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UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

Abstract 

The aerospace industry is looldng to reduce their enviromnental impact through projects like the 

Clean Sky Joint Technology Initiative. Two measures to help achieve this goal are to reduce the 

aircraft weight so the emissions during flight decrease and to increase the manufacturing 

efficiency. Composites often offer lighter solutions and new manufacturing possibilities. Especially 

thermoplastic composites, which have the ability to melt and fuse, offer many interesting 

possibihties in manufactming and structural integration. Ultrasonic welding (USW) is a fusion 

bonding process which utilizes the ability of thermoplastic composites to form a fusion bond. 

USW has extremely short process cycles, does not introduce any foreign materials regardless of 

the composition of the samples to be welded, is energy efficient and has the ability to be on-line 

monitored, providing joint quality information during welding. Wi th USW it is possible to create 

fast, clean and consistent welds in lap shear samples. However the step to up-scaling of the 

process has yet to be made. If found possible, USW might contribute to clean joints with strongly 

reduced processing times and therefore reduce the environmental impact. 

This research investigates the up-scaling of USW using sequential welding for the attachment of 

recycled chopped carbon fibre PEEK hinges to continuous carbon fibre PEEK plates. This is 

done for the Clean Sky Eco-Design Integi'ated Technology Demonstrator. Several steps were 

taken to up-scale the process from lap shear sample welding to this specific Clean Sky case. 

In this research first baseline data was collected by conventional welds as reference for the 

subsequent experiments. It was found that the chopped fibre material could not be welded 

properly if used as the top sample, close to the sonotrode. This would resuh in deconsolidation of 

the material. Continuous fibre material was therefore used as top sample. It was also found that 

for up-scaling using spot welding, restrictions made it impossible to weld using the weU-

established travel controlled process. Instead the energy controlled process was used and 

investigated. 

To use the energy controlled process in a new setup, the influence of different factors on the 

energy dissipation during welding was investigated. The results found however did not provide 

enough information for accurate predictions and still need further research to be conclusive. 

Experiments still provide the best insight in the welding energy needed. 

Two new concepts and several practicalities were proposed and investigated. Experiments with 

the energy controUed zero travel spot welding of a larger overlap proved unsuccessful. The 

stiffness of the composite material caused welding of unintended parts of the overlap, introducing 

lots of scatter in the results. For another experiment with dedicated area sized energy director 

welding, this did not pose a problem and resulted in more consistent data and higher average 

strength. Combined with pre-attached energy directors and the rectangular sonotrode, this 

process was deemed to provide good welding conditions for up-scaling. 

Ah the conclusions were used to up-scale the process and design a sequential USW procedure for 

the Clean Sky case. This research presents the successful result of this newly proposed welding 

procedure, showing welds which were stronger than the hinges. Now that the concept is proven to 

work, several suggestions for optimizing the process are presented as well. 
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(Ten Cate 90 [°] weave samples and Ten Cate 0.25 [mm] ED welded with a 500 [N] welding 

force, the rectangular sonotrode for a 14.9 [mm] overlap and the 9110 jig 92 

Figure 5-27 | Racture surfaces of sample #125 (appendix B), welded whh pre-attached ED 93 

Figure 6-1 | Tension load case for the Clean Sky hinge gg 

Figure 6-2 ] ED alignment aid for plunge welding EDs to larger plates for hinge welding with 

square holes identical to the ED dimensions an rounded corners for accessibihty of the USW 

hand plunge welder. The edges are covered with Kapton tape against possible overheating 96 

Figure 6-3 | Schematic view of the sequential spot weld conhguration used showing plate 

dimensions (manufacturing process is described in section 2.1.2) 97 

Figure 6-4 [ New jig designed for welding of (chopped hbre) Clean Sky ITD hinges 98 

Figure 6-5 | Detailed overview of the new jig for hinge welding 99 

Figure 6-6 | New jig design with Kapton tape on the D&STA-CO dampening pods and 

extra silicone rubber supporting material (the blue stack down in the middle of the jig) for 
the protruding plates ^̂ ^̂  

Figure 6-7 | Setup of the Zwick 250 kN universal testing machine for hinge tension testing 

showing: A) custom made aluminium cylinder for fitting the hinge to the frame, B) 90 [°] 

rotated frame 

Figure 6-8 ] Experiinents for the energy determination for hinge welding, welding one hinge 

per setting with two sequential spot welds, showing hinge 1 (1200 [Ws]), 2 (1400 [Ws]) 4 

(1800 [Ws]) and 3-2 (2000 [Ws]) ' ' 

Figure 6-9 | Tension test using the Zwick universel testing machine to test the hinge weld 

strength, showing clear sings of induced peel forces 105 

Figure 6-10 | Racture surfaces for the 1800 [Ws] energy welded hinge and the 2000 [Ws] 

welded hinge, showing that a larger part of the two EDs mehed for 2000 [Ws], providing 

better attachment of the hinge ^̂OG 

Figure 6-11 | Typical welding curves for the first and second spot weld for hinge welding, 

showing a large positive (downward motion of the sonotrode) travel at the beginning of the 

first weld and more hammering (negative travel) for the second weld 106 

Figure 6-12 | Zwick strain curves for the welded hinges 4 (1800 [Ws]), 3-2, 7, 9 and 11 (2000 

[Ws]) compared to the Eurocopter load case, hinge 4 failed in the weld, for the other welds 

the hinge failed 

Figure 6-13 | Broken hinge as resuh of the Zwick strength test of the weld 108 
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Figure 6-14 | C-scan for 2000 [Ws] energy welded hinges 5-11, showing the cross-section that 

was investigated whh microscopy, first and second spot welds for ah hinges are, L=Left , 

R=Right: 5 (1: L, 2: R), 6 (1: R, 2; L), 7 (1: L, 2: R), 8 (1: R, 2: L), 9 (1: L, 2: R), 10 (1: R, 

2: L), 5 (1: L, 2: R), showing that the hrst weld generally is of worse quahty indicated by the 

red area. The colours are used for relative comparison, not for absolute attenuation values 

Figure 6-15 | Cross-section depicted in the C-scan, top two pictures showing the untreated 

cross-section, bottom four (mirrored) pictures show the embedded cross-section ( l x and 8x 

magnification) showing more air in the first spot weld on the right side for hinge 6 

Figure 6-16 ] Fracture surfaces of welded hinges 8 (leh), 9 (middle) and a one side welded 

hinge (right), hrst and second spot welds for the hinges are, L=Left , R=Right: 8 (1: R, 2: L) , 

9 (1: L, 2: R) and only the left one for the last hinge 
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UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

1 In t roduct ion 

1.1 M o t i v a t i o n 

Tlie aerospace industry is paying increasing attention to the environmeutal impact of air 

transportation, which is linked for a large part to the aircrah weight. The CO2 emissions of this 

industry are expected to increase by 50 [%] in 2050 if no action is taken (although this is only 

hom 2 [%] to 3 [%] of the total man-made CO2 emissions) [1]. Lighter and more efhcient 

structures and materials, shorter and more efhcient production processes (and less energy 

consuming as a result), can help their bit iu reducing the environmental impact. Projects like the 

Clean Sky Joint Technology Initiative (JTI), a public private partnership between the European 

Coimnission and the Aeronautical industry, are working on reducing the environmental impact of 

aviation. Several new concepts are demonstrated by the production of Integrated Technology 

Demonstrators (ITD). The facuhy of Aerospace Engineering of Delh University of Technology is 

one of the organizations involved in the eccndesign airframe ITD, which, among other 

technologies, is maldng use of thermoplastic composites (TPCs) and innovative design and 

production methods. 

In general the use of composhes in (the aerospace) industry is continuously increasing due to the 

many advantages composites have over conventional materials. Composites have the ability to be 

tailored to meet specihc design needs. They combine different materials and therefore different 

material properties (high strength of the hbres, low density of the polymer). This resuhs in, if 

used properly, lighter solutions for the same structural purpose. Additionally, these composhe 

solutions ohen offer better fatigue and environmental resistance. Although thermosetting 

composites (TSCs) are currently more common, TPCs (using new thermoplastic resins with 

similar engineering properties as commonly used thermosetting resins) are gaining ground 

because they offer several advantages. The most important advantages are, their cost effectiveness 

in manufacturing (due to short production times and their joining possibihties), high impact 

strength and hacture resistance. Even though higher temperature and pressure are needed in the 

productiou of TPCs, other advantages are unlimited sheh-life, post formability, ease of repah and 

ease of handling [2]. 

To proht from all the advantages composhes offer, ideally completely integi'ated structures are 

preferred. The higher temperature and pressure required in TPC processing and the higher 

viscosity of the thermoplastic resin (500 - 5000 [Pa • s] for thermoplastic resins compared to 100 

[Pa-s] for thermosets [3]), can make the manufacturing of more complex shapes difhcuh and 

costly. This can limit the level of integration and calls for other (cheaper) integration techniques 

[4]. Conventional integration techniques like mechanical fastening or adhesive bonding are labour 

intensive and costly. Addhionally, the use of mechanical fastening also resuhs iu problems with 

stress concentrations. TPC composhes however offer the possibility to be fusion bonded, which 

potentially increases the cost effectiveness of manufacturing even more. For fusion bonding 

techniques there is hardly need for surface treatment of the samples and they have the potential 

to offer rapid, reliable and cost effective integration [4]. 
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Several fusion bonding techniques for TPC exist today, of which uhrasonic welding (USW) has 

the highest potential for the very fast welding of small surfaces and is therefore the focus of this 

research. USW is a high-hequency low-amplitude process which has several main advantages 

compared to other processes. It has an extremely short process time (1-5 [s] total cycle) and is 

therefore energy-efhcient, it does not require any foreign materials regardless of the structure of 

the TPC, on-line monitoring of the welding process is possible with modern USW machines 

providing indirect feedback on the weld quality and is therefore well suited for automation [5], 

[6]. The current practice produces fast, clean and consistent high quality welds in single lap shear 

samples. However, except for a successful experiment of Benatar [7] with the sequential welding 

for single and double lap shear specimen, virtually no research has been done in the up-scaling of 

the process towards a practical application [4]. 

This thesis wih present a hrst investigation into identifying challenges for up-scaling. To this end, 

new ultrasonic welding concepts are proposed and tested. Based on the results of these new 

concepts, a sequential USW procedure for the welding of chopped hbre hinges to continuous hbre 

hames in the Clean-Sky Eco-Design ITD is developed. 

A Clean-Sky Eco-Design specific case 

For the eco-design ITDs built in the Clean Sky Joint Technology Initiative (JTI) (the ITD F l ) 

considered in this research, USW can play an important role. The eco-design ITD is a skin panel 

reinforced with hames and stringers, has one window cut-out and has two hinges as can be seen 

m Figure 1-1. The ITD is used to research and demonstrate several cutting edge technologies 

which could help increase structural efhciency, optimize production and reduce environmental 

footprint. The faculty of Aerospace Engineering of Delh University of Technology is coordinating 

the activities for the design and manufacturing of the F l eco-design ITD. Other organisations 

involved are Fokker Aerostructures, Nationaal Luchtvaart- en Ruimtevaartlaboratorium (NLR), 

Eurocopter and the Fachhochschule Nordwestschweiz (FHNW) [8]. Some of the technologies 

demonstrated are advanced laser assisted fibre placement, consolidation of the skin panel using 

out-of-autoclave infrared heating, stiffener integTation on the skin using induction welding, co-

consolidation of the window frame to the skin, microwave in-situ consolidation and recycling of 

TPCs. For this last technology FHNW designed aud produced helicopter door hinges from 

recj'cled and chopped fibre TPCs (PEEK matrix). 

The door hinges are designed to replace similar steel hinges and are compression moulded. The 

new design offers a weight reduction from 134 [g] (steel) to 22 [g] (recycled/chopped CF/PEEK) 

and is one-step recyclable (which means the material goes from the original hinge to recycling 

and the recycled material cau directly be used for production again, only needing one step). The 

hinges made from recycled TPCs (produced usiug high voltage fragmentation) only show a 17 [%] 

decrease of mechanical properties compared to the first generation hinges, which is promising [9]. 

A schematic view and a produced hinge can be seen in Figure 1-2. 

This hinge will be attached to the edge of the C-frames (manufactured using CF/PEEK-UD), for 

which USW cau be very promising, making this an interesting application for research into up-

scaling of the process. USW can make the structure more efhcient (no cut-outs, stress 

concentrations, fasteners, foreign material, short cycle time <5 [s]), saving weight, energy, time 

and improving recyclability [8]. This covers many ofthe goals set by the Clean Sky project [1]. 
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1) S k i n 
2) H a t S t i f f ene r s 
3) C-Frames 
4) C l i p s 
5) W i n d o w F r a m e 
6) Hinges 

w w w . c l e a n s k y . e u clgansky 

Figure 1-1 | Scliematic overview of the Clean Sky J T I Eco-Design I T D F l - Thermoplastic Composite 

Airframe Panel [8] 

Figure 1-2 | Schematic view of the TPC helicopter door hinge (left) and actual view of the door hinge 

produced of recycled CF/PEEK (right) by F H W N [8], [9] 
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1.2 B a c k g r o u n d i n f o r m a t i o n 

1.2.1 Thermoplastic composite materials, production and recycling 

Many of tlie high performance technical applications of recent years ask for special material 

properties that are difhcuh to achieve by metal alloys, especially iu aerospace, underwater and 

transport applications. A composite material is generally considered to be made from two or 

more constituent materials with signihcantly different properties, which combined provide a 

material with better overall properties [10]. 

In TPC materials a thermoplastic polymer is used as matrix material. A thermoplastic polymer, 

is a linear or branched polymer and will sohen when heated aud harden wheu cooled, which 

offers advantages compared to thermosetting polymer (a thermosetting polymer is a network 

polymer, once produced they become permanently rigid aud do not sohen upon heating). The 

process for thermoplastics is reversible, which makes it amongst other things suitable for fusion 

bonding (since two separate parts can be molten together) aud offers more flexibility in (post-) 

processing. Ahhough the processing temperature for thermoplastics is generally higher compared 

to thermosets, another advantage is the strongly reduced processing time [10]. 

Aerospace grade TPC matrix and fibre materials 

In the production of TPCs several matrix materials and fibres can be selected. The combinations 

are numerous and are driven by criteria like the mechanical properties required, the operation 

environment of the material and the costs. Table 1-1 contains some of the aerospace grade high 

performance thermoplastic polymer resins showing their structure (amorphous: no crystallisation, 

or semi-crystalline: both with an amorphous aud a crystalline region), their Tg (glass transhion 

teinperature: where an amorphous polymer, or the amorphous phase of a semi-crystalline 

polymer, transforms abruptly from a rigid glass state to a soft rubbery state), their Tn, (mehing 

temperature; note that amorphous polymers do not have a mehing temperature since they don't 

possess ordered phases, whh increasing temperature the polymer just becomes more viscous) and 

their Tmaxsm-. (maximum service temperature, the teinperature at which the polymer can be used 

for an extensive time without significant problems) [11], [12]. 

Table 1-1 | List of high performance thermoplastic matrix materials and their properties, note that this 
table only provides an indication since there are many variants within one polymer type (depending on 
manufacturer, process, chain length etc.), providing different values for Tg, T,„ and T,„KXSC,̂  [12] [2] [10] 
[13] 

Polymer Structure T g [°C] T , „ ["C] Tniax.serv. C] 

PPS - Polyphenylene Sulhde Semi-crystalline 8 1 - 9 7 285 - 290 200 - 260 
PEI - Polyether Imide Amorphous 215-217 _ 161 - 179 
PEKK - PolyEtherKeytoneKejtone Semi-crj'stalline 153 - 170 347 - 373 250 - 260 
PEEK -PolyEtherEtherKeytone Semi-crystalline 143 - 157 322 - 346 239 - 260 

For composites most of the structural strength and stiffness cau usually be attributed to the 

hbres embedded in the polymer matrix. Table 1-2 provides general information on strength and 

stiffness properties of commonly used hbres in (thermoplastic) composites. 
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Table 1-2 | List of commonly used fibre materials and their strength and stiffness properties [14], [15] 

Fibre type Tensile Strength [GPa] Elastic Modulus [GPa 

Glass (S-glass) 4.48 85.6 

Carbon (IM-7) 5.17 290 

Graphite (GY-70) 1.73 517 

Boron 3.66 4.14 

The variation of thermoplastic matrix material combined whh the various different hbre 

materials gives the designer freedom to produce efhcient composite structures, suhed for each 

individual application (light weight, cheap, recyclable, etc.). Next to the material choice the 

designer can also vary the properties of the composhe with the hbre length, stacking sequence 

aud production process. The hbre length can basically be divided iu two groups, continuous aud 

discontinuous hbres (Figure 1-3). Looking at Figure 1-3, laminates consisting of continuous hbres 

in a polymer matrix, like unidirectional (UD) hbres, are more difhcult to manufacture but result 

in higher strength/stiffness, where discontinuous hbres, hke chopped hbres, are relatively easy to 

produce but have far lower mechanical properties [2]. 

Continuous 

Unidiredional (UD) Clolh Roving 

OOOCOCO 

0' 0790' (Woven) 130' Helical 
Filament Wound 

Discontinuous 

Chopped 

\ / - - / .1 

Figure 1-3 j Schematic view of continuous and discontinuous fibre configurations used in composites 

[14] 

The materials used for the structural parts of the Clean Sky ITD that are of special interest for 

this research are the hames and the hinges. The hames are produced of UD continuous carbon 

hbres in a PEEK matrix, whereas the hinges are made from chopped fibres (ehher virgin or 

recycled) also embedded in a PEEK matrix. 
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Production processes for TPCs 

Figure 1-4 sliows for both continuous and discontinuous hbres several common processes which 

are currently used for the production of TPCs. 

Thermoplastic Composites 
Processing 

1 
Discontinuous 

Fibre Composites 
Continuous Fibre 

Composites 

Injection 
Moulding 
Blow Moulding 
Compression 
Moulding 

• Thermoforming 
• Diaphragm 

Forming 
• Tape Winding 
• Autoclave 
• Hot Press 

Figure 1-4 | Tliermoplastic composite processing techniques for continuous and discontinuous fibres [16] 

Due to the virtually unlimited variation iu shape, hbres and resin material, for most processes 

several heating aud pressure prohles are available depending on the conhguration and material 

selection (due to different mehing temperatures, viscosity, etc.). 

Recycling processes for TPCs 

The need for feasible recychng processes for TPCs is increasing, due to the increasing production 

and waste stream (12 [%] growth per year) [17], strict regulations (making landhlling more 

expensive) [18] and relatively high cost of virgin material (up to 45[€/kg]) [17]. Common 

recycling processes for TPCs cau be classihed in three main methods, as shown in Figure 1-5. 

IVIechanical 

) 

f \ 

Chemical 

J 

f 

Thermal 

Remoulding -> Resin and fibres remoulding 

Milling, Grinding -> Fillers production 

-> Fibres and chemicals 

Combustion -> Energy and material 

Fluidisedbed -> Fibres and energy 

Pyrolysis -> Fibres, chemicals and energy 

Figure 1-5 | Overview of recycling processes for thermoplastic composites [19] 

Most of these processes have siguihcant drawbacks and / or are energy intensive and costly 

Although sometimes the mechanical properties of the hbres are sufhcient, the whole process is 

not deemed (hnancially) feasible. 
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A new technique showing promising results is electro dynamical h-agmentation, or high voltage 

fragmentation. In this process the chopped fibre TPC is placed in a tank hhed with liquid (water) 

and is shredded by high voltage discharges between an anode and cathode in the tank. These 

discharges form an electric arc (plasma channel) which produces a shockwave and shreds the 

material. An advantage of this process is that it is already industrialized for the mining industry. 

Tests by FHNW [18] with chopped hbre samples show that most of the recycled hagments, 

although similar in composition as in mechanical recycling (hbre chunks / hbrous material with 

resin still attached to the hbres), do not contain broken or damaged hbres. This is due to the fact 

that the discharges mainly affect the matrix material which has a lower mechanical strength than 

the hbres. This is a major advantage compared to mechanical shredding. Also there is practically 

no wear on the equipment (only the anode and cathode have to be replaced after a long time), 

and there are uo issues with small dust particles. There are no dust particles due to the fact that 

the process takes place in water (or another liquid). A downside is that the retrieved fragments 

need to be dried. Finally the hbre length of the recycled material can be reasonable controlled by 

the length of the recycling process (longer time, smaller parts). Initial experiments performed by 

the FHNW institute of polymer engineering show promising results in using this technique for the 

recychng of chopped PEEK/Carbon TPC [18]. 

1.2.2 Ultrasonic welding of thermoplastic composites 

Although commonly used in the plastic industry, USW is still iu the early stages for the welding 

of TPCs. This sectiou will provide in depth background knowledge on the current understanding 

and possibilities of the USW process. 

Recent developments and process setup 
USW uses uhrasonic low-amphtude high-frequency vibrations perpendicular to the contact area 

to generate heat at the interfaces. At the interfaces of the samples to be welded, an extra layer of 

polymer is applied called the energy director (ED). As a result of the generated heat the ED 

melts, which eventually welds the parts together. A schematic overview of the common setup 

used in USW can be found in Figure 1-6. The pneumatic piston is used to move the uhrasonic 

train (converter, booster and sonotrode) to the specimen and apply pressure. As explained in 

[20], the electric power (typically 60 [Hz] in Europe) is converted to high frequency mechanical 

vibrations (20-40 [kHz]) by the converter. The sonotrode or horn is used to transfer these 

vibrations to the parts that need to be welded, and the shape of the horn (hs mass distribution 

with respect to the nodal plane) determines its amphhcation. Often a booster is used in between 

the converter aud the horn to vary the amplitude of vibration without the need of reshaping the 

horn. The horn and booster together provide the total amphhcation ratio of the welding setup as 

cau be seen in Figure 1-6. 

Another important part in the setup is the welding fixture. The hxture should be designed in 

such a way that it can clamp the parts to be welded, it perfectly aligns them and makes sure that 

they do not shift horizontally under the applied vibration. Looking at the schematic overview in 

Figure 1-6, it can be seen that during the process some vertical travel should be allowed to cope 

with the mehing (and how) of the ED, preferably in such a way that it minimizes bending of the 

top part. 
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The maximum area that cau be welded by this setup in one shot is limhed by the shape of the 

sonotrode and (more importantly) by the maximmn welding power of the machine. This means 

that for larger areas sequential welding (the use of muhiple spot welds to connect two parts) can 

be used, which most likely would be the technique used for the hinge attachment of the Clean 

Sky ITD. During sequential welding the hrst weld will present some constraints to the two parts 

(by connecting them at one spot). This might cause problems as some of the vibration within the 

top part cau resuh in heating in other (not yet welded) points in the overlap, which can result in 

overheating and / or delamination of these points [7]. Some preliminary analysis discussed by 

H.M. Lu aud A. Benatar [7] shows that such issues might be controlled with the use of dampers 

on both sides of the horn. Tins reduced the vibration substantially elsewhere in the specimen 

while not signihcantly affecting the vibration under the sonotrode. The research on that topic, 

however, is very limited. Another option might be to use continuous welding. However, 

considering that the size of the specihc application (or other general structural parts, like clips 

and brackets) is relatively small, spot welding is deemed more suitable. Also virtually no research 

on continuous USW of TPCs has been performed so far. 

Base & Welding Jig 

Figure 1-6 | Schematic view of an ultrasonic welding machine showing amplification steps [6], [20] 

Another development in USW of TPCs concerns the EDs used. Formerly the EDs used in USW 

were manufactured like V-shaped protrusions. These protrusions heat up preferentially as a result 

of higher cyclic strains and concentrate the heat generation at the interface between the parts. 

Recent research by I . F. Villegas, however, has shown that the need of such complex EDs is not 

necessary for the welding of TPC [20], [5], [21]. One simple hat layer of ED material (which is 

basically the thermoplastic matrix material), will sufhce in obtaining the desired weld. Instead of 

attaching / moulding V-shaped protrusions to the specimen, the hat ED can simply be taped to 

one of the parts. The lack of need for V-shaped protrusions can be attributed to the fact that the 

stiffness of the simple, one-layer, ED is already much lower than the stiffness of the parts to be 

welded, due to their lack of reinforcement. Therefore the flat layer will already experience higher 

cyclic strains. For the Clean Sky project however, the hinges are produced using chopped fibres 

which have a different stiffness than the UD carbon hbre reinforced TPCs used in the specimens 

10 



UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

created by I.F. Villegas. Welding these to the frames, which are produced using continuous UD 

hbres, might result in the need for more complex EDs. 

Process monitoring and the effect of process parameters 
With modern USW machines, it is possible to monhor the joint quality by measiuing the 

dynamic mechanical impedance of the parts during welding, which is done by indirectly 

measuring the power dissipation [4], [5]. The USW machine available in the DASML, is controlled 

by a microprocessor unit, the Advanced Control Unit (ACU), which provides the dissipated 

power as output (next to usually the force and the displacement during the welding process), 

which is recorded by the computer sohware AcuCapture and can be easily exported and analysed 

in software like Microsoh Excel. Figure 1-7 shows an output of a typical weld. In the gi'aph 

shown in Figure 1-7, three phases of the complete USW process can be distinguished. The inhial 

phase, I , where the sonotrode travels to the samples and builds up to the welding force, the 

vibration phase, I I , where the actual welding is done, and the solidihcation phase. I I I , in which 

(usually) the pressure is increased quickly and is kept constant for several seconds as the meld 

sohdifies. 
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Figure 1-7 | Typical output of the USW process, showing travel, force and dissipated power as well as 

displaying other welding information, as produced by the AcuCapture software coupled to the A C U of 

the Rinco Dynamic 3000 USW machine used by the faculty of Aerospace Engineering DASML. 

Showing the, I) initial (built-up) phase, I I ) vibration phase. I I I ) solidification phase 

Using the power dissipation and the displacement curve, different (although coupled) steps iu the 

vibration phase (11) of the USW process can be identihed, which is clarihed in Figure 1-8 from 

the research of I.F. Villegas [22]. Note that the displacement curve starts at 0 [mm] at the 

beginning of the process (Figure 1-8), and is corrected for the travel in phase I of the USW (by 
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subtracting tlie already travelled distance of the sonotrode in phase I from the other values i 

this phase) showing only the relative travel during this phase. 

0 100 200 300 400 500 600 700 

time (ms) 

power displacement 

Figure 1-8 | Typical evolution of the power dissipation and displacement curves for tlie different 
welding steps during the vibration (welding) phase of the USW process. The displacement of the 
sonotrode is relative to its position at the beginning of the phase and positive values indicate downward 
displacement. [22] 

The different steps that can be distinguished in Figure 1-8 are explained here briehy: [22] 

1. Stage 1: Beginning of the process, characterized by a strong increase in power dissipation 

and a slightly negative (upward) displacement of the sonotrode to accommodate for the 

vibration at the start of the process. 

2. Stage 2: The ED continues to heat up and melt through the nucleation aud growth of 

random hot spots, characterized by a slow decrease in power dissipation (related to the 

progressive reduction of the solid area of the ED) and no signihcant displacement (no 

flow of the ED). 

3. Stage 3: Beginning of the squeeze flow of the ED, this can be clearly seen by the poshive 

(downward) displacement of the sonotrode. The increase in power conies hom the 

increase of mechanical impedance of the interface when all meh fronts (growth of the hot 

spots) meet. 

4. Stage 4: Approximately constant power dissipation in this phase, is believed to come from 

two counteracting effects which are the how of the ED (causing power increase) aud the 

beginning of melting the matrix in the composite parts (causing power decline). This can 

be seen by the flat power curve in this area, referred to as the power plateau. 

5. Stage 5: At this stage the ED is completely squeezed out (practically no existence of resiu 

at the weld line) and the power dissipation drops again. In this phase the matrix of the 

composite parts continues to meh and squeeze how starts, squeezing out the matrix resiu 

along with the reinforcing hbres. 
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The best quahty wekl is obtained if how of the ED reaches the point where the melting of the 

composite matrix starts (in the power plateau) [5]. This area can be identihed using the feedback 

of the USW machine, which makes it easy to identify the optimum welding conditions for various 

types of welding setups and materials [5], [22]. 

