and also 
considered as a promising solution for the assembly of thermoplastic composite structures. 
Ultrasonic heat generation in plastics and polymeric composites is concentrated at the 
welding interface through the so-called energy directors (EDs), which usually are resin 
protrusions on the surfaces to be welded.[1] Heat concentration at the welding interface is 
based firstly on the relative movement between EDs and substrates, which generates surface 
friction heating,[2] and secondly on a relatively bigger cyclic strain in the EDs, which gen-
erates viscoelastic friction heating.[1,2] Non-reinforced plastic parts are directly manufac-
tured with integrated EDs, generally with a triangular cross section,[1] on the surfaces to be 
welded. The higher cyclic strain in the EDs originates in their smaller cross section relative 
to the adherends. These traditional EDs have as well been used in research on ultrasonic 
welding of thermoplastic composites. They however pose some manufacturing challenges 
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such as increasing of manufacturing steps due to the necessity of moulding the EDs on the 
composite laminates or fibre disruption in composite adherends.[3] Tateishi et al. explored 
the alternative possibility of using tie-layers as EDs for ultrasonically welding of oriented 
polypropylene.[4] The same ED type, referred to as ‘flat ED’, was later on proven as a simple 
alternative for the welding of advanced thermoplastic composites able to provide strong and 
consistent welds.[5,6] In that case, the higher cyclic strain in the ED is not geometry-based 
as in the case of triangular EDs but results from different material properties at the welding 
interface.[7] Owing to the bigger contact surface between the flat ED and adherends, surface 
friction is also believed to play a more important role than in triangular EDs.

In previous work,[6] we comparatively evaluated flat and triangular EDs for ultrasonic 
welding of continuous carbon fibre reinforced polyphenylene sulphide (CF/PPS) compos-
ites. The goal was to assess any potential shortcomings associated to the usage of flat EDs as 
compared to traditional ED solutions. In general no big differences regarding weld strength, 
dissipated power or heating time could be found. However, difficulties encountered on 
moulding the triangular EDs on the surface of composite laminates limited the study to 
EDs consisting of triangular ridges moulded on a loose resin layer as the more traditional 
alternative to flat EDs. One of our observations was that, as expected, the triangular ridges 
started melting and flowing much faster that the flat ED. This is consistent with the results 
of Yan et al. [8] according to which the time to reach Tg in a triangular ED is much lower 
than in a rectangular ED (which bears some similarity with flat EDs). However, this faster 
process did eventually come to a halt, which was attributed to the much slower melting 
and flow of the resin layer that supported the triangular ridges. Consequently, the heating 
time for maximum weld strength did not differ much from that of the flat ED. Nevertheless 
these results seemed to indicate a potential for significant heating time reductions when 
triangular EDs are directly moulded onto the composite substrates. Even though ultrasonic 
welding is known to be a very fast process, the possibility of reducing heating times even 
further could be very favourable for specific applications. One of them is high-temperature 
welding of thermoplastic to epoxy-based composites, when the latter are made ‘weldable’ 
through a layer of thermoplastic coating.[9] As proven in [10], thermal degradation of the 
thermoset composite during the welding process can be readily prevented by drastically 
decreasing the heating time, typically below 500 ms. These very short heating times can 
be effectively achieved with flat EDs but at the cost of an increase in the dissipated power 
since both high welding pressure and high amplitude are required to reduce the heating 
time. Alternative ED solutions could help widen the processing window while relaxing the 
power requirements for this type of processes.

In order to assess whether integrated triangular EDs can offer significant reductions in 
the time needed to reach maximum weld strength, knowledge on the heating, flow and weld 
strength development at the welding interface is deemed necessary. Regarding the heating 
process, researchers agree on the fact that heating up to Tg or Tm and, hence softening or 
melting of the thermoplastic resin, first occurs in the vicinity of the tip of the triangular 
EDs.[8,11,12] There is also agreement in the literature on the fact that, once the viscosity 
of the resin in the vicinity of the tip of the triangular EDs is below a certain value, it will be 
squeezed out and the distance between the adherends will start to decrease until the resin 
completely fills out the gap at the interface.[11,12] In their work on ultrasonic welding of 
continuous carbon fibre reinforced polyether ether ketone (CF/PEEK) composites, Benatar 
and Gutowski [11] describe melting of the triangular EDs as a step-like process in which 
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the melt fronts freeze and are subsequently re-melted. Freezing of the melt fronts occurs 
as they get in contact with the (colder) adherends [8,11] and heat is transferred away by 
the carbon fibres (with a thermal conductivity approximately 100 times higher than that 
of the matrix [13]). Alternatively, Levy et al. [12] describe melting of the triangular EDs 
during ultrasonic welding of CF/PEEK composites through the formation of a fold that 
flows to fill the gap in between the adherends. Regarding the development of weld strength 
there is also lack of general agreement in the open literature. Benatar and Gutowski [11] 
state that maximum weld strength is achieved when the melt fronts from all the energy 
directors meet, which coincides with a sudden increase in the mechanical impedance 
of the molten interface. However, the theoretical predictions of Levy et al. [12] indicate 
that the interface is not completely healed at that time in the process and the authors 
suggest that, based on the trends they observe, total healing is probably achieved during 
the cooling phase of the welding process. Alternatively, Ling et al. [14] state that once the 
‘melting layer’ has closed the gaps at the welding interface some time at high temperature 
is needed to melt the contact faces of the adherends before molecular interdiffusion and 
hence healing can occur.

