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Abstract 
Ultrasonic weld ing (USW) of thermoplas t ics has been one o f t h e most popular bonding techniques in t h e plastics 

indust ry since the sixties, because it has proven to be fast, rel iable, and easy- to -au tomate , wh i le only requi r ing 

a l im i ted capital investment . However, unt i l now, USW of carbon f iber re inforced the rmop las t i c composi tes 

(CFRTPCs) has not yet been appl ied to obta in s t ructura l bonds in an industr ia l set t ing. Now tha t t he popu lar i ty 

of CFRTPCs is rapidly increasing (e.g. in i t ia t ion of TAPAS 1 & 2 program) and associated assembly techniques have 

to be deve loped, it is t ime to upscale the USW process. Therefore, t h e main object ive o f this research pro ject is 

t o ident i fy t he potent ia l and feasibi l i ty of USW of CFRTPCs (CF/ PEKK in part icular) in an industr ia l setup by 

we ld ing demons t ra to r products. Two have been we lded : 1) system clips to a rib o f t h e hor izonta l stabi l izer of t he 

G650, and 2) a fuselage f rame to a s t i f fener of a sl<in panel . 

First, system clips were we lded . The fo l low ing results we re der ived f r o m we ld ing system clips in an exper imenta l 

se tup: a) a new too l ing concept - in wh ich the clips w e r e not c lamped but merely kept in posi t ion by a l ignment 

plates - was successfully used to we ld sample clips; b) a good energy d i rector (ED) conf igura t ion - t h e use of 

mu l t i p le slender ED strips - was d iscovered; and c) an ' op t ima l ' energy level - t o consistent ly reproduce high 

qua l i ty welds - was f o u n d . The f irst demons t ra to r was a success, because clips could be consistent ly we lded w i th 

a high bond qual i ty. Moreover , a s tudy pe r fo rmed by the cost engineer ing depa r tmen t of Fokker Aeros t ruc tures 

po in ted ou t tha t it is 35 [%] cheaper t o ui t rasonicai iy we ld a compos i te clip (in case t h e ED is in tegra ted) than t o 

r ivet an a lum inum equivalent . Because on a large passenger plane t he re are thousands of small cl ips (and 

brackets) t o be f o u n d , spot we ld ing o f small CFRTPC componen ts has a huge po ten t ia l . It is r ec om m ended tha t 

e f fo r ts t o cer t i fy USW of small CFRTPC componen ts are made soon. 

Next, t he fuselage f r a m e was we lded . This demons t ra to r is really pushing the f ron t ie rs o f cu r ren t possibi l i t ies, 

because no known CFRTPC componen ts of this size have ever been ui trasonicai iy we lded using a sequent ia l 

approach. Before the second demons t ra to r was we lded , f undamen ta l research was pe r f o rmed on c lamping of 

t h e upper sample as: a) t he fuselage f r ame had t o be c lamped to t he o r thogr id panel, and b) it was bel ieved tha t 

a f i rst spot we ld basically creates a c lamped s i tuat ion for t he consecut ive we ld . It was observed tha t successful 

we lds can still be made when the compos i tes are t igh t ly c lamped, a l though the process does indeed become 

more chal lenging. Subsequent ly, a ded ica ted f ix ture fo r t h e fuselage f r ame was designed and p roduced . Using 

th is f i x tu re , t h e f r ame was successfully we lded to a sect ion of Fokker's o r thogr id panel . A l though the jo in ts are 

far f r o m perfect , t h e second demons t ra to r indicates t ha t it is possible t o ui t rasonicai iy we ld CFRTPC st ructures 

using a sequent ia l approach. If t h e sequent ia l USW process is per fec ted , it stands to have a huge potent ia l fo r 

indust ry w ide appl icat ion. Therefore , it is stressed tha t t he research on sequent ia l USW should be con t i nued . 

In add i t ion to we ld ing demons t ra to r products , an in -dep th study of t h e deve lopment of t he squeeze f l o w and 

we ld qual i ty - as a func t ion o f t h e to ta l amoun t o f energy appl ied - is conduc ted . Using cross-sect ional 

microscopy, f rac tography, and non-dest ruc t ive tes t ing (NDT) techniques, the d i f fe ren t stages in t he we ld ing 

process we re ident i f ied and re lated to pat terns in t h e we ld ing data. Unders tand ing h o w pat terns in t h e we ld ing 

data relate t o t he we ld qual i ty should make it easier t o f ind the op t ima l we ld ing sett ings for f u tu re appl icat ions. 

Moreover , by unders tand ing these pa t te rns , it should be possible to eventual ly mon i t o r t he qual i ty of t h e we ld 

' in -s i tu ' . 

Fu r the rmore , a successful e f fo r t was made to in tegrate t r iangular EDs in to a compos i te laminate w i t h o u t adding 

ma jo r processing steps. Having in tegra ted EDs are favorab le in an industr ia l set t ing, as they reduce the number 

of process steps signif icant ly and are expected to be more consistent. Last, but not least, an ou t look for t h e USW 

of CFRTPCs in t he aerospace indust ry is presented. 
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Identifying tfie Potential and Feasibility of Ultrasonic Welding of CF/ PEKK Composites 

1. Introduction 
In th is chapter , t h e research project is in t roduced. First, in sect ion 1.1, the mot i va t ion beh ind th is thesis is 

prov ided. Subsequent ly , in section 1.2, background i n fo rma t i on on ul trasonic w/elding and t h e pro jec t is 

prov ided. Next, in sect ion 1.3, the object ives and research quest ions are establ ished. Finally, in sect ion 1.4, the 

out l ine of t h e thesis is presented. 

1.1. Motivation 
In this sect ion, t h e mot i va t ion fo r th is research pro ject is ou t l i ned . First of al l , in section 1.1.1, t he po ten t ia l of 

t he u l t rasonic we ld ing of (USW) process fo r we ld ing con t inuous f iber - re in forced thermop las t i c composi tes 

(CFRTPCs) in t he aerospace industry is descr ibed. Subsequent ly , in sect ion 1.1.2, the relevance o f t h i s research 

project f o r t h e TAPAS2 pro ject is expla ined, and f inal ly , in sect ion 1.1.3 t he need fo r demons t ra to rs is expressed. 

1.1.1. Potential of ultrasonic welding 
Ultrasonic we ld ing o f thermoplast ics (TPs) has been one of t he most popular bond ing techn iques in t he plastics 

industry since the sixties, because it has proven to be fast, re l iable, and easy- to -au tomate , wh i le on ly requi r ing 

a l imi ted capi ta l inves tment (Grewell et al., 2003). IVloreover, this techn ique provides the possibi l i ty t o m o n i t o r 

the qual i ty of t he we ld ' in -s i tu ' (Villegas, 2013a; Benatar & Gutowsk i , 1989), which renders labor- in tensive 

inspect ions unnecessary. Benatar (1987) was the f i rst t o use the USW techn ique t o jo in CFRTPCs. However , unt i l 

now, USW of CFRTPCs has not yet been appl ied to ob ta in s t ruc tura l bonds in an industr ial set t ing. This is, mos t 

likely, because the aerospace indust ry used to prefer t he rmose ts (TSs) over thermoplast ics . Now tha t t he 

popular i ty o f CFRTPCs is rapidly increasing (e.g. in i t ia t ion of TAPAS 1 & 2 program), p roduc t ion and assembly 

techniques fo r CFRTPCs have to be deve loped. USW is a likely candidate fo r extensive appl icat ion in t he 

aerospace indust ry because of t he a fo remen t ioned advantages. In th is research project , an e f f o r t is made to 

ident i fy t he potent ia l of using USW on CFRTPCs. Such e f fo r t is, according to the author 's assessment, pushing the 

l imits of t he exist ing body of knowledge. 

1.1.2. TAPAS2 
Airbus s ta ted t ha t t he large-scale appl icat ion o f CFRTPCs is seriously being considered fo r t he i r f u t u r e a i rcraf t 

programs. Consequent ly , t he Thermoplast ic A f fo rdab le Primary Ai rcraf t Structure (TAPAS) pro ject was in i t ia ted . 

Based on t h e success registered by TAPAS, t he f o l l ow -up pro ject TAPAS2 was in i t ia ted. The goals of TAPAS2 are: 

1) to deve lop thermop las t i c re lated technologies and cor respond ing demons t ra to r products t o suppor t Ai rbus in 

its decision making process; 2) t o p r o m o t e the Dutch thermoplas t ics industry f o r f u tu re Airbus programs; 3) t o 

address o the r oppor tun i t i es fo r t he appl icat ion o f thermop las t i cs ; and 4) t o achieve the techno logy readiness 

l e v e l - T R L 6 - t h a t impl ies tha t : a) demons t ra to r products should have been tes ted , and b) t he posi t ive results o f 

these tests help f o r m u l a t e t he techno logy business cases tha t just i fy signif icant investments In t h e requ i red 

p roduc t ion equ ipmen t . Ai rbus points t o t he fuselage, t h e engine pylons, and t h e we t to rs ion boxes (see Figure 

1-1), as areas considered fo r t h e potent ia l appl icat ion o f thermoplas t ics (Fokker, 2013). 

Figure 1-1: Target applications for thermoplastics as defined in the TAPAS2 project plan (Fokker, 2013). 
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A core c i iaracter ist ic of thermop las t ics is t ha t they can mel t . This gives t h e m an advantage over t h e r m o s e t s in 

te rms of manufac tu rab i l i t y , because o ther more ef f ic ient (e.g. less p roduc t ion steps, shor ter processing t imes , 

etc.) p roduc t ion and assembly techniques - such as we ld ing - can be appl ied. USW is bel ieved to be one of these 

'e f f ic ient ' assembly techn iques, but so far, its appl icabi l i ty in re lat ion to CFRTPCs has been insuf f ic ient ly 

researched. In o rder t o be able t o bui ld sound techno logy business cases in TAPAS2, USW w i t h CFTRTPCs should 

be f u r t he r invest igated and deve loped. Therefore , u l t rasonic we ld ing o f CFRTPCs fo rms the focus o f t h e present 

study. 

1.1.3. Demonstrator products 
In t h e previous sect ion, t h e need t o develop d e m o n s t r a t o r products in t h e TAPAS2 program was already 

m e n t i o n e d . Before t h e use of USW can be considered t o assemble 'real l i fe ' a i rcraf t parts, t h e feasib i l i ty and 

advantages of t h e USW process should f i rst be po in ted ou t . We ld ing demons t ra to r products specif ical ly t o 

observe and test USW is an ef fect ive way t o do th is . Agr icola (2014) already made a f irst e f fo r t by we ld i ng load 

carry ing carbon f i be r / po l ye the re the rke tone (CF/ PEEK) brackets t o f la t CF/ PEEK plates in a lab env i ronmen t . 

Now, it is t i m e to we ld m o r e progressive and 'real l i fe ' l ike demons t ra to rs . Two of such demons t ra to rs are 

p roposed : 1) system clips ui t rasonicai iy spot we lded to a r ib, as i l lus t ra ted in Figure 1-2, and 2) a fuselage f r a m e 

ui t rasonicai iy sequent ia l we lded t o an o r thogr id panel , as can be seen in Figure 1-3. The f irst d e m o n s t r a t o r is 

expected to be feasible (and able t o reach TRL6) in t he shor t t e r m , whereas t he lat ter d e m o n s t r a t o r is pushing 

t h e f ron t ie rs o f cur ren t possibi l i t ies, and the re fo re wi l l hopefu l ly prove feasible in the long t e r m . The 

demons t ra to rs wi l l have t o be made o f carbon f i be r / po l ye the rke toneke tone (CF/ PEKK) as th is is t h e pre fe r red 

compos i te mater ia l in t he TAPAS2 program due to its excel lent s t ruc tura l proper t ies and its re lat ive l ow cost 

compared to o the r h igh-per fo rmance compos i tes , such as, CF/ PEEK. 

The goals of th is research pro ject regarding t he d e m o n s t r a t o r products are: 1) t o be able to consis tent ly we ld 

clips w i t h a good we ld qual i ty in an industr ia l se t t ing , and 2) t o de te rm ine the feasibi l i ty o f we ld ing large 

componen ts by sequent ia l ly placing mu l t i p le spot welds next to each o ther in an industr ia l set t ing. 

1.2. Background information 
In th is sect ion, t he background i n fo rma t i on is p rov ided . First, in sect ion 1.2.1, t h e scienti f ic l i te ra ture t h a t is most 

re levant t o this research thesis is summar ized . Subsequent ly , in sect ion 1.2.2, t he research gap in l i te ra tu re is 

ident i f ied . Finally, in sect ion 1.2.3, t h e pract ical observat ions are descr ibed t o suppor t t he choice o f object ives 

and research quest ions ou t l i ned in t h e next sect ion (0). 

1.2.1. Literature review 
This l i te ra ture rev iew provides a comprehens ive up - to -da te overv iew o f t he knowledge avai lable on USW of 

CFRTPCs. The f i rst ob jec t ive of t h e rev iew is t o t ho rough l y unders tand the USW process, so tha t later on the 

proposed demons t ra to r products can be successfully w e l d e d . Since it is expected tha t not all aspects of USW 

requ i red t o we ld the t w o demons t ra to rs are covered in t h e avai lable l i te ra ture , the second object ive is t o ident i fy 

gaps tha t have t o f i rst be invest igated be fo re we ld ing t h e demons t ra to rs . 

Figure 1-2: Demonstrator 1 - clips welded to a rib. Figure 1-3: Demonstrator 2 - fuselage frames welded to an 

orthogrid panel. 
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Introduction to ultrasonic welding 

USW has been one of t h e nnost popu lar weld ing techniques fo r unre in fo rced thermoplas t ics dur ing the last 

decades. USW of CFRTPCs is less ma tu re , but shows the potent ia l t o also become a pervasive m e t h o d , because 

o f its numerous advantages when compared to o ther fus ion bond ing techniques (Villegas et al . , 2013): a) USW 

offers ext remely short processing t imes (less than 5 seconds per we ld ) ; b) t he process is easy- to -automate and 

wel l -sui ted fo r mass p roduc t i on ; c) USW is rel iable as it consistent ly produces h igh-st rength jo in ts ; d) t he process 

is very ef f ic ient as it on ly heats up mater ia l near the we ld ing in ter face; e) t h e r e is no need fo r e labora te 

vent i la t ion systems; f) t h e too l ing (converter , booster, and sonot rode) can be very compact and can be quickly 

changed, which makes t h e process f lex ib le (Villegas & Bersee, 2010; T rough ton , 2008) ; g) USW only requires a 

small capital investment (Grewel l et al . , 2003); h) no fore ign mater ia l has to be added ; and last but not least i) 

the we ld ing data can be used to mon i t o r t he qual i ty o f t h e we ld ' i n -s i tu ' , in o rder t o stop or correct t he process 

if requi red (Villegas, 2013a; Benatar & Gutowsk i , 1989). As a result of all these advantages, USW is expected to 

of fer higher p roduct ion rates and lower uni t costs than o ther fusion bond ing techn iques. 

A disadvantage of USW is tha t , general ly , energy d i rectors (EDs) have to be placed at t he we ld ing inter face. EDs 

are made unre in forced mat r i x mater ia l and placed in be tween the substrate composi tes . They are designed to 

undergo high cyclic strains dur ing t h e USW process, so they heat up faster t han the substrate composi tes, and 

ensure that the dissipat ion o f energy concentrates at the we ld ing Inter face (Potente, 1984). In cont rast t o 

unre in forced and d iscont inuous f iber - re in fo rced thermoplast ics , w h e r e the ED can be in tegrated dur ing t h e 

in ject ion mo ld ing process, it is more d i f f icu l t t o in t roduce EDs on CFRTPCs (Villegas & Bersee, 2010). A n o t h e r 

disadvantage of the USW process is t ha t it is cur rent ly best su i ted fo r spot we ld ing and the re fo re there are 

l imi tat ions regarding the size o f t h e area tha t can be we lded in one step. Larger welds are still possible - using a 

sequent ial approach (Ageorges et al . , 2 0 0 1 ; Agricola, 2014; Harras et al., 1996), but more research Is requ i red 

before sequent ia l we ld ing can be successfully appl ied. Ano the r barr ier t o t he appl icat ion of USW is t he need fo r 

an anvil and a f ix ture . Dependent on t h e appl icat ion, these addi t iona l e lements can increase t h e USW associated 

complex i ty and inves tment (T roughton , 2008). 

Pic/iiolcclric or 
M;i'.'noiosiricii\i.-

l i o O S l L ' l 

2 0 - 4 0 kHz 
Power Sii|ipl> W» 11/ 

Ultrasonic welding setup 
An USW machine consists o f a power supply, a piezoelectr ic t ransducer , a booster , a ho rn , a f i x tu re , and a cont ro l 

uni t , as can be seen in Figure 1-4. The t ransducer , the booster and t h e horn toge the r are called t h e we ld ing stack. 

The piezoelectr ic t ransducer conver ts h igh-

f requency electr ical power , p rov ided by the 

power supply, into mechanical v ib ra t ions. 