In the USW process there are various parameters that can be directly controhed (settings on the 

USW machine), like amplhude of vibration, welding (trigger) force, build-up rate for the welding 

force, travel of the sonotrode and the solidihcation force. Research done at the Aerospace 

Engineering faculty of Delh Univershy of Technolog)' by several authors ( [22], [21]) describes the 

effect of these parameters on the mechanical quahty of the welds, the vibration time, the 

maximum required power and the welding energ}'. 

The experiments were done using CF/PEI TPC material, and the resuhs indicated that none of 

the parameters had a signihcant effect on the mechanical quality of the welds [21], meaning that 

the processing window for this material is broad. This is due to the fact that PEI is au 

amorphous polymer, which ahows for a relatively broad processing temperature range with no 

sudden phase changes [21]. The research also indicated that the build-up rate and the 

solidihcation force were never the hrst or second signihcant inhuencing factor of the process. The 

two most important parameters affecting the maximum dissipated power were 1) amplitude of 

vibration and 2) welding force, increasing those two parameters leads to au increase in the 

maximum power. For the vibration time these were found to be 1) welding force and 2) 

amplitude of vibration, increasing those two parameters leads to a reduction in vibration time. 

Inhuencing the welding energy, 1) travel of the sonotrode and 2) welding force were found to be 

the most signihcant parameters. Here increasing those parameters leads to an increase in welding 

energy [22]. 

Looking in more detail at the effect of the amplitude of vibration aud the welding force on the 

different stages of the power curve displayed in Figure 1-8, several conclusions can be found in 

literature [22]. In the hrst stage, changing the amplitude has more effect than changing the 

welding force, although increasing them means an iucrease in the power peak in both cases. That 

changing the amphtude has (slightly) more effect in this stage can be attributed to the fact that 

the amphtude affects both the viscoelastic and the interfacial friction aud the welding force only 

the interfacial friction. [22] 

In the second stage changing the welding force has far more effect on the dm'ation of this stage 

than changing the amplitude of vibration. This stage consists of the imtiation and growth of hot 

spots. Increasing the amplitude (mainly) increases the growth rate of the hot spots, while 

increasing the welding force increases the amount of initiation sites for the hot spots. The latter 

has more effect on the dmation of this stage and causes faster heat generation. The faster heat 

generation results in a continuous power drop instead of a step-like drop seen for lower welding 

forces. [22] 

It is uot stated iu literature which affects the third stage more, but looking at the graphs shown 

in Figure 1-9 hom the research of I.F. Villegas [22] h cau be seen that for a higher (1500 [N]) 

welding force the difference in amphtude has less influence ou the duration of this stage than if 

the welding process is performed with a low (300 [N]) welding force. Since how already starts at 
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this stage, and squeeze how rates are higher for a higher force, the welding force might be the 

most important factor. 
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Figure 1-9 | luflueuce of the amplitude of vibration ( A l = 51.8 [um], AO = 86.2 [um]) on the power 
curves for a low welding force (300 [N], top) and a high welding force (1500 [N], bottom) [22]. 
Depicting less change considering duration of stage 3 in the 1500 [N] welds wi th varying amplitude 
compared to the 300 [N] welds. 

Also for the fourth stage the welding force is the most important factor. Increasing the welding 

force signihcantty decreases the duration due to the faster how of the mohen E D . 

For the hnal stage it has been noted that a low welding force provides a better dehned stage 

(using the same total displacement as in a higher welding force process). It is normally considered 

to stop welding before this stage (namely at stage 4 as explained), therefore this is deemed less 

important. 

Al l the process parameters described thus far are directly controllable by the settings of the USW 

machine. In the welding process however, other factors influence the resuh as weh. Although 

virtually uo research is found in literature on some the following parameters and their influence 

on the USW process, they might be important in further development and up-scaling of the 

process. 
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Firstly the ehect welding two different material conhgurations to each other is not been 

researched yet. H. Potente mentions briefly that some different polymers are compatible and can 

be welded to each other [23]. The research of A. Benatar also showed that in some cases this was 

possible with dissimilar composhes (J polymer graphhe and PEEK graphite composites). [24] 

The effect of welding short hbre TPC to continuous hbre TPC however, has not been researched 

yet. The difference in stiffness and heat dissipation might form some issues in producing high 

quality welds; ahhough literatme suggest that if the ED has a lower stiffness than the composite 

parts it wil l be sufhcient to promote preferential heating at the interface [5]. 

Secondly the welding setup itself has influence ou the process as well. Two main parts of the 

setup that can be readily changed (or need to be changed to change the welding conhguration), 

are the sonotrode and the jig (or welding hxture). The effect of different sonotrodes has beeu 

studied for plastic welding and it can be shown that changing the shape and / or size of the 

sonotrode affects the energy dissipated duriug the process [25]. Therefore the teinperature 

developed at the interface can change for the same settings (since the energy dissipation changes, 

a different amount of energy cau be utilized in the heating of the ED). Also the amphtude differs 

per sonotrode (different sonotrodes ha,ve different gains) [25]. However, usiug different settings in 

the USW machine can counteract some of these changes. No research on the effect of the welding 

jig is found in hterature, except for the fact that it has some inhuence on the welding process 

[22], [24]. It is stated for example in the research by I . F . Villegas that the welded samples 

showed some preferential heating at one of the edges of the overlap due to the jig design [22]. 

Mechanics and modelUng ofthe joining process 
As explained by A. Benatar and T. G. Gutowski the USW process is very complex and is still not 

completely understood. The process however cau be divided in 5 separate yet highly coupled sub-

processes (not to confuse with the 5 stages of USW process). The mechanics (and proposed 

modehing) of these sub-processes are described here: 

1. Mechanics and vibrations of the parts 

To evaluate the straiu distribution in the parts (from which the heating can be determined), a 

mechanics and vibrations model of the entire setup is needed. In the research of A. Benatar and 

T. G. Gutowski a lumped parameter model was used (however whh triangular EDs moulded to 

the substrates). An overview of this can be seen in Figure 1-10. It is important to note that all 

masses and their mechanical properties of all the parts in the entire welding column (from the 

converter to the fixture on the base) play a role in this model for USW. This means that when 

one or several parts are changed, h influences the mechanics and vibrations of the entire welding 

setup. 
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Figure 1-10 | Schematic overview of an USW system (A) and the corresponding h.mped parameter 
model (B) as described by A. Benatar and T. G. Gutowski. [24] The masses mr, nis, m.. describe the 
triangular ED used in this parameter model, were the other masses represent all the other separate 
parts in the welding column for this setup. 

2. Viscoelastic and interfacial friction, heating of the ED 

I f t he USW process is well designed, the energy is focussed on the ED. Viscoelastic materials (like 

thermoplastic ED) subjected to this energy (the sinusoidal strain hom the vibrations under the 

applied pressure) dissipate some of i t into heat through intermolecular friction. This process is 

called viscoelastic heating. The average viscoelastic heating rate {Q^^g) is described by Equation 

1-1, in which is the frequency of vibration, is the (cyclic) amplitude of strain of the ED aud 

is the loss modulus of the thermoplastic (viscoelastic) resin material (this material property is 

dependent on temperature aud hequency so it needs to be determined for different welding 

frequencies along the entire temperature range) [24]. 

oyelE" 
Qavg 
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Although viscoelastic heating is an important parameter in the heating of the ED, recent research 

performed by Zhang et al. [26] shows that the viscoelastic heating is only the dominant heating 

mechanism above the T g . Not considered in the study of A. Benatar and T. G. Gutowski is the 

interfacial friction (combined whh thermal conduction), which is dominant below the T g and 

causes the initial temperature rise. The interfacial heating is higher at the edges (causing a faster 

temperature rise at the edges) due to stress concentrations and a high relative sliding velochy 

The experimental resuhs published iu the research of Zhang et al. [26] conhrm the theory that 

interfacial hiction rather than viscoelastic heat starts the welding process. It is only above the T g 

that viscoelastic heating becomes dominant. 

Another important factor to consider is the so called hammering effect. For ideal welding 

conditions the sonotrode stays in contact with the upper sample, transferring all energy to the 

ED (which has the lowest stiffness and deforms most signihcantly). However, it has been observed 

that during welding of TPCs contact between the upper sample and the sonotrode has been lost 

(negative / upward travel seen in the travel curves), making the sonotrode 'hammer' on the parts 

to be welded. For the viscoelastic heating it was proposed by Levy in [27] to use an empirical 

hammering correction factor, changing Equation 1-1 to Equation 1-2. 

a^COe^E" Equation 1-2 [27] 

In the analyses done by Levi in [27], h was found that a curve showing 13 [%] transmhted power 

of the USW machine, accurately htted the predicted power dissipation. Making the efhciency of 

the overall process only 13 [%]. 

3. Heat transfer 

When the EDs heat up, they dissipate heat through conduction to the relatively colder composite 

material and through convection to the surrounding air (where the setup has free edges to the 

air, for example in welding lap shear specimen). It was fouud that heat transfer through 

conduction is far greater than through convection, partly because carbon hbres have a high 

thermal conductivhy [24] In the research of A. Benatar and T. G. Gutowski the heat transfer 

was modelled using a modihed version of the hnite element program FFAP [28] and again using 

triangular ED. [24] 

4. Flow and wetting 

When a part of the ED is mohen h starts to how (mainly due to the applied pressure). Due to 

high viscosity of thermoplastic polymers the wetting of the composite surface depends on this 

squeezing how. In the research of A. Benatar and T. G. Gutowski [24] the importance of inertia, 

compressibility and elasticity on the process are estimated. It is assumed that the whole 

amplitude of vibration is taken up by the mohen ED. Their results show that at the beginning of 

the USW process the ED behaves like a soh spring iu parallel with a soft damper (lumped 

parameter model) under the static loading and like a moderately hard spring under the dynamic 

loading. While the USW process progresses, dynamically the ED behaves hke a stiffer spring. At 
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the point where the complete ED is mohen (all the different melt honts meet) the static 

behaviour is similar to that of a quasi-steady-state squeeze how. Dynamically compressibihty 

becomes an important aspect. This is the point where the impedance of the molten ED becomes 

very large, which can be measured indirectly by the power increase (because some of the 

vibration amplitude is now taken up by other parts like the composhe, the hxture and the base 

which behave differently). 

5. Intermolecular diffusion 

The part where a fusion bond derives its strength hom is the diffusion and entanglement of the 

long polymer chains throughout the bond interface [24]. This happens when two similar (or 

compatible) polymers are brought above the T g (amorphous) / T„, (semi-crystalline). The 

interface gi-adually disappears through a healing process and the mechanical strength develops 

[6]. This healing process can be described by hve sequential stages as described by C. Ageorges et 

al. [6], 1) surface rearrangement; 2) surface approach; 3) wetting 4) diffusion and 5) 

randomisation. This healing process is displayed schematically iu Figure 1-11. 

b) c) 

Figure 1-11 I Healing of a polymer interface (ED-joining parts) showing: a) two distinct interfaces; b) 
intimate contact; and c) inter-diffusion of the polymer chains [6] 

Because the ends of the polymer chains are free to move the chains can move away hom their 

initial position (which can be represented by a tube) and create the (partial) entanglement 

forming the bond. This healing process is called autohesion and relies on the phenomena 

described by the reptation theory [6]. The process of the reptation theory over time can be seen 

in Figure 1-12 in which t=0 is at the start of the bonding process and t= t , at the completion of 

it. 
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Figure 1-12 | Polymer chain movement from its initial to its fmal position as described in the reptation 

theory [6] 

Intermolecular diffusion is not important for modelling of the process because of the extremely 

short healing times (estimated to be at least 6 orders of magnitude less than the weld time for 

USW) [24]. Therefore it can be assumed that intermolecular diffusion occurs almost immediately 

after melting of the ED and achieving intimate contact at the bonding interface [24]. 

Pi-om the 5 sub-processes in which the USW process can be divided according to A. Benatar and 

T. G. Gutowsky [24], it can be derived that information on the impedance or energy absorption 

of the ffxture/base is dependent on the design/type of fixture used (assuming the same material 

is used, since different materials also have different impedances). If the impedance of the ED (or 

composite) increases, the hxture and base dissipate more energy [24]. It can be concluded that 

changing the welding setup or changing the materials of the samples, which is needed for example 

in (sequential) welding of the hinges, changes the energy dissipation. 
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1.3 Research goals 

Quite some research iu identifying the most inhuential welding parameters in different stages of 

the USW process and iu optimizing several process parameters has already been done. Virtually 

all research, however, regards single lap shear specimen, for welding two similar substrates to each 

other. 

The aim of this work is to perform a preliminary study ou the up-scaling of the USW process for 

larger overlaps, for the practical purpose of welding structural elements as brackets, clips and 

hinges. The focus is on researching the possibilities of sequential welding and welding of dissimilar 

materials. This is done with a specihc practical case of the Clean Sky project in mind: Welding of 

the CF/PEEK short hbre composites hinges (produced by FHNW), to a CF/PEEK continuous 

UD hbre C-hame (produced by the NLR). 

Since sequential welding of practical applications is not yet attempted, many different aspects 

need to be investigated. Therefore the research is divided in several parts: 

• Establishment of control / baseline parameters: use USW to join the specihc materials 

used in this research and identify optimum welding conditions in lap shear samples 

• Identify possible challenges for sequential USW and up-scaling 

• Propose new concepts: research and analyse new welding approaches in standard lap 

shear sample tests 

• Up-scale: design a setup and produce a joint with uhrasonic sequential spot welding, 

attaching the hinge hom the Clean Sky project to continuous CF/PEEK material, 

creating a weld which can withstand a load case provided by FHNW of 3411 [N] in 

tension [29], as depicted in Figure 1-13 

^^^^ F = 3 4 i i [N; 

Figure 1-13 | Tension load case for the Clean Sky hinge 

1.4 O u t l i n e 

In this research the proposed experiments towards the up-scaling of the USW process are 

described and their results are discussed. Starting with chapter 2, which describes the 

experimental procedure, presents the materials, manufacturing processes, equipment and testing 

processes used. Chapter 3 presents and rehects upon the acquired resuhs, the energy 

determination experiments are discussed in chapter 4, the newly proposed concepts and process 

practicalities will be discussed in chapter 5 and the resuhs will be used for the up-scaling aud 

hinge welding presented iu chapter 6. Chapter 7 will provide an overview of all the main 

conclusions and hnally chapter 8 will present future research recommendations. 
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2 Experimental Procedure 

2.1 M a t e r i a l s a n d m a n u f a c t u r i n g 

Al l the materials used in this research have a PEEK matrix whh carbon hbre reinforcements. 

Continuous weave laminates hom Toho Tenax and Ten Cate and chopped hbre material from 

Toho Tenax are used. Both Toho Tenax Vestakeep® PEEK him and the Ten Cate Victrex® 

PEEK him are used separately for the production of EDs. 

2.1.1 Toho Tenax continuous fibre weave and chopped fibre PEEK composite 

Continuous weave material for lap shear samples 

For the baseline experiments, Toho Tenax CF/PEEK continuous hbre [[0790°]3]s 5HS (Harness 

Satin) weave plate material was already available whh an average thickness of 1.85 [mm] (Note, 

the amount of la3'ers was estimated since no information was available). The plate material was 

cut into lap shear sized samples, dimensions shown in Figure 2-1, using water jet cutting at Van 

Nobelen Delh BV. This process produces fast and relatively clean cuts (good edge quality not 

many signs of delamination). The samples are cut in the main apparent orientation of the hbres 

in the 0 [°] direction (main orientation of the longest visible hbre bundles relative to the 

longhudinal axis of the sample), since this resuhs in preferable (higher) lap shear strengths in the 

welded samples [30]. 
2

5
.4

 

1 0 1 . 6 

Figure 2-1 | Dimensions in [mm] for one sample used in the creation of lap shear samples following the 

A S T M D1002 standai-d 

Chopped tape lap shear samples and hinges 
For the production of the hinges and the chopped hbre test samples Toho Tenax PEEK 

(Vestakeep 2000) matrix / AS4 12k UD hbre - tape, with a 55% hbre volume, a T m of 345 [°C] 

and an average density of 1.6 [g/cm^] was used. The tape was cut in chopped parts using the 

Robust cutting machine available at FHNW. 

Due to the maximum shear loads observed iu previous welded samples (baseline and literature, 

approaching 40 [MPa]), a hbre length of 20 [mm] was deemed appropriate for the lap shear 

samples as stated by [29] (the use of shorter hbres might resuh iu breakage of the samples hself 

instead of failure at the weld). For the hinges, a hbre length of 10 [mm] was found to be the 

optimum compared to various other compositions by [31], in terms of strength and processability 

For the production of the lap shear sample plate material and for the hinges, the Schwabenthan 

Polystat 200T, 200 [kN] press at FHNW was used. The press has a top and bottom plate that 
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can be heated up to the desired temperature and the bottom plate is attached to a piston which 

can apply a maximum force of 200 [kN] on the part being produced. 

For the lap shear sample plate material a simple mould available at FHNW was used with an 

inner die having a higher thermal expansion coefhcient than the outer die, creating a perfect seal 

during heating. The mould allowed for the production of 5.5 • 25 [cm] plates. The thickness was 

the only variable dimension and was kept identical to the thickness of the bottom plate of the 

hinge, namely 0.4 [cm]. With the dimensions of the plate and the average density of the chopped 

material known, the weight of the charge needed is calculated: 

25 [cm] • 5.5 [cm] • 0.4 [cm] • 1.6 [g/cm^] = 88 [g] of chopped material 

Aher applying release agent (Frekote 770-NC) to the mould, the charge of 88 gram was 

distributed evenly in the mould, closing it off with the inner die. The mould was placed in the 

press with a starting pressure of just under 1 [MPa] aud heated up to an average temperature of 

360 [°C] (measured manually with temperature sensors at 2 differeut mould positions) over a 

period of roughly 45 minutes (7.6 [°C/min]). At 360 [°C] the pressure was raised to 4 [MPa], and 

cooling (using air compressors) was initiated. Aher the temperature dropped to 340 [°C] (just 

below the T^ of the matrix material) the pressure was increased to 11 [MPa]. After cooling down 

the plate was demoulded. With the water jet cutting machine available at FHNW two samples 

were cut out of every plate, using the same dimensions as shown in Figure 2-1. 

For the hinge production a more complex mould, designed and built at FHNW, was used [31]. 

The mould consists of a main outer mould, with three inner dies (leh-side, right-side aud bottom 

plate). One of these three, the bottom plate originally had 4 small cylindrical protrusions, 

designed for the creation of holes used for mechanical fastening. These protrusions were replaced 

by smaller parts, making one flat bottom plate, producing a hinge with a flat surface suhable for 

welding. The volume of the original design was 13.75 [cm^], the absence of the 4 pultrusions (with 

a radius of 0.4 [cm] aud a height of 0.4 [cm]) added a volume of: 

4 [puhrusions] • n [-] • 0.4^ [cirf] • 0.4 [cm] = 0.80 [cm ]̂ 

For the total of 13.75 [cm='] + 0.80 [cm ]̂ = 14.55 [cm̂ *] a chai-ge of 14.55 [cm ]̂ • 1.6 [g/cm^] = 23.3 

[g] per hinge was used. Aher applying release agent (Frekote 770-NC) to the mould, the charge 

was distributed evenly throughout the mould. Subsequently the mould is placed in the press. The 

press applies pressure to the bottom plate, the leh-side and right side dies can be moved inwards 

by tightening bohs on either side. Again starting with a low pressure the mould was heated up to 

an average temperatme of 360 [°C] (measured manually with 1 temperature sensor) over a period 

of roughly 30 minutes (11 [°C/min]). At 360 [°C] the pressure was raised to 14 [MPa], and coohng 

(using air compressors) was initiated. Aher the temperature dropped to 340 [°C] (just below the 

T„, of the matrix material) the pressure was increased to 55 [MPa] and kept constant during 

cooling. Around 120 [°C] the process was stopped and the hinge was removed from the mould. 

The newly manufactured hinge, without the holes in the bottom plate, can be seen in Figure 2-2. 
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Figure 2-2 | Newly produced hinge, witiiout holes in the bottom plate, using Toho Tenax CF/PEEK 

chopped fibre material 

2.1.2 Ten Cate continuous carbon fibre weave PEEK composite 

Next to the Toho Tenax weave material, two plates of 6 layer Ten Cate CF/PEEK continuous 

fibre [[0°/90°]3]s 5HS (Harness Satin) weave material with an average thickness of 1.82 [mm] were 

already available, produced in the Delh Aerospace Structures and Materials Laboratory 

(DASML). The Ten Cate material was cut into lap shear sized samples (Figure 2-1) using the 

same company and method as for the Toho Tenax material (Van Nobelen Delft BV). Due to an 

error at the water jet cutting company however, one of the plates was cut iu the wrong main 

apparent orientation of the fibres, namely in the 90 [°] direction. 

One extra laminate of Ten Cate CF/PEEK continuous fibre [[0''/90°]4]s weave was produced with 

an average total thickness of 2.44 [mm] (used as baseplate material to weld the hinges on) using 

the heated flat plate press in the DASML. 8 layers of Ten Cate CF/PEEK prepreg continuous 

fibre weave material (580 • 580 [mm]) were cut using the automatic sheet cutting machine, seen in 

Figme 2-3, A. These were stacked ([[0°/90°]4]s) and attached to each other using plunge welds 

with the ultrasonic hand welder seen in Figure 2-3, B, for handling. After the plunge welds 

aluminium tape was applied around the edges to prevent the leakage of any molten matrix 

material onto the heated flat plate press. Subsequently the laminate was placed in the heated flat 

plate press (JoosPress, Figure 2-4) between two aluminium plates (cleaned using cloth and PF­

QD cpuck drying cleaning solvent, and treated with 3 layers of 227CEE Marbocote release agent 

also applied using cloth), after which heat and pressure were applied to consolidate the laminate. 

Figure 2-3 | DASML — A) Automatic sheet cutting machine, B) Ultrasonic hand plunge welder 
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Figure 2-4 | DASML - Heated flat plate press (JoosPress) 1000 [kN], 450 [°C], 600 x 600 [mm] 

The heat and pressure cycle used for the laminate production can be seen in Figure 2-5. This 

plate was cut using the shear cutting machine in the DASIML. The edge delamination resuhing 

from this process was deemed not to pose a problem since the welds ou this plate were applied 

some distance hom the edge. 

•Temperature 

•Pressure 

0 10 20 30 40 50 60 70 80 90 100 110 120 

Process Time [min] 

Figure 2-5 j Temperature and pressure curves from the JoosPress for the manufacturing of a 8 layer 
prepreg weave CF/PEEK Ten Cate laminate 
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2.1.3 Energy directors 

In this research hat PEEK him EDs are used, produced using either Toho Tenax Vestakeep® 

PEEK him or Ten Cate Victrex® PEEK him. The hlms were cut in sheets of roughly 140 • 480 

[mm] (due to the sizing of the him on the roll) using the him cihter available in the DASML. 

These were stacked and attached to each other with plunge welds for handling using the 

uhrasonic hand welder. For the Toho Tenax material 2 layers were used (average thickness 0.12 

[mm] per layer) and for the Ten Cate material 5 layers (average thickness 0.05 [mm] per layer). 

These stacked layers were placed in the hot plate press and heated up close to T,„, aher which 

pressure was increased to make the layers stick together. The heat and pressure cycle used for 

this process can be seen in Figure 2-6. The stacked hlms were cut in the desired ED sizing needed 

for welding usiug the him cihter. This process was repeated several times to manufactme a 

sufficient amount of EDs. 

Figure 2-6 | Temperature and pressure curves from tlie JoosPress for tlie manufacturing of energy 

directors of Tolio Tenax Vestakeep® PEEK film / Ten Cate Victrex® PEEK film 

Alternatively, laj^ers of neat resin were directly attached to some of the hat laminates 

manufactured whh chopped material and to tow hinges as well, since this might prove valuable 

for later steps in the up-scaling of the USW process. Therefore several samples (chopped plates 

and hinges) were manufactured with one extra layer of PEEK polymer using the him stacking 

process, producing parts with ED already attached to the material. Using the press and moulds 

available at FHNW the him stacking cycle used for the hot plate press in the DASML was 

modihed to stack the him to a plate of chopped hbre material. The him and the attachment to 

the plate are shown in Figure 2-7. 

25 



MSc THESIS F M AGRICOLA 

Figure 2-8 | Cliopped fibre liinge with extra layer PEEK attached using the same f i lm stacking process 

The process cycle for the plates and hinge shown in Figure 2-7 and Figure 2-8, consists of heating 

up to 335 [°C], increasing the pressure to 0.9 [MPa], keeping these settings for 35 [min] and hnally 

cooling down to 120 [°C] where the part could be removed. To apply pressure to the plates, the 

original mould at FHNW was used. For the hinges, however, two aluminium blocks were placed 

on either side of the flange on the bottom plate of the hinge, transferring the pressme and 

teinperature of the press to the bottom plate. The slight variation with the regular him stacking 

cycle is due to the different press used at FHNW, the different materials used and the moulds 

used (higher pressure deforms the chopped hbre products). Although the layer seems to be 

properly attached, the adhesion is not strong enough for reprocessing using water jet cutting, 

which tears off the layer. Application of a layer on a hnished product (the hinge) proved possible, 

but showed problems around the edges and at the flange due to uneven heating, shown in Figure 

2-8. 
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2.2 U l t r a s o n i c w e l d i n g 

2.2.1 Ultrasonic welding machine - Rinco Dynamic 3000 and ACU 

For the USW process (described in section 1.2.2) the Rinco Dynamic 3000 hom AESON 

equipped whh the Advanced Control Unit (ACU), available in the DASML, was used (see Figme 

2-9). The ACU is coupled to a computer with the sohware AcuCapture, which shows ah the weld 

parameters, allows to store ah the data for each weld and show graphs of the force, power and 

displacement curves, providing valuable feedback during the entire process. 

Figure 2-9 | Rinco Dynamic 3000 ultrasonic welder equipped wi th an Advanced Control Unit 

2.2.2 Machine settings 

The ACU allows for several 'Weld Modes' (not to confuse with the welding parameters) ahowing 

to change the controlling parameters of the process. The two modes used in this research are the 

TRAVEL MODE and the ENERGY MODE. In the TRAVEL MODE, the controlling parameter 

is the displacement (in [mm]) of the sonotrode. Duriug welding, the ED melts and collapses under 

the applied force. This displacement is named travel, if the selected travel is reached the vibration 

part of the USW process ends and the process continues to the solidihcation stage. In the 

sohdihcation stage, no vibrations but only pressure is applied by the sonotrode, for a certain 

amount of time (several seconds) to let the mohen polymer in the overlap solidify The travel 

option of the machine can be easily used to determine ideal welding conditions and produce 

consistent welding results as explained in sectiou 1.2.2. 

In the ENERGY MODE the controhing parameter is the total welding energy (in [Ws]). During 

welding the machine dissipates power. The amount of power (as a percentage of the total 

capacity of the machine) is dissipated is logged by the ACU. The welding energy is measured by 

integrating the area under the power curve as shown in Figure 2-10. 
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Figure 2-10 | A typical power aud travel curve for the USW process, showing the welding energy as the 
highlighted area under the power curve 

2.2.3 Samples and ED attachment 

This research focusses on a variety of welding samples and welding strategies. For the alignment 

and clamping of the different samples to be welded different jigs were used, described in more 

detail in section 2.3. Prior to welding possible imperfections and protruding hbres (mainly at the 

edges, as a resuh hom the cutting process) are removed hom all samples sanding them usiug 

Scotch-Brite, after which the samples and the ED are wiped clean usiug cloth and PF-QD quick 

drying cleaning solvent. 