This paper focuses on increasing the current knowledge on melting, flow and weld 
strength development during ultrasonic welding of thermoplastic composites with inte-
grated triangular EDs with the main goal of assessing whether this ED type can offer signif-
icant reductions in the heating time as compared to flat EDs. A fully experimental approach 
is followed according to which melting and flow of the EDs are monitored through the 
feedback provided by the ultrasonic welder on dissipated power and vertical displacement 
of the sonotrode, as well as cross-section microscopy and fractographic analysis. The devel-
opment of weld strength is assessed through mechanical testing.

Experimental

The thermoplastic composite material used in this research was carbon fibre fabric (five 
harness satin) reinforced polyphenylene sulphide (CF/PPS) from Ten Cate Advanced 
Composites (The Netherlands). A T300JB carbon fibre was used in this composite with a 
nominal 50% fibre volume content. Two types of composite laminates were manufactured, 
namely CF/PPS laminates with integrated triangular EDs and plain CF/PPS laminates. In 
both cases, six powder-impregnated prepreg layers were stacked in a ([0/90]3)S configuration 
and a hot platen press was used to consolidate the composite material at 320 °C and 1 MPa 
for 15 min. In the case of the CF/PPS laminates with integrated triangular EDs a mould 
was also used which consisted of two parallel thick aluminium plates, one of them with 
triangular grooves machined on its surface (see Figure 1(a)). Following the procedure used 
by Benatar and Gutowski [11] and Harras et al. [15], five layers of neat 0.08-mm thick PPS 
resin were added to the side of the prepreg stack facing the triangular grooves for a one-step 
manufacturing of the CF/PPS laminates with integrated EDs (Figure 1(a)). As shown in 
Figure 1(b), this procedure provided good quality laminates and EDs. The final height of the 
EDs as measured on the cross-section micrograph was 0.5 mm. They showed a somewhat 
rounded tip most probably due to the high viscosity of PPS preventing complete filling of 
the mould. It must be noted that the prepreg stack was positioned so that the main apparent 
orientation of the fibres on its outer sides was perpendicular to the triangular grooves. After 
manufacturing, 101.6-mm long and 25.4-mm wide adherends were water-jet cut from the 
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two laminate types with their longest side parallel to the main apparent fibre orientation. In 
the case of the laminates with integrated EDs, the adherends were cut so that the EDs were 
centred in the welding overlap. The adherends were degreased prior to welding.

Individual samples were welded in a single lap configuration with a 12.7 mm long over-
lap. For this purpose a microprocessor-controlled Dynamic 3000 Rinco ultrasonic welder 
equipped with a 40-mm diameter cylindrical sonotrode and a custom-built welding jig 
which allows vertical displacement of the top adherend during the welding process (see 
Figure 2(a)) were used. The welding configuration used in this study, as shown in Figure 
2(b), consisted of a bottom adherend with integrated EDs and a top plain adherend. In order 
to allow direct comparison with our previous work on flat energy directors for welding of 
CF/PPS composites [6] the same welding parameters were used in this study, i.e., 500 N 
welding force, 86.2 μm peak-to-peak welding amplitude, 1000 N solidification force and 4 s 

Figure 1.  (a) schematic of mould and stack prior to manufacturing of laminates with triangular eDs 
(dimensions in mm, sketch not to scale). (b) Cross-section micrograph showing triangular eDs moulded 
on Cf/pps laminate. approximate final height of triangles is 0.5 mm.