The v ibrat ions are then passed on to t he 

booster, wh ich enlarges the amp l i t ude w i t h 

a certain gain factor . In add i t ion to 

ampl i fy ing the v ibrat ions, t h e booster is also 

used to m o u n t t he we ld ing stack to an 

ac tuator t h a t contro ls t he d isp lacement and 

applies a we ld ing force. To be able to fix t he 

we ld ing stack, t he booster has a meta l r ing 

c lamped a round its nodal plane, wh ich is 

used as a moun t i ng po in t . Next, the 

l l o l l l 

.Sulislrnlc^ 

l i,, ,u .Aii\ i l 

Figure 1-4: Schematic drawing of ultrasonic welding machine 

(Yousefpour et al., 2004). 

v ibrat ions are passed on t o t h e sono t rode (horn) , wh ich f u r t he r ampl i f ies t h e m w i t h ano ther gain factor . The 

sono t rode t ransmi ts t he v ibra t ions in t u rn to t he componen ts being we lded . The v ibrat ions t ha t are no t 

dissipated as heat into t h e componen ts are t ransmi t ted to t he anvi l . The anvil is requi red to prov ide a react ion 

force to t he one exer ted by the sono t rode , so that the componen ts t o be we lded are pressed toge ther . Moreove r , 

a f ix ture is requ i red to al ign t h e parts t o be we lded and to keep t h e m in posi t ion dur ing the USW process. 
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Newer USW macl i ines are o f t en microprocessor -cont ro l led . They o f fe r t h e possibi l i ty t o mon i to r var ious 

parameters dur ing the we ld ing process, such as the d isp lacement , veloci ty and accelerat ion of t he sono t rode , 

power , and electr ical impedance . The col lected i n fo rma t ion can be used t o : a) analyze w h a t happened dur ing 

t h e process, and b) (eventual ly) m o n i t o r t h e qual i ty o f t h e we ld ' in -s i tu ' (Ling e t a l . , 2006; Vil legas, 2013a; Benatar 

& Gutowsk i , 1989). 

Process description 
In o r d e r t o ui t rasonicai iy we ld CFRTPCs, the componen ts t o be we lded are f i rst c lamped o n t o an anvil in a f i x tu re . 

Subsequent ly, a sono t rode is t ransversely pressed on to t he upper surface of t h e compos i tes by the ac tuator of 

t he USW machine. The ac tua to r gradual ly applies a force unt i l a preset v a l u e f o r t he t r igger force level is reached. 

At this po in t , t he piezoelectr ic conver to r starts v ibra t ing and t h e sono t rode t ransmi ts h igh- f requency (20 - 40 

[kHz]), l ow-amp l i tude (10 - 100 [pm] ) mechanical v ibra t ions t o t h e compos i tes . These mechanical v ibrat ions are 

dissipated in t h e f o r m of heat at t h e we ld ing inter face o f t he t w o compos i tes as a result of interfacial and 

in termolecu lar (viscoelastic) f r i c t ion (Tolunay et al., 1983; Potente , 1984) . In o r d e r t o concen t ra te t he dissipat ion 

of energy at the we ld ing in ter face and speed up t h e USW process, EDs are general ly appl ied be tween the parts 

t o be we lded (Villegas & Bersee, 2010; Vil legas et al. , 2014). Since the heat ing process is highly dependent on the 

contact pressure be tween the parts, s igni f icant pressures are requi red to be able t o f o r m p roper bonds (Potente , 

1984). We ld ing pressures up t o 5 [MPa] are no t u n c o m m o n (Villegas, 2013b) . 

The v ibrat ions are appl ied unt i l t he ED has me l ted , been squeezed ou t , and t h e subst ra te composi tes have un i ted 

due to in te rmolecu lar d i f fus ion of t h e TP resin in the ED and subst ra te compos i tes . The m o m e n t when t h e 

op t ima l we ld is achieved remains t o be exper imenta l ly de te rm ined . Once an op t ima l we ld is observed, it 

becomes possible t o def ine t h e 'op t ima l we ld m o m e n t ' as a specific level o f a 'we ld ing dr iver ' . The la t ter Is 

general ly based on t i m e , energy or d isp lacement . 

Once the dr iver value associated w i t h an op t ima l we ld has been reached, the piezoelectr ic conver to r stops t h e 

v ibrat ions and the weld ing pressure is ma in ta ined unt i l t he mo l ten po lymer has comp le te ly sol idi f ied and f o r m e d 

a p roper bond . This phase is cal led ho ld ing or sol id i f icat ion and normal ly lasts be tween 4,000 and 9,000 [ms] . 

The fo rce appl ied by the ac tuator dur ing this phase - also called 'ho ld ing fo rce ' - shou ld be dist inguished f r o m 

the we ld ing force. If pressure is released premature ly , mean ing before all mater ia l has sol id i f ied, t h e we ld acts 

like a spr ing and solidif ies w i t h many voids at t he we ld ing mter face. 

Process modeling 
Benatar and Gutowsk i (1989) made an e f fo r t to mode l t he USW process. Accord ing t o t h e m , t he process can be 

div ided in to f ive dist inct yet highly coup led sub-processes: 

1) Mechanics and v ibrat ions of t he parts, 

2) In termolecu lar and inter facia l f r i c t ion , 

3) Heat t ransfer , 

4) Flow and we t t i ng , and 

5) In termolecu lar d i f fus ion . 

Going fu r ther , they comb ined these sub-processes and deve loped one overal l mode l . 

Mechanics and vibrations of the parts 

The mechanics and v ibrat ions sub-process mode l describes the strain d is t r ibu t ion in the compos i te parts, t h e 

f i x tu re , and the we ld ing equ ipmen t . The strain d is t r ibu t ion is o f Interest because it is used to de te rm ine t h e 

heat ing rate. The more strain a c o m p o n e n t experiences, t he more energy is dissipated in to tha t c o m p o n e n t . 

There fo re , in o rder t o ef f ic ient ly make a we ld , t he dissipat ion of energy has t o be focused at t he we ld ing l ine and 

th i s i sexac t l y w h y EDsare used. Benatar and Gutowsk i (1989) proposed a l u m p e d parameter mode l , as i l lus t ra ted 

in Figure 1-5, t o de te rm ine t h e strain d is t r ibu t ion . Each mass rr i j represents a c o m p o n e n t of t he we ld ing sys tem. 
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spring constant /Cj represents a componen t ' s st i f fness, and damp ing coef f ic ient bt represents the energy 

dissipat ion in a componen t as a result of its s t ra in. 

Intermolecular and interfacial friction 

Viscoelastic mater ia ls , such as the thermoplas t ics used fo r USW, dissipate energy in to heat when sub jec ted to 

sinusoidal stra in due t o In termolecu lar f r i c t i on . This p h e n o m e n o n is cal led viscoelastic heat ing. Benatar and 

Gutowsk i (1989) ident i f ied viscoelastic heat ing as t h e main heat ing mechanism. They used the re la t ion of To lunay 

et a l . (1983) t o es t imate the average energy dissipated per t ime uni t [Qavg)-

Qavg 
(1.1) 

iavg 2 

, w h e r e w is t h e f requency of the v ib ra t ion , eo is t he amp l i t ude of the cyclic stra in, and E" is t h e loss modu lus of 

t h e thermop las t i c mater ia l . 

|fb The loss modu lus is a measure of h o w wel l a 

mater ia l dissipates energy. Un fo r tuna te ly , t h e loss 

modulus is very complex concept as it is f requency 

and t empe ra tu re dependen t . Viscoelastic mater ia ls 

have a larger loss modu lus at a higher f requency 

(Tsujino et a l . , 2002) . IVloreover, t he loss modu lus 

Increases considerably when t h e mater ia l reaches 

its Tg, but reduces abrupt ly again when the 

Horn 

Focco Tranoducoc 

mater ia l is ge t t ing close to its (Zhang et al . , 

2010). 

M o r e recent ly, Zhang et al. (2010) s tud ied the 

heat ing mechanisms of USW in dep th using 

numer ica l s imulat ions and exper iments . They 

conc luded t h a t viscoelastic heat ing is not t h e only 

heat ing mechan ism, as inter facia l f r ic t ion also plays 

a signif icant role. They observed tha t , in t h e init ial 

phase o f t h e we ld ing process in ter fac ia l , f r i c t ion is 

t h e dom inan t heat ing mechan ism, and t h a t once 

t h e thermop las t i c mater ia l reaches its Tg , most of 

t h e heat is genera ted by viscoelastic heat ing. 

Tolunay et a l . (1983) and Nonho f and Lui ten (1996) 

observed tha t wh i le t h e sono t rode is v ib ra t ing . 

Figure 1-5: Composite welding system and corresponding contact be tween the sono t rode and t o p compos i te 

lumped parameter model (Benatar & Gutowski, 1989). is temporar i l y lost dur ing each cycle. This 

p h e n o m e n o n is called the hammer i ng e f fec t . Levy et al. (2014) proposed to incorpora te an empir ical fac tor ( a , J 

in to t he equa t ion for t he average energy diss ipat ion t o compensate f o r th is ef fect . Equat ion 1.1 becomes: 

l i j ' i 

Qavg 
(1.2) 

Heat transfer 

Benatar and Gutowski (1989) also mode led the heat t ransfer f r o m the we ld ing l ine to t he cooler su r round ing 

mater ia l . As the thermop las t i c mater ia l at t he we ld ing line heats up due to t he dissipat ion of v ibra t iona l energy, 

heat is conduc ted f r o m the we ld ing l ine to t he cooler compos i te componen ts . The a m o u n t of heat conduc t ion is 

s igni f icant because of t he large t he rma l conduc t i v i t y of carbon f ibers. In cont rast , heat convect ion t o t h e air 

su r round ing the we ld is relat ively small and t he re fo re neglected in t he mode l . Benatar and Gutowski (1989) used 
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t he f in i te e lement p rogram FEAP to mode l the heat f l ow . They mod i f ied t he p rogram to inc lude anisot rop ic 

conduct iv i t y and in terna l heat genera t ion . 

Flow and wetting 

W h e n the ED mel ts, it wi l l s tart t o f l ow and we t t he we ld ing surfaces as a result of t he appl ied we ld ing pressure. 

W h e n t rad i t iona l EDs are used - e.g. t r iangular or rectangular prot rus ions (Benatar & Gutowsk i , 1989) - t he 

squeeze f l ow starts f r o m the m o m e n t parts of t h e ED mel t . But when f la t EDs are used, t he squeeze f l o w only 

starts at t h e m o m e n t t h e comp le te ED has me l ted (Vil legas, 2013a). When Villegas et al. (2014) made a 

compara t i ve evaluat ion o f EDs, they could clear ly observe this d i f ference in f l o w behav ior in t he p o w e r / t rave l 

curves of t he t r iangular protrus ions versus the f la t EDs. The d i f ference is a t t r i bu ted to t h e fact tha t f la t EDs 

a l ready cover t he who le we ld ing surface. 

Benatar and Gutowsk i (1989) mode led the squeeze f l ow of t r iangular EDs. To s impl i fy t he i r mode l , t hey analyzed 

the stat ic fo rce and t h e dynamic d isp lacement ind iv idual ly and subsequent ly appl ied the pr inc ip le o f 

superpos i t ion . Moreove r , they assumed an isothermal f l ow . The mode l est imates t he impor tance o f a) iner t ia , 

b) compress ib i l i ty and c) elasticity. The mode l shows tha t , early in t h e process, both inert ia l and elastic ef fects 

are impo r t an t , whereas compress ib i l i ty is negl ig ible. At this po in t , under static loading, t he m o l t e n ED behaves 

l ike a sof t spr ing in paral lel w i t h a sof t damper , whereas dynamical ly it behaves like a modera te l y hard spr ing. 

W h e n t h e ED mel ts f u r t he r and as a result mo re f l o w occurs, t he spr ing disappears under t h e stat ic load, wh i le 

t h e impedance o f t h e damper increases. Dynamical ly , t h e mo l ten thermop las t i c behaves l ike a s t i f fe r spr ing. 

Close t o t h e end o f t h e process, the static behavior is simi lar t o a quasi-steady f low. The dynamic behav ior is t ha t 

o f an even st i f fer spr ing. W h e n the mel t f ron ts eventua l ly meet , t h e static behavior remains s imi lar t o a quas i -

steady f l ow , bu t dynamical ly compress ib i l i ty suddenly becomes impor tan t and elastic ef fects start t o d o m i n a t e . 

Intermolecular diffusiort 

An ul trasonic we ld acquires its s t rength f r o m in te rmo lecu la r d i f fus ion and en tang lemen t o f long po l ymer chains 

across its in ter face (Benatar & Gutowsk i , 1989). The pr inc ip le of in te rmolecu lar d i f fus ion is dep ic ted in Figure 

1-6. 

In termolecu lar d i f fus ion is in i t ia ted above t h e Tg 

fo r amorphous thermoplas t ics and above t h e T^ 

f o r (semi)-crystal l ine thermop las t i cs . Benatar 

(1987) es t imated tha t t h e heal ing t i m e fo r semi -

crystal l ine thermoplas t ics is at least six orders o f 

magn i tude smal ler than t h e U S W t i m e . Because the 

heal ing t ime is negligible, Benatar and Gutowsk i 

(1989) d id no t consider in te rmo lecu la r d i f fus ion in 

the i r mode l . 

In situ process monitoring 
Being able to assess t he qual i ty o f a we ld is very 

impo r tan t if the w ide scale use o f we ld ing is t o be 

considered. Non-dest ruc t ive tes t ing (NDT) 

methods , such as the A-scan, C-scan and S-scan, are 

wide ly appl ied t o inspect t he qual i ty of welds. 

These methods can de te rm ine if t h e r e are any 

porosi t ies a n d / or con tamina t ions in t h e we ld ing 

in ter face a n d / or t he substrate mater ia l . Even t h o u g h the NDT techniques yield valuable i n fo rma t ion tha t makes 

it possible t o assess t he qual i ty o f a jo in t , they also present a f e w downsides. First of all, pe r fo rm ing NDTs is t ime 

consuming . Secondly, NDT is on ly pe r fo rmed af ter the componen ts have been w e l d e d ; tak ing correct ive act ion 

dur ing t h e fusion bond ing process is t he re fo re not possible. Repair ing a rejected we ld is expected t o be d i f f icu l t 

and labor intensive. Fur thermore , t he we lded componen t s might even have to be scrapped, if they are severely 

a) b) c) 
Figure 1-6: Healing of welding interface: a) two distinct 
components; b) intimate contact between components; and 3) 
intermolecular diffusion into one component (Prager & Tirrell 
1981). 
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damaged. Fortunately, Benatar and Gutowski (1989) ident i f ied U S W s potent ia l fo r in si tu mon i to r ing . M o d e r n 

microprocessor-cont ro l led USW machines are able to measure every mi l l isecond the we ld ing parameters . By 

actively mon i to r i ng the parameters , i rregular behavior can be recognized early in t he process and t h e we ld ing 

operat ion can be in te r rup ted a n d / or a l te red before any harm is done to t he product . 

Benatar and Gutowski (1989) made an e f fo r t t o mon i to r j o i n t qual i ty by measur ing the mechanical dynamic 

impedance of the composi tes dur ing the weld ing process. They discovered tha t the re is a re lat ion be tween the 

impedance and the f l o w of mo l ten po lymer . In t he case w h e r e t r iangular EDs are used, t he mechanical 

impedance rises abrupt ly w h e n t h e f l o w f ronts of mo l ten po lymer meet . At this po in t a good bond is ob ta ined 

and the process should move on to t h e sol idi f icat ion stage. However , dynamic impedance measurements are 

d i f f icu l t to pe r fo rm due to t h e high f requencies, forces and powers impl ied by the USW process. Therefore, 

Benatar and Gutowsk i (1989) suggested measur ing the power and f i x tu re accelerat ion ins tead, because - as the 

authors qual i ta t ive ly and exper imenta l ly con f i rmed - both of these parameters are re la ted t o t he impedance . 

Villegas (2013a) cont inued t h e w o r k on 'in s i tu ' mon i to r ing by invest igat ing t h e re lat ionships b e t w e e n the events 

in t he power and d isp lacement curves and the t rans fo rmat ions at t he we ld ing in ter face when using f lat EDs. 

Villegas (2013a) ident i f ied f ive d i f fe ren t stages in the p o w e r / d isp lacement curves of USW as can be seen in 

Figure 1-7. 

11 IIKI 1(11) 3(111 40(1 5(10 MK) 7011 

Time (ins) 

power ilispl;iccnieit( 

Figure 1-7: Typical evolution o f t he dissipated power and the displacement o f the sonotrode (Villegas, 2013a). 

In stage 1 , t he power ramps up t o a max imum and the sono t rode w i t hd raws sl ightly to accommoda te t h e 

v ib ra t ion . Stage 2 starts as soon as the ED melts as a result o f nuc leat ion and g r o w t h o f random ho t spots. The 

power reduces propor t iona l l y t o t h e reduct ion in t he solid area of t he ED, wh i le t h e d isp lacement of t h e 

sono t rode does no t change signi f icant ly. Stage 3 starts once t h e ED has ful ly me l ted . The squeeze f l o w of t h e 

mo l ten ED occurs, wh ich can be recognized by a sudden steep increase in t he d isp lacement o f t h e sono t rode . In 

add i t ion , t he power also ramps up considerably, because the squeeze f l o w produces an increase in mechanical 

impedance, as Benatar and Gutowsk i (1989) already ind icated. Stage 4 starts as soon as the power curve levels 

ou t . Note t h a t t h e we ld l ine thickness is not yet reduced to zero. The power curve levels ou t because a) the rise 

in power generated by t h e increase in mechanical impedance is counterac ted by b) a decl ine in power caused by 

t h e me l t ing o f t h e compos i te substrates. Once the we ld l ine is pract ical ly reduced to zero, stage 5 begins. At th is 

po in t , the dom inan t fac tor is t he me l t i ng of t he substrates. This stage is character ized by a reduct ion in power 

and a steep rise in d isp lacement . 

Ideally, the USW process shou ld s top dur ing stage 4 because th is is when the subst ra te mater ia l starts me l t ing . 

Vil legas (2013a) observed t h a t s imi lar specimens we lded under ident ical condi t ions show a considerable 

var ia t ion in t h e t i m e taken to reach stage 4, whereas the d isp lacement at stage 4 is as good as constant , as 

i l lust rated in Figure 1-8. 
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Figure 1-8: Power and (displacement curves for two identical specimens welded with the same peak-to-peak amplitude 

(86.2 [pm]) and welding force (300 [N]). The time to stage 4 varies considerably, whereas the displacement at stage 4 is 

constant (Villegas, 2013a). 