2.2.4 Sonotrodes 

In this research three different sonotrodes were used, a 0 40 [mm] diameter cylindrical one, a 0 

10 [mm] cylindrical one and a 30 [mm] • 14.9 [mm] rectangular one (Figure 2-11). Due to the 

different size aud shape of the sonotrodes their gain (or amphhcation factor) is different as shown 

in Figure 2-11. As explained in section 1.2.2, this means that with the same settings in the ACU, 

a sonotrode with a higher gain will generate a krger amplitude. The amplitude can be calculated 

with Equation 2-1, wherein a machine setting of 1 equals 60 [%] and a setting of 9 - 100 [%] 

Amplitude [pm] Converter Amphtude [pm] • Booster Gain [-] • 

Sonotrode Gain [-] • Machine Setting [1-9 / 60% - 100%] 

Equation 2-1 
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Cylindrical (040 [mm]) Cylindrical (010 [mm]) Rectangulai- (14.9 • 30.0 [mm]) 

Surface Area 1,257 Surface Area 78.54 Surface Area 447.0 mm 

Gain 1.96 Gain 2.3 Gain 2.75 

Maximuin 

Peak-to-peak 

Amplitude 86.2 

Maximum 

Peak-to-peak 

Amplitude 101.2 [pm] 

Maximum 

Peak-to-peak 

Amplitude 120.9 

Figure 2-11 j Three different sonotrodes used in this research and their specifications, note that the 

maximuin peak-to-peak amplitude shown, is valid for the combination with the AESON Dynamic 3000 

and the 1:2 booster 

Changing the cylindrical sonotrodes is quhe straight forward (unscrewing the hrst, screw in the 

second), since the orientation is not important. For the rectangular sonotrode used in this 

resem-ch, alignment is of importance. The long side is aligned whh the baseplate using alignment 

blocks and a try square. For this the entire welding train (converter, booster, sonotrode) is 

loosened through the bolt displayed in Figure 2-12 (aher the sonotrode has been properly 

fastened), so it can be ahgned correctly. 
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Figure 2-12 | Front view USW machine, higlilighted bolt is used to loosen the complete welding train 

2.3 W e l d i n g j i g c o n f i g u r a t i o n s 

On the baseplate of the AESON Dynamic 3000 two bolt holes and two T-slots are available for 

the attachment of a welding j ig (see Figure 2-13). This welding j ig is needed to ensure no 

movement of the samples during welding through clamping aud consistent alignment for every 

repeating weld. In this research three different jigs were used, j ig 9109, j ig 9110 (two already 

existing jigs) and a newly developed jig (discussed in section 6.2) for up-scaling. Jig 9109 and 

9110 are attached to the USW machine using the two bolt holes, whereas the newly designed j ig 

uses the two T-slots for attachment. 
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Figure 2-13 | Baseplate of the USW-machine showing the bolt holes and T-slots 

2.3.1 9109 jig 

The 9109 jig was the oldest jig used in this research and was designed aud buih at the facuhy of 

Aerospace Engineering Deht University of Technology (DUT). This jig was designed to 

spechically weld a standard ASTM D1002 lap shear sample (Figme 2-1) in the conhguration 

shown iu Figme 2-13. 

2
5 

.4
 

1 0 1 . 6 

1 0 1 . 6 

1 0 1 . 6 

Figure 2-14 | Dimensions in [mm] following the A S T M D1002 standard for a lap shear sample showing 

the sample size and the V2 inch overlap 

Figure 2-15 shows ah parts of this clamping tool (and for the 9110 jig vmiation). First the 

bottom sample is aligned on the bottom plate of the jig using alignment block A and pin B, after 

which i t is clamped by tightening boh C. The ED is taped to the bottom sample aud to the jig 

as can be seeu iu Figme 2-15. The top sample is clamped in block D by tightening the boh aud 

aligned whh ahgnment block E ensuring the 12.7 [mm] overlap. This entire block is then attached 

31 



MSc THESIS FM AGRICOLA 

to the hame F. The hame is guided by fom poles as cau be seeu iu Figure 2-15 and is supported 

by four springs. This entire setup allows for perfect alignment, good clamping and only vertical 

movement of the parts (no sideways movement or bending) during every weld. 

A - ALIGNMENT B L O C K 

9109 J I G (BOTTOM SAMPLE) 

B - ALIGNMENT P I N 

(BOTTOM SAMPLE) 

C - CLAMPING B O L T 

(TOP SAMPLE) 

D - CLAMPING B L O C K 

(TOP SAMPLE) 

E - ALIGNMENT B L O C K 

(TOP SAMPLE) 

F - SLIDING F R A M E 

(TOP SAMPLE) 

G - ALIGNMENT B L O C K 

9110 J I G (BOTTOM S A M P L E ) 

Figure 2-15 | Detailed overview o f t h e 9109 and 9110 j ig variations 
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The 9110 jig. also designed and bnilt at the W t y of Aerospace Engineering DUT is » 

n rairdin,ensio„s as the « 0 . (both .10 • .10 n , . ) , hut the ^ 

9110 jig compared to tlie 8 [mm] for the 9109). 

1 ^ . f r , , - l l i P - A.̂  9109 iis (steel bottom plate), B) 9110 

9110 which are interchangeable with j ig 9109 

Fot the OUO iig. the sante gniding peles and f t . n e fot the top ^ ^ ^ ^ l ~ 
the bottom sample is different dne to the r̂ ew ahgmnent block G dep eted m t rgi 

r n p l to pirt^B shown for tbe 0100 j ig , . For the top sample tire same — ^ 

be nsed with an exterrsion to reach an overlap with a moxtrrmm of 25.4 Irmn] (1 n rc l rM 

r l l h l e r a l aligmrrent aids on tire bottom plate and for aligrrrtrerrt blocb E are nsed to 

wiat ions in overlap between 12.7 Inrrn] arrd 25.4 |minl. 
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2.4 U n i v e r s a l t e s t i n g machine - Z w i c k 2 5 0 k N 

, .^„„^ .„„,.,„^ ^^^^^^^^^^^^^ 

Al l static tests were carried out following the ASTM mnno f i i . 

using hydraulic grips „„ ^ 7 , I T ° ' ™ *,rrpad 
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offset 
displacement 

upper grips 

I 

I centerline load 
I direction 
I 

overlap 

lower grips 

Figure 2-18 | Schematic view of the offset displacement between the top and lower grip of the Zwick 

250 kN universal testing machine, allowing to align the load direction wi th the centre weld line to 

minimize bending during static the lap shear strength test 

The variations of the standard 12.7 [mm] overlap up-to 25.4 [mm] in this experiment should be 

kept iu mind. The effect of the larger overlap for the same testing conditions resuhs in lower 

average shem strength for adhesive bonded joints. Also the vmiation in thickness between the 

samples (chopped hbre vs continuous weave) inhuences the eccentricity and the stress levels [32]. 

This is important to consider while comparing the resuhs. 

2.5 O p t i c a l m i c r o s c o p y a n d C-scan e q u i p m e n t a n d p rocedures 

Next to evaluating the mechanical properties of the welded samples through single lap shear 

testing, the samples were also analysed through visual inspection of the hacture surfaces and 

optical'microscopy of the cross sections and hacture surfaces. Rirthermore, C-scans were made of 

the welded hinges aud the laminates used, to obtain information about the weld and material 

quahty The optical microscopy aud C-scan equipment and procedmes are discussed here in more 

detah. 

Optical microscopy 
The optical microscopes used were the (mostly used) Zeiss DiscoveryV8 SteREO, equipped with 

a Zeiss AxioCam ERc5s dighal camera and using an external (cold) light source available in the 

DASML, shown in Figure 2-19, and the Leica 2130 D M L M Optical Microscope whh a Zeiss 
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AxioCam ICc3. Tlie setups were couuected to a computer with the AxioVisiou Rel. 4.6 sohware 

which allowed for easy capturing of the images viewed by the microscope. 

Figure 2-19 | Zeiss Discovery.VS SteREO optical microscope, equipped with au Zeiss AxioCam ERc5s 
digital camera aud external (cold) light source available at the DASML 

To get a cross sectiou of the joint, a water cooled diamond saw (M1D20 blade used in the Struers 

Secotom-lO) was used to cut the sample at the desired location. The small retrieved part was 

embedded hi Technovh 4071 fast curing two component resin. Aher curing, the embedded surface 

of the sample was sanded in several steps (roughness 75 [pm] to 10 [pm]) using the Struers 

Rotopolz & Pedemat and cleaned in an uhrasonic bath (Bandelin Sonorex) hlled whh acetone 

Aher which the smface was polished whh the same setup in several .steps (roughness 6 [pm] to 1 

[pm]) and cleaned again to get a .smooth surface hnish for microscopic analysis. A few samples 

were analysed whhout being embedded in the Teclmovh 4071 resin. This was ehher done for the 

fracture surfaces, or to get a different perspective of the cross section. 

C-scan 

The C-scau equipment (Midas water jet, 10 [Mhz], 130 [dB]) available in the DASML was used 

for non-destructive testing of the materials used and for analysis of the weld quality of the welded 

hmges The equipment is shown iu Figure 2-20. The technique used sends uhrasound pulses 

through water and measures the attenuation through the material. Several factors, like voids and 

delaiiimations, inhuence this attenuation. The cohected data can be plotted using the Automated 

Lammate Inspection Software (Alls), so these defects can be visualized 
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Figure 2-20 | C-scau equipment available in the DASML used for non-destructive testing of the used 

composite materials and analysis of the hinge weld quality 

2.6 E x p e r i m e n t d e s c r i p t i o n 

Tliis section describes experiments conducted in this research. Considering the research goals 

mentioned in section L3 and the USW process, there are many different aspects which can be 

changed and investigated. It is important to note however that many of the aspects are hnked, 

inhuencing each other as mentioned in section 1.2.2. To obtain an overview of the experimental 

approach, the roadmap in Figure 2-21 was created. The approach described here focusses on the 

Clean Sky case, where for other applications other factors might have more importance. 

Dehnhion of baseline 
parameters 

Identifying challenges 
and constraints for 

^̂  up-scaling ^ 

Researching new 
concepts and 

practicalitiesfor 
up-scaling 

Up-scaling ofthe USW 
process 

Figure 2-21 | Schematic roadmap of experimental approach towards up-scalnig of the USW process 
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Most of the tests were repeated hve times to get statistical valid data per set of conditions. 

However, for some preliminary experiments this was not done, due to the limhed amount of 

samples available. For all sample sets a selection is made to test sets for LSS, visual analysis of 

the welding surfaces and optical microscopic analysis of the joints.. 

2.6.1 Standard welding process for baseline creation and parameter determination 

To establish control and baseline parameters, standard welds were produced for Toho Tenax 

continuous weave CF/PEEK and Toho Tenax CF/PEEK chopped material, in the combinations 

weave - weave, chopped - chopped and weave - chopped. This was done following the well-

established method of welding samples using the travel as controlling parameter, as explained in 

section 1.2.2. Fi-om these tests controlling parameters and reference data for the other 

experiments in this research can be determined, keeping the limitations of the USW machine in 

mind. Also the challenges and practicalities of the machine and the USW can be studied dming 

tiiese baseline experiments. 

The parameters that can be varied in the ACU for the travel controlled welding process are: 

• Rise of force [N/s] 

• Welding force (Trigger) [N] 

• Rise of force during melting [N/s] 

• Amplitude setting [-] 

• Welding on [mm] (travel controhed parameter) 

• Solidihcation force [N] 

• Solidihcation holding time [ms] 

Varying all these parameters to determine control parameters would require the welding of many 

samples. As explained in section 1.2.2, some parameters have more influence than others during 

different stages of the welding process. The importance of the rise of force is deemed insignihcant 

and is simply set at half the welding force, if the welding force is larger than 300 [N], or equal to 

300 [N/s] for a welding force of 300 [N]. For the welding force itself, it was decided for the 

baseline experiments to compare a low welding force of 300 [N] and high welding force of 1000 

[N]. The effect of the rise of force during melting has been kept out of the scope of this research 

and is set at zero, keeping the welding force constant during welding. A high peak-to-peak 

amplitude setting of 86.2 [pm] (setting 9 for the 0 40 [mm] cylinchical sonotrode) was selected as 

fixed value and researching an optimum value has been kept out of the scope of this research. 

The high value is selected due to the high T„, of PEEK, the amplitude has a high inhuence in the 

average viscoelastic heating (eo, the amplitude of straiu, has a quadratic inhuence on Q„vg, see 

section 1.2.2). The ideal travel (for both welding forces and the different material combinations) 

is determined from the welding gi-aph for a 100 [%] travel weld (which means a mehing on travel 

setting equal to the thickness of the ED), as explained in section 1.2.2. Finally since they pose no 

limitations on the hnal goal of this research, the solidihcation force and solidihcation holding time 

are kept constant at 1000 [N] and 4000 [ms] respectively. I t could be that a lower force and / or 

shorter holding time would sufhce as well, but since the setting of 1000 [N] for 4000 [ms] is known 

to work from literature and does not impose any limitations on other parameters h is decided to 

leave them fixed. 
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The output of AcuCapture from the welds produced using travel as the controhing parameter 

(while varying other welding parameters) are compared, as well as their LSS results. This data is 

exported to Excel for further analysis. The coefhcient of variation ( C v ) of these resuhs, plus the 

visual and optical microscopy analysis of the joints are used as reference for the results of the 

newly proposed experiments. The Cv is calculated using Equation 2-2. 

C , = ^ - 1 0 0 [ o / o ] Equation 2-2 

In which o is the standard deviation and p is the mean of the values considered. 

2,6.2 Investigating new concepts for up-scaling using spot welding 

Since up-scaling USW of TPC for practical applications using sequential welding has not yet been 

researched, investigating new concepts gives rise to new challenges. The results of the baseline 

experiments are evaluated and are used to design experiments to research new concepts. This is 

done keeping the restrictions for sample dimensions and overlap of the current welding (and 

testing) setup in mind. For the new concepts probably the setup needs to be changed which will 

have influence on the results. The welding parameters determined by the baseline experiments are 

used for these new concepts as well if possible, to minimize their influence on the results. The 

resuhs from these new concepts (welding curves, LSS, fracture surfaces, c ) are analysed and 

compared to the baseline to determine if it would be a feasible concept for up-scaling. The goal is 

to establish a spot welding strategy which has LSS and Cv values compared to the baseline. 

To establish a possible spot welding strategy for up-scaling, some practical constraints may apply 

as well. In analysing the new concepts for the design of a welding setup for up-scaling, 

practicalities considering the sonotrode selection and the use and size of EDs are regarded. This 

is done for the Clean Sky specihc case, meaning that the geometry and material properties of the 

hinge are used as constraining factors. 

The results of the tested new welding concepts are used for the design of a new clamping design 

and welding strategy to weld the Clean Sky ITD hinges to a TPC plate. In the original ITD 

design the hinges are to be welded to CF/PEEK UD C-frames, but since neither C-frames nor 

CF/PEEK UD material was available it was decided to weld the hinges to continuous weave 

CF/PEEK plate material. 
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I I - Experiments, Results and Discussion 
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3 Baseline Results and Determined Welding Parameters 

For the basehne experiments standard welds with travel as the controlling parameter are 

produced. For the test in this section Toho Tenax weave CF/PEEK and Toho Tenax chopped 

hbre CF/PEEK lap shear samples are used. For the ED, the 2 layer (average 0.23 [mm] 

thickness) Toho Tenax material was used. 

A complete overview of the relevant USW parameters and LSS data of all the samples welded 

can be found in appendix B. 

3.1 Basic U S W - m a c h i n e c o n t r o l pa rame te r s 

The materials used and the welding parameters (ACU settings) for the welds discussed in this 

section are summarized in Table 3-1. 

Table 3-1 | Overview of the materials used (TT = Toho Tenax), sonotrodes used and input settings for 

the USW machine for the welding of the baseline samples for a standard 12.7 [mm] overlap using the 

9109 j ig and Toho Tenax 2 layer (0.23 [mm]) ED, comparing a 300 [N] and 1000 [N] welding force 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) Sol idif icat ion 

Phase 

Materials Sonotrode Rise of 

Force 

[N/s] 

Welding 

Force 

[N] 

Rise of 

Force 

[N/s] 

Amplitude 

[pm] / 
setting [-] 

Controlling 

Parameter 

Force Holding 

Time [ms] 

TT weave 
- weave 

0 40 [mm] 300 300 0 86.2 (9) Travel 1000 4000 

TT weave 

- weave 

0 40 [mm] 500 1000 0 86.2 (9) Travel 1000 4000 

Two different settings are investigated for the determination of the welding force parameter. One 

whh a low welding force of 300 [N], and one whh a high welding force of 1000 [N]. First a 100 [%] 

travel (for the ED used, an average value of 0.23 [mm]) was carried out for both settings shown in 

Figure 3-1. 
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For 1000 [N]: Ideal 
melting on value of 
65 [%], average of 
0.15 [mm] 

For 300 [N]; Ideal 
melting on value of 
30 (%], average of 
0.07 [mm] 

Polver-300 [N] 

-Power-1000 [N] 

-aTravel-1000[N] 

-ATravel-300[N] 

800 

Time [ms] 

1000 1200 1400 1600 

Figure 3-1 | Power and relative travel curves for a melting on setting of 100% travel, used for the 
deternmiation of the ideal welding on setting for a 300 [N] and a 1000 [N] welding force, welding Toho 
Tenax CF/PEEK continuous weave standard size lap shear samples using 2 layer (0.23 [mm]) Toho 
Tenax ED (showing sample # 0 1 and #10, appendix B) 

The output of the ACU for these welds is shown in Figure 3-1. From Figure 3-1 the optimum 

travel setting for 300 [N] is determined to be 30 [%] (i.e. 0.07 [mm]) and for 1000 [N] 65 [%] (i.e. 

0.15 [mm]). This difference in optimum travel is partly the result of the changed welding 

parameters, since for different parameters different heating rates exist. Next to that the 

determination of the optimum welding condhions does not use exact methods, so variation (even 

for similar samples welded with identical parameters) might exist. The difference in optimum 

travel distances, however, is not fmther investigated in this research. Using the optimum travel 

settings for both welding forces, hve welds are produced; the welding gi-aphs were consistent and 

can be fouud in appendix C. These samples are tested for static lap shear, which all follow the 

same stress strain curve (almost uo deviations) as can be seen in appendix C. The resuhing 

average values, and the range, of several parameters for the 300 [N] and 1000 [N] welded samples 

are plotted in Figure 3-2 and summarized in Table 3-2. 
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• 3 0 0 [ N ] 

• 1000 [ N ] 

Maximum Power [%] Welding Time Energy [Ws*0.1] LSS [IVlPa] 
[ms*0.1] 

Figure 3-2 | Average values aud range of values for the maximum power (maximum level reached 

during the weld as percentage of the total USW machine capacity), welding time, energy dissipated and 

LSS, for optimal welding conditions using 300 [N] and 1000 [N] welding force for a standard A S T M 

D1002 12.7 [mm] (0 40 [mm] sonotrode) overlap (samples #04-09, 300 [N], #11-15 1000 [N], appendix 

B) 

Table 3-2 | Average values and tiieir Cv for the maximum power (maximum level reached during the 

weld as percentage of the total USW machine capacity), welding time, energy dissipated and LSS, for 

optimal welding conditions using 300 [N] and 1000 [N] welding force for a standard A S T M D1002 12.7 

[mm] (0 40 [mm] sonotrode) overlap (samples #04-09, 300 [N], #11-15 1000 [N], appendix B) 

Maximum Power [%] 

(Cv[%]) 

Welding Time [ms] 

(Cv [%]) 

Energy [Ws] 

(Cv [%]) 

LSS [MPa] 

(Cv[%]) 
300 [N], 

30 [%] travel 

55 (6.42) 950 (5.75) 1335 (4.95) 39.7 (4.71) 

1000 [N], 

65 [%] travel 

78 (2.16) 553 (2.67) 1049 (3.99) 38.0 (4.80) 

Looking at the values in Figure 3-2 and Table 3-2, it can be seen that the difference in LSS does 

not differ significantly for the two different welding forces. For 300 [N] the average LSS is slight^ 

higher, and looking at Cv, also slightly more consistent. This means that changing the welding 

force does not signihcantly inhuence the LSS, so other parameters can be considered. It can be 

seen that the welding time and energy dissipated by the machine are significantly higher for the 

300 [N] welding force (950 [ms] and 1335 [Ws] compared to 553 [ms] and 1049 [Ws] for 1000 [N]). 

These values are coupled of course, a longer welding time (although at a lower power level, 

looking at the power curves and the maximum power utilized) results in a higher value for the 

total dissipated energy. The maximum power utilized during the process, however, is significantly 

lower for the 300 [N] case, 55 [%] compared to 78 [%] for the 1000 [N] case. This is consistent 

with literature as described in section 1.2.2. Using the higher welding force could therefore reduce 

the energy and time consumed by the process. Since the amount of power available on the USW 

machine is limited, it was decided to use the lower welding force. The 300 [N] welding force 
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delivers the desired LSS, while leaving more power available to for welding experiments which 

require a higher maximum power usage. 

Next to the welding and LSS data, the fracture surfaces and the cross section are analysed. 

Looking at the hacture surfaces in Figure 3-3 it can be seen that there are no big differences, and 

both EDs have been molten up to the hrst layer of the composite samples with limited hbre 

distortion. In Figure 3-4 it can be seen that the ED indeed is molten up to the hrst layer of the 

composite samples, showing a thin weld line. 

Figure 3-3 | Fracture surfaces of Toho Teuax material, 12.7 [mm] overlap, welded wi th the 0 40 [mm] 

cylindrical sonotrode and a welding force of A) 300 [N] (#4 appendix B) , B) 1000 [N] (#12 appendix 

B) using optimum welding conditions 

Figure 3-4 | Sample A (#09, appendix B) cross section of a Toho Tenax weave - weave weld using 300 
[N] welding force. Sample B (#17, appendix B) cross section of a Toho Tenax weave - weave weld 
using 1000 [N] welding force, 1.25x magnified 
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3.2 D i s s i m i l a r ma te r i a l s 

The welding parameters for welding chopped to chopped material discussed in this section are 

summarized in Table 3-3. 

Table 3-3 | Overview of the materials used (TT = Toho Tenax), sonotrodes used and input settings for 

the USW machine for the welding of the baseline chopped fibre samples for a standard 12.7 [mm] 

overlap using the 9109 j ig and 2 layer (0.23 [mm]) Toho Tenax EDs 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) Sol idif icat ion 

Phase 

Materials Sonotrode Rise of Welding Rise of Amplitude Controlling Force Holding 

Force Force Force [pm] / Parameter Time [ms] 

[N/s] [N] [N/s] setting [-] 

TT chop. 

- chop. 
0 40 [mm] 300 300 0 86.2 (9) Travel 1000 4000 

As a first reference to materials welded in section 3.1, an experiment of welding chopped to 

chopped Toho Tenax CF/PEEK lap shear samples has been performed using the cylindrical 

sonotrode and the original setting of 300 [N] welding force. Al l the welding curves and LSS curves 

can be found in appendix D. Figure 3-5 shows the welding curves for two 100 [%] travel welds. 

Power (#44) 

Power (#49) 

A travel (#44) 

A travel (#49) 

Welding time [ms] 

Figm-e 3-5 | Inconsistent welding curves for USW of chopped to chopped Toho Tenax CF/PEEK, for 

melting on 100 [%] travel using 300 [N] welding force , 12.7 [mm] overlap and the 0 40 [mm] sonotrode 

(samples #45,#46, appendix B) 

Using the power curves for welding chopped to chopped material to identify optimum welding 

conditions is not possible. The curves are inconsistent, showing much dissimilarity between the 
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two power curves and the two travel curves shown in Figure 3-5. The curves also do not resemble 

the regular curves, showing the different stages (as explained in section 1.2.2). Looking at the 

welding surfaces of the samples shown in Figure 3-6, it can be seen this is due to the fact that a 

random amount of energy goes to deconsolidation of the samples. Due to this random energy 

dissipation through deconsolidation it is not possible to weld the samples in this configuration 

using these welding parameters. It can be seen that the chopped hbre samples are unable to cope 

with the in plane loads at the edges, the lack of support at the edge combined with melting of the 

resin results in deconsolidation and damages the top sample. 

Figure 3-6 | Melting on 100% travel chopped to chopped fibre welded sample, showing extensive 

deconsolidation mostly in the top sample, showing samples #45 and #46 (appendix B) 

To prevent the deconsolidation at the edge of the chopped hbre samples, an experiment with the 

smaller 0 10 [mm] C3dindrical sonotrode was performed. The settings used are summarized in 

Table 3-4. 

Table 3-4 | Overview of the material used (TT = Toho Tenax), sonotrode used and input settings for 

the USW machine for the experiment of the energy controlled welding using a small sonotrode in the 

9110 j ig wi th an 2 layer (0.23 [mm]) Toho Tenax ED o f a chopped fibre sample 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) Sol idif icat ion 

Phase 
Materials Sonotrode Rise of Welding Rise of Amplitude Controlling Force Holding 

Force Force Force [um] / Parameter Time [ms] 
[N/s] [N] [N/s] setting [-] 

TT chop -

weave 
0 10 [mm] 300 300 0 70.8 (3) Energy 

500 [Ws] 

1000 4000 

Since the smaller sonotrode has a different gain, the amplitude is changed to a slightly lower 

value of 70.8 [pm] (setting 3 in the ACU). Since the sonotrode has a small surface area it was 
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decided to only deliver a limited amount of energy of 500 [Ws] (half of the average energy needed 

for the baseline welds, shown in Table 3-2) to the samples for this hrst experiment, to prevent 

overheating of the small area. Both these values could be adjusted but the preliminary 

experiment aheady showed much surface damage while no bond was formed yet. The surface 

damage can be seen in Figure 3-7. It could be that this surface damage is the result of the 

relative higher pressure, since the smaller sonotrode has a smaller surface area. Changing to a 

lower welding force, however, is not advised since this is close to the limits of the USW machine 

which might show unstable behaviour. Although the surface damage is expected to be lower for 

continuous hbre samples, the use of the smaller sonotrode was not further investigated. 

Figure 3-7 | Surface damage as a result of au energy controlled welding experiment, delivering 500 [Ws] 
of energy with the 0 10 [nnn] cylindrical sonotrode, using a 300 [N] welding force, sample #94 
(appendix B) 

For the actual ITD hinge welding, chopped hbre material is welded to continuous hbre material. 

Since deconsolidation and surface damage is mostly found in the top sample for the previous 

experiments, the top sample is replaced whh Toho Tenax continuous weave CF/PEEK material. 

Similar welds have been created using again the 0 40 [mm] cylindrical sonotrode and the original 

setting of 300 [N] welding force, the other settings are summarized in Table 3-5. 

Table 3-5 | Overview of the materials used (TT = Toho Tenax), sonotrode used and input settings for 
the USW machine for the welding of the weave - chopped baseline samples for a standard 12.7 [mm] 
overlap using the 9109 j ig and 2 layer (0.23 [mm]) Toho Tenax ED 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) Sol idif icat ion 

Phase 
Materials Sonotrode Rise of Welding Rise of Amplitude Controlling Force Holding 

Force Force Force [pm] / Parameter Time [ms] 
[N/s] [N] [N/s] setting [-] 

TT weave 
- clioj). 

0 40 [mm] 300 300 0 86.2 (9) Travel 1000 4000 

Al l the welding curves and LSS curves can be found in appendix E. Figure 3-8 shows the welding 

curve for 80 [%] travel input setting. 100 [%] travel is normally used to show the complete cycle, 

but since the last part is of no interest and there was much deconsolidation in the previous 

samples, it was decided to start with a lower value for travel. 
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UW111213-2-001 
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•power 

•A travel 
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1200 1400 1600 

Figure 3-8 | Weldiug of sample #50 (appendix B) for continuous weave to chopped Toho Tenax 

CF/PEEK material, using melting on 80 [%] travel, 12.7 [mm] overlap, 300 [N] welding force and the 0 

40 [mm] sonotrode 

Looking at Figure 3-8 it can be seen that the welding stages as described in section 1.2.2 are 

visible for this weld. Next to that, the welding curves are more consistent (showing similar 

patterns for each repeating weld), than for the chopped to chopped welding. The determined 

optimum travel has a value of 0.05 [mm] as can be seen in Figure 3-8, which amounts to 20 [%] of 

the ED thickness. This setting was used to weld hve extra samples of which one was used for 

microscopy analysis, shown in Figure 3-9. The average values and Cv of the remaining samples 

were calculated and are shown in Table 3-6, compared to the values of the weave - weave welds. 