Figure 2. (a) Ultrasonic welder and welding jig used in this research, where (1) sonotrode, (2) sliding 
support for top clamp, (3) top clamp, (4) bottom clamp. (b) schematic of sample positioning prior to 
welding process.
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solidification time. The reader must note that both the welding force and the amplitude have 
a significant effect in the heating times during the welding process as explained in [16] and 
hence they have to remain unchanged to make the comparative study valid. Displacement-
controlled welding was used as the reference welding procedure. Energy-controlled welding 
was used in those cases where displacement control was not possible.

As already mentioned, the melting and flow behaviour of the integrated EDs during the 
welding process was mainly evaluated through analysis of the feedback data provided by the 
ultrasonic welder on power consumed and vertical displacement of the sonotrode. Cross-
section optical microscopy of welded samples as well as fractography were also used with 
this purpose. The development of joint strength during the welding process was assessed 
through static single-lap shear testing following ASTM D 1002 standard in a 250kN Zwick 
Universal Test Bench.

Results and discussion

Melting and flow behaviour

Physical phenomena triggered by the ultrasonic vibration at the welding interface, such 
as melting and flow of the resin in the EDs, can be linked to the feedback data provided 
by the ultrasonic welder. In particular, the power consumed by the welder together with 
the displacement of the sonotrode offer clear insight into the welding process.[16] Figure 
3(a) shows representative power and displacement curves for the welding configuration 
investigated in this paper. As seen in this Figure, the displacement curve features little to 
no displacement of the sonotrode for approximately 50 ms after the onset of the vibration 
(stage 0A in Figure 3(a)). This is followed by a fast downward movement which is arrested 
after the sonotrode has travelled approximately 0.35 mm (stage 0B in Figure 3(a)). Based on 
the state-of-the-art knowledge, stages 0A and 0B are believed to correspond to heating (0A) 
and progressive tip-to-base melting and flow, i.e., collapsing, of the triangular EDs (0B). After 
stage 0B the displacement and power curves in Figure 3(a) resemble those yielded by flat 
EDs, an example of which is shown in Figure 3(b). They can hence be divided into five more 
stages (stages 1–5 in Figure 3(a)) which, based on our previous work, are believed to relate 

Figure 3. (a) power and displacement curves for welding process with triangular integrated eDs (500 n 
welding force and 86.2 μm vibration amplitude). (b) power and displacement curves for welding process 
with flat eD (500 n welding force and 86.2 μm vibration amplitude) (adapted from [6]).
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to physical changes at the welding interface [16] after the collapsing of the triangular EDs. 
It must be noted that, similarly to what we previously observed in the case of EDs consisting 
of a loose resin film with moulded triangular EDs,[6] the displacement of the sonotrode 
was temporarily halted right after stage 0B when the triangular EDs were integrated in the 
composite adherend. As described in the Introduction, in the case of the resin film with 
moulded triangular EDs this phenomenon was attributed to the slower heating and melting 
of the resin film. In the present study, however, that was clearly not the case, since the tri-
angular EDs were directly moulded on the adherends. In order to better understand these 
results and to assess their influence on the heating time needed to attain maximum weld 
strength further experiments were performed. These entailed cross-sectional micrographic 
observations of samples welded in some of the stages identified in Figure 3(a), namely 0B, 
1, 3 and 4, as well as occasional fractographic analysis after mechanical testing of some of 
those samples. The results are presented and discussed in what follows.

Figure 4(a) shows a cross-section micrograph of a single-lap sample subjected to ultra-
sonic vibration up until stage 0B (Figure 4(b)) followed by solidification under pressure 
(1000 N for 4 s). This micrograph illustrates how melting of the triangular EDs starts at their 
tips and how the molten resin is squeezed out to their sides, which progressively rounds 
up the shape of the EDs. The reader should note that, since this sample was subjected to 
solidification after the vibration was stopped, the squeeze out observed on Figure 4(a) could 
be expected to be somehow bigger that what would actually correspond to stage 0B. It nev-
ertheless serves the purpose of illustrating melting and flow of the EDs at that stage, which 
applies to all the cross-section micrographs (and fracture surfaces) shown in this section.