Because the value o f t h e d isp lacement at t he beginning of stage 4 is constant , t h e d isp lacement is a much be t te r 

dr iver than the we ld ing t i m e fo r consis tent ly obta in ing a good we ld qua l i ty . 

Vil legas (2013a) conc luded tha t , because t h e power and d isp lacement curves and the relat ions be tween t h e m 

are reproduc ib le , feedback p rov ided by microprocessor -cont ro l led ul t rasonic we lders can be used to m o n i t o r 

t h e we ld ing process ' in s i tu ' and , u l t imate ly , t o assess the qual i ty of t h e we lds . Pat terns, such as the s imul taneous 

rise In power and d isp lacement in stage 3, can be used to ident i fy potent ia l fau l ts . For example, if t he powe r 

increases w i t h o u t a no tab le increase in d isp lacement , someth ing u n w a n t e d Is most l ikely happen ing . IVloreover, 

t h e power and d isp lacement curves can be used to ef fect ively f ind t h e o p t i m u m set o f we ld ing parameters for a 

new app l ica t ion . 

Energy directors 

Energy di rectors are placed in be tween t h e subst ra te composi tes. They are designed to undergo high cyclic 

strains dur ing the USW process. Because o f this, they heat up faster t han t h e subst ra te composi tes , and ensure 

t ha t t h e dissipat ion of energy concent ra tes at the we ld ing interface (Potente , 1984). EDs are t rad i t iona l l y shaped 

in t h e f o r m o f mat r ix resin p ro t rus ions , such as rectangular, t r iangular , or semi-c i rcular po l ymer ribs (Liu & Chang 

2002). Because of t he d i f f icu l t ies re la ted to incorpora t ing EDs on to CFRTPCs, Beevers (1991) and Si lverman and 

Griese (1989) invest igated the possibi l i ty o f we ld ing CFRTPCs w i t h o u t EDs. Un fo r t una te l y , this made the we ld ing 

process very t r oub lesome , as the energy diss ipat ion did no t concent ra te at t h e we ld ing in ter face, but instead t h e 

composi tes heated up th rough- the- th ickness . A break through was recent ly p roposed by Villegas (2013a): replace 

t rad i t iona l ly shaped EDs w i t h a f la t po lymer f i lm , as i l lustrated in Figure 1-9. Flat EDs c i rcumvent t h e d i f f icu l t ies 

encoun te red when mo ld ing t rad i t i ona l EDs o n t o CFRTPCs because they do no t have t o be mo lded to t he 

subst ra te compos i te at al l . 

, —— ^ 

Sonotrode 

1 I 1 1 t I 

upper adherend (composite) 

I BiniKarMiirineaiiioMnerllml I 

lower adherend (coinposite) 

• / / / / . / / / / / / / / / / / / 

Figure 1-9: Schematic drawing of the ultrasonic welding 

process using a flat energy director (Levy et al., 2014). 

In t h e case o f t he t rad i t iona l EDs, t h e shape, size 

and conf igura t ion o f the EDs strongly af fects t h e 

s t rength o f t h e jo in t , and the re fo re the i r design 

cannot be neglected (Liu, Chang, & Hung, 2001). 

Chuah et al. (2000) and Liu and Chang (2002) 

exper imenta l l y compared t r iangular , rectangular , 

and semici rcular EDs and conc luded tha t sem i ­

circular EDs p rov ide the highest j o in t s t reng th . 

Vil legas and Bersee (2010) exper imenta l ly 

observed tha t using mu l t i p le smal ler EDs instead of 

a single larger one improves the coverage o f t he 

over lap area and reduces the d is turbance o f f ibers in t he o u t e r m o s t layers o f t h e subst ra te . Flat EDs already 
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cover t he who le we ld ing inter face and there fo re the i r shape, size, and number does not have t o be op t im ized t o 

achieve h igh-qual i ty welds (Levy et al., 2014). Flat EDs normal ly have thickness in the range of 0.25 [mm] - 0.40 

[ m m ] . 

Sequential welding 
Lu et al. (1991) succeeded to sequent ia l ly we ld compos i te plates using t he USW process. Compression mo lded 

f i lms w i t h t r iangular pro t rus ions were used as ED. They not iced tha t t h e we ld ing condi t ions we re d i f fe ren t f o r 

every subsequent plunge w e l d . For example, in case of t h e f i rst w e l d , t he t o p plate is f ree t o v ibra te , whereas in 

case of t h e second we ld , one end of t he t o p plate is already f ixed t o the b o t t o m plate. The var ia t ion in end p late 

const ra in t is a chal lenge as t h e weld ing parameters w o u l d have t o be op t im ized fo r every subsequent w e l d . 

Moreover , t h e end plate const ra in t can result in heat ing occurr ing in undesirable places due t o v ibrat ions in t h e 

t o p p late. In order t o solve these issues Lu et al. (1991) a t tached rubber dampers to the t o p p late on ei ther side 

of the sono t rode . In do ing so, t he aim was to min imize t h e zone af fected by v ibrat ions. Using this m e t h o d , they 

ob ta ined consistent high qual i ty welds t h r o u g h o u t t h e jo in t . 

1.2.2. Research gap 
Most research avai lable on USW has been conduc ted in t he lab on lap shear samples in order t o opt imize var ious 

aspects such as the we ld ing parameters and the EDs. However , l im i ted l i te ra ture is available on the we ld ing o f 

real CFRTPC appl icat ions. Aspects such as: a) sono t rode design, b) c lamping o f composi tes, c) in tegrat ion o f t he 

EDs on CFRTPCs, and d) too l i ng design for mobi l i t y and accessibil i ty, have been only marginal ly examined. 

Clamping is expected t o be of signif icant impor tance as the f i x tu re : a) de termines t he behavior of t he v ibrat ions 

in t h e compos i tes t o be we lded , and b) absorbs part o f t he v ibrat iona l energy. However, no l i te ra ture t h a t 

investigates t he ef fect of c lamping on t h e USW process is avai lable. Moreover , exist ing l i te ra ture focuses main ly 

on spot we ld ing , whereas many appl icat ions migh t requi re a sequent ia l or even cont inuous approach in order 

fo r t he USW process t o be a possible candidate. Fur thermore , practical Issues such as a) mob i l i t y of t he too l ing , 

b) accessibil i ty of t h e too l ing w h e n we ld ing appl icat ions, and c) t he undesirable level of noise created by the USW 

process, have not yet been invest igated. The descr ip t ion and analysis of t h e effects con tam ina t i on , such as grease 

or dust , may have on t h e qual i ty of t h e jo in t are also no t covered by exist ing l i te ra ture . Moreover , given t he 

speed o f t h e USW process, it is expected tha t t he TP mater ia l at the inter face becomes amorphous . No l i tera ture 

is avai lable t ha t Investigates th is p h e n o m e n o n . It is reasonable t o expect t h a t once in a whi le a poor we ld occurs. 

However , no l i te ra ture descr ib ing if and h o w correct ive act ion can be taken to repair or improve a we ld o f poor 

qual i ty was f o u n d . Last but not least, exist ing l i te ra ture does not prov ide any indicat ions regarding if and h o w 

curved componen ts can be we lded and w h a t ef fect a) dev ia t ion in d imensions of and b) misal ignments be tween 

the componen ts t o be we lded have on t h e we ld ing process. 

In th is thesis, some of t he above men t i oned issues wi l l be invest igated. Providing answers t o pract ical quest ions, 

such as those ou t l i ned above, is a prerequis i te t o any pro jec t ion about t h e fu tu re t ha t w o u l d include t h e large 

scale ut i l izat ion o f USW w i t h CFRTPCs. 

1.2.3. Practical observations 
There are sti l l many challenges tha t have t o be solved be fo re t he t w o proposed demons t ra to r products can be 

we lded . This sect ion makes an inventory o f t h e s e chal lenges, wh ich wi l l subsequent ly prov ide t h e founda t i on t o 

fo rmu la t i ng t h e object ives and research quest ions o f this thesis. First, t h e practical challenges of we ld ing clips t o 

a rib are discussed. Next, t h e challenges associated w i t h we ld ing a fuselage f rame to t h e o r thogr id panel are 

examined . Finally, a new issue observed in pract ice when we ld ing larger componen ts is exp la ined. 

System clips 
W h e n designing a setup t o we ld system clips t o a r ib , the re are a couple o f challenges tha t can be ident i f ied. First 

o f all, a f i x tu re has to be designed t o keep t he clips in place dur ing t he USW process. Since t h e clips are smal l , 

and they should preferably be comple te ly over lapped by the sono t rode this can prove t o be compl ica ted . 
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Secondly, an ED conf igurat ion has to be chosen. It should be p reven ted tha t t h e mo l ten ED is squeezed ou t to 

areas wh ich t he sono t rode cannot cover, such as the area r ight be low the f lange of t h e cl ip, because t h e ED wi l l 

sol idi fy and the sono t rode wi l l not be able t o me l t it again. Finally, the m a x i m u m area tha t can be we lded in one 

spot is u n k n o w n . 

Fuselage frame 

In o rde r t o ident i fy t he challenges of we ld ing a fuselage f r ame to Fokker's o r thog r i d panel , a conceptua l design 

was made in CATIA V5. This design is i l lust rated in Figure 1-10. 

Figure 1-10: Conceptual design of tool to sequentially weld fuselage frame (dark blue) to the orthogrid panel (light blue). 

Clamping of fuselage frame and orthogrid panel not included. An actuator (yellow) is used to clamp the area to be welded 

between the anvil o f t he C-frame (orange) and the welding stack (grey). 

First of all, as can be observed in Figure 1-10, accessibil i ty is an issue when we ld ing t he f rame. Because o f this 

reason, a smal ler 35 [kHz] we ld ing stack has been chosen for t he conceptual design. However , using smal ler 

too l ing is sti l l not suf f ic ient t o prevent t he we ld ing stack f r o m in ter fer ing w i t h t h e o r thog r i d panel . There fore , a 

chamfe red sono t rode (w i th an angle o f 10 [°]) also has to be used. These solut ions in t roduce t w o chal lenges: 1) 

It has to be invest igated if CFRTPCs can be we lded w i t h t h e smal ler 35 [kHz] USW equ ipmen t ; and 2) it has t o be 

explored if t he USW process works under an angle w i t h a chamfered sono t rode . IVloreover, in t h e proposed 

conceptua l design, we ld ing t he f rame requires a sequent ia l (or cont inuous) approach. There fo re , 3) it has t o be 

invest igated if USW al lows such a process and if it does, how. In add i t i on , 4) it has t o be examined wha t t he 

m i n i m u m requ i remen ts in te rms of st i f fness o f t h e f r a m e are as t h e too l ing should also be mobi le . Fu r the rmore , 

5) research shou ld be conduc ted on h o w the t w o compos i te componen ts can be c lamped toge ther , wh ich might 

actual ly become complex as a sequent ia l (or con t inuous) approach is requ i red . Finally, research shou ld be 

conduc ted on 6) wh ich ED conf igurat ion best f i ts USW we ld ing of t h e f rame to t he o r thogr id panel (In a sequent ia l 

approach) . 

Displacement ceiling 

In an early stage of t he research, various welds we re made t o de te rm ine the possibi l i t ies and l imi ta t ions o f t he 

USW process. An issue tha t kept coming back dur ing t he in i t ia l exper iments was t h e fact tha t t h e steep increase 

in d isp lacement o f t h e sono t rode , wh ich is expected w h e n t h e EDs have me l ted , ab rup t l y came t o an end in stage 

V o f Figure 1-12. This ab rup t end in t h e steep increase o f d isp lacement - f r o m now on refer red to as the 

d isp lacement cei l ing - occurred in every s i tuat ion w h e r e t h e ED had few f ree edges, as clar i f ied in Figure 1-11. 

W h e n we ld ing ASTM D1002 samples, wh ich are o f ten used in USW l i te ra ture , no d isp lacement cei l ing is 

observed, most l ikely, because all edges are f ree and t h e ED can be squeezed ou t more easily. 
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Figure 1-11: Left: welding interface where ED has two free edges (single lap shear sample has four free edges); right: 

welding interface where ED has no free edges. 

The displacement ceil ing is f o u n d before the second peak in t he powe r curve occurs. Therefore , t he d isp lacement 

cannot be used as the dr iver anymore , just as Villegas (2013a) suggested. Given tha t : 1) d isp lacement is expected 

to be a more rel iable dr iver than e i ther t ime or energy, 2) the op t ima l d isplacement value is i ndependen t of 

geomet ry , and 3) almost all appl icat ions have f e w or no f ree edges, it is impor tan t t o de te rm ine t h e cause of t he 

d isp lacement cei l ing. Once the cause is k n o w n , e f for ts can be made to prevent it, so tha t t h e methodo logy 

proposed by Villegas (2013a) is again appl icable. 

I II III IV V y i VII 
1,700 T • • • • • • 

3,500 4,000 4,500 5,000 5,500 

Time [ms] 

Force [N] Displacement [mm) Power [W] 

Figure 1-12: Force (top), displacement (middle) and power (bottom) curves of sample clip USW140911-08 welded with an 

energy of 2,000 [J], an amplitude of 51.8 [pm], and a welding force of 1,500 [Nj. The various stages in the ultrasonic welding 

process are indicated by the black dashed lines. 

The we ld ing curves of a sample clip t ha t exper ienced the d isp lacement ceil ing are f ound in Figure 1-12. Because 

of t he impo r tan t role we ld ing data plays in this research project , t he stages observed in t he we ld ing data are 

once again def ined be low: 

I) In stage I, t he pressure appl ied by the actuator builds up unt i l t he preset t r igger force is reached. The 

USW starts at t h e end o f th is stage. 

II) In stage II, t he power ramps up unt i l it reaches a m a x i m u m : the f irst peak in the power curve. The 

d isp lacement sl ightly reduces t o accommoda te the v ibrat ions of t he sono t rode (Villegas, 2013a). 

Moreover , because of t h e v ibra t ions, a slight counter fo rce is exer ted on the sono t rode , wh ich increases 

the measured force un t i l t h e ac tuator of the USW machine corrects for this coun te r fo rce and the 

measured force moves back t o t he preset t r igger value. 
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III) Stage lil is character ized by a decrease in power unt i l a local m i n i m u m in t he powe r curve is reached. 

This reduct ion in power is caused by t h e nucleat ion and g r o w t h of r andom hot spots in t he ED and 

the re fo re , the power reduces p ropor t iona l l y t o t he reduc t ion in solid area o f the ED. W h e n t h e power 

curve has reached t h e val ley, t h e ED is comple te ly me l ted (Villegas, 2013a). At t he m o m e n t t he 

d isp lacement curve shows the f i rs t signs o f upward m o v e m e n t ( d o w n w a r d d isp lacement o f t h e 

sonot rode) , t he force starts t o increase. 

IV) At t he start of stage IV, the ED has me l ted and is being squeezed ou t , as ind icated by a sudden steep 

increase in the d isp lacement o f t h e sono t rode . Moreover , the power considerably ramps up again as 

the squeeze f l ow results in to an increase in mechanical impedance as expla ined by Benatar & Gutowsk i 

(1989). The d isp lacement increases unt i l it suddenly reaches a cei l ing. In this thesis, an e f fo r t is made t o 

invest igate the cause o f this cei l ing. At t h e m o m e n t t he ED is me l ted , t h e fo rce curve shows a shor t and 

small sudden m o v e m e n t , wh i ch is, mos t l ikely, caused by the fact t ha t t he sono t rode abrup t l y 

accelerates and comes t o a s top again. A f te rwards , the USW mach ine s lowly reduces the force again 

unt i l it reaches t h e preset fo rce value. 

V) Stage V is character ized by a) a f u r t he r increase in power un t i l t h e second peak in the powe r curve is 

reached, b) the presence of t h e d isp lacement cei l ing, andc ) a t u rn -a round in force. A c c o r d i n g t o Benatar 

& Gutowsk i (1989), t he second peak in t he powe r curve is caused by the me l t ing of t he subst ra te 

compos i te . Because o f t h i s , (Vil legas, 2013a) suggested tha t USW process should be s topped at t h e t i m e 

of t he second peak in o rder to get t he best we ld ing qual i ty. It is yet u n k n o w n w h y the force suddenly 

starts increasing to values much higher than t h e preset value. However , this p h e n o m e n o n is expected 

to be re lated to the d isp lacement cei l ing. 

VI) Stage VI is character ized by: a) t h e decrease in power due t o the me l t ing o f t h e substrate compos i te , b) 

a fu r the r increase In t h e we ld ing force, and c) a reduct ion in d isp lacement . The reduct ion in 

d isp lacement and t h e f u r t he r increase in fo rce might indicate t he rma l expans ion. Moreover , a 

hypothesis is establ ished tha t it also indicates mater ia l degradat ion as vo luminous gasses are f o r m e d 

which exert pressure o n t o t h e sono t rode and push it upwards. This research pro ject exper imenta l l y 

investigates this hypothesis. 

VII) Stage VII starts as soon as the v ib ra t ions of t h e sono t rode are s topped . At th is po in t no energy is 

dissipated anymore and the m o l t e n the rmop las t i c is given t i m e t o cool d o w n and consol idate , wh i le t h e 

we ld ing pressure is ma in ta ined . The USW machine gradual ly changes the appl ied force t o t he preset 

hold ing force level, and the d isp lacement of t h e sono t rode increases due t o t he rma l shr inkage unt i l 

approx imate ly t he same level as t h e one recorded at t he m o m e n t of t he d isp lacement cei l ing is reached 

again. 
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1.3. Objectives & research questions 
The main ob jec t i ve is: t o ident i fy the po ten t ia l and feasibi l i ty of ul t rasonic we ld ing of CF/ PEKK composi tes in an 

industr ia l setup, by we ld ing system clips and fuselage f rames. 