Figure 3-9 j Sample #55 (appendix B) section of a continuous weave (top sample) to a chopped fibre 

(bottom sample) weld, 1.25x magnified 
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Looking at Figure 3-9, it can be seen tlrat there are still some fibres that got pushed out of the 

weld with the squeeze how, but the thickness and quality of the bond line is comparable to that 

of the continuous weave to continuous weave baseline samples shown in Figm-e 3-4. 

Table 3-6 | Average values and their Cv for the maximum power, welding time, energy dissipated and 

LSS, for welding weave to chopped fibre samples using 300 [N], 12.7 [mm] (0 40 [mm] sonotrode), all 

samples and excluding sample #52 (from #51-52, appendix B) compared to the values for the weave to 

weave welds 

Maximum Power [%] 

(Cv[%]) 

Welding Time [ms] 

(Cv [%]) 

Energy [Ws] 

(Cv [%]) 

LSS [MPa] 

(Cv [%]) 
300 [N], 

30 [%] travel 

weave - weave 

55 (6.42) 950 (5.75) 1335 (4.95) 39.7 (4.71) 

1000 [N], 

65 [%] travel 

weave - weave 

78 (2.16) 553 (2.67) 1049 (3.99) 38.0 (4.80) 

(4 samples) 

20 [%] travel 

weave - chopped 

59 (8.01) 907 (170) 1275 (10.2) 33.6 (28.4) 

excl. sample #52 

20 [%] travel 

weave - chopped 

57 (4.96) 937 (172) 1285 (11.5) 37.7 (15.1) 

The Cv for all values considered in Table 3-6 are larger for the continuous weaÂ e to chopped 

material is than for the continuous weave to continuous weave baseline samples (added to Table 

3-6), most significantly for the LSS. One of the samples was poorly welded because it moved 

during welding. Figure 3-10 shows the incomplete weld for sample #52 (appendix B) clearly. 

Without sample #52 the Cyfor the LSS becomes questionable (since there are only 3 samples leh, 

making the sample size too small for statistical analysis), but the LSS strength for this sample 

strongly inhuenced the Cy for the LSS. Due to the poorly welded surface the LSS was only 21 

[MPa] compared to the average of 37 [MPa]. 
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Figure 3-10 | Welding surfaces of weave to chopped material welded samples #52 (left) and #53 (right) 

(appendix B) , highlighting the poorly welded area of the overlap for sample #52 

Even without sample #52, the differences in Cv m-e still signihcant (4.7 [%] for the basehne 

compared to 15.1 [%] for the weave to chopped welds). Different factors can cause these 

irregularities (next to the random distribution of the short hbres). One can be the fact that the 

chopped samples show less polymer material at the sample surface (which can be seen in Figure 

3-9 and Figure 3-10). The polymer poor surface can attribute to the difhculties in forming the 

weld, since there is less polymer material at the sample surface to bond with. Secondly the 

different surface composition might also inhuence the initiation of melting (and movement of the 

ED) due to different friction behaviour. Finally the higher stiffness in z-direction (higher out of-

plane stiffness, due to random orientation of the short hbres) can inhuence the response as well. 

Ih-om the welds created i t was observed that this resulted in less energy dissipation (Table 3-6) 

compared to the weave to weave welds (Table 3-2), however, this difference is deemed 

insignihcant. In optimization of welding chopped to continuous materials it is advised to research 

the inhuence of these mentioned factors. 

3.3 P r a c t i c a l l i m i t a t i o n s f o r up-sca l ing a n d w e l d i n g d i s s imi l a r m a t e r i a l s 

From the baseline of welding dissimilar materials it was found that using the chopped material as 

top sample (closest to the sonotrode) poses a restriction, since this results in deconsolidation of 

the sample. The use of a smaller sonotrode, further away from the edge of the sample, resulted in 

surface damage. It is therefore decided to use continuous material in the top sample. However, 
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the inhuence of using a different sonotrode, different weld settings or different material 

composition for the chopped samples is recommended for future research. 

Another practical limitation is the travel (downward movement of the sonotrode) during the 

process. The travel during the vibration phase for the 1000 [N] and 300 [N] welding forces are 

0.15 [mm] and 0.07 [mm]. The total travel of the entire process (including the solidihcation 

phase) is even higher. This poses some practical limitations on the up-scaling of USW using 

sequential spot welding. This is due to the fact that for spot welding it is expected that only a 

small spot of the (larger) overlap will be affected by the vibrations from the sonotrode. This 

means that only a small area wih melt and travel would occur locally. If the ED is larger than the 

area covered by the sonotrode, the travel of this specihc spot is prohibited by the surrounding ED 

material, which is outside of the inhuence of the sonotrode and therefore (far) colder and not yet 

molten. This problem is depicted schematically in Figure 3-11. If the ED would be of equal size 

as the area covered by the sonotrode, the same problem might arise due to the molten how fronts 

around the ED. Using travel as the controlling parameter for the process would mean that the 

desired travel setting would never be reached and the welding process would continue until i t 

reaches the machine limits (or the process is stopped manually). 

Sonotrode 
Sonotrode 

Upper Sample 

Energy director 

Lower Sample 

Colder ED 
constraining 
travel 

Upper Sample 
• • / 

1 r : Energy director 

Lower Sample 

Affected area Affected area 

Figure 3-11 | Scliematic view of the practical limitation of the travel controlled USW process: The 

colder ED surrounding the affected area by the sonotrode does not melt and therefore prohibits travel 

by the sonotrode 

To circumvent this problem, not travel but energy or welding time could be selected as the 

controlhng parameter. The duration of the vibration for the spot weld could then be controlled 

by this parameter, for which no restrictions apply. Considering Table 3-2 the dispersion of the 

welding time for 300 [N] is higher than for the welding energy. Therefore energj^ is selected as the 

controlling parameter for the experiments in which travel cannot be used as the controlling 

parameter. 

As explained iu section 2.2.1, this setting will measure the amount of energy already dissipated 

by the machine (by integrating the surface under the power curve) and wih therefore stop once 

the predetermined energy level is reached. A challenge in welding with energy as the controlling 

parameter, however, is the inhuence of many different factors. The energy computed by the ACU 
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is tlie total energy dissipated, comprised of not only the energy needed to create the weld but 

including energy losses as well. Changing material or setup would change the energy levels. These 

energy levels and losses are investigated in more detail in chapter 4. 
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4 Energy Determinat ion 

As explained in section 3.3, welding with travel as the controlling parameter is not possible for 

spot welding, due to restrictions by the surrounding (ED) material. Welding using energy was 

deemed the most suitable alternative, although the determination of the needed energy can be 

complicated. Therefore the inhuence of several factors on the energy needed for the creation of a 

high quality weld is investigated. The factors that are of interest are the ones that are believed to 

change for up-scaling of the process for this specific case, compared to the baseline single lap 

shear samples. These are: 

• The overlap or size of the welded area: No matter how the hinge will be welded, the 

welded area of one spot might differ from the area welded in a single lap shem- joint. 

Changing the size of the ai-ea to be welded will result in a different amount of material to 

be melted and therefore inhuence the energy needed. 

• The Jig design: For the welding of the hinges a new jig needs to be designed. Different j ig 

geometry, material or clamping inhuences how the vibrations (heat and sound) dissipate 

throughout the jig and therefore influence the energy dissipation. 

• The materials: In this research samples with different material (compositions) are used. 

The composition of the materials determines the material properties which also inhuence 

the dissipation of the vibrations, heat and sound and therefore the dissipated energy. 

4 .1 E n e r g y d e t e r m i n a t i o n e x p e r i m e n t s 

The determination of the average welding energy needed is a complicated task. The energy 

dissipated by the machine during welding is influenced by many parameters, which can be 

basically divided in two parts. The flrst being the energy dissipated in actual welding, the second 

being the energy losses, seen in Equation 4-1. The energy losses are dependent on several 

parameters, the separate factors are shown in Equation 4-2. 

Etot • qUammeving = E.eld + E ^ . , Equation 4-1 

Eloss ~ Ematerials 4" Eniachino P Ejig -\- Ehammering Equation 4 2 

In which Etot is the total energy delivered, of this E,vdci is the energy needed for the weld and Eoss 

m-e the energy losses. However, part of the energ}' of the machine is not delivered to the samples 

at ah due to the hammering effect, therefore an efhciency factor qi,amn,ering is introduced (in which 

1 means no hammering effect, making energy transmission 100 [%] effective). The energy losses 

(Eloss) can be divided in four different sources, in which Emateriais are the losses in the ED and 

samples (due to composition, geometry or defects), Emadünc the losses of the machine, baseplate 

and welding train, Ej ig of the jig used to clamped the samples and Ehammciing the energy that is lost 

tluough impact at the surface of the top sample. 
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As explained, the size of the overlap is an important factor on the energy needed for welding 

(Eweid), since it is expected that a larger overlap needs more energy, since more material needs to 

be mohen. The energy dissipated for the welding of samples with different overlaps is 

investigated. While keeping all other welding conditions identical (Sonotrode, Jig, Material, USW 

settings), overlaps of 12.7 [ iTini] (1/2 incli), 19.05 [nini] (3/4 iiicli) Biid 25.4 [ninij (1 iucli) were 

welded using the 9110 jig and the proper alignment aids for each overlap. Using travel as the 

controlling parameter, welds can be created and the average energy dissipated for each overlap 

can be compared. Whh these results scaling of the area in different welding setups could possibly 

be used to give an indication of the energy needed. This can be used for energy controlled 

welding. 

For up-scaling it is interesting to research all the euerg}' loss variables considered in Equation 4-2. 

However, since only one USW machine is available aud used in this research, E„achine is deemed to 

be constant with one exception. This is when the sonotrode of the machine is changed. Since the 

different sonotrodes have different gains (and geometry), the amphtudes are different for the 

sonotrodes, which inhuences the energy However, the settings on the ACU allow for similar 

amplhude settings for all the sonotrodes. Since the amplitude will not be exactly similar, and the 

geometry of the sonotrode might inhuence the energy dissipation as well, there still might be a 

difference in energy loss. However, these effects were not researched. The hammering effect is also 

an important parameter, but this is also kept out of the scope of this research. Experiments 

determining the inhuence on the energy dissipation concerning the two other losses, the materials 

Ematmab (ED aud samples) and the j ig Ej ig , are performed. The influence on the energy levels of 

changing these factors (ehher material, or the jig) is compared while keeping all other weld 

settings (USW input settings, etc.) identical. 

The influence of changing these parameters on the energy losses is analysed and can be used in 

providing an indication of the energ}^ needed for the hinge welding, where two dissimilar 

materials will be welded in a new jig. 

4.2 A r e a in f luence 

As described in section 4.1, jig 9110 was used to weld samples whh overlaps of A l : 12.7 [mm] 

(1/2 inch), A2: 19.05 [mm] (3/4 inch) and A3: 25.4 [mm] (1 inch). This was done using Ten Cate 

continuous weave CF/PEEK samples (cut in the right 0 [°] apparent hbre direction) and Ten 

Cate 5-layer EDs with an average thickness of 0.25 [mm]. The tests were conducted using the 

established technique of using travel as the controlhng parameter. A l l the input welding 

parameters are summarized in Table 4-1. 
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Table 4-1 | Overview of the material used (TC = Ten Cate), sonotrodes used and the welding 

parameters for the welding of the samples for a 12.7 [mm], a 19.05 [mm] and a 25.4 [mm] overlap using 

the 9110 j ig and 5 layer (0.25 [mm]) Ten Cate ED 

I ) I n i t i a l 

Pliase 

I I ) V i b r a t i o n Phase I I I ) Sol idif icat ion 

Phase 
Materials Sonotrode Rise of Welding Rise of Amplitude Controlling Force Holding 

Force Force Force [pm] / Parameter Time [ms] 
[N/s] [N] [N/s] setting [-] 

TC weave 

- weave 

0 40 [mm] 300 300 0 86.2 (9) Travel 1000 4000 

The resulting welding curves, however, were dissimilar compared to the ones for the baseline 

experiment as shown in Figme 4-1. With the dissimilar curves, not showing the different stages 

discussed in section 1.2.2, it was not possible to determine the optimum welding conditions. To 

verify if the dissimilarities in the welding cmwes were caused by quality differences between the 

Ten Cate material and the Toho Tenax material used for the baseline, the test was repeated using 

Toho Tenax material (and Toho Tenax ED with an average thickness of 0.24 [mm]). The resulting 

welding curves are presented Figure 4-1 as well. 
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Figure 4-1 | Welding curves for different overlaps ( A l = 12.7 [mm], A2 = 19.05 [nnn], A3 = 25.4 [mm]) 

comparing Ten Cate and Toho Tenax material to the baseline, wi th the red arrow highlighting the 

increasing negative travel for welding of larger overlaps 

Several things can be observed by looking at Figure 4-1. The average power used is higher for 

these experiments. This is due to the different welding j ig used iu this experiment, elaborated 

upon in section 4.3. Next to that, the curves for both materials are different and do not comply 

with the regular curves seen in the baseline welds for overlaps A2 and A3. Only A l showed a 

similar curve. Therefore i t was uot possible to determine the optimum welding conditions for 

overlaps A2 and A3, that is, the determination of the optimum travel. The travel was estimated 

with the irregular welding curves. However, these travel values seemed far too low compared to 
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the basehne resuhs and the obtained welds have a low LSS as well. The travel used and the LSS 

results can be seen in Table 4-2, and the fracture sruface quality is shown in Figure 4-2. Table 4-2 

shows the LSS values for the A l (12.7 [mm]) overlap to be of the same magnitude as the baseline, 

whereas the larger overlaps have strongly reduced strength. Looking at the fracture surfaces in 

Figure 4-2 it can be seen that the welding process did not form a good bond but instead 

overheated the overlap and melted the composite material through the thickness. The welding 

also created much fibre distortion, combined with the overheating strongly reducing the LSS. 

Since the results for the larger overlaps were not satisfying, welding was stopped and the set of 5 

subsequent welds with the same conditions was not completed to save samples. The sample size is 

also depicted in Table 4-2. Even though the results were not satisfying it can be seen in Table 

4-2, that the energy dissipated for a larger overlap increases compared to the 12.7 [mm] baseline 

overlap. The differences for the 12.7 [mm] (Al ) overlap for the Ten Cate and Toho Tenax 

material compared to the baseline can be due to the different optimum travel found. Which could 

be caused by the different j ig used compared to the baseline or due to the dissimilarities between 

the Ten Cate and Toho Tenax material (Composite and ED). The influence of these two 

parameters is elaborated upon in sections 0 and 4.4. 

Table 4-2 | LSS and energy data for different overlap ( A l = 12.7 [nnn], A2 = 19.05 [mm], A3 = 25.4 

[mm]) welds comparing Ten Cate (with 5 layer, 0.25 [mm] ED) and Toho Tenax (with 2 layer, 0.23 

[mm] ED) material (welded with the 9110 jig) with the baseline data (welded with the 9109 j ig) . 

*travel input used could not be determined with the established method and was estimated 

(Toho T.) Ten Cate Toho Tenax 

9109 j ig 9110 j ig 9110 j ig 

Baseline A l A2 A3 A l A2 A3 

Determined Travel [%] 30 16 12* 8* 43 12.5* 100* 

(sample size) (5) (4) (3) (3) (4) (3) (1) 
Average LSS [MPa] 39.7 39.7 14.0 17.4 39.0 10.8 11.0 

(Cv [ % ] ) (4.71) (15.2) (29.3) (0.88) (4.85) (32.6) (-) 
Average Energy [Ws] 1335 944 2780 4413 983 3330 5235 

(Cv [ % ] ) (4.95) (18.7) (8.15) (3.31) (20.1) (4.77) (-) 
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Figure 4-2 | Fracture surfaces of tlie samples poorly welded with 300 [N] for A) 19.05 [mm] overlap 

(#29 appendix B) and B) 25.4 [mm] overlap (#41 appendix B) 

The diherence of the welding curves shown in Figure 4-1 compared to the baseline welding curve, 

is attributed to the initially selected parameter for the welding force. The 300 [N] used proved 

sufhcient for the 12.7 [mm] overlap, but was not high enough to create welds at the larger 

overlap. The increasing area automatically meant a decrease in pressure for the same welding 

force. This could decrease the rate at which initiation and gro-vvth of hot spots occurs as 

explained in section 1.2.2. Rather than keeping the force constant at 300 [N], a constant pressure 

(increasing force) might solve the mentioned issue of the poor welds (overheating, low LSS) for 

larger overlaps. 

First, another interesting effect of this constant force, therefore decreasing pressure, is discussed. 

The decreasing pressure results in an increase of negative travel which represents an upward 

motion of the sonotrode, depicted by the red arrow shown in Figure 4-1. This is believed to come 

from an increasing hammering effect, which is the 'hammering' of the sonotrode on the material 

if it loses contact with the top sample. This means that the cyclic deformation of the ED under 

the vibrations and pressure of the sonotrode is not as high as it coihd have beeu without 

hammering. If hammering occurs, a great amount of energy is lost since it is not being 

transferred to the material (no cyclic deformation). A higher welding force or a smaller amplitude 

might both decrease the hammering effect. The higher pressure might influence how much the 

ED deforms under the cyclic load, allowing more deformation might decrease the hammering. 

Wi th a smaller amplitude setting, less deformation of the ED is needed for the complete cyclic 

deformation of the ED, which also might decrease the hammering effect. However, further 

research ou the hammering effect in USW of TPC is recommended. 

59 



MSc THESIS FM AGRICOLA 

As mentioned, a Ihglier welding force (constant pressure) might result in better results for the 

welding of larger overlaps. For the A2 overlap of 19.05 [mm] two welds were made with a higher 

welding force and the Ten Cate material, leaving all the other welding parameters identical to the 

ones shown in Table 4-1. The 300 [N] resulted in a pressure of 0.93 [A4Pa] for the 12.7 [mm] 

overlap, which means that the 19.05 [mm] overlap, which is 1.5x larger, needs a 1.5x larger 

welding force of 450 [N] for the same pressure. The weld formed whh 450 [N] still showed an 

irregular welding curve compared to the baseline ciuve, therefore the weldiug force was increased 

to 600 [N] (1.24 [MPa]), both shown in Figure 4-3. Even with the higher welding force, the 

welding curves do not show the separate stages as for the baseline welds, ahhough the welding 

time and therefore energy needed was somewhat lower, but this is attributed to the higher 

welding force. Next to that, as cau be seen in Figure 4-3, for this j ig conhguration and Ten Cate 

CF/PEEK material, it reaches the power limits of the USW machine. Therefore it was decided to 

stop these tests and save samples. 
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-0.15 

0 200 400 600 800 1000 1200 1400 

Welding Time [ms] 

"Power 450 [N] 

•Power 600 [N] 

•A Travel 450 [N] 

•A Travel 600 [N] 

Figure 4-3 | (Irregular) Welding curves for sample #68 and #69 (appendix B) , experiment with 450 
[N] (0.93 [MPa]) and 600 [N] (1.24 [MPa]) welding force, 19.05 [mm] overlap, reaching the power limits 
of the USW machine for 100 [%] travel 

Even though no optimum welds were obtaiued, the inhuence of increasing the area clearly shows 

an increase iu energy dissipated (Table 4-2). It can be concluded that for the CF/PEEK material, 

using hat EDs, increasing the welding area reaches the linutations of the USW machine. For 

lower forces the overlap overheats and low LSS are obtained. Increasing to a higher force the 

machine reaches its maximum power levels. 
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4.3 J i g i n f luence 

To researcii tlie influence of the j ig used, an identical set of samples was welded in both the 9109 

jig and the 9110 jig (samples #4 - #8 for 9109, samples #59 - #63 for 9110, appendix B). The 

jigs do not differ very much in geometry, but the baseplate of the 9109 jig is manufactured from 

steel and the baseplate of the 9110 jig from aluminium, as explained in section 2.3. The settings 

used were a welding force of 300 [N], 12.7 [mm] overlap, using the 40 [mm] sonotrode for 

continuous weave Toho Teuax CF/PEEK material. A l l the welding parameters used are 

summarized in Table 4-3. The optimum travel found for the samples welded with the 9109 j ig 

was slightly lower than for the samples welded whh the 9110 jig (30 [%] i.e. 0.07 [mm] compared 

to 43 [%] i.e. 0.10 [mm]) The welding curves for both materials are shown in Figure 4-4. 

Table 4-3 | Overview of the material used (TT = Toho Tenax), sonotrode used and the welding 

parameters for the welding of identical weave - weave samples for the 9109 j ig and the 9110 j ig using 2 

layer (0.24 [mm]) Toho Tenax EDs 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) Sol idif icat ion 

Phase 

Materials Sonotrode Rise of Welding Rise of Amplitude Controlling Force Holding 

Force Force Force [pm] / Parameter Time [ms] 

[N/s] [N] [N/s] setting [-] 

TT weave 

- weave 

0 40 [mm] 300 300 0 86.2 (9) Travel, opt.: 

30 [%] 9109 

43 [%] 9110 

1000 4000 

9109 Welding data 9110 Welding data 

200 400 600 800 
Welding time [ms] 

1000 100 600 700 200 300 400 500 

Welding time [ms] 

Figure 4-4 | Welding curves for identical welding conditions using the 9109 (left) and the 9110 j ig 

(right) 

Looking at Figure 4-4 several differences can be identihed. Comparing the travel curves for both 

jigs, it can be seen that there is some vibration in all curves (due to the oscillating motion of the 

sonotrode). The vibrations for the 9110 jig, however, are somewhat larger (not to confuse with 

the total travel, which is also higher, but this is due to the higher optimum travel found for the 

samples welded with the 9110 jig. Table 4-3). An overview of the differences in maximmii power, 

welding time and energy is presented iu Figure 4-5, whereas a comparison in the Cv for these 
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parameters concerning botli jigs is given in Table 4-4. Note that only 4 samples are shown for the 

9110 jig, since in the welding of sample #62 the ED shifted, making the resuhs invahd. 

160 

140 

120 

100 

19109 

19110 

Max. Power Time [ms] * Energy [Ws] LSS [MPa] 

0.1 0.1 

Figure 4-5 | Average and range values for several welding outcome parameters comparing identical 
welded samples for the 9109 and 9110 j ig 

Table 4-4 | Average and Cv values for several welding outcome parameters comparing identical welded 
samples the 9109 and 9110 j i g 

Maximum Power 

[%] (Cv [%]) 

Welding Time [ms] 

(Cv [%]) 

Energy [Ws] 

(Cv [%]) 

LSS [MPa] 

(Cv [%]) 
9109 j i g 

(5 samples) 

(30 [%1 travel) 

54.6 (6.42) 950 (5.75) 1335 (4.95) 39.7 (4.71) 

9110 j i g 

(4 samples) 

(43 f%l travel) 

73 (2.50) 566 (18.9) 983 (20.1) 39.0 (4.85) 

It cau be seen iu Figure 4-5 and Table 4-4, that next to the aforementioned higher vibrations, the 

9110 jig also requires a higher power (but has a lower energy level due to the shorter weld time) 

and has far less consistent results for the welding time and euergj' dissipation. This is believed to 

come from either the material used or some geometrical factors. The 9109 jig is made of steel 

whereas the 9110 jig is manufactured using aluminium, which Young modulus is a factor 3 lower 

[13]. This lower stiffness is believed to cause most of the differences since the geometry is almost 

identical. However, further research on the inhuence of the geometry aud material properties of 

the j ig on the energy dissipation is recommended. 

From these experiments it is calculated that the 9110 jig, ahhough having less consistent resuhs 

for the energy dissipation, consumes 24 [%] less energy than 9109 jig for this particular weld. The 

maximum power used, however, is 34 [%] higher for the 9110 jig (which combined with the 

shorter weld time results in the mentioned lower energy consumption). 
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It can be concluded that the aluminium 9110 jig inhuences the dissipated energy such that i t 

requires less energy on average for optimum weld conditions of identical samples compared to the 

steel 9109 j ig. The variations iu the energy levels for the welds made iu the different jigs, 

however, are larger for the 9110 jig. The differences are mostly attributed to the different 

material of the baseplate. A final note is that changing the welding parameters and / or welding 

configuration (overlap, sonotrode, etc.) will inhuence these results. Also the inhuence of the 

geometry of the jig has yet to be determined since the difference for this comparison was limited. 

4.4 M a t e r i a l i n f luence 

For the inhuence of the material on the dissipated energy several combinations are investigated. 

First the difference in energy dissipated by welding a 12.7 [mm] overlap of a standard weave -

weave weld (baseline) is compared to a weave (top sample) - chopped (bottom sample) weld. 

Since the chopped material is thicker (average 3.86 [mm] compared to the 1.85 [mm] for the 

weave material) and has a different composition (chopped hbres with random orientation 

compared to the (0/90) [°] oriented continuous fibres), i t is expected to change the energy 

dissipation. Secondly the Toho Tenax weave and Ten Cate weave material are compared. Since 

they both have the same composition and roughly the same thickness (1.85 [mm] for Toho Tenax 

and 1.82 [mm] for Ten Cate), changes in energy are not expected for the same welding overlap of 

12.7 [mm] using the same welding parameters. 

The samples used for the sets are # 4 - 8 (weave - weave Toho Tenax) and # 5 1 - 5 5 (weave -

chopped Toho Tenax) welded with the 9109 jig, #35 - 39 (weave - weave Ten Cate) and #59 -

64 (weave - weave Toho Tenax) welded on the 9110 jig (appendix B). Al l 4 sets were welded 

using travel as controlling parameter and the optimuiu welding conditions for a welding force of 

300 [N] aud an overlap of 12.7 [ mm], using the 40 [mm] sonotrode. Al l the welding parameters are 

summarized in Table 4-5 

Table 4-5 | Overview of the materials (TT = Toho Tenax weave thickness = 1.85 [mm] chopped 

thickness = 3.86 [mm], TC = Ten Cate weave thickness = 1.82 [mm]), jigs used and the welding 

parameters for the welding of different materials using the 9109 j ig and the 9110 j ig and using Toho 

Tenax 2 layer (0.24 [mm]) ED for the T T and Ten Cate 5 layer (0.25 [mm]) ED for the TC samples 

All welded with the I ) Initial I I ) Vibration Phase I I I ) Solidification 
0 40 [mm] sonotrode Phase Phase 

Materials Jig Rise of Welding Rise of Amplitude Controlling Force Holding 

& Force Force Force [pm] / ParEQneter Time [ms] 

thickness [N/s] [N] [N/s] setting [-] 

TT weave 9109 300 300 0 86.2 (9) Travel 1000 4000 

- weave opt.: 30 [%] 

TT weave 9109 300 300 0 86.2 (9) Travel 1000 4000 

- chop opt.: 20 [%] 

TC weave 9110 300 300 0 86.2 (9) Travel 1000 4000 

- weave opt.: 16 [%] 

TT weave 9110 300 300 0 86.2 (9) Travel 1000 4000 

— weave opt.: 43 [%] 
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The resuhing energy levels hom these weids are shown in Figure 4-6 and their average values and 

Cv are presented in Table 4-6. 