Figure 5(a) shows the cross-section micrograph of a sample subjected to ultrasonic 
vibration slightly beyond the beginning of stage 1 (Figure 5(b)) followed by solidification 
under pressure. According to this micrograph, stage 1 and hence the temporary halt of 
the sonotrode displacement seem to begin when the resin squeezed out from the EDs fills 
the gap between the adherends. This phenomenon is accompanied by a steeper increase 
in the dissipated power (see Figure 5(b)), which is in line with the increase in mechanical 
impedance observed by Benatar and Gutowski at the moment when the flow fronts from 
all the EDs meet.[11]

Figure 4. (a) Cross-section micrograph of sample welded within stage 0B (500 n welding force, 86.2 μm 
vibration amplitude and 0.19 mm displacement). (b) Corresponding power and displacement curves.
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The sudden halt in the displacement of the sonotrode can be attributed to the existence 
of a physical barrier at the welding interface in the form of solidified PPS resin. Two are 
the main factors that contribute to the formation of such barrier. Firstly, remnant EDs in a 
solid state that did not get to melt before the squeeze-out resin filled the gap between the 
adherends. These solid remnant EDs can be observed in Figures 5(a) and 6 owing to the 
fact that they keep their original white appearance, characteristic of semi-crystalline PPS 
resin as obtained from the consolidation cycle in the hot platen press. The surrounding 
squeeze-out resin has however a darker appearance, due to its presumably amorphous or 
closer-to-amorphous state after the fast cooling in the solidification phase of the welding 
cycle. The fracture surface in Figure 7 clearly shows the remnant EDs, which after failure 
of the welded joint remain on the bottom adherend. Secondly, the squeeze-out resin also 
contributed to the physical barrier since it did solidify as it flowed away from the EDs and 
came into contact with the adjacent colder adherends.[8,11] The fracture surface and detail 
in Figure 8 support this hypothesis since the resin squeezed out from the EDs shows mul-
tiple flow lines which indicate a step-like process in which portions of the EDs successively 
melt, are squeezed out and solidify, as also described by Benatar and Gutowski in [11]. 
Consequently, collapsing of the triangular EDs during stage 0B seems to result in a solidi-
fied, resin-rich interface very much similar to the welding interface at the beginning of the 

Figure 5. (a) Cross-section micrograph of sample welded up to the beginning of stage 1 (500 n welding 
force, 86.2 μm welding amplitude and 230 J welding energy). arrow indicates the position of remnant 
eD. (b) Corresponding power and displacement curves.

Figure 6. stereo-micrograph showing remnant eDs (indicated with arrows) in sample welded up to the 
beginning of stage 1 (500 n welding force, 86.2 μm welding amplitude and 230 J welding energy).
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welding process for a flat ED. Solidification of the resin squeezed out from the EDs should 
however not be taken as a general rule for ultrasonic welding of any type of thermoplastic 
composites. One case in which the squeeze-out resin might not solidify is the welding of 
amorphous thermoplastic composites, which in general show lower solidification rates than 
the semi-crystalline resin used in this study and the one used in [11]. Another case could 
be welding of glass fibre composites or carbon fibre composites with a low fibre volume 

Figure 7. fracture surface on bottom adherend from sample welded up to the beginning of stage 1 (500 n 
welding force, 86.2 μm vibration amplitude and 230 J welding energy). arrow points at one of the four 
remnant eDs. areas between remnant eDs are mostly unaffected by the welding process.

Figure 8. fracture surface on top adherend from sample welded at the beginning of stage 1 (500 n 
welding force, 86.2μm vibration amplitude and 230 J welding energy). arrow in detail picture points at 
flow lines in the squeeze-out resin. areas in contact with original eDs (in between squeeze-out areas) 
show seemingly naked fibres, indicating local occurrence of welding.
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fraction and hence with a reduced thermal conductivity as compared to the composite 
used here. In those cases the resin-rich welding interface would be composed of solidified 
(remnant un-molten EDs) and non-solidified (squeeze-out) resin. Owing to the physical 
barrier imposed by the remnant un-molten EDs to the vertical travel of the sonotrode, the 
displacement halt discussed earlier could however still be expected.