The ob jec t ive can be d iv ided in to the fo l l ow ing sub-goals: 

1. Design and bui ld appropr ia te too l i ng fo r we ld ing clips 

2. Design and bui ld appropr ia te too l i ng for we ld ing fuselage f rames 

3. Be able t o we ld clips consis tent ly w i th h igh-qual i ty welds 

4. Make a demons t ra to r by ui t rasonicai iy we ld ing CF/ PEKK clips t o a CF/ PEKK rib 

5. Make a second demons t ra to r by ui t rasonicai iy we ld ing a CF/ PEKK fuselage f r ame to a section of 

Fokker's CF/ PEKK or thogr id panel 

6. Present an ou t look fo r u l t rasonic we ld ing of CFRTPCs in t h e aerospace indust ry 

Based on t h e object ive, t he l i tera ture rev iew and pract ical observat ions, the research quest ions are establ ished. 

Since more quest ions have to be answered - in o rder t o be able t o we ld the fuselage f rame to the o r thogr id 

panel - t han can be reasonably answered w i th in a MSc. thesis whi le ma in ta in ing t he requ i red academic 

pro foundness. Therefore , t he larger co l lect ion of research quest ions is d iv ided in to t w o sets: t he f i rst one 

contains the research quest ions tha t wi l l be answered at t he requ i red academic dep th in Section II - Exper iments, 

Results & Discussion, whereas the second one contains t he quest ions t ha t wi l l be answered w i t h o u t fu l ly 

enlarging upon every detai l in Section III - New Concepts & Fuselage Frame. The quest ions in t h e second set are 

in t roduced t o scan the po ten t ia l of t he ul t rasonic we ld ing process and also t o ident i fy in terest ing areas for f u r t he r 

research. 

The ma in research ques t i on o f t h e f irst set is: how can CF/ PEKK clips be ui trasonicai iy we lded to a CF/ PEKK rib 

w i t h consistent h igh-qual i ty bonds? 

This quest ion is d iv ided in to t h e fo l l ow ing sub-ques t ions : 

1. W h a t is causing t h e d isp lacement ceil ing? 

2. W h a t is t he best m e t h o d to c lamp clips dur ing t he ul t rasonic we ld ing process? 

3. W h a t is a good energy d i rec tor conf igurat ion to ui t rasonicai iy spo t -we ld clips? 

4. Wha t is t he op t ima l value of t h e we ld ing dr iver - be it energy or d isp lacement - t o consistent ly we ld 

clips w i th a h igh-qual i ty bond? 

The ma in research ques t i on of t he second set is: h o w can CF/ PEKK fuselage f rames be ui t rasonicai iy we lded to 

Fokker's CF/ PEKK o r thogr id panel , and w h a t is the potent ia l of ul t rasonic we ld ing in t he aerospace industry? 

This quest ion is d iv ided in to t he f o l l ow ing sub-ques t ions : 

1 . Is it possible t o in tegra te energy d i rectors in to one of the substrate composi tes? 

2. W h a t are the effects o f c lamping on the ul t rasonic we ld ing process? 

a. Wha t ef fect do rubber pads placed be tween the composi tes and the c lamp have? 

b. Wha t is t h e ef fect of t h e locat ion of t he clamps? 

c. W h a t is t h e ef fect of t h e c lamping pressure? 

d. Does it make a d i f fe rence if a componen t is c lamped f r o m one side or t w o sides? 

3. How can the fuselage f r ame be c lamped dur ing the ul t rasonic we ld ing process? 

4. Is a sequent ia l approach feasible fo r ul trasonic we ld ing? 

5. W h a t is t he ou t l ook of u l t rasonic we ld ing in t h e aerospace industry? 

15 



MSc. Thesis J.J.E. Renooij 

1.4. Outline 

in th is sect ion, t h e out l ine of t he thesis is descr ibed. In chapter 2, the exper imenta l set-ups tha t are used to 

conduc t the exper iments are descr ibed. Subsequent ly, in chapter 0, a good ED conf igura t ion to we ld clips is 

chosen. Next, in chapter 0, t he deve lopment of the squeeze f l ow and the we ld qual i ty is s tud ied as a func t ion of 

t he appl ied energy. Moreover , an e f fo r t is made to f ind the cause o f t h e d isp lacement cei l ing. Then, in chapter 

5, system clips are we lded to a r ib. In chapter 0, an e f fo r t is made to in tegrate t r iangu lar EDs in to a compos i te 

laminate . Next, in chapter 7, t h e effects of c lamping are invest igated and subsequent ly , in chapter 0, t h e fuselage 

f rame is we lded . Finally, in chapter 0, 10, and 0, t h e conclusion, ou t look , and recommenda t ions fo r fu tu re 

research are presented. 
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2. Experimental Set-up 
In this chapter , t h e exper imenta l set-up is descr ibed. First, in sect ion 2 . 1 , it is expla ined wh ich materials are used, 

h o w the samples and EDs are manufac tu red , and how they are prepared fo r we ld ing . Subsequent ly, in sect ion 

2.2, t he USW equ ipmen t is descr ibed. Next, in section 2.3, t he d i f fe ren t we ld ing conf igurat ions used are 

expla ined. Finally, in section 2.4, t he test ing equ ipmen t and procedures are descr ibed. 

2.1. Materials, manufacturing & preparation 
In this sect ion, it Is explained a) which mater ia ls have been used and b) how they have been processed to create 

the products requ i red fo r the exper iments . In section 2 .1 .1 , it is expla ined h o w the compos i te samples are 

manufac tu red . Next, in sect ion 2.1.2, it is expla ined h o w t h e EDs are p roduced . Finally, in section 2.1.3, it is 

explained how t h e clips are manu fac tu red . 

2.1.1. Composite samples 
All compos i te samples, w i th t he except ion of t he clips, are made o f Cytec APC PEKK-FC w i t h cont inuous 

unid i rect ional carbon f ibers. The compos i te has a typical f iber vo lume con ten t o f 50 [%] t o 60 [%]. Moreover , t he 

thermoplas t ic is semi-crysta l l ine w i th a Tg of 159 [°C], a T^ of 279 [°C], and a r„ of 337 [°C]. The mois ture uptake 

is less than 0.3 [%] by we igh t . These are t h e most re levant mater ia l p roper t ies fo r t h e USW process. Other 

mater ia l p roper t ies can be f o u n d in Cytec's mater ia l data sheet (Cytec, 2009) . 

The laminate o f t he compos i te samples consists of 

a [ ( 0 / 9 0 ) 3 ] s lay-up. Every ply has a thickness of 

0.14 [ m m ] , so the to ta l th ickness becomes 1.68 

[ m m ] . The plies are manual ly cut using a cu t t ing 

tab le , and manual ly stacked. In o r d e r t o keep the 

plies toge ther dur ing layup, t h e plies are bonded at 

t h e corners w i t h a 35 [kHz] ul trasonic p lunge 

we lder . 

The laminate is consol idated in an autoclave 

th rough vacuum bagging. The vacuum bag scheme 

is i l lustrated in Figure 2 - 1 . It should be noted tha t 

instead of t he t w o layers o f 'Kapton f i lm w i t h 

release' r e c o m m e n d e d by Cytec, Upilex 25S f i lm 

has been used. 

The autoclave cycle is as fo l l ows : t h e t e m p e r a t u r e level increases to 375 [°C] at a rate of 5 [ °C/min ] . Then the 

autoc lave mainta ins the t e m p e r a t u r e level of 375 [°C] fo r an hour . A f te r t ha t , t he autoclave cools down at a rate 

o f 5 [ °C/min ] . W h e n the laminate has reached room tempera tu re , which is measured w i t h the rmocoup les at 

var ious locat ions in t he laminate , t he laminate has consol idated and can be removed f r o m t h e autoclave. Dur ing 

t h e who le cycle, the autoclave exercises an overpressure of 6 [bar ] , wh i le t h e vacuum bag applies a pressure of 

1 [bar ] . An example o f t h e autoc lave cycle can be seen in Figure C-1. 

To saw t h e samples in t h e requ i red d imens ions, a circular saw w i t h a d iamond-coa ted blade is used. The saw is 

w a t e r coo led . The samples are dr ied in an oven at 120 [°C] dur ing 6 hours and they are cleaned using PT 

Technologies ' PFQD - Quick Drying Solvent Odorless Degreaser - right be fore they are w e l d e d . 

2.1.2. Energy director 
The f la t ED is made ou t of 5 layers of 50 [ p m ] f i lm and the re fo re it has a thickness of 0.25 [ m m ] . The ED is 

manu fac tu red according to t he same p rocedure as the compos i te laminate , as descr ibed in t h e previous sect ion. 

However , t he autoc lave cycle has been changed so tha t the t e m p e r a t u r e stays be low the me l t ing t e m p e r a t u r e 
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of PEKK. This is i m p o r t a n t t o prevent t ha t the thermop las t i c po lymer becomes l iquid and f lows away. Since t h e 

r,n of PEKK is 337 [°C], t he m a x i m u m t e m p e r a t u r e is set t o 320 [°C], wh i ch t h e autoc lave mainta ins fo r 35 [m in ] . 

The rate of heat ing, t h e rate of cool ing, and the pressure remain unchanged. The associated au to clave cycle can 

be seen in Figure C-2. 

Both the f la t EDs and t h e ED str ips, used in t he exper iments , are cut ou t of t he consol idated PEKK using a cu t t i ng 

tab le . The PEKK ED is also dr ied fo r 6 hours in an oven at 120 [°C] and is c leaned using PT Technologies ' PFQD -

Quick Drying Solvent Odor less Degreaser - r ight be fore It is placed b e t w e e n the compos i tes t o be w e l d e d . 

2.1.3. Clips 
The clips are made f r o m the same mater ia l as t h e compos i te samples: Cytec APC PEKK-FC w i t h al igned con t inuous 

unid i rect ional carbon f ibers. However , t h e clips are made out o f 8 plies and have a layup of [ 4 5 / 9 0 / - 4 5 / 0 ] s . 

First, a laminate is conso l idated in the autoc lave, as descr ibed in sect ion 2 .1 .1 . Subsequent ly, t he laminate is 

shear-cut a t t h e edges and press- fo rmed into a Z-prof i le. The clips are mi l led ou t o f t h i s prof i le . 

2.2. Ultrasonic welding equipment 
In th is sect ion, t he u l t rasonic we ld ing e q u i p m e n t is descr ibed. First, in subsect ion 2 .2 .1 , t he ul t rasonic we ld ing 

machine is expla ined. Then, in section 2.2.2, used sono t rode are presented. Finally, in sect ion 2.2.3, t h e newly 

designed f ix ture is descr ibed. 

2.2.1. Ultrasonic welding machine 
All t h e exper iments are conduc ted w i t h a Rinco Dynamic 3000 

(Figure 2-2). The Dynamic 3000 is an ul t rasonic we ld ing mach ine 

w i t h an Advanced Contro l Uni t (ACU). The machine has an ac tua to r 

(# 1 in Figure 2-2) tha t is able to apply a m a x i m u m force of 3,000 

[N] . Moreover , t h e conver te r , wh i ch is located in a housing (# 2), 

of fers a m a x i m u m peak- to-peak amp l i t ude of 22 [ p m ] . The 

a m p l i t u d e o f t he conver te r can be reduced to a m i n i m u m of 60 [%]. 

A booster (# 3) is connec ted t o t he conver ter . The booster ampl i f ies 

t he amp l i t ude w i t h a cer ta in gain factor . The booster used for th is 

research pro ject has a gain factor of 2. The sono t rode (# 4) is 

connected to t he booster . As it wi l l be explained in t he next sect ion, 

th ree d i f fe ren t sono t rodes are used w i t h gain factors ranging 

be tween 1.96 and 2.4. The comp le te we ld ing stack can be seen in 

Figure C-3. A f i x tu re or anvi l can be a t tached to the c lamping tab le 

using M S / M 8 T-nuts or T-bol ts. The c lamping tab le i tself can also 

be used as an anvi l . For th is research, a new anv i l / f i x tu re has been 

designed, as wi l l be expla ined in sect ion 2.2.3. The power supply (# 

6), used in comb ina t ion w i t h t h e Dynamic 3000, of fers a m a x i m u m 

power of 3,000 [ W j . The ACU (also # 6) is t h e ' b ra in ' of the Dynamic 

3000. It cont ro ls t h e we ld ing machine and al lows the user t o set all 

t he parameters re lated t o t h e we ld ing process. In o rder t o cont ro l 

t h e process, t h e user can select be tween th ree we ld ing dr ivers: 1) 

energy, 2) d isp lacement , and 3) t ime . W h e n t h e user has selected 

the we ld ing dr iver and en te red a value, t he Dynamic 3000 wi l l au tomat ica l l y s top the v ib ra t ions once th is dr iver 

Is reached dur ing the USW process. Fu r the rmore , t h e ACU records a value fo r 1) t he power , 2) t he d isp lacement , 

3) t h e force, and 4) t h e t i m e every mi l l isecond. This data is processed by t h e program AcuCapture and s to red in 

a .mdb f i le. Subsequent ly , th is data can be analyzed using e i ther AcuCapture or t h e We ld ing Data Analyzer, wh ich 

Is a M ic roso f t Access 2010 t oo l especial ly bu i ld dur ing the course of th is research pro ject . M o r e detai ls abou t t he 

Dynamic 3000 can be f o u n d in its opera t ing inst ruct ions (Rinco Ultrasonics AG, 2008). 

Figure 2-2: Dynamic 3000 ultrasonic welding 

machine with generator ACU (Rinco 

Ultrasonics AG, 2008). 

18 



Identifying the Potential and Feasibility of Ultrasonic Welding of CF/ PEKK Composites 

2.2.2. Sonotrodes 
For t h e exper iments th ree d i f fe rent sonot rodes are used. The sonot rodes and the i r associated proper t ies can be 

seen in Table 2 - 1 . 

Table 2-1: Overview of sonotrodes used for the experiments. 'IVIaximum peak-to-peak amplitude is based on a booster 

with a gain of 1:2. 

2.2.3. Fixture 
For th i s research pro jec t , a new f i x tu re - inc lud ing an anvil - has been designed and manu fac tu red : t he Z51414. 

The 9109 f ix ture , used by Villegas (2013a) and Agricola (2014), was designed specif ical ly t o we ld ASTM D1002 

samples and is t he re fo re unsui table fo r t h e exper iments in th is thesis. The Z51414 f i x tu re , as i l lus t ra ted in Figure 

2-3 and Figure 2-4, is designed to be bo th s imple t o use and f lexible. The f i x tu re can be used in many d i f fe ren t 

conf igurat ions, as wi l l be expla ined in sect ion 2.3. Moreover , it al lows d i f fe ren t components t o be instal led, as 

wi l l be expla ined in sect ion 2.3.4, and demons t ra ted in chapter 0, when an e f fo r t is made t o w e l d t h e fuselage 

f rame. Moreover , t he t oo l is designed to f i t bo th a 35 [kHz] Rinco Standard 745 and a 20 [kHz] Rinco Dynamic 

3000 ul t rasonic welder . 

Figure 2-3: The Z51414 fixture designed to both flexible and Figure 2-4: Side-view of the Z51414 fixture. The T-slots 

simple. make the tool very flexible. 

The grey block w i t h t h e t w o T-slots is t he anvi l . It can be f ixed to t he T-slots o f t he Rinco USVy machines using 

M6 bol ts. If requ i red , t h e anvil can be ro ta ted by 90 [°], since it has coun te r -bored M6 holes on all f ou r edges. 

The t w o green componen ts are the clamps and they can be f ixed w i th M8 bolts t o t he MB T-nuts (blue) in t he T-

slots of t he anvi l . Tef lon coated rubber pads (black), f r o m the Mosi tes Rubber Company, can be a t tached to t he 
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clamps if needed. The c lamping force can be de te rm ined by t igh ten ing t he M8 bolts w i t h a t o r q u e w rench . The 

orange parts are a l ignment blocks tha t can be used to posi t ion the compos i te samples. The anvi l , c lamps, and 

a l ignment blocks are all made f r o m a l u m i n u m . The d imensions o f t h e componen ts can be seen in t he p roduc t ion 

drawings in 0. 

2.3. Welding configurations 
In this sect ion, t he weld ing conf igurat ions fo r t h e sample clips, t h e system clips, the single and double-s ide 

c lamped samples, and the fuselage f rame are descr ibed in sect ion 2 .3 .1 , 2.3.2, 2.3.3, and 2.3.4, respect ively. 

2.3.1. Sample clips 

Figure 2-5: Fixture Z51414 in the sample clip 
configuration. 

Sample clips are we lded w i t h f i x ture Z51414 in t he conf igura t ion 

presented in Figure 2-5. It can be observed tha t t h e upper sample 

( t ransparent dark blue) - f r o m n o w on re fer red t o as t h e sample 

cl ip - Is not c lamped at all, but mere ly kept in posi t ion by an 

a l ignment block and t w o 1 [ m m ] th ick steel plates (orange) - f r o m 

n o w on re fer red to as the a l i gnment plates. The a l ignment plates 

need to be th inne r than t h e thickness of t he sample clip t o 

prevent in te r fe rence w i t h t he sono t rode . The sample cl ip is given 

approx imate ly 0.5 [ m m ] spacing w i t h respect t o each a l ignment 

p l a t e / block t o prevent f r i c t ion dur ing t h e USW process. The 

a l ignment block is f ixed using an M 8 bol t , whereas the a l ignment 

plates toge the r w i t h t he lower compos i te ( l ight blue) are c lamped 

using t he clamps w i t h the Tef lon-coated rubber pads insta l led. 

The M 8 bol ts o f the clamps are t i gh tened w i t h 2.5 [ N m ] . 

The sample clip is 30 [ m m ] in w i d t h and 80 [ m m ] in leng th . The 

lower compos i te is 92 [mm] in w i d t h and also 80 [ m m ] in leng th . The sample clip is st icking ou t w i t h respect t o 

t h e l ower compos i te , so tha t lap shear test can easily be pe r f o rmed . The ED is no t descr ibed as its conf igura t ion 

varies be tween t h e d i f fe ren t exper iments . Sono t rode 3 is used and It w i l l be pos i t ioned at t h e edge o f t h e sample 

cl ip w h e r e t he ED str ips (l ight ye l low strips) are located. It is impo r tan t t he sono t rode over laps t h e corners o f t h e 

sample clip to prevent damage. 