1600 

1400 

1200 

• Toho Tenax 1000 

weave -
800 

weave 
800 

• Toho Tenax 600 
chopped -
weave 400 

200 

0 

ITen Cate 
weave -
weave 

I Toho Tenax 
weave -
weave 

Energy [Ws] Energy [Ws] 

Figure 4-6 | Average euergy levels for identical welds (optimal conditions for 300 [N], 12.7 [mm] overlap 

using the 40[mm] sonotrode) in different materials for the 9109 j ig (left) and 9110 j ig (right) 

Table 4-6 j Cv for identical welds (optimal conditions for 300 [N], 12.7 [mm] overlap using the 40[mm] 

sonotrode) in different materials for the 9109 and 9110 j ig (not all samples were lap shear tested or the 

test failed, *1 = 3 samples, *2 = 4 samples) 

Toho Tenax Toho Tenax Ten Cate weave Toho Tenax 
weave - weave chopped - weave - weave (9110) weave - weave 
(9109) (9109) (9110) 

Energy [Ws] 1335 1275 1059 1018 

(Cv [ % ] ) (4.95) (10.22) (28.16) (18.53) 

Average LSS [MPa] 39.7 377 (*1) 39.7 (*2) 39.0 (*2) 

(Cv [ % ] ) (4.71) (15.1) (15.2) (4.85) 

For the two sets compared for the 9 1 0 9 jig, the Toho Tenax weave - chopped weld requires 

shghtly less energy on average, however, due to the large scatter this does not mean a lot. For 

the 9 1 1 0 j ig the difference is even smaller, the Toho Tenax material shows a slightly lower energy 

dissipation on average, but again the scatter is signihcant. The average energy for the materials 

welded with the 9 1 1 0 j ig is lower than for the 9 1 0 9 j ig as expected by section 4.3. It is important 

to note that even though the composition might be shghtly different (especially for the weave -

chopped material, but also between the Ten Cate wea.ve compared to the Toho Tenax material 

slight difference exist for example in thickness) the matrix for all samples is PEEK. This explains 

the fact that the differences in average energy required are relatively small, since the PEEK used 

will roughly have the same T n , and other material properties (although minor variations could 

exist between the polymers of different manufacturers, i.e. different grades). 

The higher Cv, seen in Table 4-6, for the materials welded with the 9 1 1 0 j ig corresponds with the 

results in sectiou 4.3. The difference in vmiation (cv) for the energy levels between the Ten Cate 

material and the Toho Tenax material however, is unexpected. One of the factors that might 
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influence tlie variations in energy levels (cy) is the difference in the EDs used, which only have 2 

layers (average thickness of 0.12 [mm] per layer) for the Toho Teuax material and 5 layers 

(average thickness of 0.05 [mm] per layer) for the Ten Cate material. Although the layers are 

stacked to each other, under the vibrations the layers can separate again as shown in Figure 4-7. 

Figure 4-7 shows the sepai'ation of layers at the edge of the sample, however, during the vibration 

phase this might occur in the overlap as well which could contribute to the higher variation in 

energy for the Ten Cate samples. Further research with 1 layer EDs (with sufficient thickness for 

welding) or better stacked EDs could reduce the variation in energy levels. 

Figure 4-7 | 2.5x magnification of a Tolio Tenax welded sample showing the two layer ED separation at 

the edge (left) and a Ten Cate welded sample showing the 5 layer ED separation at the edge (right) 

Another factor that could clarify the inconsistency in energy levels for the Ten Cate welds is the 

material quality. Many of the samples manufactured with the hot plate press in the DASML 

usiug Ten Cate material showed delamination at the edges of the samples after water jet cutting, 

shown in Figure 4-8. It was therefore decided to do a C-scan of the material, of which the result 

is shown Figure 4-9. It is noted that the different colours in the C-scan image are used for relative 

comparison, not for absolute attenuation vahies. 

Figure 4-8 | Sample of a delaminated corner due to water jet cutting of the Ten Cate material 
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Figure 4-9 | Colour and black & white C-scan images of the edges of the laminate plates: A) Ten Cate 

material, B) Toho Tenax material, the dark/red colour indicates poorly consolidated material. The 

colours are used for relative comparison, not for absolute attenuation values. 

Looking at the C-scan in Figure 4-9 for the Ten Cate material compared to the Toho Tenax 

material i t can be seen that the edges are poorly consohdated (indicated by the dark/red colour). 

The reason for the poor consolidation can be found in the limitations of the hot plate press 

available in the DASML which does not provide completely uniform heating to the entire 

laminate. The samples were cut out of the plate, using the water jet cutting, with a margin of 

25.4 [mm] from the edge. Although the middle of the plate shows a good consolidation, some 

samples might have been cut out too close to the edge. Together with the aforementioned 

deconsolidation of the edges, this might contribute to the wide range of welding energies (high Cy) 

since part of the energy, depending on the sample, dissipates to the deconsohdated areas. 

It can be concluded that the different material compositions and combinations studied in this 

experiment only have a slight inhuence on the dissipated energy. Considering the high variation 

(high Cy) in the sets of welded samples this difference could be neglected. It is important to note, 

however, that changing the welding parameters might affect these results. 

4.5 Discuss ion o n energy d e t e r m i n a t i o n 

Regarding the results of the experiments presented in this chapter, it is noted that the energy 

dissipation is inhuenced by many parameters. Some indications on the inhuence of several 

parameters on the energy dissipation can be given. For the increase of the welded area an 

increase in energy is shown, for the two jig designs, mostly different in material, changing to 

aluminium results in less average energy dissipation but higher Cy aud for material selection / 

combination no signihcant effect on the energy levels was found, however, a higher Cy is observed 

for the Ten Cate material. However, changing of the welding parameters aud / or the setup might 

inhuence these values. I t is therefore in general recommended to perform experiments with the 

travel controlled process (if possible), to get an estimate of the average energy needed for an 

optimum weld (leaving the other welding parameters identical). 
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5 New Concepts: Zero Travel Spot Welding, Dedicated 

Area Sized ED Welding and Process Practicalities 

5.1 E x p e r i m e n t design f o r spot w e l d i n g o f a larger over lap 

One of the proposed welding strategies in this research is the welding of a small strip in the 

middle of a large overlap, or zero travel welding. The overlap will be completely covered with ED 

material, making the ED area larger than the area covered by the sonotrode. As stated in chapter 

3, this process is travel restricted by the part of the ED which does not meh and calls for welding 

energy as the controlling parameter. For this experiment the rectangular sonotrode is used, 

having as advantage that a narrow strip of 14.9 [mm] can be welded in both a normal and a 

larger overlap, creating similar conditions for the energy determination. Before this concept is 

researched hrst a prehminary experiment was performed, to verify if a weld can be formed with 

energy as the controlling parameter in a setup where travel is restricted. In this test two samples 

are placed directly on top of each other with a large ED in between. Since the energy delivered 

by the sonotrode only mehs part of the ED, the rest of the larger ED should restrict the travel. 

This test is shown schematically in Figure 5-1. 

Figure 5-1 | Scliematic view of the initial experiment to determine the possibility of energy controlled 

zero travel welding using the 9109 j ig 

For the spot welding experiment, hrst a set of normal, travel controlled welds for an overlap of 

14.9 [mm] are conducted (Figure 5-2-A). Out of these welds the average energy dissipated for 

optimum welding conditions can be calculated, which is used as the controlling parameter to weld 

a spot (strip) in the middle of a large overlap, shown iu Figure 5-2-B. The unequal overlap on the 

leh (6 [mm]) and right (4.5 [mm]) of the spot weld (Figure 5-2-B) is due to the geometrical 

constraints and alignment of the used 9110 jig relative to the rectangular sonotrode. 
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A - Travel 
Determination 
of tlie average 
energy 

B- Energy 
Spot welding 
of a larger 
overlap 

6-H4.9t4 .5 |mm] 

Sonotrode head area 
Sonotrode head area 

Figure 5-2 | Scliematic view of the setup using the 9110 j ig for: A) Energy determination 14.9 [mm] 
overlap using travel as the controlling parameter, B) Spot welding of a larger overlap using energy as 
the controlling parameter 

Again tlie welding curves, output (energy, maximum power) and strength data of the specimen 

are analysed and compared to the baseline results. 

Welding force 

The area welded in the described zero travel experiment is slightly larger than the area of the 

overlap in the basehne welds (14.9 • 25.4 = 378.46 [mm^], 17 [%] larger compared to the baseline 

area of 12.7 • 25.4 = 322.58 [nim^]). As stated in chapter 4, using the welding force of 300 [N] 

(and therefore a relatively lower presstue) results in unstable results for the larger overlaps. Next 

to that, the rectangular sonotrode might have some influence on the energy dissipation as well. 

Therefore the welding force was reconsidered. 

The welding pressure corresponding to the weldiug force of 300 [N] is 0.93 [j\/lPa] for the 12.7 

[mm] overlap. Experiment welds were produced with the rectangular sonotrode (welding area 

overlap of 14.9 [mm]) and a weldiug force of 500 [N], a pressure of 1.3 [MPa] for this overlap, with 

all other welding parameters summarized iu Table 5-1. Note that the amplitude is slightly lower 

compared to the baseline amplitude (86.2 [pm]), but since the settings of the ACU only allow for 

5 [%] step changes this was the closest amplitude achievable. Since the difference is less than 2 

[%] it is assumed this does not affect the welding process signihcantly Whh these parameters a 

somewhat regular welding curve was obtained, seen in Figure 5-3. It can be seen that stage 4 (the 

power plateau) is shorter compared to the baseline results for a weldiug force of 300 [N] and is 

only a small peak instead of a plateau. This is expected due to higher welding force as described 

in sectiou 1.2.2, and can also be seen for the baseline using a 1000 [N] welding force. Also, as 

expected, the rate at which the travel increases is higher than for the baseline using a 300 [N] 

weldiug force and lower than for the baseline using a 1000 [N] welding force. 
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Table 5-1 | Overview of the material used (TT = Toho Tenax), sonotrode used and the welding 

parameters for the welding experiments with a higher welding force using T T 2 layer, 0.24 [mm], EDs 

and the 9110 j ig 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) Solidif icat ion 

Phase 

Materials Sonotrode Rise of Weld. Rise of Ampli tu Controlling Force Holding 
Force Force Force de [pm] Parameter Time [ms] 
[N/s] [N] [N/s] (set. [-]) 

TT weave 

- weave 

Rectangular 

14.9 • 30 [mm] 

250 500 0 84.6 (3) Travel, opt.: 

20 [%] 

1000 4000 

0 200 400 600 800 1000 1200 1400 1600 

Weld time [ms] 

Figure 5-3 | Welding curve for the welding of a 14.9 [mm] overlap 100 [%] travel weld using the 

rectangular sonotrode, a welding force of 500 [N] and the 9110 j ig , showing an optimum around 0.048 

[mm] - 20 [%] travel (showing sample #79, appendix B) and a comparison to the baseline welding-

curves for 300 [N] and 1000 [N] 

From the welding curve in Figure 5-3 an optimum travel of 20 [%] (i.e. 0.05 [mm]) was 

determined. With the 20 [%] travel (and the parameters of Table 5-1), 5 samples were welded. 

The results are compared to the values obtained for the baseline (weldiug forces of 300 [N] and 

1000 [N]) welds for an overlap of 12.7 [mm] welded using the cylindrical 40 [mm] sonotrode, in 

Figure 5-4 and Table 5-2. 
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• 300 [N] 

• 1000 [N] 

U500 [N] 

Maximum Power [%] Welding Time Energy [Ws*0.1] LSS [MPa] 
[ms*0.1] 

Figure 5-4 | Average values and range of values for the maximum power, welding time, energy 

dissipated and LSS, for optimal welding conditions using 300 [N] and 1000 [N] welding force for a 

standard 12.7 [mm] (cylindrical 0 40 [mm] sonotrode, 9109 jig) overlap and 500 [N] for a 14.9 [mm] 

(rectangular sonotrode, 9110 jig) overlap 

Table 5-2 | Average values and Cv for the maximum power, welding time, energy dissipated and LSS, 

for optimal welding conditions using 300 [N] and 1000 [N] welding force for a standard 12.7 [mm] 

(cylindrical 0 40 [mm] sonotrode, 9109 jig) overlap and 500 [N] for a 14.9 [mm] (rectangular sonotrode, 

9110 jig) overlap 

Maximum Power [%] Welding Time [ms] Energy [Ws] LSS [MPa] 

(Cv [ % ] ) (Cv [ % ] ) (Cv [ % ] ) (Cv [ % ] ) 

300 [N], 55 950 1335 39.7 

30 [%1 travel (6.42) (5.75) (4.95) (4.71) 

1000 [N], 78 553 1049 38.0 

65 [%] travel (2.16) (2.67) (3.99) (4.80) 

500 [N], 75 510 855 38.5 

20 [%] travel (4.95) (6.59) (4.54) (4.47) 

Considering the values for the 500 [N] welding force, i t can be seen that, although less signihcant, 

the maximum power utilized is still less than that of the 1000 [N] welding force and it does not 

reach the limits of the machine. Also the Cv for the LSS is slightly lower compared to the welded 

samples and with a lower Cv than for 300 [N] weldiug force. Overall it can be seen that the effect 

of changing the welding force does have a minimal effect on the obtained LSS. It is therefore 

decided to change to a 500 [N] (and 250 [N/s] rise of force) welding force while keeping the other 

values identical. 
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5.2 T h i n energy d i r e c t i n g surfaces 

For tire experiments considered in section 5.1 wliere zero or low travel is used, i t might prove 

useful for the parts to be joined to already be closer to each other. This could mean the chance of 

unwanted loads (i.e. bending or peel forces) in the joint could decrease, making the design process 

easier. Experiments were carried out with the same conditions as in the baseline experiments, for 

an overlap of 12.7 [mm], with the only difference of only using one layer PEEI-C (Toho Tenax) him 

as ED, with a thickness of 0.12 [mm]. One 100 [%] travel weld was created using a welding force 

of 300 [N] and oue using a welding force of 1000 [N]. A l l the welding parameters are summarized 

in Table 5-3. The welding curves are shown in Figure 5-5, compared to a baseline curve for 1000 

[N] welded whh a 2 layer, 0.23 [mm], ED in the 9109 jig. 

Table 5-3 | Overview of tlie materials used (TT = Toho Teuax), sonotrode used and the welding 

parameters for the welding of samples using 1 layer ED (0.12 [mm]) in the 9109 j ig 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) Sol idif icat ion 

Phase 

Materials Sonotrode Rise of 

Force 

[N/s] 

Weld. 

Force 

[N] 

Rise of 

Force 

[N/s] 

Ampli tu 

de [pm] 

(set. [-]) 

Controlling 

Parameter 

Force Holding 

Time [ms] 

TT weave -

weave 

0 40 [mm] 300 300 0 8G.2 (9) Travel 1000 4000 

TT weave -

weave 

0 40 [mm] 500 1000 0 8C.2 (9) Travel 1000 4000 

Weld time [ms] 

Figure 5-5 | Welding curves for 1 layer (thin, 0.12 [mm]) ED welds using melting on 100 [%] travel for 

300 [N] and 1000 [N] using the 9109 j ig , showing samples #20, # 2 1 (appendix B) coinpared to the 100 

[%] travel baseline (1000 [N]) welded sample with a 2 layer, 0.23 [mm] ED (sample #10) 
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The welding curves in Figure 5-5 of the samples welded with a thin ED do not resemble the 

regular curves found for the baseline welds. No clear power peak is visible iu the beginning of the 

process and the expected power ramp up of stage 3, where the travel normally increases (onset of 

flow), cannot be distinguished as well. One of the reasons might be the volumetric heating 

process (one layer has relative more volume per area, ahhough the total volume is less) and the 

fact that the absolute strain is lower for one layer of ED. Since the thin ED has relative more 

volume per area this might inhuence the through thickness heating and gi-owth of hotspots. The 

lower absolute strain might however decrease this effect, both affecting the power curves. It is 

hard to say which factors are responsible for the different power curves, so further research is 

needed. Since the up-scaling could as well be achieved with thicker (regular) ED it was decided to 

uot further research the effect of thin ED on the welding process. 

5.3 Spo t w e l d i n g i n a larger over lap area w i t h zero ( l o w ) t r a v e l u s ing energy 

as t h e c o n t r o l l i n g p a r a m e t e r 

One of the concepts proposed for the ui>scaliug of USW, is to create a spot weld in the middle of 

a large overlap as described in section 5.1. As explained, initially two preliminmy experiments me 

carried out to investigate if it is possible to create a fusion bond with zero travel. The average 

energy dissipated fouud in the baseline for a travel controlled weld using 1000 [N] welding force 

was around 1000 [Ws] (Table 3-2). This value was used as welding pmameter for the energy 

controlled weld. Al l welding parameters are summarized in Table 5-4. 

Table 5-4 | Overview of the material used (TT = Toho Tenax), sonotrode used and input settings for 

the USW machine for the zero travel welding using the 9109 j ig using 0.24 [mm] Toho Tenax EDs 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) Sol idif icat ion 

Phase 
Materials Sonotrode Rise of 

Force 

[N/s] 

Welding 

Force 

[N] 

Rise of 

Force 

[N/s] 

Amplitude 

[um] / 

setting [-] 

Controlling 

Parameter 
Force Holding-

Time [ms] 

TT weave 

- weave 
0 40 [mm] 500 1000 0 8C.2 (9) Energ;s': 

1000 [Ws] 
1000 4000 

The samples are shown in Figure 5-6 A aud B, following the method described in section 5.1. 

Since this sample could not be used for lap shear testing, the weld surface was inspected by 

manually breaking the weld open using a (small) pry tool and is shown in Figure 5-6 C. 
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Figure 5-6 | Experiment for zero travel energy controlled welding of a larger overlap with, A) the large 

ED placement, B) the welding setup and C) the fracture surfaces, showing sample #19 (appendix B) 

Opening tlie weld took cpiite some effort, indicating that certainly some fusion bonding has 

occmred in the overlap. As shown in Figure 5-6, the welding surface clearly shows mohen ED at 

the part of the overlap affected by the sonotrode, indicating fusion bonding. The weld appears to 

be a bh hot at the centre of the overlap, indicated by some darker mohen ED, which might 

indicate some oxidation. Also some molten ED can be noticed at the edges, eveu at the part 

where the ED adjacent to the edge is not molten yet (as can be seen in the leh and right lower 

corner of the sample in Figure 5-6 C ) . The welding curves for these welds, shown in Figure 5-7, 

show similar results and indeed only show negative travel (upward movement of the sonotrode), 

which might indicated some hammering duriug the entire vibration phase. This negative travel, 

however, is seen for most of the other welding cmves as well. The negative travel also has the 

same magnitude compared to the baseline welding curves. For the weldiug parameters used, it 

shows that it is possible to form a fusion bond with zero travel using U S W . 
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Figure 5-7 | Power aud travel curves of samples #18 aud #10 (appeudix B) for the euergy coutrolled 
zero travel weldiug of a larger overlap 

Since tlie energy controlled zero travel welding proved possible, the second experiment can be 

conducted. For this experinient, using the rectangular sonotrode to create spot welds of 14.9 

[mm] • 25.4 [miu] in the middle of a 25.4 [mm] • 25.4 [mm] overlap, hrst the average euergy for 

optimum welding conditions is determined as described in sectiou 5.1. Using the Toho Tenax 

material, the rectangular sonotrode and the regular travel controlled process (all other welding 

pmameters are summarized in Table 5-5), a melting on 20% travel was found to be the optimum 

condition for an overlap of 14.9 [mm]. 

Table 5-5 | Overview of the materials used (TT = Toho Teuax), sonotrode used and the welding 
parameters for the weldhig experiments for the energy determination needed for the energy controlled 
spot welding using T T 2 layer, 0.24 [mm], EDs and the 9110 j ig 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) 

Sol idif icat ion 

Phase 
Materials Sonotrode Rise of Weld. Rise of Ampli tu Controlling Force Holding 

Force Force Force de [pm] Parameter Time [ms] 
[N/s] [N] [N/s] (set. [-]) 

TT weave 

- weave 
Rectangular 

14.9 • 30 [mm] 

250 500 0 84.6 (3) Travel, opt.: 
20 [%] 

1000 4000 

W h h the 20 [%] travel 5 samples were welded, giving an average welding energj^ of 855 [Ws]. A l l 

the output data and their c,. are presented iu Table 5-6 and all the weldiug and LSS curves can 

be fouud in appendix F. The scatter for the energy is low (c.. = 4.54 [%]) almost identical to the 
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scatter for the LSS as can be seen in Table 5-6, making the values useful for the spot welding in 

the middle of a larger overlap. 

Table 5-6 | Average values and Cv for the maximum power, welding time, energy dissipated and LSS, 

for optimal welding conditions using a 500 [N] welding force for a 14.9 [mm] (rectangular sonotrode) 

overlap 

M a x i m u m Power [%] Weld ing T ime [ms] Energy [Ws] LSS [MPa] 

(Cv [ % ] ) (Cv [ % ] ) (Cv [ % ] ) (Cv [ % ] ) 

500 [N], 75 510 855 38.5 

20 [%] travel (4.95) (6.59) (4.54) (4.47) 

Using the 855 [Ws] energy setting, the energy controhed spot (strip) welds in the centre of a 

larger overlap are created using the rectangular sonotrode as described in section 5.1. Al l weldiug 

parameters are summarized iu Table 5-7. The welding curves for an energy controlled weld in this 

experiment, compared to the curves for a regular travel controlled process, are shown in Figure 

5-8. 

Table 5-7 | Overview of the materials used (TT = Toho Tenax), sonotrode used and the welding 

parameters for the welding experiments for the energy welded spot in the middle of a larger overlap, 

using T T 2 layer, 0.24 [mm], EDs and the 9110 j ig 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) 

Sol idif icat ion 

Phase 

Materials Sonotrode Rise of Weld. Rise of Ampli tu Controlling Force Holding 

Force Force Force de [pm] Parameter Time [ms] 

[N/s] [N] [N/s] (set. [-]) 

TT weave 

- weave 

Rectangular 

14.9 • 30 [mm] 

250 500 0 84.6 (3) Energy, opt.: 

855 [Ws] 

1000 4000 
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Figure 5-8 | Welding curves for tlie travel controlled process for energy determination and the energy 
controlled process for the zero travel welding of a spot in a larger overlap, showing sample #82, travel 
welded, and #90, energy spot welded, (appendix B) 

Looking at Figure 5-8, it can be seen tliat the travel curve for the spot weld shows more vibration 

and more negative values than the travel controlled weld. This could indicate more hammering in 

the spot welding case. This could be caused by the fact that the surrounding material is not 

mehing and restricting downward movement (positive travel) of the sonotrode, however, further 

research is needed. This also seems to cause slightly higher maximum power levels (the shorter 

weld time evens it out with the amount of energj^ required for the welded area). 

Both sets are also tested for LSS, the curves are shown in Figure 5-9. It can be seeu that the 

stress strain curves of the spot welded samples are less consistent in terms of failure strength than 

the cmves of the travel controlled welded samples. An overview of the average value for LSS, 

weldiug distance (complete travel during the vibration and solidihcation phase), maximum power 

used, weld time and their Cv is provided in Figme 5-10 and Table 5-8. 

Travel controlled welds Energy controlled welds 

0.2 0.4 0.6 0.8 
Strain [mm] 

1.2 1.4 1.6 
0.6 0.8 1 

Strain [mm] 

Figure 5-9 | Stress - strain curves depicting the LSS for regular travel controlled welded samples (used 

for energy determination) and the energy controlled zero travel spot welds of a larger overlap 
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I Travel controlled 

I Energy controlled 

Welding distance Max power [%] Weld time 
[mm*100] [mm*0.1] 

LSS [MPa] 

Figure 5-10 | Difference in average values for welding parameters comparing the regular travel 

controlled welds with energy controlled spot welds 

Table 5-8 | Average values and their Cv for welding parameters comparing the regular travel controlled 

welds with energy controlled spot welds 

Welding distance [mm] 

(Cv [ % ] ) 

Max power [%] 

( C v [ % ] ) 

Weld time [ms] 

( C v [ % ] ) 

LSS [MPa] 

(Cv [ % ] ) 

travel controlled 0.23 (3.61) 75 (4.95) 510 (6.59) 38.5 (4.47) 

energy controlled 0.10 (52.5) 89 (3.97) 447 (7.07) 36.0 (14.0) 

Evaluating Figure 5-10 and Table 5-8, several things are noted. Firstly, it can be seen that the 

maximum power used and weld time show a clem difference for the regular travel coutrolled 

process compared to the energy controlled spot weld. The iucrease iu power is cancelled by the 

reduced weld time for the energy welded samples. Secondly the welding distauce (total travel 

measured during the vibration phase and the solidification phase), decreased by more than 50 [%] 

to an average of 0.1 [mm]. Although the displacement dming welding (the vibration phase) only 

shows hammering or negative travel, during solidification (when the force increases to 1000 [N]) 

some minor travel is still present. This average travel, however, is identical to the compression in 

[mm] of the samples and ED found for applying an external force of 1000 [N] with the sonotrode. 

This was tested by applying increasing force with the rectangular sonotrode, on two (not welded) 

Toho Tenax samples with ED in between, usiug the ADJUST mode on the ACU and manually 

collecting the corresponding displacement. The results are shown iu Figure 5-11. It can be seen in 

Figure 5-11 that for 1000 [N] the compression is slightly higher than 0.1 [mm], which could mean 

the total travel (welding distance) found for the energy welded samples, is only the result of the 

compression of the samples under the applied force which is 1000 [N] during the sohdification 
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phase. This is not conhrmed however. Finally, it can be seen that the variation and the Cy for the 

LSS is far higher for the spot welded samples (213 [%] more compared to the travel controlled 

samples). This inconsistency is not ideal for up-scaling, and is investigated further by analysing of 

the fracture surfaces, shown in Figure 5-12. 

1200 1 — 

1000 

800 

«2 600 
TJ 
OJ 

TS. 
Q. 400 

200 

A Toho Tenax 
Samples + ED 

0.02 0.04 0.06 0.08 
A compression [mm] 

0.1 0.12 

Figure 5-11 | Relative compression due to tlie applied force of the rectangular sonotrode for Toho 
Tenax samples with a 2 layer (0.24 [mm]) ED, highlighting the compression related to a force of 1000 
[N] 
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Figure 5-12 | Fracture surfaces for energy controlled zero travel spot welds in a larger overlap showing 

sample A-E (#88 - #92, appendbc B) , where X shows the area of the overlap directly affected by the 

sonotrode (14.9 [mm]) and Y the remainder of the total overlap (10.5 [mm]) 

Looking at Figure 5-12, it can be seen tlrat the welded areas differ in size for each weld, 

explaining the inconsistencies in LSS. Since i t is calculated dividing the force over the expected 

welded area (the area covered by the sonotrode), which is different from the actual welded area. 

The fact that the welded areas are not consistent and do not match the area covered by the 

sonotrode is deemed to come from the high stiffness of the TPC material. Although the stiffness 

is less than that of the complete welding system, the TPC material is stiff enough to transfer a 

part of the oscillating motion of the sonotrode (welding energy) to other areas, initiating melting. 

This means that the welding force is also redistributed over a larger area to some extent, 

resulting in a relatively lower pressm-e. The edge effects and the weld in the centre of the overlap 

are more closely analysed using optical inicroscop3f, shown iu Figure 5-13. It can be clearly seen 

that welding is initiated at the edges of the overlap as well, where the interfacial friction is the 

highest. Also the centre of the weld shows many bubbles, which affects the LSS as well. These 

bubbles could be due to a relative shortage of pressure during welding and solidification (which is 

restricted due to the not molten material around the welding area), or due to overheating of the 

centre of the weld. Overheating seems a bit unlikely, since the amount of euergy delivered is 

limited (energy coutrolled process) and the cross section does not depict any signs of through the 

thickness heating of the samples which should be expected. However, fmther research would be 

needed. 
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Figure 5-13 | 1.25x enlarged image of the cross-section of sample #87 (appendbc B) zero travel welded 
using energy as controlling parameter, showing the edge effect and bubble forming in the centre of the 
weld 

There are some diherences observed between the initial experiment (Figure 5-1, Figme 5-6), with 

the two samples directly overlapping each other with a large ED iu between, and the spot 

welding of the larger overlap. The initial experiment had more beneht of this mentioned edge 

effect, due to the fact that it was not a spot weld but had 3 edges free at the overlap. Next to 

that, due to the differeut conhguration for the initial experiment in the 9109 jig which clamped 

the a large part of the two samples, might have damped the vibration iu the sample further away 

from the area covered by the sonotrode to some extent. This could also reduce the effect of fusion 

bonding in areas away from area covered by the sonotrode. 