Figure 9(a) displays the cross-section micrograph of a sample welded within stage 3 
(Figure 9(b)) and subjected to consolidation afterwards. This micrograph indicates that 
the resumed displacement of the sonotrode in stage 3 is related to the resin being squeezed 
out from the welding interface, similarly to what occurs to flat EDs in this same stage of the 
process.[6,16] Based on our knowledge on melting and flow of flat EDs, our hypothesis is 
that during stages 1 and 2 (Figure 9(b)) the solidified resin-rich welding interface resulting 
from the collapsing of the triangular EDs heats up and gradually melts again. Only when 
this resin-rich layer is completely molten, it will start to flow out of the overlap under the 
effect of the welding force. Similarly to the case of flat EDs, stage 1, characterised by an 
increase in the dissipated power (Figure 9(b)), should correspond to only heating. Gradual 
melting should start to occur in stage 2 along with decreasing power (Figure 9(b)).[16] Our 
hypothesis is additionally supported by the fact that in stage 3 the remnant semi-crystalline 
EDs could no longer be discerned at the welding interface (Figure 10), indicating the occur-
rence of heating and melting at least at those locations. Furthermore, the fracture surfaces 
of samples welded up to stage 3 (Figure 11) showed, as opposed to the fracture surfaces at 
the beginning of stage 1 (Figures 7 and 8), a rather uniform footprint of the welding process 
in the welding overlap suggesting overall heating and melting of the resin-rich interface. In 
the case discussed in the previous paragraph concerning the welding of a material for which 
the resin squeezed out from the EDs during stage 0B did not solidify, the main difference 
to be expected from the specific case studied in this paper would be a potential shortening 
of the duration of stages 1 and 2.

Finally, Figure 12(a) shows the cross-section micrograph of a sample subjected to ultra-
sonic vibration up to stage 4 (Figure 12(b)) followed by consolidation. In that case, melt 
and flow of the matrix within the first layer of the adherends also occur, as indicated by 
the squeeze-out at the edge of the overlap in Figure 12(a). This is in line with our previous 

Figure 9. (a) Cross-section micrograph of sample welded up to beginning of stage 3 (500 n welding force, 
86.2 μm vibration amplitude and 500 J welding energy). arrow points at squeeze flow from the welding 
interface at the edge of the overlap. (b) Corresponding power and displacement curves.
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observations for ultrasonic welding with flat energy directors.[16] Melting of the resin in 
the adherends in this stage enables inter-diffusion of polymer molecules and hence results 
in welded joints with maximum strength.[5]

Weld strength

Single lap shear strength (LSS) values for joints welded in the stages indicated in the previous 
section are shown in the graph in Figure 13. Table 1 summarises the values in this graph, 
the welding conditions in which the samples were obtained and the number of samples 
used to obtain the different points in the graph. Figure 14 shows characteristic power and 
displacement curves for the different welding conditions analysed. As seen in Figure 13, 
the highest LSS yielded by the welded joints with integrated triangular EDs studied in 
this research was obtained as expected within stage 4 and amounted to 34.2 ± 1.5 MPa. 
This value is somewhat lower than the 37.1 ± 1.3 MPa maximum LSS value obtained for 
welded joints with flat energy directors.[6] This could perhaps be due to a smaller resin 
flash in the samples welded with integrated triangular energy directors than in those welded 
with flat energy directors. The resin flash, i.e., the excess resin that is squeezed out of the 

Figure 10. stereo-micrograph of the full overlap of sample welded up to the beginning of stage 3 (500 n 
welding energy, 86.2 μm vibration amplitude and 500 J welding energy). the arrow indicates the location 
of the welding interface, where remnant eDs can no longer be distinguished.

Figure 11. fracture surfaces of sample welded up to the beginning of stage 3 (500 n welding force, 86.2 μm 
vibration amplitude and 500 J welding energy) showing no remaining unmolten eD after heating and 
melting during stages 1 and 2. (a) Bottom adherend and (b) top adherend.
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Figure 12. (a) Cross-section micrograph of sample welded up to stage 4 (500 n welding force, 86.2 μm 
vibration amplitude and 0.42  mm displacement). arrow points at squeeze flow at the edge of the 
overlap which, in this case, originates at the welding interface and the first layers of the substrates. 
(b) Corresponding power and displacement curves.

Figure 13. Lap shear strength as a function of the vibration time. the numbers in the graph indicate the 
stage in the welding process in which the samples for mechanical testing were obtained.

Table 1. Data regarding samples used for mechanical testing.

ref.
Controlling 

parameter: value lSS ± Sd (mPa)
Vibration 

time ± Sd (ms)
# of samples 

tested Comments
[1] energy: 230 J 24.9 ± 1.7 217 ± 6 3 Beginning of 

stage 1
[2] energy: 500 J 33.3 ± 0.7 365 ± 6 5 Beginning of 

stage 3
[3] Displacement: 