2.3.2. System clips 

Figure 2-6: Fixture 

configuration. 
Z51414 in the system clip 

Clips are w e l d e d w i t h f i x tu re Z51414 in t h e conf igura t ion 

i l lust rated in Figure 2-6. It can be seen t h a t this setup is 

simi lar t o t h e one presented In Figure 2-5. The d i f fe rence is 

tha t the sample clip is n o w replaced by a real cl ip 

( t ransparent dark b lue). Since t he real clip has a d i f fe ren t 

geomet ry , t w o smal ler and th i nne r a l ignment plates are 

used. The a l ignment plates (orange) now have a thickness 

of 0.7 [ m m ] to p revent in te r fe rence w i t h t he sono t rode . 

The a l ignment block is no t used anymore and its func t ion is 

taken over by one o f t h e a l u m i n u m clamps (green). To 

prevent in terac t ion be tween t h e cl ip and the a l u m i n u m 

c lamp, wh ich migh t damage the cl ip, a w o o d e n stick 

(b rown) is placed in be tween . 

Sonot rode 1 is used as it comple te ly over iaps t he b o t t o m 

surface of t he cl ip, wh ich is 16 [ m m ] by 65 [ m m ] . All d imensions of t h e clip can be seen in Figure B-2. The lower 

compos i te ( l ight blue) is the same as t h e one used for we ld ing t h e sample cl ip, thus w i t h d imensions of 92 [ m m ] 
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by 80 [ m m ] . Moreover , t he c lamps (green) fastens again bo th t he a l ignment plates and the lower substrate and 

the M8 bolts of t he clamps are t i gh tened w i t h 2.5 [Nm] . 

2.3.3. Single and double-side clamping 
The Z51414 f ix ture is also used to we ld single lap shear samples. Two d i f fe ren t types of lap shear samples have 

been used for t he exper iments ; 1) single-side c lamped samples f o l l ow ing t he ASTM D1002 s tandard, w i t h 

d imensions of; 25.4 [ m m ] by 101.6 [ m m ] ; and 2) double-s ide c lamped samples, w i t h d imensions of: 25.4 [ m m ] 

by 203.2 [ m m ] . As the names already indicate, t he first samples are c lamped at only one side (see Figure 2-7), 

whereas t he la t ter samples are c lamped at t w o sides (see Figure 2-8). These samples are used t o invest igate t he 

effects of c lamping on the USW process. For th is purpose, t he fo l l ow ing e lements can be adjusted t o t he 

conf igurat ion o f t h e we ld ing f i x tu re ; a) t h e Tef lon-coated rubber pads can be removed ; b) t h e c lamping fo rce can 

be cont ro l led and adjusted using a t o r q u e w rench ; and c) t he locat ion of t h e t w o clamps can be var ied paral lel 

t o the T-slots o f t he anvi l . In case o f t h e single-side c lamping conf igura t ion , a th i rd sample or plate w i t h a s imi lar 

thickness should be placed be tween t h e upper sample and the anvil t o p revent excessive bending of the sample. 

Figure 2-7: Fixture Z51414 in the single-side clamping Figure 2-8: Fixture Z51414 in the double-side clamping 

configuration. configuration. 

2.3.4. Fuselage frame 
In order t o we ld t he fuselage f r a m e in Chapter 0, a new f i x tu re has to be designed par t icu lar ly fo r th is purpose 

due to the f rame 's complex i ty . Since t he inclusion o f t h e T-slot concept in t he Z51414 f i x tu re design al lows for 

f lexibi l i ty, t he f i x tu re can easily be expanded by in t roduc ing new clamps (green) and a special anvil (ye l low) . From 

n o w on , this new con f igu ra t ion , as can be seen in Figure 2-9, is referred t o as the Z51430 f i x tu re . 
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Both the clamps and the anvi l stick ou t so tha t t h e b o t t o m 

of the str ingers on the o r thogr id panel can be reached. Each 

c lamp has a Destaco 207-LB toggle c lamp w i th a m a x i m u m 

hold ing capaci ty of 2,220 [N] . The specif icat ions of th is 

toggle c lamp mode l can be f ound in Destaco's p roduc t 

overv iew (Destaco 2014) . Toggle c lamps are used t o make 

c lamping conven ien t and fast. In add i t i on . Tef lon-coated 

rubber f r o m Mosi tes is used again t o prevent in terac t ion 

be tween the compos i te componen ts and the clamps. 

Fur thermore , t h e clamps have slots. Both clamps are 

connected w i th a single M 8 T-bol t and a nu t t o one of t he 

T-slots o f t he 251414's anvi l . Because of th is cons t ruc t ion , 

t he in-plane locat ion of t h e clamps can be changed. 

Moreover , t he clamps can be ro ta ted a round t h e 

longi tud ina l axis of t h e T-bol ts. The anvil also contains slots 

- o n e at each side. The anvil is connected t o t he T-slots w i t h 

MS bolts and T-nuts. Because of t h e simi lar cons t ruc t ion , 

t h e in-plane locat ion and the angle o f t h e anvil can also be 

changed. Due t o the adjustab i l i ty o f Z51430, t he too l can 

hopefu l ly be used In t h e f u t u r e t o also we ld more componen ts than just t he fuselage f rame. Both t he clamps and 

the anvil are made of s teel . 

Figure 2-9: Fixture Z51414 with the Z51430 expansion 
especially designed to uitrasonicaiiy weld fuselage 
frames to the orthogrid panel. 

2.4. Testing equipment & procedures 
In this sect ion, t he test ing e q u i p m e n t and procedures used t o study the welds, are expla ined in t he fo l l ow ing 

order : 1) tensi le tes t ing, 2) opt ica l microscopy, 3) scanning e lect ron microscopy, and 4) non-dest ruc t ive tes t ing . 

Centerline 

Upper grips 

Overlap 

Tensile testing 

To pe r fo rm single lap shear tests, a Zwick/Roel l 100 [kN] universal tes t ing 

machine, avai lable at Fokker Aeros t ruc tu res in Hoogeveen, is used. A schemat ic 

d raw ing o f t he setup is presented in Figure 2-10. The over lap o f t h e samples 

and the gr ip distance depends on t h e sample tes ted . However , all samples are 

c lamped w i t h a gr ip area of 25.4 [mm^ j per [ m m ] w i d t h o f t h e sample. The gr ip 

distance is s imply calculated by subt rac t ing t he over lap and t w o t imes the gr ip 

area f r o m the to ta l length o f the samples. Singe lap shear samples are no t 

symmet r i c a round the center l ine . There fore , they exper ience eccentr ic loading. 

To min imize th is , t he lower gr ip is given an of fset (sample + ED thickness). 

Optical microscopy 

Optical microscopy is pe r f o rmed , using an Olympus BH microscope, an Olympus 

U-PMTVC camera adapter , and a ColorView I d igi tal camera, wh ich are available 

at Fokker Aerost ruc tures in Hoogeveen. Both f rac tu re surfaces and cross-

sections o f casted samples are examined using opt ica l microscopy. To analyze 

t h e f rac tu re surfaces, cold l ight is used in add i t ion t o t he opt ica l microscopy 's 

o w n light source, a techn ique tha t reveals more detai ls. To analyze t he cross-

sect ions e i ther a ' no rma l ' or a u l t rav io le t (UV) l ight source is used. The UV l ight 

source is used t o reveal smal l cracks and the t rans i t ion be tween layers in t h e 

mater ia l . Before t he cross-sect ions can be s tud ied , samples are f irst casted, sanded, and pol ished according t o 

Fokker's opera t ing Instruct ion FSP/99-100-02. The samples are casted w i th Struers EpoFix resin, EpoFix hardener , 

and EpoDye powder . A f te r t h e samples have been casted, a vacuum is appl ied t o remove air be fo re cur ing. The 

Figure 2-10: Tensile testing 

setup schematic. 
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samples are sanded for 2 minutes at roughness: 180, 220, 500, 800 ,1 ,200 and 4,000; and pol ished for 3 minutes 

at roughness: 3 [ p m ] , 1 [ pm] , and 0.25 [pm] . 

Scanning electron microscopy 

Scanning e lect ron microscope (SEM) microscopy is pe r fo rmed using a JEOL JSM-7500F Field Emission Scanning 

Electron Microscope, wh ich is available at t he Aerospace Engineering facu l ty of t he TU Delf t . The specimens are 

spu t te red w i t h gold part icles before they are analyzed. 

Non-destructive testing 

Non-dest ruc t ive tests (NDTs) are pe r fo rmed w i th t h e Olympus Omniscan MX, wh ich uses phased array (PA) 

technology. The Omniscan is a mobi le t o o l , and t he re fo re can be used in t he f ie ld . This a l lows t h e user t o 

immed ia te ly check the qual i ty of a we ld r ight af ter t w o componen ts have been we lded . 

The PA techno logy works as fo l lows: the PA p robe sends ul t rasonic signals th rough the compos i te , and then 

measures a) how st rong the re tu rn ing signals are and b) f r o m which distance the signals re tu rn . If t he signal 

returns f r o m t h e back o f t h e upper composi te , it can be conc luded tha t t he re is no jo in t . W h e n the signal re turns 

f r o m the back of t he lower compos i te , t he signal w e n t r ight t h rough t h e we ld ing in ter face, wh ich leads to t h e 

conclusion t ha t there is a bond . In case the signal does not re tu rn , it is considered tha t t h e signal mos t likely 

scat tered. This can be caused by, fo r instance, t he presence of voids at t h e we ld ing inter face or in t he composi tes 

themselves. W h e n the signal returns f r o m w i th in a compos i te , it can be concluded tha t t h e compos i te has 

de lamina ted at t he locat ion f r o m whe re the signal re turns. 

In o rder t o make a PA scan, t h e surface of t he compos i te has to be mois tened and subsequent ly , t he probe of 

t he Omniscan has to be scrol led over t he sect ion of t he compos i te t ha t is of interest . Wh i l e scrol l ing, t h e 

Omniscan makes a col lect ion o f A (upper- le f t ) and S-scans (upper- r ight ) and one large C-scan ( lower ) , as can be 

seen in Figure 2 -11 . The screen presents t h e A-scan of t h e point where the t w o blue lines in t h e C-scan intersect . 

Moreover , it presents t h e S-scan of the vert ical b lue line in t he C-scan. By mov ing the t w o b lue lines in t he C-

scan, o t he r A and S-scans can be seen. 

returns f r o m t h e we ld ing in ter face and the th i rd points ou t t h a t a s t rong signal returns f r o m t h e back of t he lower 

compos i te . Because t h e th i rd peak is s t rong and s igni f icant ly higher than the second peak, it can be conc luded 

tha t t he re is a proper bond at the locat ion of the A-scan. The red line in t he A-scan de termines wh ich range o f 

re tu rn ing signals is used t o make t h e S and C-scan. The green and ye l low line can be ignored. The S-scan should 

be i n te rp re ted as fo l lows. The f i rst hor izonta l l ine f r o m t h e t o p in t he S-scan represents t h e inpu t signal. The 

second l ine f r o m the t o p represents t he back of t h e upper compos i te and thus the we ld ing in ter face. The signal 

In th is l ine is i n te r rup ted at t h e locat ion of t he w e l d . Since t h e signal is s t rong in t he th i rd l ine, wh ich represents 

t he locat ions in the back o f t h e lower compos i te w h e r e the signal is i l lust rated as weak in t he second l ine, it can 

be conc luded tha t a good bond was achieved. 

The C-scan shows a map of t h e signal s t rength 

t h r o u g h o u t t he scanned sect ion. Red Indicates t ha t 

t he re tu rn ing signal is s t rong; b lue indicates the 

re tu rn ing signal is weak; and wh i t e indicates tha t t he 

re turn ing signal is comple te ly lost. In t he C-scan it 

can be observed that there is a spot whe re the signal 

is sl ightly less s t rong: it represents t h e we lded area. 

However, in o rde r t o derive i n fo rma t i on abou t t h e 

qual i ty o f t h e w e l d , the A and S-scan have t o be 

assessed. The A-scan is observed f i rst . The f i rst peak 

f r o m t h e le f t in t he A-scan represents t he input 

signal, t he second peak shows t h a t a poor signal C-scan (lower) of a sample clip. 
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II - Experiments, Results & Discussion 
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3. Selection of Energy Director Configuration 
In this chapter, the ED conf igura t ion for t h e clips Is selected. In sect ion 3 . 1 , Vi l legas' f lat ED (2013a) is used t o 

we ld ASTIVl D1002 samples and sample clips. Subsequent ly, in sect ion 3.2, a new ED concept - slender ED strips 

- is in t roduced as a possible so lu t ion t o the shor tcomings o f t he f la t ED. Next, in sect ion 3.3, t he conf igura t ion of 

ED str ips is op t im ized , and f inal ly, in section 3.4, t he conclusions are p rov ided . 

3.1. Flat energy director 
Villegas in t roduced the f la t ED, wh ich is s imply a loose matr ix resin f i lm placed at t he we ld ing in ter face. In several 

publ icat ions, Vil legas po in ted ou t t ha t these f lat EDs prov ide a good a l ternat ive t o t h e t rad i t iona l ribs t h a t are 

general ly used in t he plastics indust ry , when weld ing the rmop las t i c compos i tes (Romero et al . , 2012; Vil legas, 

2013a; Vil legas, 2013b; Levy et al . , 2014; Villegas et a l . , 2014). Fo r th i s reason, the use of f lat EDs is invest igated 

f irst. 

Before clips are we lded w i t h t he f la t EDs, ASTM D1002 samples are we lded in t he 9109 f i x tu re , as used by Vil legas, 

t o prov ide a baseline and to prove tha t this t ype o f ED also works w i t h PEKK. A deta i led descr ipt ion o f t h e 9109 

f ix ture can be f ound in an art ic le publ ished by Villegas (2013a) or t he MSc. thesis o f Agricola (2014). The ED has 

a thickness of 0.25 [ m m ] and an ef fect ive surface area equal t o t h e over lap o f t h e ASTM D1002 samples, wh i ch 

is 25.4 X 12.7 = 322.6 [mm^ ] . The samples are we lded using sono t rode 4 w i t h a peak- to-peak amp l i t ude o f 72.6 

[ p m ] , a we ld ing force o f 500 [N] (equiva lent t o a we ld ing pressure of 1.55 [MPa]) , and a d isp lacement o f 0 .11 

[ m m ] as the we ld ing dr iver . The value of t h e we ld ing dr iver was de te rm ined by apply ing t h e me thodo logy 

proposed by Villegas (2013a), wh ich suggests t o use the d isp lacement value at wh ich t he second peak in t he 

power curve occurs in o rder t o achieve the o p t i m u m we ld qua l i ty . The resul t ing powe r and d isp lacement curves 

of ten samples, we lded under t he same condi t ions, can be seen in Figure 3 - 1 . 
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Figure 3-1: Power (solid) and displacement (dotted) plots of CF/ PEKK ASTM D1002 samples uitrasonicaiiy welded wi th flat 
PEKK EDs in the 9109 fixture under the same conditions. 

It can be observed tha t t h e power and d isp lacement plots of t he ten welds are very simi lar and show the same 

pa t te rn as descr ibed by Villegas (2013a). Moreover , it can be seen that t he USW process nicely stops at 

approx imate ly t he second peak in t h e power curve. Single lap shear tests, of wh i ch t he procedure is descr ibed in 

sect ion 2.4, have been p e r f o r m e d on all t en samples, and prov ided an average lap shear s t rength (LSS) of 47.0 
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[MPa] w i t h a coef f ic ient o f var ia t ion (CoV) of 5.76 [%]. These results are promis ing and con f i rm tha t t he 

methodo logy of Vil legas (2013a) can also be appl ied to t he ul t rasonic we ld i ng of CF/ PEKK composi tes. 

The next step is t o we ld sample clips using f la t EDs. These sample clips are 30 [ m m ] by 80 [ m m ] and are w e l d e d 

w i t h t h e Z51414 f i x tu re in t h e con f igura t ion presented in sect ion 2.3.1 and i l lust rated in Figure 3-3. Moreover , 

sono t rode 3 is used. The f la t EDs are we lded on one side using an ul t rasonic p lunge we lder (Figure 3-2). 

Unfor tunate ly , it requires a b i t of exper ience t o plunge we ld t h e EDs t o t h e lower compos i te , as bo th the p lunge 

we lder and the square ED t e n d t o slide away due t o t he v ibra t ions. In o rde r t o p revent t he ED f r o m mov ing, t h e 

th ree edges t h a t are no t we lded are t aped to t h e compos i te . 

Figure 3-2: Flat square 1 [cm^] ED plunge welded to the Figure 3-3: Sample clip USW configuration with a flat square 

lower composite. The plunge weld is indicated by the red 1 [cm^] ED. 

arrow. 

The f irst exper iment was conduc ted w i t h a square 4 [cm^] ED tha t has a th ickness of 0.25 [ m m ] , a peak- to-peak 

amp l i t ude of 73.4 [ p m ] , a we ld ing force of 500 [N] (equivalent t o a we ld ing pressure of 1.25 [MPa] ) , and a 

d isp lacement o f 0 .11 [ m m ] . However , t h e d isp lacement o f 0 .11 [ m m ] was never ob ta ined and t h e USW process 

had to be s topped manua l ly w i t h the emergency s top. As a result , no we ld ing data was saved t o t h e compu te r . 

Apparent ly , t h e sono t rode was not able to squeeze ou t all t h e ED and t h e d isp lacement never reached t h e 

requi red 0.11 [ m m ] . 