Considering the results for this proposed welding concept it can be concluded that is spot welding 

of two parts whose joining areas are completely covered with ED is not advised. This is due to 

the fact that the stiffness of the TPC samples aids in the welding of the complete overlap, 

resulting in inconsistent LSS results. Up-scaling might increase the inconsistency since the area 

that might be unintentionally affected increases as well. The mehing of the ED at different 

locations than the area covered by the sonotrode (especially at the edges of the overlap), however, 

could be decreased by using sufhcient damping as stated in literature [7]. As explained in section 

2.2.3, it was found to be possible to pre-attach one layer of him to either plate material or to the 

hinge. The process is, however, time and energy consuming. Although the process could be 

optimized and automated, it still would consume much time and energy compared to manual 

attachment. Combined with the unsatisfying results for the zero travel spot welding of a larger 

overlap, it was decided not to use this process. 

5.4 E x p e r i m e n t design f o r area sized energy d i r e c t o r w e l d i n g 

A secoud concept considered, a variation on the spot welding of a larger overlap, is the use of a 

dedicated area sized ED for welding. In this setup the ED does uot cover the entire overlap, but 

only occupies the area covered by the sonotrode, schematically shown in Figure 5-14. The 

geometry of the overlap is identical to the experiment designed for the spot welding of the larger 

overlap. The EDs in this setup are attached in a small strip covering only the designated area by 

taping them to the welding jig as shown in Figure 5-14. The resuhs of this welding approach are 

compared to the ones from the spot welding of a larger overlap and to the baseline. 
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5.5 D e d i c a t e d area sized energy d i r e c t o r spot w e l d i n g 

Different from the approach for the spot weld of a larger overlap, where the entire overlap is 

covered with ED, for this experiment only a small m-ea is covered with ED, equal to the area that 

is directly affected by the sonotrode. The alignment of the ED, as described in section 5.4, 

requires a bit more effort compared to the energy spot weld of the larger overlap (where the ED 

simply covers the entire overlap). This process could however be automated. 

Although the results for the welds made with Ten Cate material showed more variation in energy 

dissipation compared to the Toho Teuax material (section 4.4), the Ten Cate material is used iu 

this experiment due to the limited sample availability of the Toho Tenax material. Since section 

4.4 also showed that the average energy dissipation for Toho Tenax and Ten Cate material does 

uot differ significantly, the optimum energy was not redehned. However, the determined weld 

energy of 855 [Ws] of section 5.3 (Toho Tenax material) was used to weld a Ten Cate sample in 

the standard configuration with 14.7 [mm] overlap (comparable to the baseline welds, having only 

an overlap of the area that is going to be welded). This resulted in a LSS of 43 [MPa] which was 

deemed expectable. The dedicated area sized ED welds were therefore created with 855 [Ws] as 

well. AU the welding parameters are summarized iu Table 5-9. The welding curves for these welds 

are shown in Figure 5-15 (all separate data cau be found in appendix G). 
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Table 5-9 | Overview of the materials used (TC = Ten Cate), sonotrode used and the welding-
parameters for the welding experiments for the energy welded dedicated area sized ED, using TC 5 
layer, 0.25 [mm], EDs and the 9110 j ig 
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Figure 5-15 | Welding curves for the welding of dedicated area sized ED welds of samples #100 - #106 
(appendix B) 

Looking at Figure 5-15 it is observed that the power curves are somewhat inconsistent relative to 

each other. Two samples seem to have a (second) power peak at 350 [ms], where the other welds 

seem to reach this peak a bit later at 550 [ms] towards the end of the vibration phase. 

Rirthermore there appears to be a peak around 150 [ms] into the weld for the power curve, where 

the travel curve stays constant around -0.04 [mm] for some time, after which the travel decreases 

fmther and the power usage rises agaiu. Figme 5-16 shows two of the dedicated area sized ED 

welding curves compared to the curves of the travel controUed weld and the spot weld of the 

larger overlap (welding parameters seen in Table 5-5 and Table 5-6). The hrst peak is believed to 

be similar to travel coutrolled curves for the onset of welding, and the remainder of the power 

curve looks similar to the ones found for travel controlled welds as well. The second peak in the 

power curves for travel controlled welds is attributed to the part were the ED starts to flow. 

However, as cau be seen in Figure 5-15 and Figure 5-16, the travel stays negative for the 

82 



UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

dedicated area sized ED welds. This might be caused by the how fronts around the ED which 

could restrict the downwards displacement of the sonotrode. However, further research iuto these 

effects is necessary. 
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Figure 5-16 | Comparison of two different dedicated area sized ED welding curves (power & travel) 

with the travel controlled welding curves and the welding curves for the spot welding of the large 

overlap. A l l for Ten Cate samples and 5 layer (0.25 [mm]) ED, welded with the rectangular sonotrode, 

in the 9110 j ig using a welding force of 500 [N] 

Next to the welding curves, the average LSS and other output values of the dedicated area sized 

ED welds and their Cy are presented iu Figme 5-17 and Table 5-10, compared to the travel 

controlled welds and the spot welds in the larger overlap. It can be seen that the average LSS is 

23 [%] higher and the Cy is down to 11.9 [%], which is a decrease of 15.1 [%] compared to the spot 

weld of the larger overlap. Also the fracture surface analysis shows more consistency in the 

welded areas as can be seen in Figure 5-18. Figure 5-18 also shows however that for most welds 

the how fronts of the molten ED are squeezed out of the area covered by the sonotrode. 
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Figure 5-17 j Average and range values, comparing the regular travel controlled welds and the energy 
controlled spot welds of the larger overlap with the dedicated area sized ED welds 

Table 5-10 | Average values and their Cv for welding parameters comparing the regular travel controlled 
welds and the energy controlled spot welds of the larger overlap with the dedicated area sized ED 
welds 

Welding distmice [mm] 

(Cv [ % ] ) 

Max power [%] 

(Cv [ % ] ) 

Weld time [ms] 

(Cv [ % ] ) 

LSS [MPa] 

(Cv [ % ] ) 

Travel controlled 

(normal 14.7 [mm] 

overlap) 

0.23 (3.61) 75 (4.95) 510 (6.59) 38.5 (4.47) 

Energy controlled 

(spot weld, in the 

middle of a large 

ED covered 

overlap) 

0.10 (52.5) 89 (3.97) 447 (707) 36.0 (14.0) 

Energy controlled 

(spot weld, with a 

dedicated m'ea 

sized ED for a 

large overlap) 

0.13 (10.2) 69 (7.60) 554 (9.85) 44.4 (11.9) 
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Figure 5-18 | Fi-acture surfaces of the dedicated area sized ED welded samples A - E : #101 - #105 

(appendix B) 

The resuhs presented in tlie previous paragraph are promising, however they are still not as 

consistent as the results obtaiued with travel controlled welding. Since the ED has a starting 

thickuess of around 0.24 [mm], there is space aromid the ED to melt and how, it might be 

possible to use travel as the controhing parameter. Using travel might decrease the Cy even 

further. Therefore a preliminary investigation has been done into the possibihties for welding with 

travel. It is noted that, due to au error at the water jet cutting facility for these experiments only 

Ten Cate material with a 90 [°] apparent hbre direction was available. The hrst experinient was 

not successful in forming a weld, which was expected since it used the same welding force as the 

dedicated area sized ED welds of 500 [N], which showed only negative travel. The welding force 

seemed to be too low to get to the desired 100 [%] travel, and therefore overheated the overlap 

through the thickness (the sonotrode continued to input energy since the set value for travel was 

not reached). The welding force was raised from 500 [N] to 1000 [N] and the travel was decreased 

to 50 [%]. This allowed for the formation of a weld, but the welding curves are irregular as can be 

seen in Figure 5-19. The welding parameters for these experiments are summarized in Table 5-11. 

Table 5-11 | Overview of the materials used (TC = Ten Cate 90 [°]), sonotrode used and the welding 

parameters for the welding experiments for the travel welded dedicated area sized ED, using TC 5 

layer, 0.25 [mm], EDs and the 9110 j ig 
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Phase 
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Phase 
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Force 

[N/s] 

Weld. 

Force 

[N] 

Rise of 

Force 

[N/s] 

Ampli tu 

de [pm] 

(set. [-]) 

Controlling 

Parameter 

Force Holding 

Time [ms] 

TC weave 
- weave 

Rectangular 

14.9 • 30 [mm] 

250 500 0 84.6 (3) Travel 
100 [%] 

1000 4000 

TC weave 
- weave 

Rectangular 

14,9 • 30 [mm] 

500 1000 0 84.6 (3) Travel 

50 [%] 

1000 4000 
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Figure 5-19 | Welding curves for sample #108 (appendix B) , experiments for the dedicated area sized 

ED welding using travel wi th 1000 [N] welding force, 50% travel, the rectangular sonotrode and j i g 

9110 for Ten Cate samples with a 90 [°] apparent fibre direction 

Looliing at the welding curve in Figure 5-19 and at the welding overlap shown in Figure 5-20, it 

can be seen that for the higher force the how fronts axe completely squeezed out. The small peaks 

seen in the welding curve are therefore believed to come from the how fronts around the mohen 

ED (still between the samples), which how for a short distauce but then solidify due to the colder 

surrounding sample material. This requires an extra input of energy (the small peaks) to re-melt 

and how them again until they are completely squeezed out. The solidihcation of the how fronts 

is also deemed to be the cause of the problems that occurred with welding usiug travel for a 500 

[N] weldiug force were the welding was unsuccessful. These weld fronts therefore prevent the use 

of travel as controhing parameter in this conhguratiou. The travel observed in Figure 5-19 is 

attributed to the tluough thickness deformation seen in Figure 5-20, elaborated upon in the next 

paragraph. It could be researched if different shaped EDs might provide room for the fronts to 

flow, by not posing any restrictions to the displacement when they solidify. 
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Figure 5-20 | Overlap for the #109 (appendix B) welded sample, showing surface damage and ED 

squeeze out on all sides 

As stated, the overlap shown in Figure 5-20 also shows extensive surface deformation. This is 

believed to be caused by the overheating through the thickness, which allows for deformation of 

the samples under the high welding force and hammering loads. The fact that the rectangular 

sonotrode (with the straight edges on the overlap and a relative higher force / area) was used, 

might have amplified the surface deformations. The experiment was repeated with the 0 40 [mm] 

sonotrode. Since this sonotrode is larger than the used dedicated ED and large enough to cover 

the entire (large) overlap, i t might affect the rest of the welding process as well. The difference 

found compared to the use of the rectangular sonotrode, was that less surface damage was 

formed, even more ED material got scpieezed out of the overlap (since now the complete overlap 

is covered) aud a higher maximum power was reached. The welding curves for 500 [N] (100% 

travel) and 1000 [N] (30 [%] travel) are shown in Figure 5-21. The 500 [N] the samples overheated 

more extensively than the samples welded with the rectangular sonotrode. For the 1000 [N] the 

how front were complete scpieezed out of the overlap. More importantly, using these welding 

parameters and this setup, the power levels of the USW machine are well exceeded as shown in 

Figure 5-21. Regardless of the sonotrode, it was concluded that due to the how fronts of the 

molten ED, welding with travel as the controlling parameter is not possible for this setup. 
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Figure 5-21 | Weldiug curves for tlie welding of a small ED with a larger sonotrode using the 9110 j ig , 

90 ["] Ten Cate weave and 5-layer (0.25 [mm] ED), wi th a welding force of 500 [N] and 100 [%] travel 

and 1000 [N] and 30 [%] travel (samples #119 and #121, appendix B) 

The energy controhed process was used for an experiment welding dissimilar materials using a 

dedicated area sized ED as well. Agaiu, however, only 90 [°] weave CF/PEEK Ten Cate material 

was available to weld to the chopped fibre samples. Therefore the results were only used as 

indication, to verify if the process works with dissimilar materials as well. The determiued 

welding euergy of 855 [Ws] was used again, since the energy needed was expected to be similar as 

explained in section 4.4. Al l the welding parameters are summarized in Table 5-12. 

Table 5-12 | Overview o f the materials used (TC = Ten Cate 90 [°], T T = Toho Tenax), sonotrode used 

and the welding parameters for the welding experiments for the travel welded dedicated area sized ED, 

using TC 5 layer, 0.25 [mm], EDs and the 9110 j ig 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) 

Sol idif icat ion 

Pliase 

Materials Sonotrode Rise of Weld. Rise of Ampli tu Controlling Force Holding 
Force Force Force de [pm] Parameter Time [ms] 
[N/s] [N] [N/s] (set. [-]) 

TC weave -
TT chopped 

Rectangular 

14.9 • 30 [mm] 
250 500 0 84.6 (3) Eiiergj' 

855 [Ws] 
1000 4000 

Also for the dissimilar materials it was possible to form welds, however the average welding 

energy of 855 [Ws] was not enough to form completely welded areas, of which an example is 

shown i l l Figme 5-22. For the welding parameters and materials used in this setup, more energy 

was lost for the weave to chopped welded samples compared to the weave to weave samples for 

the dedicated area sized ED. Two welding curves for a weave to chopped weld are compared to 

the curves for a weave to weave weld in Figure 5-23, whereas all the curves for the weave to 

chopped welds are shown in Figure 5-24. Looking at Figure 5-23 it can be seen that the travel 
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curve for the weave to chopped weld show a twice as large vibration compared to the weave to 

weave weld. This trend can be seen for all the weave to chopped welds in Figure 5-24. This could 

be caused by hammering as a result of the diherent material properties for the chopped and Ten 

Cate 90 [°] material. However further research on the subject is recpiired. As already mentioned, 

researching the effects (and possible reduction), of hammering could make the process more 

efficient. For this research it is noted that a higher welding energy is needed to get the desired 

welded area. Al l welding curves for these experiments can be found in appendix H. 

Figure 5-22 | Typical fracture surface for the welding of weave (Ten Cate 90 [°]) to chopped fibres using 

the dedicated area sized ED welding (sample #117, appendix B) 
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Figure 5-23 | Welding curves comparing a weave — chopped weld to a weave - weave weld for the 

welding of a dedicated area sized ED 
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Figure 5-24 | Weldiug curves for the welding of weave (Ten Cate 90 [°]) to chopped fibre using the 

dedicated area sized EDs for samples #112 - #118, appendix B 

The resuhs for the LSS and other average vahies are presented in Table 5-13. As expected, the 

use of Ten Cate 90 [°] material and the low welding energy resulted in poor values. With similar 

quality material as for the weave to weave welds and a new euergy determination, it is expected 

that the average LSS will increase and the Cy will decrease. However, as explained in the baseline 

for welding chssimilar materials (section 4.4), the LSS is still expected to be lower aud the Cv to 

be higher for the welding of weave to chopped material. 

Table 5-13 | Average values and Cv for the welding distance, maximum power, welding time and LSS, 

for the dedicated area sized ED welding using a 500 [N] welding force, the rectangular sonotrode and 

the 9110 j ig and welding energy of 855 [Ws]. Presenting the results for the weave to chopped welded 

samples compared to the weave to weave welded samples. 

Welding distance 

[mm] (cy [%]) 
Max power [%] (cv 

[%]) 

Weld time 

[ms] (c. [%]) 
LSS [MPa] 

(Cv [%]) 
weave - weave 0.13 (10.2) 69 (7.60) 554 (9.85) 44.4 (11.9) 

weave - cliopped 0.13 (9.05) 76 (7.86) 541 (11.3) 18.9 (20.6) 

The results of weldiug with dedicated area sized EDs proved successful for the welding of a spot 

in the middle of a large overlap. Ahhough the process could be further optimized by investigating 

the inhuence of other settings which might decrease hammering for example which could lower 

the Cv (or by using better quality PEEK/CF material), for this research the LSS results are 

deemed consistent enough for a hrst experiment into further up-scaling. I t is noted that ED 
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attachment is an important aspect to consider for this approaclr, since for a larger overlap the ED 

cannot be taped to the welding jig or to the sample. This poses a challenge which is investigated 

more in the next section (5.6). 

5.6 P re -a t t ached energy d i r ec to r s 

For the welding of standard lap shear specimen, and for the new concepts proposed in this 

research, the EDs were taped to either the sample or the jig, to constrain them from moving 

under the high vibrations loads imposed by the sonotrode. This was possible, since the ED 

always protrudes from the overlap. For the welding of a larger overlap, e.g. the hinge, this might 

uot be possible. Therefore experiments were performed with weldiug of pre-attached ED on a 

sample, which was used to weld a 14.9 [mm] overlap. For this experiment only Ten Cate 90 [°] 

weave samples were available. Using the ultrasonic hand plunge welder (shown in Figure 2-3-B, 

also used for the attachment of several layers of fi lm or prepreg to each other for handling), a 5 

layer (0.25 [mm]) Ten Cate ED is plunge welded to a sample covering the 14.9 [mm] overlap (one 

plunge in every corner of the overlap). The result is shown in Figure 5-25, depicting the bottom 

sample clamped in the j ig with the ED pre-attached. 

P L U N G E WELDS: 

Figure 5-25 | Ten Cate 90 ["] sample with Ten Cate 5 layer (0.25 [mm]) ED pre-attached to it wi th four 

plunge welds, clamped in the 9110 j ig 

Using this setup and the weldiug conditions summarized in Table 5-14, the optimum travel was 

determined to be 20 [%] and one weld was made (limited samples) with this optimum setting. 
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Table 5-14 | Overview of the materials used (TC = Teu Cate 90 [°]), sonotrode used and the welding-

parameters for the welding experiments welding a 14.9 [mm] overlap with pre-attach ED, using TC 5 

layer, 0.25 [mm], EDs and the 9110 j ig 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) 

Sol idif icat ion 

Phase 

Materials Sonotrode Rise of Weld. Rise of Ampli tu Controlling Force Holding 
Force Force Force de [pm] Parameter Time [ms] 
[N/s] [N] [N/s] (set. [-]) 

TC weave 
- weave 

Rectangailar 

14.9 • 30 [nun] 

250 500 0 84.6 (3) Travel, opt.: 
20 [%] 

1000 4000 

The welding curve is compared to the welding curve of a 'normal' taped ED (the samples used 

for the energy determination, using the same welding parameters, Toho Tenax material and 2 

layer, 0.24 [mm] ED), shown in Figure 5-26. Al l welding and LSS curves are shown in appendix I) 

The average power, time, energy aud LSS data is presented iu Table 5-15, compared to the data 

for the taped ED as well. 

Weld time [ms] 

Figure 5-26 | Welding curves for the samples with the (regular) taped ED (Toho Tenax 0 [°] weave 

samples, and Toho Tenax 0.24 [mm] ED) and the plunge welded pre-attached ED (Ten Cate 90 [°] 

weave samples and Ten Cate 0.25 [mm] ED welded with a 500 [N] welding force, the rectangular 

sonotrode for a 14.9 [mm] overlap and the 9110 j ig. 
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Table 5-15 | Average values and Cv (if applicable) for the maximum power, welding time, energy 

dissipated and LSS, for optimal welding conditions using a 500 [N] welding force, the rectangular 

sonotrode for a 14.9 [mm] overlap and the 9110 j ig , comparing the samples with the (regular) taped ED 

(Toho Tenax 0 [°] weave samples, and Toho Tenax 0.24 [mm] ED) and the plunge welded pre-attached 

ED (Ten Cate 90 [°] weave samples and Ten Cate 0.25 [mm] ED) 

Maximum Power [%] 

(Cv [%]) 

Welding Time [ms] 

(Cv [%]) 

Energy [Ws] 

(Cv [%]) 

LSS [MPa] 

( C v [ % ] ) 

500 [N], (5 samples) 75 510 855 38.5 

20 [%] travel (4.95) (6.59) (4.54) (4.47) 

(taped ED) 

500 [N], (sample #125) 

20 [%] travel 

(pre-attached ED) 

69 

(-) 

582 

(-) 

954 

(-) 

377 

(-) 

Looking at Figure 5-26, it can be seen that the power cmve for the pre-attached ED does uot 

show a power increase at the point where the travel starts to increase. Also the power peak in the 

beginning of the process is less distinct compared to the taped ED curves. This could be due to a 

different initiation of the heating, since the plunge welds might inhuence the friction between the 

samples and the ED. Overall, the differences are not signihcant. Looking at Table 5-15, it can be 

seeu that the values closely match those of the taped ED welds. The slightly lower LSS could be 

attributed to the different material (and apparent fibre direction) used for the pre-attached ED 

welds. The fracture surfaces, shown in Figure 5-27, also closely resemble that of the baseline 

(taped ED) welded samples, showing the ED molten up to the first fibre layer of the sample and 

minimal fibre distortion (due to the 90 [°] fibre orientation, however, some fibres got a bit 

scpieezed out at the edge of the overlap, top of the leh part in Figure 5-27). 

Figure 5-27 [ Fracture surfaces of sample #125 (appendix B) , welded with pre-attached ED 

The results of the experiment in this section show similar results (welding curves, output values) 

for the plunge weld pre-attached ED compared to the 'regular' taped ED. Therefore, i t was 

decided to use plunge welds for the pre-attachment of ED on larger areas for up-scahng. 
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6 Sequential Spot Welding of the Clean Sky Hinge 

Based on the residts described in this researcii the USW process was up-scaled for which a 

sequential welding approach was conceived. First the sonotrode selection and spot welding 

strategy is discussed, after which the new jig design is presented. The complete detailed design 

(excluding the off-the-shelf DE-STA-CO clamps, T-nuts and bolts) can be found in appendix A. 

The design choices and usage of the new jig are discussed. After which the results of welding the 

hinges are presented. 

6.1 Sono t rode se lect ion a n d sequent ia l spot w e l d i n g s t r a t egy 

As described in section 2.2.4, three different types of sonotrodes are used in this research, of 

which the 0 40 [mm] sonotrode and the rectangular sonotrode for the most experiments. To 

make a decision on which sonotrode and procedure would be best suited for up-scaling and 

welding the hinges, three different aspects are regarded. 

Firstly the difference of the obtained weld cpiality produced with the different sonotrodes is 

considered (the small 0 10 [mm] sonotrode was only used in a few experiments and is therefore 

excluded from this comparison). Tluoughoiit the experiments similar results have been achieved 

with both the 0 40 [mm] sonotrode and the rectangular sonotrode. As described in section 5.5, 

changing from the rectangular sonotrode to the 0 40 [mm] sonotrode did not cause significant 

effects in the weld LSS. Although the settings for an optimum weld will change for every 

sonotrode, good welds (high LSS) can be achieved with both. I t has to be noted that the used 

amplitude setting used for the rectangular sonotrode is shghtly lower (due to limitations in the 

step-size of 5 [%] available in the ACU) than the 86.2 [pm] of the baseline, namely 84.6 [pm]. 

This might affect the hammering and / or the welding time, but since the change is only 2 [%] 

this is neglected. 

Secondly the unwanted surface damage, which occurs occasionally, is regarded. The rectangular 

sonotrode has, as the name implies, a rectangular surface area with 90 [°] corners and straight 

edges. This makes the chance of surface damage a little higher compared to the circular 

sonotrode. Also, which is believed to have more influence, is the fact that the surface area is 

smaller making the pressure (force per area) relatively larger. 

Finally some practicalities are regarded. Considering the hinge bottom plate dimensions (42 [mm] 

• 63 [mm] = 2646 [mm^]), using the 0 40 [mm] sonotrode would mean close proximity to the 

edges during welding. Furthermore it would be difficult to weld separate spots, since if the area of 

the 0 40 [mm] sonotrode is centred on one spot i t would partly overlap another spot as well. For 

the rectaiigulm' sonotrode, however, it would be possible to do two separate spots on the bottom 

plate on either side of the flange, creating a symmetrical joint. This also provides a practicality 

for the ED. Cutting EDs in the shape of the rectangular sonotrode is easily achieved with the 

fi lm cutter. Tlie straight edges of the shape make it convenient for positioning and alignment as 

weh. 

95 



MSc THESIS FM AGRICOLA 

Considering tiiese three points it was decided to opt for a two spot welding approach using the 

rectangular sonotrode, with one spot weld on both sides of the hange, using the rectangular 

sonotrode. I t is noted that the selection is made from the sonotrodes available. Another sonotrode 

for this specihc application could be designed and manufactured to create more favourable 

conditions. 

The proposed strateg}^ of using two rectangular spots, will add up to a welded area of: 

2 • 14.9 • 30 = 894 [nim^], which is 33.7 [%] of the hinge base plate area (2646 [lum^]), The load 

case provide for the Clean Sky project in tension is 3411 [N] [33] (Figme 6-1), which would mean 

a LSS of 3411 [N] / 894 [mm-] = 3.82 [MPa], which is signihcantly lower than the LSS obtained 

in this research. It is noted that this value only provides an indication. The geometry of the joint 

is expected to introduce some peel forces in the test and is signihcantly different from a single lap 

shear specimen. It can therefore not be compared directly. The difference between the 3.82 [MPa] 

and the LSS obtained in the preceding experiments (ranging from an average of 18.9 [MPa] to 

44.4 [MPa], Table 5-13), was deemed large enough to ensme enough strength to cope with the 

provided load case. 

Figure 6-1 | Teusion load case for the Clean Sky hinge 

F=3411 [N 

Considering the ED needed for each spot weld, it was decided to pre-attach both EDs using 

plunge welds as explained in section 5.6. The plates where the hinges would be welded too were 

easily clamped to the workbench. Therefore i t was decided to pre-attach the ED to the plates. 

However, attachment to the hinges would be possible as well (although a bit more difhcult to 

clamp). The effect of the attachment to the smface of the hinge on the bonding quality could be 

researched as well. To pre-attach the EDs on either side of the hange, not adjacent to the edge, 

some extra tooling was required. An alignment tool was manufactured to perfectly align the ED 

for plunge weld attachment, shown in Figme 6-2. 

I 

f L A T E ' • 

Figure 6-2 | ED alignment aid for plunge welding EDs to larger plates for hinge welding wi th square 

holes identical to the ED dimensions an rounded corners for accessibility of the USW hand plunge 

welder. The edges are covered with Kapton tape against possible overheating. 

The conceived sequential spot welding approach for the welding of the Clean Sky hinge, uses 

dedicated area sized ED in combination with the rectangular sonotrode. With the geometrical 
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constraints (size of tire liinge, size of the sonotrode, minimum distance of the clamping and length 

needed for the Zwick testing machine) considered i t was decided to use two spot next to each 

other on either side of the flange of the hinge, welding it to a continuous CF/PEEK plate of 

180 • 45 [mm]. The manufacturing process of the plates can be found in section 2.1.2. A schematic 

view of the setup is presented in Figure 6-3. 

^ Hinge 

TWO areas designated for 

spot welds whh the 

rectangular sonotrode 

Plate: 180 [mm] * 45 [mm] 
8 layer Ten Cate CF/PEEK weave [[0°/90°Ul 
Average thickness = 2.4 [mm] 

Figure 6-3 | Scliematic view of the sequential spot weld configuration used showing plate dimensions 

(manufacturing process is described in section 2.1.2) 

6.2 N e w j i g des ign fo r sequent ia l spot w e l d i n g o f t h e C lean S k y hinges 

6.2.1 Jig design and manufacturing 

As part of this research a new jig was designed and manufactured, using the presented results as 

design input. The new jig is especially designed and manufactured for this research with the goal 

of weldiug the Clean Sky chopped hbre CF/PEEK hinges to TPC plate material. The j ig was 

manufactured by DEMO at the faculty of Aerospace Engineering DUT. Figure 6-4 shows the end 

result and the complete baseplate design can be found in appendix A. 
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Figure 6-4 | New j ig designed for welding of (chopped fibre) Clean Sky I T D hinges 

The new jig allows for movement in the x- and y- direction (depicted in Figure 6-5). Movement 

along the x-direction of the entire j ig is possible by moving it across the baseplate of the USW 

machine. Afovement of the y-direction is possible by moving the part through the cavity in the 

jig. Thereby allowing muhiple spot welds. In this research the hinges were welded with two spots 

usiug the rectangular sonotrode. lu this setup only movemeut along the x-axis was required. 