0.42 mm
34.2 ± 1.5 434 ± 36 5 stage 4

[4] Displacement: 
0.57 mm

29.9 700 1 stage 5

feD [6] Displacement: 
0.30 mm

37.1 ± 1.3 520 ± 58 5 stage 4
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welding overlap, could play a role in lowering the stresses at the edges of the joint during 
mechanical testing similarly to a fillet.[17] The thickness of the weld line, which is another 
parameter that does have an effect on the stress distribution in the joint,[18] is however not 
believed to play a significant role in this case. This results from the fact that, as observed 
in Figure 12(a) and in [6,14], the weld lines in stage 4 for both the triangular and flat EDs 
are of comparable thickness, which approximately equals that of the resin-rich areas in 
the composite laminate. It is also interesting to note that around 70% of the maximum 
LSS yielded by the welded joints with integrated triangular EDs was already developed at 
the beginning of stage 1 despite the fact that only narrow areas at the original locations 
of the energy directors were actually welded (see Figure 8). This is not surprising taking 
into account that one of the well-known limitations of the single lap shear test if that its 
results are highly dependent on the quality of the joint at the very edges of the overlap and 
therefore not a true representation of its overall quality. It should also be noted that this 
maximum strength is almost reached at the beginning of stage 3, where already the whole 
overlap is affected by the welding process, which coincides with our observations on opti-
mum processing parameters for thin flat energy directors (about the same thickness as the 
resin-rich interface at the beginning of stage 1 in this research).[19] Finally, it must be noted 
that despite the statistically low number of samples mechanically tested in this study, the 
LSS scatter values depicted in Figure 13 and Table 1 are in any case well below 10% of the 
corresponding average LSS. This result corroborates the high consistency of the ultrasonic 
welding process, already indicated in our previous work.[5,6,20]

Table 1 also displays the vibration (i.e., heating) times for the welded samples to enable 
assessing whether integrated triangular EDs offer significant reductions in heating time 
as compared to flat EDs. As seen on this Table, the average vibration time to achieve the 
maximum strength for integrated triangular EDs is 434 ms, which is somewhat lower but 
not significantly lower than the 520 ms average vibration time to achieve the maximum 
strength in the case of flat EDs.[6] However further reduction in the vibration time for 
triangular EDs, down to an average of 365 ms, can be achieved with no significant loss in 
strength and still a fully-welded overlap when the process is stopped at the very beginning 
of stage 3. Nonetheless, displacement-controlled welding is no longer an option in that case. 
If the welding process is stopped at the beginning of stage 1, the vibration time is less than 
half of that needed to reach the maximum strength when a flat ED is used but at the cost 
of only obtaining a partially welded overlap.

Figure 14. representative power (a) and displacement (b) curves for samples used to build Lss chart in 
figure 13. numbers represent the stages in the welding process. Curves are shifted for clarity.
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Conclusion

Melting, flow and strength development at the welding interface was investigated for ultra-
sonic welding of CF/PPS single-lap coupons with integrated triangular EDs. As expected, 
melting of the EDs first occurred at their tips. Subsequently, squeeze flow of the molten 
portions of the EDs was observed to occur in a step-like fashion, which was attributed to 
fast solidification of the PPS resin as it came into contact with the colder adherends. Once 
the resin squeezed out from the EDs completely filled the gap between the adherends, the 
displacement of the sonotrode was found to come to a halt. 70% of the maximum achieva-
ble weld LSS was developed at this point in the process, which corresponded to a partially 
welded overlap composed of narrow welded areas at the original locations of the energy 
directors with un-welded squeeze-out areas in between. However, in order to reach max-
imum weld strength and hence fully welded areas, the new resin-rich interface needed to 
be re-heated in order for it to melt and flow as a whole, similarly to the flat energy direc-
tor. The triangular energy directors were indeed found out to heat up, melt and collapse 
approximately two times faster than the time it takes for the flat energy directors to melt 
and significantly flow. However the heating time needed to achieve a fully welded overlap 
and maximum weld strength for the integrated triangular energy directors did not differ 
drastically from that for flat energy directors.

The reader should note that the specific times mentioned in this paper are dependent 
on factors such as the size of the energy directors, nature of the thermoplastic resin, nature 
of the composite adherends and process parameters. In particular, the time needed for the 
EDs to collapse and form a resin-rich interface can be expected to be affected by the size 
and the shape of the energy directors, the melt viscosity of the thermoplastic resin and 
the welding parameters. Likewise, the time needed to re-heat and re-melt the resin-rich 
interface resulting from the collapsing of the EDs is affected by the nature of the resin 
(e.g., viscosity, solidification kinetics), the thermal conductivity of the composite adherends 
and the welding parameters. However the phenomena related to melting and flow of the 
energy directors as well as the way in which they affect the development of weld strength, 
as identified in this paper, can be considered to be generally valid for ultrasonic welding of 
thermoplastic composites with integrated energy directors.
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