Several cond i t ions we re changed t o make t h e USW process work , a) First, smal ler square 1 [cm^] EDs w e r e used. 

However , again t he d isp lacement dr iver was never reached, b) Subsequent ly , t h e a l ignment plates w e r e mod i f i ed 

by remov ing mater ia l a round t h e ED w i t h a f i le , t o prevent t ha t t he plates b lock the squeeze f low of mo l ten ED. 

Moreover , a d ra f t angle was given to t h e edges o f the a l ignment plates, so t ha t t he upper sample w o u l d m o r e 

easily f i nd its place, and 0.5 [ m m ] space was given be tween the sample cl ip's edges and t h e a l ignment plates t o 

min imize the i r i n te rac t ion . Un fo r tuna te ly , t he p rob lem was no t so lved. Next, c) t he we ld ing pressure was 

Increased f r o m 500 [N] t o 1,000 [N] t o speed up the squeeze f l o w and hopefu l ly ob ta in higher d isp lacement 

values. However , t h e d isp lacement dr iver of 0 .11 [ m m ] was stil l no t reached. There fore , d) t h e d isp lacement 

dr iver was decreased t o 0.08 [ m m ] . As a result , t he USW process s topped by itself for the f i rst t i m e and the data 

was saved again t o the compu te r . In t h e we ld ing data (Figure 3-4), an ab rup t stop of t h e sonot rode 's 

d isp lacement can be observed at values of approx imate ly 0.08 [ m m ] . A l though the USW process s topped in an 

early stage at 965 [J], sample cl ip USW140826-03 was already heavi ly damaged at t he sides, as can be seen in 

Figure 3-5. In o rde r t o min imize t h e damage t o t he sample clips, e) the peak- to-peak amp l i t ude was decreased 

to 51.8 [^im]. This p rov ided sat isfactory results as the damage t o t he clips was signi f icant ly reduced. However , 

sample clip USW140826-06 was still damaged , wh i le the energy used to we ld th is sample was only 5 9 1 [J]. Finally, 

f) t h e we ld ing fo rce was increased to 1,500 [N] . As can be seen in Figure 3-5, t h e damage was again reduced, but 

sample USW140826-09 stil l p resented visible damage at only 589 [J]. 
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So several measures have been taken to make the USW process w/ork when we ld ing sample clips w i t h f lat square 

1 [cm^] EDs. Despite the fact t ha t slight improvemen ts have been made and eventual ly , samples w e r e we lded 

w i t h on ly m ino r damage to t he sample cl ip, t he results are not sat isfactory. First of all, t h e samples are we lded 

w i t h a d isp lacement of on ly 0.08 [mm] and are t he re fo re probably imper fec t . This can be der ived f r o m the fact 

t ha t t he i r power curves did no t reach the i r second peak yet (Figure 3-4). This impl ies tha t t hey wi l l not be op t ima l 

in t e rms of s t rength . Secondly, a l though the welds are unf in ished, t he sample clips are already damaged. 

Preferably, t hey should not be damaged at al l . Finally, the d isp lacement reaches an ab rup t cei l ing fo r a yet 

u n k n o w n reason. Unfor tunate ly , due t o t he cei l ing, t he d isp lacement canno t be used as t h e we ld ing dr iver 

anymore , wh ich also impl ies t h a t t he me thodo logy of Villegas (2013a) cannot be appl ied. Given these t h ree 

reasons, it is conc luded that t he f lat square EDs, in t h e f o r m presented, are no t a good op t i on when we ld ing the 

CF/ PEKK sample cl ips. Therefore , ano ther ED conf igura t ion has t o be in t roduced . 

-73.4 [nm]; 1,000 [N| (0826-03) 

-51.8 Itirn); 1,000 (Nl (0826-07) 

-73,4 [pm); 1,000 IN] (082604) 

- 51,8 [|im]; 1,500 IN] (0826-08) -

51.8 Inm]; 1,0001N| (0826 05) 

-51.8 [|jni]; 1,500 [N] (082609)-

51.8 |)im]: 1,000 IN] (082 6 06) 

-51.8 Inm); 1,500 [N| (082^10) 

Figure 3-4: Power (solid) and displacement (dotted) plots of sample clips welded wi th flat square 1 [cm2] EDs with varying 

welding settings. 

73.4 (nm); 1,000 (N); 
0.08 (mm) 

51.8 (nm); 1,000 (N); 
0.08 (mm) 

51.8 (tim); 1,500 (N); 
0.08 (mm) 

Figure 3-5: Three sample clips welded with flat square 1 [cm^] EDs and a displacement of 0.08 [mm] as the welding driver. 

All three clips are damaged at the edges, but the damage is visibly reduced for the later samples. 

3.2. New energy director concept: flat strips 
In t he previous sect ion, it was expla ined h o w the f la t ED concept , as proposed by Villegas (2013a), p rov ided 

unsat is factory results when we ld ing sample clips, because a) they were d i f f icu l t t o place, b) t he sample clips w e r e 
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being damaged in an early stage o f t h e USW process, and c) t h e sonot rode 's d isp lacement exper ienced an ab rup t 

cei l ing, making the me thodo logy of Vil legas (2013a) inappl icable. 

To solve the above men t i oned issues, a new ED concept is p roposed . This new ED concept impl ies using slender 

str ips o f f la t ED (see Figure 3-6). The concept o f ED str ips is based on Vil legas' f lat ED and the t rad i t iona l 

( t r iangular) r ibs, already wide ly appl ied in t h e plastics indust ry . 

The ED str ips are expected to o f fe r t h e fo l l ow ing 

improvemen ts : To begin w i t h , t he ED str ips can be 

easily a t tached t o one of t he componen ts t o be 

we lded by using tape (see Figure 3-6). Moreover , 

because slender str ips o f fe r a high pe r ime te r - t o -

surface area rat io relat ive t o f lat EDs, it is expected 

tha t t h e mo l ten ED wi l l be squeezed ou t more 

easily, and hopefu l ly this wi l l resul t in to t h e 

d isappearance o f t h e d isp lacement cei l ing (or at 

least its appearance at a h igher value). 

Figure 3-6: Slender ED strips are a new ED concept to weld Consequent ly , t he d isp lacement might be used as 

sample clips. Both the ED strips and the alignment plates are the we ld ing dr iver again. In add i t i on , t he str ips 

fixed with tape. , r , . 
have a smal ler ini t ial surface area, wh ich results in 

t he fact t ha t a lower we ld ing fo rce is requ i red to ob ta in a given we ld ing pressure. Due to t h e smal l in i t ia l surface 

area and t h e high per imeter - to -sur face area rat io , it shou ld be easier t o squeeze ou t t he me l ted ED. Hopeful ly , 

th is leads t o a reduct ion in t h e damage to t h e sample cl ips. A l though , t h e ini t ia l surface area covered by the ED 

str ips is l ower than when f la t EDs are used, it might stil l be possible t o obta in simi lar size we lds . The downs ide of 

using ED str ips, t h o u g h , is tha t it is m o r e comp l i ca ted t o design and manufac tu re t h e m w i t h respect t o f la t EDs. 

To de te rm ine w h e t h e r or not ED str ips are a good so lu t i on , f ive 

sample clips are we lded w i t h 2,000 [J]. Two str ips w i t h a w i d t h of 

2 [ m m ] are chosen to approx imate ly match t h e ini t ia l sur face area 

of t h e square EDs (120 vs. 100 [mm^] ) . The th ickness of t h e ED 

strips is still 0.25 [mm] as they are made f r o m the same 

conso l idated PEKK f i lm as used for the f la t ED. Moreove r , a 

spacing o f 3 [ m m ] is chosen to give t h e mo l ten ED enough space 

to f l ow , bu t sti l l a l low the f l o w f ron ts o f t h e squeeze f l o w to meet 

and merge in to one we ld . The same we ld ing cond i t ions (51.8 

[ p m ] ; 1,500 [N]) , as those used fo r t he last t w o sample clips 

we lded w i t h f la t square 1 [cm^] EDs are app l ied , since these 

prov ided the best results in t ha t setup. However , instead of using 

the d isp lacement as t h e dr iver, an energy o f 2,000 [J] is used. The 

conf igura t ion o f the f i x tu re is ma in ta ined . 

As can be seen in Figure 3-7, t he results are very sat is factory. First o f al l , a l though 2,000 [J] was used, t h e sample 

clips d id no t show any signs of damage, whereas the ones w i t h square EDs already showed damage at energy 

levels be low 600 [J]. Mos t l ikely, t he damage is p reven ted because of the smal ler pe r ime te r - to -a rea rat io in 

comb ina t i on w i t h the fact t ha t t h e str ips suppor t t h e edges of t he sample clip t ha t we re previously damaged : In 

case o f t h e square EDs, damage on the clips was f ound at t he left and r ight edges wh ich w e r e no t suppor ted by 

ED and the re fo re probably could resonate. It is u n k n o w n w h y the lower edge did no t show any damage. An 

exp lanat ion might be t ha t t he d i rec t ion of t h e ou te r f ibers has an effect on th is. Fu r the rmore , it can be seen t h a t 

at t h e edges o f t h e sample clip (Figure 3-7) ED has been squeezed ou t , even be tween t h e ED str ips, wh ich impl ies 

t ha t t hey most l ikely merged in to one w e l d . Un fo r tuna te l y , as can be seen in t h e d isp lacement curves in Figure 

3-8, t h e d isp lacement cei l ing still exists. A posi t ive observa t ion , t hough , is tha t t he average value o f t he cei l ing 

Figure 3-7: Sample clip welded with two ED 

strips at 2,000 [J]. 
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Increased f r o m 0.08 [ m m ] to 0.10 [ m m ] . This could be a result of t he Increased per imete r - to -a rea rat io , but m o r e 

research is requ i red to invest igate this issue. 

0 250 500 750 1,000 1,250 1,500 1,750 2,000 

Energy [J] 

USW20140911-5 - USW20140g i l -6 USW20140911-7 — USW20140911-8 • USW20140911-9 

Figure 3-8: Power (solid) and displacement (dotted) plots of five sample clips welded with two ED strips under the same 

conditions. 

3.3. Optimizing the ED strip configuration 
In the previous sect ion, it was de te rm ined tha t ED str ips prov ide a be t te r a l te rnat ive t o a f lat ED w h e n weld ing 

clips. Two ED str ips w i t h a w i d t h o f 2 [ m m ] , a spacing of 3 [mm] and a thickness of 0.25 [mm] we re used as the 

ED con f igura t ion . The quest ion remains if t he conf igura t ion of ED strips can be op t im ized . In th is sect ion, t he 

effects a) t h e w i d t h , b) t he number , and c) t he spacing be tween the str ips have on t h e we ld ing data, the we ld 

qual i ty , and damage to t h e cl ip are invest igated. 

Width of strip 

First, t h e ef fect o f t he w i d t h of t he s t r ip on the USW process is Invest igated. Once again, the sample clip 

conf igurat ion is used. However , instead of t w o ED str ips, only one str ip is placed as the t o ta l area migh t o the rw ise 

become t o o large f o r t h e w i d e r str ips. The ED str ip is placed at t h e center of sono t rode 3. ED strips w i t h a w i d t h 

of 2 [ m m ] , 4 [ m m ] , 6 [ m m ] and 8 [ m m ] are used and they are we lded w i t h we ld ing forces of 750 [N ] , 1,500 [N] , 

2,250 [N] and 2,500 [N] , respect ively. By apply ing these we ld ing forces, t he same we ld ing pressure (12.5 [MPa]) 

is ob ta ined as used in the exper iments w i t h t h e sample clips in sect ion 3.2 (but fo r t h e last sample). For t he last 

sample, w i t h t he 8 [mm] ED, a force of 2,500 [N] (equivalent t o 10.4 [MPa]) had to be used instead of t h e 

pre fer red 3,000 [N] , since t h e Rinco Dynamic 3000 ' re fused ' t o we ld w i t h such a force. Moreover , all samples 

were we lded w i t h a peak- to-peak amp l i t ude of 51.8 [ p m ] . Only one sample per con f igura t ion was we lded , as th is 

number proved to be suf f ic ient t o d raw t h e requi red conclusions. 

In Figure 3-9 it is observed tha t as expected, due to the i r larger vo lume , w ide r ED str ips requi re m o r e energy t o 

mel t ( recognized by sudden increase in d isp lacement and a val ley in t h e powe r curve), and also requ i re t he use 

of m o r e power because o f p robab ly the i r larger surface area. Fu r the rmore , t he locat ion of t he second peak in 

the powe r curve is also ob ta ined at higher energy levels as the w i d t h increases; st i l l , it should be no ted t h a t it is 

d i f f icu l t t o de te rm ine the exact locat ion of the 'second peak' in some of t h e curves. These observat ions w e r e 

ant ic ipated and do no t prov ide new insights. A surpr is ing observat ion made in Figure 3-9 is t he fact tha t t h e 

d isp lacement cei l ing is not in f luenced by t h e w id th o f t he ED st r ip , wh ich actual ly means tha t it is no t in f luenced 

by t he per imeter - to -a rea rat io . There is var ia t ion in t h e cei l ing, but this var ia t ion seems r a n d o m as t h e str ip of 2 

[mm] and 8 [ m m ] have t h e same cei l ing value. Ano the r in terest ing observat ion is t ha t t h e d isp lacement of t he 
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wider ED str ips gradual ly increases in steps, whereas the d isp lacement of t he smal ler ED str ips increases at once. 

The step-wise squeeze o u t of t h e ED is probably caused by the fact t h a t t he nuc leat ion and g r o w t h of hot spots 

is random in nature . Due to th is randomness, the ED does not heat up un i fo rm ly and t h e r e f o r e , it might be 

squeezed ou t in steps. A hypothesis Is tha t smal ler EDs are less sensit ive t o th is p h e n o m e n o n as the ho t spots 

are more closely located and the re fo re the ED heats up more un i fo rmly . 

2-500 0.16 

0 500 1,000 1,500 2,000 2,500 

Energy [J] 

2 [mm] (USW141017-08) 4 [mm] (USW141017-09) 5 [mmJ (USW141017-11) ~ 8 [mm] (USW141017-12) 

Figure 3-9: Power (solid) and displacement (dotted) plots of sample clips with single ED strips of varying widths. 

In Figure 3-10, t h e resul t ing we lds , o rde red by the w i d t h o f t h e ED s t r ip , can be seen. It can be observed t h a t 

none o f t h e sample clips we re damaged dur ing the USW process, even t h o u g h high levels of energy we re used. 

Therefore , t h e per imeter - to -a rea rat io might not have as large an ef fect on t h e damage as was ini t ial ly expected 

a f ter al l . Instead, resonat ions a t t h e left and r ight edges o f t h e sample cl ip - wh ich we re no t suppor ted by the ED 

when we ld ing w i t h t h e f lat square EDs - were most l ikely t h e cause o f t h e damage. 

Figure 3-10: The welded sample clips ordered by the width o f t he ED strip from 2 [mm] to 8 [mm]. None o f t he sample clips 

is damaged. 

Spacing between strips 

Next, t h e ef fect o f t h e spacing be tween the ED strips on t h e USW process and the we ld ing data is invest igated. 

In add i t i on , t h e we ld ing data is compared to de te rm ine w h e t h e r or not t h e event of meet ing f l o w f ronts can be 

observed and if so, w h a t exact ly happens. This is i m p o r t a n t t o know when de te rm in ing t h e spacing of t he EDs. 

The exper iments in th is subsect ion are conduc ted w i t h the long lap shear samples and the double-s ide c lamping 

conf igura t ion o f t he Z51414 f i x tu re , as explained in more detai l in sect ion 2.3.3. No sample clips w e r e used. 
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because they we re not avai lable at t he t ime of t h e exper imen t , and the observat ions made w i t h t he long lap 

shear samples can also be pro jec ted to t h e sample clips. For the ED, t w o ED str ips w i th a w id th o f 2 [mm] and a 

thickness o f 0.25 [ m m ] are used. Between the ED str ips t he re is a gap o f 3 [ m m ] and 12.7 [mm] fo r t he f i rst t h ree 

and the last th ree samples, respect ively. The lines of symmet r y of t he ED se tup coincide w i t h t he center po in t of 

sono t rode 3. A we ld ing force o f 1,500 [N] , wh ich equals a we ld ing pressure o f 12.5 [MPa] , is used in comb ina t i on 

w i t h a peak- to-peak amp l i t ude of 51.8 [ p m j . 

^^^^ 

Figure 3-11; Fracture surfaces of sample USW141003-04 (left) with an ED spacing of 3 [mm] and welded with 750 [Jj and 
sample USW141010-07 (right) with an ED spacing of 12.7 [mm] and welded with 1,000 [Jj. In case of the left sample, the 

flow fronts have met. 

Figure 3-11 displays the f rac ture surfaces o f a sample w h e r e the t w o ED str ips have a gap of 3 [ m m ] ( lef t ) and 

those of a sample w h e r e the t w o ED str ips have a gap of 12.7 [ m m ] ( r ight) . It can be observed tha t t he f l o w f ron ts 

me t in t he sample we lded w i t h 750 [J] and w h e r e t h e ED str ips are 3 [ m m ] apart , whereas In case o f t h e sample 

we lded w i t h 1,000 [J] and w h e r e the ED str ips are 12.7 [ m m ] apart , t h e f l ow f ron ts did no t meet . 
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Figure 3-12: Power (solid) and displacement (dotted) plots ofsamples clamped at both sides with an ED spacing of either 3 

[mm] or 12.7 [mm]. The displacement ceiling is similar for both ED configurations. 