Markings apphed to the j ig and baseplate of the USW machine ensm-ed identical ahgnment for all 

subsequent welds. With these marks the clamping, alignment and welding of a hinge to a TPC 

plate can be achieved in a few simple steps. The different featmes of the j ig are depicted in 

Figure 6-5. 
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Figure 6-5 | Detailed overview of tlie new j ig for liinge welding 

First tlie hinge is placed upside down in the cavity A, aligning it with the markings. Bolts B are 

tightened simultaneously to ensure clamping of the hinge. Secondly the plate is placed on top of 

the hinge, with the pre-attached ED facing the hinge. The plates used in this research are aligned 

with the markings at the top and the two aluminium guiding blocks C on either side. Closing all 

four of the DE-STA-CO clamps D ensures clamping of the plate, aher which the first weld can be 

made. The pressure each DE-STA-CO clamp can apply varies between the 1000 [N] and 1200 [N], 

depending on how far on the arm the pressure point is mounted (1000 [N] in the displayed 

configuration). Also the extension of each pressure point (controlled by the bolts E) changes the 

amount of pressure per point. Loosening bolts F allows for movement iu the x-direction (x/y-

direction are depicted in Figure 6-5) through the T-slots of the USW baseplate. Using the, 

markings it can be aligned and bolts E can be tightened again after which the second weld is 

created. 

The jig is designed to leave room to weld the hinge to larger plates (with the same clamping) or 

even to the C-frame. For welding the hinge to the C-frame, however, different clamping is 

necessary, for which room is left on the baseplate of the new jig. 
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6.2.2 Elaboration on the design choices 

Prom the research presented it was found preferable to weld the continuous material to the 

chopped fibre material, having the continuous material closest to the sonotrode, since it was 

observed that having the chopped fibre sample close to the sonotrode results in delamination of 

the sample. Also i t is advised for the same reason to have the welded area at some distance from 

the edge of the parts. The baseplate was therefore shaped to ht the hinge upside down so the 

bottom plate would be level for attachment to continuous plate material. The depth of the 

surface area supporting the hinge was designed slightly smaller (3.8 [mm]) than the average 

thickuess of the hinge plate (4 [mm]) for two reasons: 

• To cope with variations in base plate thickness 

• To ensure good surface to surface pressure (top - bottom sample) during welding 

The cavity, the supporting surface that supports the hinge and the block that is used for 

clamping of the hinge all are designed to leave enough space in the y-direction to allow for 

movement of the hinge in that direction. The DE-STA-CO clamps which were selected and their 

positioning on the block are ideal for this situation where this particular plate is clamped. 

However, other clamps and / or conhgurations can be mounted on the base for the welding of 

different parts to the hinge (e.g. the corners). Even though the steel j ig (9109) had preferable 

results in terms of Cv and maximum power used compared to the aluminium jig (9110), the 

material selected for the new jig is aluminium as well. This is done because the inhuence of the 

geometry is not yet fully understood, meaning that this completely different geometry might have 

more influence than the variation of material, and aluminium is far lighter and therefore has 

better handling. 

6.2.3 Discussion on the operations ofthe new jig 

During welding several observations and slight adjustments were made. Operating the j ig is less 

time consuming than the older jigs due to the easy clamping with the DE-STA-CO clamps. Only 

two bolts were needed for clamping of the hinge, however, i t is recommended for futm-e desigu to 

use clamps similar to the DE-STA-CO clamps for that as well. For the movement in the x-

directiou two bolts with off-the-shelf T-nuts were used to guide the base through the T-profiles iu 

the USW machine baseplate. Since there was a slight mismatch, custom-made T-nuts are 

recommended for more accuracy. The dampening of the rubber pods at the end of the DE-STA-

CO clamps proved to work well, but had the unintended side effect of melting to the samples. 

This did not do any harm, but left some molten material on the surface of the plate. This 

problem was fixed by the application of Kapton tape (which can handle temperatures up-to 400 

[°C] [13]) on the rubber pads, seen iu Figure 6-6. The wear of these pods inside the tape however 

still continues and it is recommend using material which can withstand higher temperatures for 

future welds. Another addition was the use of extra supporting (dampening) silicone rubber 

material to support the protruding portion of the plate material, also shown in Figure 6-6. This 

was done because the plates were observed to bend slightly into the j ig cavity under the force of 

the DE-STA-CO clamps. A hnal observation was movement of the plate at an experiment 

welding with 1000 [N] welding force. At a welding force of 500 [N] no problems occurred, but 

somewhere between 500 [N] and 1000 [N] the welding force induces to much sideways vibrations 
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in tlie part for the clamping to handle. If the hinge needs to be welded with a higher welding 

force (not needed for this research), extra or stronger clamping wih be needed for welding. 

Figure 6-6 | New j ig design wi t l i Kapton tape on the DE-STA-CO dampening pods and extra silicone 

rubber supporting material (the blue stack down in the middle of the jig) for the protruding plates 

6.3 Tens ion s t re iagt l i t es t se tup fo r t h e w e l d e d hinges 

The setup and procedure described in section 2.4 for the LSS testing of single lap specimen is 

adjusted to test the tension strength of the hinges welded to the plates. 

For the hinges, the cross head control rate was kept at the ASTM D1002 specihed value of 1.3 

[mm/min], but a special set-up was used shown in Figure 6-7. The plate (where the hinge was 

welded on) was clamped in a similar manner as the lap shear samples, between the hydrauhc 

grips of the Zwick. Au aluminium cylinder (A) was custom made to fi t iu the hinge hole and 

allowed for connection to a metal pin. This metal pin was connected to a 90 [°] rotated frame (B) 

which could be easily comiected to the upper clamp of the Zwick, allowing for the machine to 

exert tension ou the welded parts. 
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Figure 6-7 | Setup of the Zwiclc 250 1<N universal testing machine for hinge tension testing showing: A ) 

custom made aluminium cylinder for f i t t ing the hinge to the frame, B) 90 [°] rotated frame 

6.4 U l t r a s o n i c sequent ia l spot w e l d i n g o f chopped fibre hinges t o con t i nuous 

fibre p la tes 

Using the welding strategy and the new jig design presented in section 6.1 and 6.2, the chopped 

hbre hinges (Toho Tenax CF/PEEK) can be welded to the continuous hbre weave plates (Ten 

Cate CF/PEEK). The welding parameters used are kept identical to the parameters used for the 

energy controlled dedicated area sized ED welding (section 5.5). However, for this new setup hrst 

the energy needed needs to be determined. The welding parameters for the hinge welding are 

summarized in Table 6-1. 
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Table 6-1 | Overview of the materials used (TC = Ten Cate, hinge is produced from chopped fibre 

Toho Tenax material), sonotrode used and the welding parameters for the welding experiments 

sequentially welding a plate with two pre-attached ED to the hinge, using T T 2 layer, 0.24 [mm], EDs 

and the 9110 j ig 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) 

Sol idif icat ion 

Phase 

Materials Sonotrode Rise of Weld. Rise of Ampli tu Controlling Force Holding 

Force Force Force de [pm] Parameter Time [ms] 

[N/s] [N] [N/s] (set. [-]) 

TC weave 

- hinge 

Rectangular 

14.9 • 30 [mm] 

250 500 0 84.6 (3) Energy 

tbd 

1000 4000 

From chapter 4 it was still found difhcult to predict the energy needed for the welding of the 

continuous weave CF/PEEK Ten Cate plate to the chopped hbre hinge. However the 855 [Ws] is 

used as starting point and is scaled using some indications provided by this research. 

First of all the j ig inhuence from the steel 9109 jig to aluminium 9110 jig showed a 24 [%] 

decrease in energy (section 4.3). Ahhough the 9110 jig and the newly designed j ig are 

manufactm-ed using the same material, it cannot be assumed that the energy levels should stay 

the same due to the highly different geometry and clamping. Therefore its influence could not be 

taken into account. The change from continuous weave material as bottom sample to chopped 

hbre material indicated that more euergy was needed (section 4.4). However, a higher energy 

value was not yet determined. Next to that, the inhuence of an increasing welding area on the 

energ)^ dissipation was investigated as weh (section 4.2). Even though these experiments did not 

provide successful welds (overheated, poor LSS), the output values did indicate an increase in 

energy dissipation. Although the welds were of poor cpiality, it is still beheved that for the 

increase in welded area from 14.9 [mm] • 25.4 [mm] to 14.9 [mm] • 30 [mm] (since now not the 

width of the lap shear sample, but the size of the sonotrode is dictating the size), more energy is 

needed as well. Additionally, the fact that the flow fronts of the molten ED will now be 

constricted at ah edges, not only on two sides of the ED as explained in section 5.5, the energy 

dissipation is expected to rise. 

Since these conclusions only provide rough indications i t was decided to start with 1.5 times the 

energy needed for the normal lap shear samples (855 [Ws]) and to perform experiments to hnd 

the optimum energy needed with the tension load case as goal for the strength. This was done 

through welding one hinge with two spots using a starting energy value of 1200 [Ws], increasing 

the energ-y in five steps of 200 [Ws] for subsequent hinges up to 2000 [Ws], and comparing the 

obtaiued strength in the tension test (using the setup as described in section 6.3). The 1600 [Ws] 

energy weld was welded using a welding force of 1000 [N], to research if this inhuenced the weld 

strength in this setup. However, the clamping could not cope with the vibrations and the plate 

moved making it unusable for a tension strength test. The input welding parameters are 

summarized in Table 6-2 and the tension strength results (Fmax) for the welds are shown in Figure 

6-8. 
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Table 6-2 | Overview of tlie materials used (TC = Ten Cate, hinge is produced from chopped fibre 
Toho Tenax material), sonotrode used and the welding parameters for the energy determination for 
hinge welding, using T T 2 layer, 0.24 [mm], EDs and the 9110 j ig 

I ) I n i t i a l 

Phase 

I I ) V i b r a t i o n Phase I I I ) 

Sol idif icat ion 

Phase 
Materials Sonotrode Rise of 

Force 

[N/s] 

Weld. 

Force 

[N] 

Rise of 

Force 

[N/s] 

Ampli tu 

de [pm] 

(set. [-]) 

Controlling 

Parameter 
Force Holding 

Time [ms] 

TC weave 

- hinge 
Rectangular 
14.9 • 30 [mm] 

250 500 0 84.6 (3) Energy 

1200 [Ws], 

1400 [Ws], 

1800 [Ws], 

2000 [Ws] 

1000 4000 

TC weave 

- liinge 
Rectangular 

14.9 • 30 [mm] 
500 1000 0 84.6 (3) Energj' 

1600 [Ws] 
1000 4000 

Figure 6-8 | Experiments for the energy determination for hinge welding, welding one hinge per setting 
with two sequential spot welds, showing hinge 1 (1200 [Ws]), 2 (1400 [Ws]), 4 (1800 [Ws]) and 3-2 
(2000 [Ws]) 

It is noted that even though a sufhcient offset was used, this test induced much peel in the joint 

next to the shear load, which should be taken into account when regarding the tension strength 

data. This effect is shown in Figure 6-9. 
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Figure 6-9 | Teusion test using tlie Zwick universel testing machine to test the hinge weld strength, 

showing clear sings of induced peel forces 

Although the welded areas obtained for the 2000 [Ws] were not completely melted, as can be seen 

in Figure 6-10, the strength of the bond met the Eurocopter loading case of 3411 [N] aud was 

therefore deemed sufhcient for subsequent welds. The strength for 1800 [Ws] was only slightly less 

as seen in Figure 6-8, but in the case of 2000 [Ws] the weld did not fail, instead the hinge broke. 

This hinge was, however, manually detached from the plate using a small pry tool for analysis of 

the welded area. The surfaces shown in Figure 6-10, show that a larger part of the two EDs 

melted for the hinge welded with 2000 [Ws] energy, providing better attachment of the hinge. 
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Figure 6-10 | Fracture surfaces for tlie 1800 [Ws] energy welded hinge and the 2000 [Ws] welded hinge, 
showing that a larger part of the two EDs melted for 2000 [Ws], providing better attachment of the 
hinge 

The strength obtained using a welding energy of 2000 [Ws] to sequentially weld a hinge with to 

spots to the TPC plate, met the teusion strength requirements for the Clean Sky project. The 

high energy level needed (2.5 times more than for the dedicated area sized ED single lap shear 

welding), could be due to several extra reasons next to the aforementioned inhuences for the 

energy determination. First of all the continuous weave plate was thicker than the plates used for 

the lap shear samples (8 layers vs 6 layers). Secondly the plates where shear cut instead of water 

jet cut, creating a more delaminated edge, h is noted that the welds were created away from the 

edge, but the delaminated edge could still have some inhuence in the dissipation of the energy 

explaining why more energy was needed to obtain sufhcient tension strength. Next to that the 

hinge has a different geometry and shorter hbres (10 [mm] instead of 20 [mm]) than the chopped 

plates used in the other experiments. Also the effect of the dampening pods changes the energy 

dissipation. Fhrther research into these effects is needed for better energy prediction. 

Using the selected 2000 [Ws] as energy setting, 7 extra welds are created. The typical welding 

curves for a hrst aud second, sequential, welds are shown in Figure 6-11. Al l the weld data can be 

found in appendix J. 

UW050214-005_Hinge7-lst Left UW050214-006_Hinge7-2nd Right 

Figure 6-11 | Typical welding curves for the first and second spot weld for hinge welding, showing a 
large positive (downward motion of the sonotrode) travel at the beginning of the first weld and more 
hammering (negative travel) for the second weld 
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In Figure 6-11 it can be seen tliat generally the hrst weld shows large positive travel at the 

beginning of the USW process. This is believed to come from the asperities from the ED plunge 

weld attachment. These asperities are the result of the use of the ahgnment tool (presented in 

section 6.1), since they were not formed in the preliminary experiment for the welding of the pre-

attached ED for a normal overlap (discussed in section 5.6). The alignment tool ensured straight 

plunge welds perpendicular to the surface of the plate material (creating asperities), whereas the 

plunge welded ED for the normal overlap were welded at an angle almost to the edge of the 

sample (creating no asperities). The initial vibrations, combined with the welding force, very 

quickly hatten these small areas resulting iu positive travel. Afterwards power and travel stay 

roughly constant. For the second weld however, it can be seen that the constrictions created by 

the first weld imposes some changes in the second weld. Whereas the hrst weld shows almost a 

constant position for the sonotrode (except for the increase in the beginning) of around 0.08 / 

0.06 [mm], the second weld shows a gradual negative travel from 0 [mm] to -0.04/-0.05 [mm]. 

This might be caused by an increased hammering effect for the second weld, which could be due 

to the fact that the hrst weld already presses the parts together (partly compressing the second 

ED), leaving less possible deformation of the ED for the second weld. The onset of welding starts 

by a smaller absolute travel of the sonotrode (58,23 [mm]) for the hrst weld compared to the 

second weld (58.3 [mm]). Meaning that for the second weld the part is aheady compressed to 

some extent by the hrst weld, leaving a longer path for the sonotrode to reach the part for the 

second weld, hence more travel. 

Using the tension strength test, presented in section 6.3, four extra joints were tested. The stress 

strain curves for hinges 4 (1800 [Ws]), 3-2, 7, 10 and 11 (2000 [Ws]) are shown in Figure 6-12. 

The curve for hinge 9 is strongly different from the other curves, which could be due to a 

misalignment or defect in the hinge used, since for this test the hinge failed as weh. As 

mentioned, the weld of hinge 4 (1800 [Ws]) failed above the Eurocopter load case of 3411 [N], ah 

the other (2000 [Ws]) welds did not fail. Instead the hinge broke at the support bushing used in 

the Zwick as shown in Figure 6-13. 
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45G& 

Figure 6-12 | Zwiclc strain curves for the welded hinges 4 (1800 [Ws]), 3-2, 7, 9 and 11 (2000 [Ws]) 

compared to the Eurocopter load case, hinge 4 failed in the weld, for the other welds the hinge failed 

Figure 6-13 | Broken hinge as result of the Zwick strength test of the weld 

Even though the bond was stronger than the hinges, the welded areas were inspected in several 

ways. Before testing hinges 5 to 11 were inspected usiug the C-scan to obtain au indication of the 

weld quality These images are shown in Figure 6-13, showing that the areas of the weld generally 
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show low attenuation (hght green coloured area) in the centre, which means the ED has melted 

and bonded for a large part of the overlap forming a good bond. It is noted that the colours in 

the C-scan image are used for relative comparison, not for absolute attenuation values. At the 

edges more blue areas are seen depicting more damping, possibly indicating parts of the ED that 

did not melt. The red areas depict parts with maximum damping, meaning that the bond quality 

is not good (considering the part were the bond is located, the clamps and hange of the hinge 

also show maximum damping). Figure 6-14 also shows that the first weld generally is of worse 

quality indicated by the red area, compared to the second weld, discussed more with the analyses 

of the fracture surfaces (Figure 6-15 and Figure 6-16) in this section. 

It is noted that around the welded area no connection exist between the hinge and the plate, the 

reason that this does not show red (the air between the parts should show damping) is because 

during the process of C-scanning water accumulates between the two parts, transmitting the 

sound waves. I t can be seen that still some air might have been trapped at the back end of hinge 

8 depicted by the red area. Hinge 6 shows a partly good bond on the left side, but a bond with 

much damping on the right side. This hinge was investigated more thoroughly using microscopy 

of the cross-section depicted in Figure 6-14. The cross-section is shown in Figure 6-15, and it can 

be seen that the right bond indeed shows more air inclusions, responsible for the damping shown 

in the C-scan image. 

Embedded 
Microscopy 
Analysis 

Cross-section 
Analysis 

Figure 6-14 | C-scan for 2000 [Ws] energy welded hinges 5-11, showing the cross-section that was 

investigated with microscopy, first and second spot welds for all hinges are, L=Lef t , R=Right: 5 (1: L, 

2: R) , 6 (1: R, 2: L) , 7 (1: L, 2: R), 8 (1: R, 2; L) , 9 (1: L, 2: R) , 10 (1: R, 2: L) , 5 (1: L, 2: R), showing 

that the flrst weld generally is of worse quality indicated by the red area. The colours are used for 

relative comparison, not for absolute attenuation values. 
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Figure 6-15 | Cross-section depicted in the C-scan, top two pictures showing the untreated cross-

section, bottom four (mirrored) pictures slrow the embedded cross-section ( l x and 8x magnification) 

sliowing more air in the first spot weld on the right side for hinge 6 

Next to the C-Scaii the difference between the hrst and second weld was investigated. Hinge 8 

(hrst weld right, second weld leh) and hinge 9 (hrst weld leh, second weld right), were opened 

manually using a smah pry tool and the hacture surfaces are shown in Figure 6-16. For another 

hinge, only one side was welded and opened manually as well, to investigate the inhuence of the 

hrst weld on the second (not welded) ED. This fracture surface is also shown in Figure 6-16. 

Figure 6-16 | Fracture surfaces of welded hinges 8 (left), 9 (middle) and a one side welded hinge (right), 
first and second spot welds for the hinges are, L=Lef t , R=Right: 8 (1: R, 2: L) , 9 (1: L, 2: R) and only 
the left one for the last hinge 

It can be seen that generally the hrst spot weld results iu less molten ED and therefore a lower 

quality bond than the second weld. The mentioned extra constrictions of the hrst weld seem to 

beneht the welding of the second spot. The hrst weld, however, does not seem to affect the ED 
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for the second weld as can be seen in the right of Figure 6-16. Extra clamping for the first weld 

might prove to induce similar restrictions ou the first spot weld as well, increasing its quality. 

Also it might be considered to use different welding parameters for the first spot compared to the 

second spot. For the first spot it might be tried to use more energy and / or force, compared to 

the second weld, to get equally molten surfaces (and therefore a better bond). Also the amplitude 

settings should be investigated for both spots, since they might contribute to lower hammering 

and therefore increase the efficiency. 

A final interesting observation is the initiation of the melting process looking at the ED. The 

parts were the ED was plunge welded to the plate did not melt as can be seen in Figure 6-10 and 

Figure 6-16. Since the ED is fixed to the plate, interfacial friction is minimized at that point. 

Therefore it is recommended to perform experiments with EDs attached only at one spot in the 

middle for example and leave the edges as free as possible so they can benefit from the relative 

higher interfacial frictions at these points. 

The results in this section present a successful initial approach for the welding of the chopped 

fibre CF/PEEK hinges to a continuous weave CF/PEEK plate. In optimizing the process and 

taking further steps iuto up-scaling, some final remarks should be considered. Firstly just one 

particular approach is considered here. Wi th different sonotrodes, adjusted clamping or other 

process parameters the process could be further optimized. It can be eveu considered to design a 

specihc sonotrode which can weld several spots on the hinge at once, joining it to the plate 

material iu one shot. The total area cannot be too large, however, unless a more powerful USW 

machine is used. Finally for a true practical application, it should be considered that in the 

current joint a small gap is left between the hinge, the plate and the ED welded areas. The ED 

only covers slightly more than 30 [%] of the overlap, whereas water could find its way in the 

remaining 70 [%] and could damage the joint. A sealant (or different ED conhguration) would be 

recommended. 
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I I I - Conclusions and Recommendations 
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7 Conclusions 

This tiiesis presents the initial study of the possibilities and hmitations for up-scaling of the USW 

process. USW can help to further improve the cost-effectiveness of the manufacturing process of 

TPCs. The process cycle of USW is extremely short and therefore consumes less energy than 

other fusion bonding processes. Next to that no foreign materials are introduced in the joint 

regardless of the composition of the thermoplastic composites used. Other advantages of the 

process are that it does not require extensive surface treatment of the parts, it is well suited to be 

automated and it can be on-line monitored which provides insight in the joint quality. The Clean 

Sky JTI, which promotes a more sustainable future for the aerospace industry, provides an ideal 

specific case in the welding of chopped fibre hinges to continuous fibre CF/PEEK material. USW 

can contribute to the goals of the Clean Sky project, since USW potentially can be used to create 

an energy efficient and clean joint. Therefore the main goal presented is the design of a sequential 

welding procedure suited for the welding of these hinges. 

To reach this goal, first baseline experiments were conducted, establishing a reference frame for 

newly proposed welding concepts and determining a baseline for the main welding parameters. 

This is done for all materials considered in this experiment, i.e. the continuous weave and the 

chopped fibre CF/PEEK material. These preliminary experiments led to the following main 

conclusion and challenge: 

• For the welding of dissimilar materials, the continuous weave material should be the top 

sample, close to the sonotrode. The chopped material cannot cope with the high cyclic 

load at the edges where there is no surrounding support and therefore results in 

deconsohdated edges. 

• The process for up-scaling using spot welds is going to be energy controlled rather than 

travel controlled, due to travel constrictions imposed by the surrounding colder ED. The 

surrounding ED will not melt and how, therefore prohibiting the travel of the top sample 

towards the bottom sample. Energy controlled welding does not rely ou the travel, rather 

on the energy delivered and can therefore still be used. 

To create good energy controlled welds, the energy determination for each type of weld was 

researched more elaborately. Therefore the energy dependence on factors changed in this research 

was investigated. These factors were the dimensions of the area welded, the difference in clamping 

jig and the iuhueuce of different materials. 

• Increased area size welding proved more difhcult compared to the baseline, due to 

overheating through the thickness of the samples. A increasing negative travel was 

observed for the increasing area sizes, caused by increased hammering, making the 

process increasingly less efficient. This was partly solved with a higher welding force 

setting but the power limits of the USW machine were reached. It can only be said that 

generally a larger area requires more power. 

• The material of the j ig has an influence on the energy dissipation as well. The aluminium 

jig showed to require less energy on average, but reached a higher maximum power 
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consumed, compared to the steel jig. This is believed to come hom the material stifhiess, 

which is a factor 3 lower for aluminium compared to steel. The inhuence of the geometry 

and clamping of the jig was not considered, but could have an inhuence as well. 

• Studying the influence of different materials with identical welds between Toho Tenax 

and Ten Cate material, showed no signihcant difference in energy levels. The difference 

between welding of weave to weave material compared to weave to chopped material 

showed a slight reduction in energy needed. However, taking the variation of the energy 

values into account, this difference was deemed insignihcant. 

Based on the inconclusive resuhs it was found that the energy required remains extremely 

difhcult to determine. Therefore it would be best to determine the energy required with 

experiments in the exact welding conhguratiou, using the same settings as for the hnal weld 

creation. 

In the up-scaling several new concepts and practicalities were researched of which the main 

conclusions are presented here. For the concept of the energy controhed spot welding in the 

middle of a large overlap it was found that: 

• There was a large variation in the welding curves, size and shape of the consolidated 

welding areas and therefore the lap shear strength (LSS). The average LSS was also 

signihcantly lower than for the basehne welds. 

• The reason for the large variation and low average LSS, was fouud in the fact that the 

whole overlap started to weld. Not only the area directly affected by the sonotrode but 

also surround areas and areas at the edge of the samples, h was found that due to the 

high stiffness the vibrations from the sonotrode were transnutted to other regions 

initiating welding, especially at the edges were the interfacial hiction is highest. 

A second concept that was investigated was the use of a dedicated area sized energy directors 

(EDs), having only ED material in area directly affected by the sonotrode. 

• This coucept showed a higher average LSS compared to the baseline welds, but still 

showed more variation in the LSS values as well. The variation found, however, was lower 

than for the spot welding of the larger overlap. 

• Since there is some space around the ED in this concept, it was investigated if the process 

could be controlled using the easier travel as controlling parameter. It was fouud not to 

be suhed for travel controlled welding. The how fronts which squeeze out around the ED 

area cool down due to the colder surrounding material, and solidify This makes h 

impossible to reach travel for the regular used welding force. Higher welding forces 

damage the samples and squeeze the flow fronts of the ED completely out of the overlap. 

Next to the newly proposed concepts, several practicalities were considered regarding the up-
scaling of the USW process. 

• First the thickness and the attachment of the ED were considered 

o Using a thinner ED would resuh in less variation in the distance between the two 

parts, potentially decreasing secondary loads. However it was found that the 

energy consumption was higher and the welding curves were irregular compared 
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to the basehne. Due to this, and tlie minor impact on the main goal, it was 

decided to disregard this topic. 

o Using the same technique as used for stacking several layers of polymeric film it 

was found possible to attach a layer to composite material. However the 

adherence proved not to be strong enough for processing with water jet cutting, 

and more importantly, the process was time and energy consuming. 

o The attachment of ED to the sample using ultrasonic plunge spot welds proved to 

be a fast and easy solution. Although welding with these pre-attached EDs 

showed good results, it was found that heating does not commence at the fixated 

points. It is believed that this is caused by restrictions iu interfacial friction which 

are responsible for the onset of the heating process. It is therefore concluded to 

minimize the fixation of the ED and preferably position the plunge welds away 

from the edge. 

• Secondly, the sonotrode selection and sequential welding procedure were considered 

o Three types of sonotrodes were regarded, and it was concluded that the 

rectangular sonotrode proved to be most practical for the sequential welding of 

the hinges. Next to that the ED can be easily sized and positioned for the 

rectangular contact area of this sonotrode. 

o It is noted however that the chance of getting surface damage, especially if much 

hammering occurs, is higher for the rectangular sonotrode due to the relative 

sharp edges. 

Based on these conclusions a sequential welding procedure was conceived. A new jig was designed 

and manufactured and a welding process was developed. The main findings are presented here: 

• The jig design and clamping made it possible to easily create consistent welds for the 

settings used. The jig desigu is also hexible enough to be used for different welding 

configurations. 

• The strength of the welded hinges met the Eurocopter load case in most of the tests. 

However, for all tests the hinge failed before the weld. It was also observed that much 

peel was introduced iu the simple tension strength tests used. 

• Rirthermore it was found that in using this setup, the energy delivered by the sonotrode 

for the first weld does not affect the other ED for the second weld. This proves that the 

designed damping works sufficiently. 

This research proves that it is possible to weld a chopped fibre hinge to a continuous weave plate, 

and proposes the method to do so. The method is believed to be applicable for similar 

applications as well. However, there are many areas which could be researched to improve the 

process. The most important ones are discussed in the next chapter (Riture Research 

Recommendations). 
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8 Future Research Recommendations 

The research presented shows the successhil welding of the hinge to a continuous weave 

composite plate. The setup should be verified for the welding of the hinges to the continuous UD 

composite C-hames as well. 