The powe r and d isp lacement plots o f t h e six samples are p resen ted in Figure 3-12. The curves o f t h e samples 

w i t h an ED spacing o f 3 [mm] are qu i te simi lar t o t he ones o f the samples w i t h an ED spacing o f 12.7 [ m m ] : a) 

t he power curves f o l l ow a s imi lar t r e n d ; b) the d isp lacement ceil ing is reached at approx imate ly t h e same energy 

level ; and c) the cei l ing has roughly t he same value. However , t he sudden increase in d isp lacement , wh ich occurs 

w h e n t h e ED me l ted , shows a d i f fe ren t pa t te rn fo r t he samples w i th 3 [ m m ] spacing than fo r t he ones w i t h 12.7 

[ m m ] spacing: whereas the f i rs t occur at once, t he lat ter ones have a s tep-wise evo lu t ion . This is actual ly s imi lar 

t o wha t cou ld be observed in t h e previous sect ion, where the w ide r ED strips also showed a s tep-wise increase 
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of d isp lacement in contrast t o the smal ler ED str ips. For tha t case, t h e hypothesis was establ ished tha t t he 

random nature of nucleat ion and g r o w t h of hot spots causes t he ED to be squeezed ou t in steps as t h e ED does 

no t mel t un i fo rmly . Moreover , it was expected tha t small ED str ips wou ld be less sensit ive t o this p h e n o m e n o n 

as t h e ho t spots are closely located. That exp lanat ion does not make sense in this s i tua t ion , t hough , since t w o 

small str ips are used. The only d i f ference be tween the t w o conf igurat ions is t h e spacing b e t w e e n the ED str ips. 

It is cer ta in tha t t he meet ing f l o w f ronts are not t he cause, since t h e samples w i t h t he w ide ly spaced EDs are the 

ones tha t exper ience a step-wise increase o f d isp lacement . In Figure A -1 an ove rv iew of t h e cross-sections o f 

sample clips we lded w i t h var ious amoun ts o f energy can be seen. These sample clips w e r e also we lded w i t h t w o 

ED str ips, and in t h e cross-sections of t he samples we lded w i t h 300 [J] (Figure 3-13) and 400 [J], it can b e o b s e r v e d 

tha t on ly one o f t he t w o EDs did me l t . Measurements we re pe r f o rmed on all cross-sect ions using t h e opt ica l 

microscope's so f tware and it was not iced tha t t he gap be tween t h e t w o substrate compos i tes was consistent ly 

larger on the r ight of t h e we ld ing Interface than on the left (258.1 [ p m ] vs. 225.8 [ p m ] in Figure 3-13). This is 

p robab ly caused by a small m isa l ignment o f t he sono t rode . Because o f th is misa l ignment , more pressure is 

exer ted on one of t he EDs than on t h e o the r and as a result , t he f irst ED wi l l heat up more ef fect ive ly. 

M isa l ignment of the sono t rode w o u l d create a larger d i f fe rence be tween w ide ly spaced ED str ips than be tween 

closely spaced ED strips, because the vert ical o f fset is larger fo r t h e w ide ly spaced. (IMote t h a t t he samples w i t h 

t h e 3 [ m m ] space EDs show a very small s tep increase). The hypothesis is establ ished tha t : due to a misal igned 

sono t rode , one o f t h e ED str ips mel ts be fo re t he o the r one does. Subsequent ly, as t h e f irst ED str ip has me l ted , 

it is squeezed ou t and the sono t rode drops unt i l i t is s topped by t h e second ED str ip; th is t ranslates in to t he f irst 

s tep in t h e d isp lacement curves. 

Figure 3-13: Cross-section o f the welding interface of a sample clip welded with 300 [J]. The left ED has melted, whereas the 

second one has not. The gap is 225.8 [pm] on the left side, whereas it is 258.1 [pm] on the right. 

Exper iments, in wh ich the a l ignment of t h e sono t rode is changed, in comb ina t ion w i t h cross-sectional 

microscopy on the resul t ing samples, should be pe r f o rmed in o rder to con f i rm the hypothesis . 

Benatar & Gutowski (1989), w h o we lded CF/ PEEK composi tes w i t h t rad i t iona l EDs, conc luded tha t the 

mechanical impedance quickly rises when t h e f l ow f ron ts meet . From Figure 3-12 it is unclear if t he mee t ing f l o w 

f ron ts in t he samples w i t h the 3 [ m m ] ED spacing have any ef fect on t h e USW process as the re are no apparent 

d i f ferences be tween the curves in add i t ion t o t he s tep-wise increase in d isp lacement . The powe r curves o f t he 

samples w i t h t h e prox imate EDs record sl ightly higher values than the others , bu t this m igh t as we l l be a 

coinc idence as th is t r end is already observed before t he EDs have me l ted and the f l ow f ron ts could possibly meet . 

M o r e research is requi red to invest igate t h e ef fect of mee t ing f l o w f ron ts on the USW process w h e n we ld ing 

w i t h ED str ips. A star t ing po in t for add i t iona l exper iments w o u l d be to reduce t h e spacing be tween t h e ED str ips 

t o , fo r Instance, 1 [ m m ] . 

Preferred energy director configuration 

The quest ion remains wh ich ED conf igura t ion is pre ferab le : one w ide ED str ip or mul t ip le small ED str ips. The 

proposal surfacing f r o m the p e r f o r m e d exper iments consists in using a setup w i t h mu l t ip le small EDs, because 

equal sized welds can be ob ta ined by using less ED. The ut i l izat ion of less ED translates in to less fo rce being 

requ i red t o obta in a certain we ld ing pressure, and also - as could be observed in Figure 3-9 - less powe r and 

energy being needed. A lower power requ i remen t , possibly al lows larger welds t o be made. Regarding the 

spacing be tween EDs, it was observed tha t it is be t te r t o have prox imate ly spaced ED str ips, as th is setup is 

p robab ly less sensit ive t o misa l ignments in t h e setup. Moreover , by placing ED strips w i t h a spacing o f 3 [ m m ] , 

t h e squeeze f lows manage to merge in to one w e l d . Therefore , an ED conf igura t ion o f the t w o ED str ips w i t h a 

w i d t h of 2 [mm] and a spacing of 3 [ m m ] wi l l be used again in the upcoming exper iments . 

3 4 



Identifying tine Potential and Feasibility of Ultrasonic Welding of CF/ PEKK Composites 

3.4. Conclusions 
In this chapter , an ED conf igurat ion for the we ld ing of clips has been selected. Exper iments po in ted o u t tha t 

p lunge-we lded f lat square EDs do not prov ide sat isfactory results when we ld ing clips, because: a) they were 

d i f f icu l t to place, b) damage occurred in t he clips, and c) an abrup t ceil ing in the d isp lacement was observed, 

wh ich prevents t he use of d isp lacement as the we ld ing driver, making t h e me thodo logy of Villegas (2013a) 

inappl icable. 

A new ED concept was in t roduced, wh ich impl ies using (mul t ip le) slender PEKK strips as EDs. These str ips were 

manufac tu red by simply slicing f lat EDs. Exper iments ind icated tha t a) t he str ips were easier t o place, because 

they could be taped to the lower substrate compos i te , and b) no more damage occurred in t he clips. However , 

t h e d isp lacement ceil ing was sti l l present, w i t h t he imp rovemen t tha t the values at wh ich it occur red we re sl ightly 

higher than before. 

Several exper iments were conduc ted to invest igate the ef fect of t he ED str ip conf igura t ion on the USW process 

and the related we ld ing data: t h e w i d t h of t h e str ips, and the spacing be tween the strips was var ied . Based on 

t h e results, it was proposed to use mul t ip le smal l str ips instead of one w ide str ip, because a we ld of simi lar size 

can be ob ta ined whi le using less power , t i m e , and thus , energy. Moreover , a lower we ld ing force needs to be 

appl ied to ob ta in a cer ta in we ld ing pressure, due to t he smal ler ini t ial surface area o f t h e ED. Fur thermore , It 

was observed t h a t closely spaced ED str ips are able t o merge in to one large w e l d , and are also - most l ikely -

less sensit ive t o misal ignments in t he setup. As a result , it was proposed to used t w o ED str ips w i t h a w i d t h of 2 

[ m m ] and a spacing of 3 [mm] t o we ld t he CF/ PEKK clips. 

The l imi tat ions of t he research presented in th is chapter consist in: a) t he number o f samples, and b) the range 

o f pe r fo rmed analyses. Cross-sectional microscopy was appl ied only to a l im i ted extent , and no f rac tography was 

pe r fo rmed at al l . However , t h e exper iments are suf f ic ient t o conclude tha t t he new ED concept represents a 

be t te r a l ternat ive to the f lat ED when we ld ing clips. There fo re , t h e new ED concept is used f r o m this po int 

onwards . Parameters whose ef fect on the USW process should be invest igated in f u t u r e research are: t he 

thickness and t h e crystal l in i ty o f the PEKK ED. 
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4. Squeeze Flow & Weld Quality Development 
In this chapter , 1) the squeeze f l o w of mo l ten ED and 2) the deve lopment of t h e we ld qual i ty as a func t ion o f the 

weld ing energy are s tud ied. Moreover , an e f fo r t is made to answer t he ques t ion : w h y is there a cei l ing observed 

in the d isplacement curves at approx imate ly 0 .11 [ m m ] ? In sect ion 4 . 1 , t h e results of the exper imenta l 

techniques appl ied and t h e var ious stages of t he weld ing process are descr ibed. Next, in sect ion 4.2, a va l idat ion 

set IS tested and analyzed. Finally, in sect ion 4.3, t h e conclusions are p resen ted . 

Analysis of various stages in the welding process 4.1. 

In th is sect ion, the re lat ion be tween the energy used dur ing we ld ing and the squeeze f l o w o f mo l ten ED and the 

we ld qual i ty , respect ively, is invest igated. The goal is to unders tand wha t happens at t he var ious stages o f t he 

USW process, so tha t t h e we ld qual i ty can be op t im ized . Of equal interest is the unders tand ing of w h a t the source 

o f t h e ab rup t d isp lacement cei l ing is, so tha t this p h e n o m e n o n can be proper ly co r rec ted . 

All exper iments in th is sect ion are conduc ted w i t h sample clips and the Z51414 f i x tu re in the cor respond ing 

conf igura t ion as descr ibed in sect ion 2 .3 .1 . As ED, t w o ED strips w i th a w id th o f 2 [ m m ] , a thickness o f 0.25 [ m m ] 

and a spacmg o f 3 [ m m ] are used, as proposed in section 3.3. The lines o f s y m m e t r y o f t he ED setup coincide 

w i t h t he center po in t o f the 0 40 [ m m ] sono t rode . Fur thermore , all sample clips are w e l d e d w i t h a fo rce o f 1 500 

[N] , equal t o a we ld ing pressure o f 12.5 [MPa] , and a peak-to-peak amp l i t ude of 51.8 [ p m ] . In o rder t o invest igate 

wha t happens at the var ious stages o f t h e USW process, the energy is var ied be tween 300 [J] and 2,000 [J]. Figure 

4-1 i l lustrates tha t this range covers all re levant stages o f t h e USW process. 

The we lded samples are s tud ied using t h e various exper imenta l techniques, wh ich are descr ibed in section 2.4 

First, in sect ion 4 .1 .1 , t h e we ld ing data is presented and theoret ica l op t ima l energy level is de te rm ined . Next in 

sect ion 4.1.2, the LSS results are analyzed. Subsequent ly, in section 4.1.3, t he f rac tu re surfaces are examined 

Then, in sect ion 4.1.4, t he cross-sections are studied using microscopy. Next, t h e NDT results are examined in 

sect ion 4.1.5. Finally, in sect ion 4.1.6, t he weld ing data is analyzed in more detai l and re la ted t o observat ions in 

the preceding sections. 

4.1.1. Welding data 
In this sect ion, f ive sample clips are we lded under t he same condi t ions w i t h 2,000 [J]. The weld ing data o f t h e s e 

clips can be observed in Figure 4 - 1 . 

2,500 

2,000 

250 500 750 1,000 

Energy [J] 

1,250 1,500 1,750 2,000 

- U S W 2 0 1 4 0 9 U - 5 USW20140911-6 USW201409U-7 USW20140911-8 USW20140911-9 

Figure4 - l : Power (solid) and displacement (dots) plots of five sample clips welded under the same conditions with 2,000 

Ul. The black dashed Imes indicate the location o f the second peak. The location o f t he second peak of sample d ip 

USW140911-09 is off from the locations of the others. 
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Villegas (2013a) expla ined tha t a we ld is op t ima l at t he m o m e n t the second peak in t he powe r curve is reached, 

because af ter th is po in t t he subst ra te compos i tes mel t . The locat ions o f t h e second peaks in the power curves 

are ind icated by black dashed lines. It can be observed t h a t t he fou r l e f tmos t peaks are reasonably close t o each 

o ther and range be tween 720 [J] and 840 [J]. The second peak of the f i f t h we ld , however , is located at a dev ia t ing 

value of 1 230 [J]. The analyses presented in t h e fo l l ow ing sections, suggest tha t this value can be d isregarded, 

since the d isp lacement is a l ready reducing fo r a wh i le : a reduct ion in d isp lacement a f ter t h e cei l ing has been 

reached, most l ikely, indicates t h e f o rma t i on of voids as a result of mater ia l degradat ion . 

4.1.2. LSS results 
In th is sect ion, t he LSS results are analyzed. The sample clips are tes ted by means of stat ic single lap shear tests 

pe r fo rmed w i t h a 100 [kN] Zwick/Roel l universal tes t ing mach ine , as descr ibed in more detai l in sect ion 2.4. The 

results can be seen in Figure 4-2, w h e r e bo th the tensi le fo rce values at wh ich t h e welds broke and the resul t ing 

LSS values are p resented . The LSS values are s imply calculated by div id ing t h e tensi le fo rce values by the surface 

areas of t he f ractures. The surface area values of t he f ractures we re de te rm ined using the so f tware ImageJ. It 

should be no ted tha t on ly one sample was tes ted per data po in t . A l though , a clear t r e n d is observed, it is 

unknown how large t h e var ia t ion in th is t r e n d is and w h e t h e r or not the o p t i m u m is always located at t h e same 

locat ion. 
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Figure 4-2: The tensile breaking force and associated LSS for sample dips welded with different amounts of energy. 

in Figure 4-2 it can be observed tha t t h e tensi le force increases a lmost l inearly unt i l 1,000 [J] w h e r e a m a x i m u m 

seems to have been reached. A f te r this po in t , the tensi le force is more or less stable. However , it can be expected 

t h a t if more and more energy is added, t he break ing force wi l l eventual ly decrease as the mater ia l be ing w e l d e d 

deter io ra tes . 

W h e n the LSS is cons idered, it can be seen tha t it f o l l ows a simi lar l inear t r e n d up to 1,000 [J]. However , the slope 

of the LSS t r e n d is less steep. This is due to the fact t h a t t he LSS is expressed as the s t rength per uni t area. The 

fact t ha t t he LSS increases, bu t at a lower s lope than t h e tensi le fo rce , impl ies t ha t t h e jo in t becomes s t ronger as 

a result o f bo th an increase in t he we lded area (squeeze ou t of ED) and a s t ronger bond per uni t area (in t he next 

sect ion (4 1 3) , it is observed tha t at some po in t f i rst ply fa i lure a n d / or cohesive fa i lure occur instead of t he 

in fer ior adhesive fa i lu re) . A f te r 1,000 [J], t h e LSS drops, wh ich impl ies t ha t t he mater ia l is p robab ly degrad ing. It 

Is In terest ing t o note t ha t at 1,000 [J], t he power curves already go down fo r a wh i l e , so t h e o p t i m u m in te rms of 

t h e po in t whe re the substrate composi tes start me l t ing does not cor respond w i t h the o p t i m u m m te rms of 

s t rength It should be no ted tha t t h e LSS values observed fo r t he clips are considerably lower than the ones 

ob ta ined fo r the reference samples in sect ion 3 . 1 , wh ich had a value of 47.0 [MPa] on average. A possible 

exp lanat ion fo r this is t h a t t he ED near the f l o w f ron ts d id not f o r m a proper bond yet w i t h t h e subst ra te mater ia l . 

This hypothesis is con f i rmed w i t h cross-sect ional microscopy in Figure 4-24. 
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4.1.3. Fractography 
In this sect ion, t he f rac ture surfaces, which result f r o m the tensi le tests descr ibed in t he previous sect ion, are 

analyzed using opt ical microscopy. An overv iew o f the f rac tu re surfaces, ranked according to t he a m o u n t o f 

energy used, is presented in Figure 4-3. Fracture surfaces can be used t o study: 1) t he squeeze f l o w of m o l t e n 

ED, 2) the state o f t he mater ia l at t h e we ld ing in ter face, and 3) t he fa i lure modes in t he var ious stages o f t h e 

USW process. 

Figure 4-3: Fracture surfaces of sample clips In the order of the amount of energy used to weld. The two molten ED strips 

are merged between 700 [J] and 800 [J] and become one weld. 

From the deve lopmen t of t h e f rac tu re surfaces in Figure 4-3, it can be der ived tha t t he f l ow f ron ts of t he t w o ED 

str ips already meet at approx imate ly 600 [J], but become one we ld s o m e w h e r e be tween 700 [J] and 800 [J]. 

W h e n s tudy ing the associated we ld ing curves (Figure 4-36), it can be observed tha t a round t h e value w h e r e t h e 

f l o w f ronts meet , t h e second peak in t h e power curve and a reduct ion in t h e d isp lacement occur. However, th is 

is most l ikely just a co inc idence, as these phenomena we re also seen in s i tuat ions w h e r e t he re were no mee t i ng 

f l o w f ronts (Figure 3-9). A f t e r t he t w o EDs have merged , the mo l ten ED is f u r t he r being squeezed out , as 

i l lus t ra ted by the f rac tu re surface area tha t keeps increasing. In t he previous sect ion, it was observed tha t t h e 

s t rength of the bond per un i t area (LSS) decreases af ter 1,000 [J] and it was reasoned tha t the mater ia l at t h e 

we ld ing inter face was degrad ing. The f racture surfaces con f i rm th is , since the f rac ture surface of t he 800 [J] 

sample already shows the f i rs t voids (see Figure 4-4) a n d t h e f rac tu re surface o f t h e 2,000 [J] sample (see Figure 

4-5) even displays b rown ish burn marks in addi t ion to the voids. Next, opt ica l microscopy, of wh ich t h e 

equ ipmen t and procedure are expla ined in sect ion 2.4, is appl ied in o r d e r t o study par t icu lar areas o f t h e f rac tu re 

surfaces in m o r e deta i l . 