Next to that, to improve the sequential welding process proposed in this research several 

additional meas for future research are identihed. First of all the settings of the USW machine 

were kept constant during this process, however the following two research topics are proposed: 

• Resem'ching the amplitude setting. Although a high amplitude is needed for the 

viscoelastic heating, it might be possible that a lower amplitude in the onset of the 

process will reduce the hammering effect. This would make the process eventually more 

efficient (not only for sequential welding but in general for TPCs). The USW available at 

the DASML allows for a variable amplitude in different welding stages wlhch aids in 

investigating this topic. 

• Since the difference of the weld quality between the left and right weld was apparent, it is 

recommended to identify different settings for the first and second (or subsequent) welds. 

The first weld might need more energy or a higher welding force relative to the second 

weld to make the overall process more efficient. 

Secondly, since prediction of the energy needed for a weld proved to be comphcated due to so 

many interactions, it is recommended to work on a prediction model which includes the 

mentioned variables (jig, machine, area overlap and the materials used). No (good) models exist 

and the energy prediction is best done using experiments. 

Thirdly changes to the hardware are proposed to optimize the process: 

• The clamping of the j ig could be fitted with a hame to more precisely control the 

damping and clamping force. Also the current material used for damping, wears quickly 

due to the fact that it melts as weh. Increasing the damping force might prove beneficial 

for higher welding forces. 

• Relative simple sonotrodes were used in this research. However more complicated 

sonotrode conhgurations (welding foru spots in one go for example) are possible and 

might prove useful in increasing the efficiency of the process. 

Finally concerning the EDs: 

• Even though the results for thinner ED was inconclusive for this research, i t is 

recommended to further research the inhuence of the thickness of the ED. The use of 

thinner ED could result in a more efhcient joint. 

• Using plunge weld to attach the EDs proved successful but showed lack of melting at the 

joined spots. I t is therefore recommended to use an approach in which the ED is welded 

in only one spot (the middle) and leave all edges free for interfacial friction. This 

approach could result in a better welded area. 
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• For practical purposes i t might prove more convenient to weld the ED to the hinge (or 

other part considered). It is not likely that this would pose any problems, however this 

should be. 
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Appendices 

A. Drawings of tire New Jig Design 

B. Relevant Welding and LSS Parameters of Al l Welded Samples 

C. Welding and LSS Curves for 300 [N] and 1000 [N] Travel Coutrolled Welding of 

Continuous Weave CF/PEEK Toho Tenax Material Usiug a 2 Layer PEEK Toho Tenax 

ED 

D. Welding and LSS Curves for 300 [N] Travel Controlled Weldiug of chopped to chopped 

CF/PEEK Toho Tenax Material Using a 2 Layer PEEK Toho Tenax ED 

E. Welding and LSS Curves for 300 [N] Ti-avel Controlled Welding of continuous weave to 

chopped CF/PEEK Toho Tenax Material Using a 2 Layer PEEK Toho Tenax ED 

F. Weldiug aud LSS Curves for 500 [N] Travel Controlled Energy Determination Welds aud 

Energy Controlled Spot Welding of s Larger Overlap 

G. Welding and LSS Curves for 500 [N] Energy Controlled Spot Welds Usiug Dedicated Area 

Sized ED 

H. Weldiug aud LSS Curves for 500 [N] Energy Controlled Spot Welds Using Dedicated Area 

Sized ED Welding Weave (90 [°] Ten Cate) - Chopped Material 

I . Welding and LSS Curves for Pre-attached ED Welding 

J. Welding and LSS Curves for Hinge Welding 
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B . Relevant Welding and LSS Parameters of A l l Welded 
Samples 
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TT = Toho Tenax, TC = Ten Cate 

Sample-ID Material B Material T ED 

Welding Conditions LSS Testing 

Sample-ID Material B Material T ED 
Overlap Jig-Type Sonotrode Rise of 

force (build­

up) 

Welding 

Force 

Amplitude/ 

ACU 

Welding on: 

Travel - Energy 

Weld 

distance 

Max. 

Power 
Time Energy Fmax So LSS 

# 

Sample-ID Material B Material T ED 

[-], [mm] [-1 [-1, [mm] [N/s] [N] [um] [%] - [Ws] [mm] [%1 [ms] [Ws] [IM] [mm'] [MPa] 

1 UW0S0713-001 O-deg {TT) o-deg [TT] 2-laYer (TT) normal, 12.7 9109 circ., 40 300 300 9 100.00% 0.9 53% 1327 2093.22 8351.125 322.199 25.919152 
2 UW050713-002 0-deg (TT) o-deg (TT) 2-layer (TT) normal, 12.7 9109 circ., 40 300 300 9 70.00% 0.71 54% 1306 1865.54 12805.879 322.072 39.75092 

3 UW180913 2309-1-001 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 20.00% 0.31 58% 697 997.14 12515.03 322.072 39.158355 
4 UW180913_2309-1-002 O-deg (TT) O-deg (TT) 2-laYer (TT) normal, 12.7 9109 circ, 40 300 300 9 30.00% 0.32 59% 908 1293.52 13388.231 321.945 41.585452 
5 UW180913_2309-l-003 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 30.00% 0.35 54% 954 1395.71 12897.212 322.325 40.012943 
6 UW180913 2309-1-004 O-deg (TT) O-deg (TT) 2-laver (TT) normal, 12.7 9109 circ, 40 300 300 9 30.00% 0.37 50% 1032 1416.17 13255.531 322.325 41.155944 
7 UW180913 2309-1-005 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 30.00% 0.32 57% 893 1273.32 12471.07 322.326 38.690861 

8 UW180913 2309-1-006 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 30.00% 0.34 53% 952 1294.21 11933.239 322.325 37.022257 

9 UW180913_2309-l-007 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 30.00% 0.31 58% 762 1154.4 

10 UW230913-001 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 500 1000 9 100.00% 0.36 78% 598 1351.83 11267.56 323.088 34.874584 

11 UW230913-002 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 500 1000 9 55.00% 0.25 75% 566 1072.89 12207.301 322.707 37.827815 

12 UW230913-003 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 500 1000 9 55.00% 0.25 78% 555 1071.12 12959.913 322.072 40.23918 

13 UW230913-005 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 500 1000 9 65.00% 0.25 76% 541 985.89 11504.829 322.707 35.950884 

14 UW230913-005 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 500 1000 9 65.00% 0.26 80% 535 1024.91 11781.08 321.818 36.507897 

15 UW230913-007 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 500 1000 9 65.00% 0.26 78% 568 1087.72 12758.192 323.088 39.488289 

15 UW300913-001 O-deg (TT) O-deg (TT) 2-layer (TT) large, 12.7 9109 circ, 40 500 1000 9 lOOOWs 0.25 81% 545 1000.19 13189.6 322.707 40.871749 

17 UW300913-002 O-deg (TT) O-deg (TT) 2-layer (TT) large, 12.7 9109 circ, 40 500 1000 9 lOOOWs 0.22 84% 509 1001.98 

18 UW300913-003 O-deg (TT) O-deg (TT) 2-layer (TT) large, var (eWeld) 9109 circ, 40 500 1000 9 lOOOWs 0 87% 535 1001.12 

19 UW300913-004 O-deg (TT) O-deg (TT) 2-l3yer (TT) large, var (eWeld) 9109 circ, 40 500 1000 9 lOOOWs 0.01 83% 528 1001.84 

20 UW300913-2-001 O-deg (TT) O-deg (TT) 1-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 100.00% 0.58 60% 1252 1915.37 10104.989 321.945 31.387315 

21 UW300913-2-002 O-deg (TT) O-deg (TT) 1-1 ayer (TT) normal, 12.7 9109 circ, 40 500 1000 9 100.00% 0.26 77% 834 1592.84 11407.135 321.437 35.487933 

22 UW300913-2-003 O-deg (TT) O-deg (TT) 1-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 33.00% 0.49 62% 1004 1590.35 11284.84 322.325 35.010541 

23 UW300913-2-004 O-deg (TT) O-deg (TT) 1-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 33.00% 0.47 62% l l l l 1788.56 11350.979 321.564 35.330384 

24 UW300913-2-005 O-deg (TT) O-deg (TT) 1-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 33.00% 0.47 58% 1189 1752.51 12025.319 322.58 37.278564 

25 UW300913-2-006 O-deg (TT) O-deg (TT) 1-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 33.00% 0.49 60% 1119 1646.35 10221.394 322.326 31.711353 

26 UW300913-2-007 O-deg (TT) O-deg (TT) 1-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 33.00% 0.49 65% 1141 1833.56 10554.999 321.945 32.7851 

27 UW300913-3-001 O-deg (TT) O-deg (TT) l-layer (TT) large, var (eWeld) 9109 circ, 40 300 300 9 1600WS 0.12 80% 809 1600.81 

28 UW300913-3-002 O-deg (TT) O-deg (TT) 1-layer (TT) large, var (eWeld) 9109 circ, 40 300 300 9 1400WS 0.09 64% 960 1400 

29 UW151113-001 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 19.05 9110 circ, 40 300 300 9 100.00% 1.2 74% 1874 3263.37 

30 UW151113-002 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 19.05 9110 circ, 40 300 300 9 50.00% 0.87 78% 1566 2963.07 

31 UW151113-003 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 19.05 9110 circ, 40 300 300 9 12.00% 0.85 76% 1461 2828.73 6234.5254 483.2985 12.899948 

32 UW151113-004 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 19,05 9110 circ, 40 300 300 9 12.00% 0.88 76% 1553 2977.56 5127.415 483.2985 10.60921 

33 UW151113-005 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 19.05 9110 circ, 40 300 300 9 12.00% 0.42 78% 775 1503.72 

34 UW151113-006 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 19.05 9110 circ, 40 300 300 9 12.00% 0.67 74% 1306 2532.4 8985.9297 483.108 18.60232 

35 UW181113-001 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 12.7 9110 circ, 40 300 300 9 50.00% 0.43 70% 918 1516.88 

36 UW181113-002 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 12.7 9110 circ, 40 300 300 9 41.67% 0.44 72% 554 1136.02 12186.873 321.818 37.858836 

37 UW181113-003 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 12.7 9110 circ, 40 300 300 9 16.00% 0.28 51% 552 810.1 14620.438 321.437 45.484513 

38 UW181113-004 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 12.7 9110 circ, 40 300 300 9 16.00% 0.28 56% 492 779.66 13995.873 321.818 43.490026 

39 UVV1S1113-005 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 12.7 9110 circ, 40 300 300 9 15.00% 0.31 70% 617 1051.25 10319 321.554 32.090035 

40 UW181113-2-001 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 25.4 9110 circ, 40 300 300 9 48.00% 0.51 77% 2617 4541.48 

41 UW181113-2-002 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 25.4 9110 circ, 40 300 300 9 8.33% 0.59 81% 2265 4277.83 11321.91 542.874 17.611398 

42 UW181113-2-003 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 25.4 9110 circ, 40 300 300 9 8.00% 0.65 72% 2578 4557.53 11141.84 543.535 17.310778 

43 UW181113-2-004 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 25.4 9110 circ, 40 300 300 9 15.57% 0.7 72% 2359 4392.34 11190.494 542.874 17.406979 

44 UW10122013-001 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 30% 0.33 64% 924 1519.18 

45 UW10122013-002 chop. (TT) chop (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 100.00% 0.38 51% 2460 2882.12 

46 UW10122013-003 chop. (TT) chop (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 100.00% 0.36 51% 2298 2705.21 

47 UW11122013-001 chop.(TT) chop (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 44.00% 0.31 47% 3550 4075.07 8424.2646 323.596 26.033278 



TT = Toho Tenax, TC = Ten Cate 

Sample-ID Material B Material T ED 

Welding Conditions LSS Testing 

Sample-ID Material B Material T ED 
Overlap Jig-Type Sonotrode Rise of 

force (build­

up) 

Welding 

Force 

Amplitude/ 

ACU 

Welding on: 

Travel - Energy 

Weld 

distance 

Max. 

Power 
Time Energy So LSS 

# 

Sample-ID Material B Material T ED 

[-1, [mm] [-1 [-], [mm] [N/s] [N] [um] [%]-[Ws] [mm] [%] [ms] [Ws] [N] [mm'] [MPa] 
48 UW11122013-002 chop. (TT) chop (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 44.00% 0.28 61% 452 620.84 
49 UW11122013-003 chop. (TT) chop (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 100.00% 0.4 69% 2354 2928.44 
50 UW11122013-2-001 chop. (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 80.00% 0.59 54% 1458 2041.68 7543.499 308.854 24.423358 
51 UW11122013-2-002 chop. (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 20.00% 0.35 59% 948 1328.37 13517.65 313.182 43.162284 
52 UW11122013-2-003 chop. (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 20.00% 0.18 65% 788 1235.11 6581.5024 312.42 21.065201 
53 UW11122013-2-004 chop. (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 20.00% 0.31 57% 834 1148.05 11950.999 312.801 38.205396 
54 UW11122013-2-005 chop. (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 20.00% 0.27 53% 1160 1474.94 9960.708 313.309 31.791953 
55 UW11122013-2-006 chop. (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9109 circ, 40 300 300 9 20.00% 0.24 59% 805 1189.29 
56 UW12122013-001 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9110 circ, 40 300 300 9 50.00% 0.44 75% 934 1546.18 
57 UW12122013-002 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9110 circ, 40 300 300 9 75.00% 0.51 59% 894 1559.51 
58 UW12122013-003 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9110 circ, 40 300 300 9 100.00% 0.65 74% 1020 1777.47 
59 UW12122013-004 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9110 circ, 40 300 300 9 43.00% 0.35 75% 616 1080.65 13105.29 321.945 40.706511 
60 UW12122013-005 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9110 circ, 40 300 300 9 43.00% 0.35 71% 658 1158.89 12113.189 323.215 37.477188 
61 UW12122013-006 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9110 circ, 40 300 300 9 43.00% 0.34 74% 558 984.96 13093.278 322.072 40.653255 
62 UW12122013-007 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 12.7 9110 circ, 40 300 300 9 43.00% 0.33 74% 630 1152.15 7402.5532 322.326 22.965044 
63 UW12122013-008 O-deg (TT) O-deg (TT) 2-laYer (TT) normal, 12.7 9110 circ, 40 300 300 9 43.00% 0.34 72% 420 705.55 12021.425 322.072 37.325271 

64 UW12122013-009 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 19.05 9110 circ, 40 300 300 9 100.00% 0.94 77% 1570 3373.61 6204.2617 483.2985 12.837329 
65 UW12122013-010 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 19.05 9110 circ, 40 300 300 9 75.00% 0.94 78% 1572 3462.99 3265.0137 483.2985 5.7556876 
66 UW12122013-011 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 19.05 9110 circ, 40 300 300 9 12.50% 0.74 78% 1515 3154.47 5216.7466 482.727 12.87839 
67 UW12122013-012 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 25.4 9110 circ, 40 300 300 9 100.00% 0.72 79% 2704 5235.31 7108.2354 644.144 11.035165 

68 UW171213-001 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 19.05 9110 circ, 40 300 450 9 100.00% 0.51 90% 1265 2548.79 
69 UW171213-002 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 19.05 9110 circ, 40 300 600 9 93.00% 0.55 101% 1242 2380.38 

70 UW181213-001 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 12.7 9110 circ, 40 250 500 9 100.00% 0.55 77% 871 1507.9 
71 UW181213-002 O-deg (TT) O-deg (TT) 5-layer (TC) normal, 12.7 9110 circ, 40 250 500 9 100.00% 0.5 73% 932 1659.46 

72 UW181213-003 90-deg (TC) 90-deg (TC) 5-layer (TC) normal, 12.7 9110 rect, 30.1*14 250 500 3 100.00% 0.54 68% 769 1252.55 

73 UW191213-001 O-deg (PPS) O-deg (PPS) PPS normal, 14.9 9110 rect, 30.1*14 250 500 3 100.00% 0.58 58% 574 945.84 13779.427 380.099 36.252205 
74 UW191213-002 O-deg (PPS) O-deg (PPS) PPS normal, 14.9 9110 rect, 30.1*14 250 500 3 43.00% 0.35 74% 308 459.05 11535.517 378.907 30.44419 

75 UW191213-003 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 360 3 100.00% 0.67 61% 1297 1901.23 14981.536 377.556 39.679251 
76 UW191213-004 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 360 3 100.00% 0.68 72% 1045 1793.33 13561.521 377.864 35.154863 
77 UW191213-005 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 360 3 100.00% 0.69 73% 1042 1782.23 
78 UW191213-006 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 100.00% 0.57 72% 902 1645.49 13658.862 377.715 36.151821 
79 UW191213-007 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 100.00% 0.54 70% 944 1643.9 

80 UW191213-008 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 20.00% 0.24 79% 481 873.4 14989.32 377.715 39.684207 

81 UW191213-009 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 20.00% 0.23 78% 517 942.05 14773.467 378.46 39.035742 

82 UW191213-010 O-deg (TT) O-deg (TT) 2-laver (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 20.00% 0.22 73% 490 834.55 13570.24 378.162 35.884727 

83 UW191213-011 O-deg (TT) O-deg (TT) 2-laver (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 20.00% 0.23 74% 496 864.75 14337.52 378.46 37.883844 

84 UW191213-012 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 20.00% 0.21 70% 725 1258.59 

85 UW191213-013 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 20.00% 0.24 70% 565 865.24 15222.051 378.46 40.221055 
86 UW191213-014 O-deg (TT) O-deg (TT) 2-layer (TT) normal, 14.9 9110 rect, 30.1*14 250 500 3 20.00% 0.23 72% 448 747.44 

87 UW201213-001 O-deg (TT) O-deg (TT) 2-layer (TT) large, var (eWeld) 9110 rect, 30.1*14 250 500 3 855 0.08 91% 419 856.86 

88 UW201213-002 O-deg (TT) O-deg (TT) 2-layer (TT) large, var (eWeld) 9110 rect, 30.1*14 250 500 3 855 0.16 87% 451 856.17 16607.441 378.311 43.898912 

89 UW201213-003 O-deg (TT) O-deg (TT) 2-layer (TT) large, var (eWeld) 9110 rect, 30.1*14 250 500 3 855 0.16 91% 499 855.26 13045.776 378.609 34.457122 

90 UW201213-004 O-deg (TT) O-deg (TT) 2-layer (TT) large, var (eWeld) 9110 rect, 30.1*14 250 500 3 855 0.07 85% 434 855.85 14004.321 378.162 37.032598 

91 UW201213-005 O-deg (TT) O-deg (TT) 2-layer (TT) large, var (eWeld) 9110 rect, 30.1*14 250 500 3 855 0.07 88% 435 855.74 11497.563 378.46 30.379862 

92 UW201213-006 O-deg (TT) O-deg (TT) 2-layer (TT) large, var (eWeld) 9110 rect, 30.1*14 250 500 3 855 0.05 94% 415 857.29 12890.355 378.46 34.060023 

93 UW100114-001 90-deg (TC) chop (TT) 2-layer (TT) large, var (eWeld) 9110 circ, 10 300 300 70.8 500 0.08 21% 1494 500.06 

94 UW100114-002 90-deg (TC) chop (TT) 2-layer (TT) large, var (eWeld) 9110 circ, 10 250 500 70.8 800 0.07 58% 1622 800 
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95 UW150114-001 o-deg (TC) o-deg (TC) 5-layer (TC) normal, 14.9 9110 rect, 30.1*14 250 500 2 100 0.51 69% 1168 1765.8 
95 UW160114-002 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 14.9 9110 rect, 30.1*1-^ 250 500 3 855 0.25 69% 532 856.08 
97 UW160114-003 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 14.9 9110 rect, 30.1*1^ 250 500 3 880 0.25 72% 512 881.38 15837.837 378.162 41.88109 
98 UW160114-004 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 14.9 9110 rect, 30.1*1^ 250 500 3 855 0.21 58% 531 856.28 14231.597 378.013 37.648432 

99 UW160114-005 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 14.9 9110 rect, 30.1*14 250 500 3 855 0.24 77% 468 856.03 
100 UW160114-006 O-deg (TC) O-deg (TC) 5-layer (TC) normal, 14.9 9110 rect, 30.1*14 250 500 3 855 0.22 77% 493 855.97 16598.607 377.864 43.927464 

101 UW160114-007 O-deg (TC) O-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.11 66% 614 855.46 17024.271 378.013 45.036206 

102 UW160114-008 O-deg (TC) O-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.14 75% 515 856.55 15240.543 377.715 40.349319 

103 UW150114-009 O-deg (TC) O-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.13 53% 578 855.55 19658.027 378.152 52.009529 

104 UW160114-010 O-deg (TC) O-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.14 67% 581 855.51 17308.416 377.854 45.805941 

105 UW160114-011 O-deg (TC) O-deg (TC) 5-layer (TC) small ED, 14.9 9110 rett, 30.1*14 250 500 3 855 0.12 74% 480 855.55 14574.755 378.013 38.555229 
105 UW160114-012 O-deg (TC) O-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.13 57% 571 855.67 

107 UW280114-001 90-deg (TC) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 100 0 55% 3161 3025.5 

108 UW280114-002 90-deg (TC) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 500 1000 3 50 0.3 98% 1138 2184.52 

109 UW280114-010 90-deg (TC) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 500 1000 3 100 0.45 85% 2797 3118.02 

110 UW280114-011 90-deg (TC) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 500 1000 3 0.08(32) 0.27 86% 1327 2490.68 14554.403 378.758 38.453058 

111 UW280114-012 90-deg (TC) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 500 1000 3 0.08(32) 0.25 84% 1287 2153.01 

112 UW280114-003 chop. (TT) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 865 0.11 74% 578 856.49 7557.5796 378.152 19.985032 

113 UW280114-004 chop. (TT) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.14 79% 517 857.15 7260.8799 378.311 19.192886 

114 UW280114-005 chop. (TT) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.12 84% 454 855.95 4673.657 377.854 12.368648 

115 UW280114-006 chop. (TT) 90-deg (TC) 5-laver (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.12 69% 564 856.81 

116 UW280114-007 chop. (TT) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.13 72% 542 856.93 7578.9072 378.609 20.017758 

117 UW280114-008 chop. (TT) 90-deg (TC) 5-laver (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.13 69% 615 856.43 8531.5059 373.692 22.830314 

118 UW280114-009 chop. (TT) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 rect, 30.1*14 250 500 3 855 0.12 57% 561 856.42 

119 UW020214-001 90-deg (TC) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 circ, 40 250 500 9 100 0.44 114% 1536 3875.32 

120 UW020214-002 90-deg (TC) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 circ, 40 250 500 9 855 0.11 95% 373 856.26 12915.965 378.45 34.127688 

121 UW020214-003 90-deg (TC) 90-deg (TC) 5-layer (TC) small ED, 14.9 9110 circ, 40 500 1000 9 0.08 0.15 105% 810 1833.96 

122 UW020214-004 90-deg (TC) 90-deg (TC) 5-layer (TC) pre-attach ED, 14.9 9110 rect, 30.1*14 250 500 3 100 (0.25) 0.51 72% 794 1338.8 13837.895 378.758 36.534923 

123 UW020214-005 90-deg (TC) 90-deg (TC) 5-layer (TC) pre-attach ED, 14.9 9110 rect, 30.1*14 250 500 3 100 (0.25) 0.57 71% 994 587.65 

124 UW020214-006 90-deg (TC) 90-deg (TC) 5-layer (TC) pre-attach ED, 14.9 9110 rect, 30.1*14 250 500 3 50 (0.12) 0.36 70% 657 1145.98 

125 UW020214-007 90-deg (TC) 90-deg (TC) 5-layer (TC) pre-attach ED, 14.9 9110 rect, 30.1*14 250 500 3 20 (0.05) 0.27 59% 582 954.39 14251.08 378.162 37.685119 



UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

C. Welding and LSS Curves for 300 [N] and 1000 [N] Travel 

Controlled Welding of Continuous Weave C F / P E E K Toho 

Tenax Mater ia l Using a 2 Layer P E E K Toho Tenax E D 
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UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

D . Welding and LSS Curves for 300 [N] Travel Controlled 

Welding of chopped to chopped C F / P E E K Toho Tenax 

Mater ia l Using a 2 Layer P E E K Toho Tenax E D 
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UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

E. Welding and LSS Curves for 300 [N] Travel Controlled 

Welding of continuous weave to chopped C F / P E E K Toho 

Tenax Mater ia l Using a 2 Layer P E E K Toho Tenax ED 
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UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 
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UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 
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UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

F. Welding and LSS Curves for 500 [N] Travel Controlled 
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UP-SCALING OF THE ULTRASONIC WELDING PROCESS FOR C F / P E E K COMPOSITES 

G. Welding and LSS Curves for 500 [N] Energy Controlled 

Spot Welds Using Dedicated Area Sized ED 
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H . Welding and LSS Curves for 500 [N] Energy Controlled 

Spot Welds Using Dedicated Area Sized ED Welding 
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I . Welding and LSS Curves for Pre-attached E D Welding 
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J. Welding Curves for Hinge Welding 
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WELDING Tension 

Tab name (sub-series - specimen ID) ED Hinge t Plate 

thickness 

Welding on: 

Travel -

Energy 

Weld 

distance 

Max. Power Time Energy ^max Î Break 

[-] [-] [mm] [mm] [%] - [Ws] [mm] [%] [ms] [Ws] [N] [N] 

Hinge 2 
UW040214-002_Hinge2-lstRight TenCate 4.07 2.44 1400 0.22 67 858 1401.67 1297.30969 754.6151733 

Hinge 2 
UW040214-003_Hinge2-2ndLeft TenCate 1400 0.07 73 896 1402.08 

Hinge 3 
UW040214-004_Hinge3-lstLeft TenCate 4.13 2.5 1500 0.25 103 666 1601.45 

Hinge 3 
UW040214-005_Hinge3-2ndRight TenCate 1600 0.14 94 715 1600.09 

Hinge 4 
UW040214-006_Hinge4-lstRight TenCate 3.83 2.53 1800 0.24 82 860 1801.49 3567.78931 3556.164551 

Hinge 4 
UW040214-007_Hinge4-2ndLeft TenCate 1800 0.07 91 857 1801.73 

Hinge 3-2 
U W040214-008_H inge3-2-lstLeft Tenax 4.13 2.5 2000 0.17 79 997 2000.3 3581.33887 3554.463623 

Hinge 3-2 
UW040214-009_Hinge3-2-2ndRight Tenax 2000 0.12 75 1117 2000.17 

Hinge 5 
UW050214-001_Hinge5-lstRight Tenax 4.03 2.45 2000 0.1 84 1038 2002.06 3600* N/A 

Hinge 5 
UW050214-002_Hinge5-2ndLeft Tenax 2000 0.07 87 949 2002.08 *estimate, Zwick did not record 

Hinge 6 
UW050214-003_Hinge6-lstLeft Tenax 4.03 2.41 2000 0.34 71 1136 2000.37 

Hinge 6 
UW050214-004_Hlnge6-2ndRight Tenax 2000 0.18 87 1016 2000.95 

Hinge 7 
UW050214-005_Hinge7-lstRight Tenax 4.13 2.44 2000 0.2 85 1017 2001.6 3382.30249 3379.220215 

Hinge 7 
UW050214-006_Hinge7-2ndLeft Tenax 2000 0.09 76 1074 2000.03 

Hinge 8 
U W050214-007_Hi ngeS-lstLeft Tenax 3.9 2.4 2000 0.18 79 1025 2001.93 

Hinge 8 
UW050214-008_Hinge8-2ndRight Tenax 2000 0.08 83 1026 2001.57 

Hinge 9 
UW050214-009_Hinge9-lstRight Tenax 3.9 2.42 2000 0.16 76 1049 2000.8 2635.00171 1317.129639 

Hinge 9 
UW050214-010_Hinge9-2ndLeft Tenax 2000 0.11 74 1195 2001.97 

Hinge 10 
UW050214-011_HingelO-lstLeft Tenax 4.04 2.42 2000 0.23 76 1149 2000.18 

Hinge 10 
UW050214-012_HingelO-2ndRight Tenax 2000 0.09 89 1017 2000.4 

Hinge 11 
UW050214-013_Hingell-lstRight Tenax 4.07 2.41 2000 0.3 75 1271 2001.63 3892.8689 3600.234619 

Hinge 11 
UW050214-014_Hingell-2ndLeft Tenax 2000 0.11 77 1034 2000.41 
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