A t approx imate ly 400 [J], the EDs have me l ted and start t o f low, as con f i rmed by the increase in d isp lacement 

(see Figure 4-36). In Figure 4-6, it can be observed tha t at 400 [J] t h e f l o w f ron ts are a lmost mee t ing each o the r : 

t hey are n o w less than 1 [ m m ] apart , wh i l e the init ial spacing be tween the EDs was 3 [ m m ] . In t he m idd le o f t h e 

f l o w f ronts , t he unaf fec ted compos i te substrate can be observed. The subst ra te appears to be w h i t e as t h e 

surface is smoo th and ref lects l ight f r o m the microscope. The black lines are carbon f ibers. Interest ingly, it looks 

l ike these f ibers can stil l be observed undernea th part o f the squeeze f l o w as they con t inue , as i l lustrated in 

Figure 4-7. SEM microscopy shou ld con f i rm this, though , by prov ing tha t these lines are not f iber impr in ts . If it is 

indeed light ref lect ing f r o m t h e subst ra te mater ia l be low the squeeze f l ow , then it can be conc luded tha t t h e 
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squeeze f l o w is t ransparen t and t h e PEKK ED thus became amorphous . Moreove r , in case the squeeze f l o w is 

t ransparent and l ight is ref lect ing f r o m the subst ra te be low it, t he re is p robab ly no, or at least a very poor b o n d , 

be tween t h e squeeze f l o w and the subst ra te compos i te . This hypothesis is suppor ted by the fact t ha t cross-

sect ion microscopy pictures show very th in gaps near t he f l ow f r o n t b e t w e e n the squeeze f l o w and the substrate 

composi tes (e.g. Figure 4-23 and Figure 4-24). It w o u l d also not be surpr is ing t o observe a poor bond be tween 

t h e squeeze f l o w and the substrate compos i te near t he f l ow f r on t at 400 [J]. At th is po in t , t he substrate mater ia l 

is most l ikely stil l far be low me l t i ng t e m p e r a t u r e , as the ED has just been squeezed ou t . 

Figure 4-4: The presence of numerous voids at the welding Figure 4-5: Clear signs of burned PEKK and countless voids 

interface indicates that PEKK started to degrade in a sample at the welding interface of a sample clip welded at 2,000 [J]. 

clip welded at 800 [J]. 

Figure 4-6: Flow fronts almost meeting each other in sample Figure 4-7: The fibers observed in the unaffected 

d ip welded at 400 [J]. Reflecting light underneath the squeeze substrate seem to continue underneath the squeeze 

flow probably indicates that the ED became amorphous, and flow of ED. SEM microscopy should confirm that these 

possibly that a poor or no bond has formed. The f low fronts lines are not fiber imprints in the squeeze f low, though, 

light up due to the external cold light sources used. 

In Figure 4-3, it cou ld be observed tha t t h e f l ow f ron ts s tar t mee t i ng at a round 600 [J] and become one we ld 

s o m e w h e r e be tween 700 [J] and 800 [Jj. In Figure 4-8 and Figure 4-9, microscopy panoramas o f t h e mee t i ng f l o w 

f ron ts at 700 [J] and 800 [J] are p resen ted , respect ively. In t he panorama of t he 700 [J] we ld , one f l o w f r on t is 

stil l v is ib le, wh ich is a clear sign tha t the t w o f l o w f ron ts d id no t merge yet . It is expected tha t the o ther f l o w 

f r on t is sti l l a t tached to t h e sample 's coun te rpar t . Moreove r , it can be observed tha t t he re is p robab ly no or at 

least a poo r bond at t h e center l ine o f the t w o ED str ips, since t h e subst ra te compos i te is una f fec ted as ind icated 

by t h e re f lec t ion of l ight f r o m t h e substrate (wh i te sect ion) . In cont rast , at 800 [J] no f l o w f ron ts are vis ible 

anymore . In add i t i on , most of t he unaf fec ted area at the center l ine of t he EDs d isappeared. There fo re , it can be 

conc luded tha t the t w o squeeze f lows merged in to one big squeeze f l o w and f o r m e d a proper bond w i t h t h e 

substrate compos i te . Ano ther in terest ing observa t ion der ived f r o m bo th panoramas is t ha t , near the edge of t h e 

sample clip (on the r ight) , t he w h o l e area be tween the EDs is una f fec ted and it appears t ha t no squeeze f l o w 
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whatsoever has been present. This phenomenon is most l ikely caused by the fact t ha t t he squeeze f low, af ter 

having f ound the path o f least resistance, proceeds to f l ow ing outs ide the we ld ing in ter face. The f l ow di rect ions 

are ind icated w i th red ar rows in t he t w o f igures. 

Figure 4-8: Merging flow fronts in a sample clip welded at 700 [J]. The reflection of light (white section) indicates that there 

was probably no or a weak bond at the centerline. Flow directions are indicated with the red arrows. 

Figure 4-9: IVIerged flow fronts in a sample clip welded at 800 [Jj. Flow directions are indicated with the red arrows. 

Figure 4-10: First ply failure at fracture surface of sample Figure 4-11: First ply failure at fracture surface of sample 

clip welded at 600 [J]. Fibers stick out of broken lamina. clip welded at 700 [Jj. Fibers stick out of broken lamina. 

In Figure 4-10 and Figure 4 - 1 1 , it can be observed t h a t some sections of t he sample clips we lded at 600 [J] and 

700 [J] show signs of f i rst ply fa i lure, because a piece of lamina f r o m the compos i te 'sk in ' is sti l l a t tached to t he 

sample cl ip. They are clearly pieces of lamina as f ibers are st icking out . This observat ion is a good sign: f i rst ply 

fa i lure is p re fe r red over adhesive fa i lure due t o f o rmer ' s higher s t rength . In case of adhesive fa i lure, t h e squeeze 

f l o w of ED is s imply r ipped o f f t he substrate mater ia l . 

In t he previous sect ion, It was observed t h a t a) t h e s t rength per uni t area (LSS) decreases a f ter 1,000 [J] and in 

Figure 4-3 it was observed tha t b) t he f rac tu re surfaces of t he 1,200 [J] and 2,000 [J] sample clips conta in many 

voids, w i t h t h e lat ter displaying even burn marks. However , w h e n using the microscope, large numbers of voids 

4 1 



MSc. Thesis J.J.E. Renooij 

can already be ident i f ied on the f rac ture surface of the 800 [J] sample, as can be seen in Figure 4-4. A hypothesis 

is t h a t these voids are c reated by gasses tha t are released when the mater ia l deter iora tes as a result of being 

overhea ted . W h e n we ld ing w i th higher energy levels, these gasses can be smel led dur ing t h e USW process. The 

fact t ha t t h e mater ia l already deter iorates at 800 [J] means t h a t it is p robab ly be t te r t o we ld the sample clips at 

an energy level lower than 800 [J], wh ich is in agreement w i t h op t ima l energy level of 720 [J] de f ined in section 

4 .1 .1 . However , t he LSS is still increasing, as observed in Figure 4-2. 

4.1.4. Cross-section microscopy 
In th is sect ion, t he cross-sections of t he sample clips are analyzed using opt ical microscopy. 

Two cross-sections near t he center o f t he we ld are ob ta ined per 

sample clip as t h e samples are sawn in half. The cross-sections 

o f fe r a po in t -o f -v iew perpendicular t o t he main squeeze f low 

d i rec t ion . The wh i te lines in Figure 4-12 indicate h o w the 

specimens are sawn. Because the samples have to be sawn, 

sanded and pol ished, the re is a small o f fset - in t h e order of 1-2 

[ m m ] - be tween the t w o cross-sections. Details abou t the 

po t t i ng , sanding, and pol ishing procedures are p rov ided in 

sect ion 2.4. The cross-sections are used to s tudy 1) the 

deve lopmen t of t h e squeeze f l ow , 2) t h e qual i ty of t he ED and the composi tes , and 3) t he s tate of t h e mater ia l 

as re f lec ted by the thickness of t h e composi tes. Moreover , t h e cross-sections are invest igated to f i nd a possible 

exp lanat ion fo r t h e cause of t he ab rup t d isp lacement cei l ing. 

0.30 

Figure 4-12: Two cross-sections are obtained 
from one sample clip. 
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Figure 4-13: Development of the gap between the composite substrates measured in the cross-section micrographs at the 

locations of the f low fronts of the squeezed-out ED. The dots represent the average value and the error bars represent the 

standard deviation. Just one sample has been studied per data point. Four measurements per sample have been done. 

The cross-sect ional microscopy pictures are used to measure the distance be tween t h e t w o compos i te parts. The 

measurements are taken at the locat ions of t h e f low f ronts and there fo re , t he re are four measurements per 

sample clip. The average values and the s tandard deviat ions are i l lustrated in Figure 4-13. It can be observed that 

the gap starts at approx imate ly 0.25 [ m m ] , wh ich is t he or ig inal thickness o f t h e ED str ips. Then, somewhe re 

be tween 400 [J] and 500 [J], the gap suddenly decreases by roughly 0.12 [ m m ] to 0.13 [ m m ] , wh ich corresponds 

exactly to t h e d isp lacement ceil ing observed in t he we ld ing data. The gap stays constant at 0.12 [ m m ] . Even at 

the high energy level of 2,000 [J], it does not seem to become smaller. The quest ion remains why . 
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Figure 4-14: Overview of cross-section microscopy panoramas of sample clips' welding interfaces ordered by the amount of 

energy used during welding. The red solid line indicates the moment after the abrupt increase in displacement and the 

dashed blue lines indicate the initial size and position of the ED strips. 

In Figure 4-14, an overv iew of t h e squeeze f lows at t h e sample cl ips' we ld ing inter face can be seen. A large A3 

version o f th is f igure can be f o u n d in Figure A - 1 . In t h e overv iew, t h e init ial posi t ions of t he t w o ED str ips are 

indicated w i t h t he dashed blue lines. Fur thermore , t h e m o m e n t at wh ich t h e mo l ten EDs are squeezed ou t and 

t h e d isp lacement cei l ing has been reached is indicated w i t h a sol id red l ine. The to ta l w i d t h o f t he we ld Is 

indicated by t h e w id th o f t h e cross-sect ion mic rograph. 

In the overv iew, it can be observed tha t be tween 400 [J] and 500 [J], t he thickness of t he squeeze f l ow Indeed 

decreases f r o m 0.25 [ m m ] t o t he 0.13 [ m m ] . As a result, t he to ta l area covered by the ED increases by 

approx imate ly , a fac tor 2. Be tween 500 [J] and 2,000 [J], the thickness of t he squeeze f l o w at t he f l o w f ronts does 

not decrease any fu r t he r as it was already observed in Figure 4-13. However , t h e area covered by the mo l ten ED 

does increase. A likely exp lanat ion for th is phenomenon is tha t t he f l o w f ron ts are being pushed o u t w a r d s by 

mater ia l in t h e center of t h e we ld , and there fore are not really being squeezed anymore . This hypothesis is 

suppor ted by the fact tha t t he cross-sections o f t h e 1,000 [J] t o 2,000 [J] samples show tha t f ibers f r o m t h e ou te r 

plies are being squeezed in to t he mo l ten ED at t he we ld ing in ter face (see Figure 4-14 or Figure A-1) . Moreover , 

because the mater ia l at the center a n d / o r or iginal locat ion o f t h e EDs starts t o degrade as a result o f overhea t ing , 

gasses or ig inate . This can be conc luded f r o m the high popu la t ions of voids. These gasses could also have a ma jo r 

role in pushing the squeeze f l o w out . Thermal expansion is ano ther possible exp lanat ion fo r t h e fact tha t wh i le 

t h e length o f t h e squeeze f l o w increases, t he thickness remains constant . Due to the rma l expansion, t h e vo lume 

of t he squeeze f l o w Increases. As a result , since the ED thickness is constant , the area and in th is case also t h e 

length o f t he squeeze f l o w have t o increase. Most l ikely, a comb ina t ion of these hypotheses explains t h e 

p h e n o m e n o n . The quest ion remains w h y t h e f l ow f ron ts are no t being squeezed ou t any fu r t he r and main ta in 

the i r th ickness o f approx imate ly 0.11 [ m m ] . In o rder t o f ind an answer t o this quest ion , f u r t he r en larged 

microscopy images are s tud ied next. 

First, t he f l o w f ron ts o f t h e sample clip w e l d e d at 500 [J] are s tud ied, because this sample is t h e f i r s t t o exper ience 

t h e d isp lacement cei l ing. Three f l ow f ron ts o f the sample clip we lded at 500 [J] can be seen in Figure 4-15 and 

Figure 4-16. In the f irst f igure , a f l o w f r o n t at the ou te r edge can be observed, whereas in t he lat ter f igure, t w o 

f l o w f ron ts t ha t a lmost m e e t at t he center are present. Interest ingly, t h e f l o w f ron ts seem to consist o f pieces o f 

PEKK tha t have never m e l t e d , an insight der ived f r o m the fact t ha t they re ta ined a rectangular shape. This 

explains w h y t h e d isp lacement cei l ing Is so abrup t : when the ED has almost fu l ly me l ted and is rapidly being 

squeezed ou t , t he m o v e m e n t o f t h e sono t rode is suddenly blocked by solid part icles of PEKK. Now, t he fo l l ow ing 

quest ions arise: 1) w h y does t h e ceil ing always occur at approx imate ly 0.12 [mm]? And 2) w h y does t h e PEKK no t 

reme l t , so tha t t he squeeze f l o w can con t inue? 
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Figure 4-15: Flow front of ED at the welding interface of a Figure 4-16: IVIeeting flow fronts of ED at the welding 

sample clip welded with 500 [J]. There are small pieces of interface of a sample clip welded with 500 [J]. It can be 

PEKK that have not been in a molten state as they retained observed that the molten squeeze flow on the left pushes a 

a rectangular shape. piece of unmelted ED forward. 

Figure 4-17: Squeeze flow of ED at the welding interface of Figure 4-18: Squeeze flow of ED at the welding interface of 

a sample clip welded with 1,200 [J]. Even at the higher a sample clip welded with 2,000 [J]. Still pieces of PEKK ED 

amounts of energy there are still pieces of PEKK ED which which have not been in a molten state are observed, 

have not been in a molten state. 

In Figure 4-17 and Figure 4-18, it can be observed tha t even at h igher energy levels o f 1,200 [J] and 2,000 [J], 

respect ively, the re are stil l pieces o f unme l ted ED present near t h e f l o w f r o n t . 

A study of t h e part ly mo l ten f l ow f ron ts , at t he stage w h e r e the ED has no t been squeezed ou t yet , prov ides a 

va luable insight in to w h y some pieces of ED are not me l ted at t he m o m e n t of t h e squeeze ou t . In Figure 4-19 

and Figure 4-20, t h e part ly mo l ten f l o w f ron ts o f sample clips we lded w i t h 300 [J] and 400 [J], respect ively, can 

be seen. In these f igures, it can be observed tha t t he ED does not me l t un i fo rm ly . Instead, the re seem to be layers 

in t he ED tha t me l t separately. These layers are actual ly t he or iginal 50 [pm] PEKK f i lms f r o m which the ED is 

manu fac tu red as can be seen in Figure 4 -21 and Figure 4-22. In Figure 4 - 2 1 , an unme l ted ED str ip be tween t h e 

we ld ing interfaces o f a sample clip we lded w i th 300 [J] can be observed. Using UV light, t he boundar ies b e t w e e n 

the or iginal 50 [ p m ] PEKK f i lms are revealed. The fact tha t t he boundar ies are still v is ible Implies tha t t h e 5 PEKK 

f i lms d id not really consol idate into one layer o f PEKK. This f ind ing explains why t h e ED mel ts in layers, as cou ld 

be observed in Figure 4-19 and Figure 4-20. In Figure 4-22, a SEM image of t he f rac ture surface of a piece of 

unused ED can be seen. Again, a clear boundary be tween t h e 50 [pm] PEKK f i lms is observed . 
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Figure 4-19: Squeeze flow of ED at the welding interface of Figure 4-20: Squeeze flow of ED at the welding Interface of 

a sample clip welded with 300 [J], Only the two outer layers a sample clip welded with 400 [J]. Only the lower layers of 

of PEKK film have been in a molten state. No bond between PEKK film have been in a molten state, 

the squeezed out ED and the substrate composite has been 

formed near the flow front. 

Figure 4-21: Cross-section micrograph with UV light of Figure 4-22: SEM scan of fracture surface of unused ED 

unmelted ED in a sample clip welded at 300 [J]. Separation manufactured of 5 layers of 50 [pm] PEKK fi lm. Separation 

between 50 [pm] PEKK films, as indicated by red arrows, can between first and second fi lm can be observed, 

be observed. 

In Figure 4-23, a piece of ED tha t has not been in a mo l ten state at t h e f l o w f ron t o f a sample we lded at 720 [J] 

can be observed. Again, UV l ight is used t o reveal t he boundary be tween the or iginal PEKK f i lms. It can be seen 

tha t t h e piece of PEKK consists of t w o 50 [pm] PEKK f i lms. A study o f t he o ther f l o w f ron ts w i t h t he use of UV 

light ind icated tha t all pieces of unme l ted ED consist of at most t w o f i lms. This observa t ion is in l ine w i t h the fact 

tha t t h e gap is always a round 0.13 [ m m ] , because the gap al lows a m a x i m u m of t w o f i lms. 

A hypothesis t o explain these observat ions can be f o r m u l a t e d as: because the PEKK ED does not mel t un i fo rmly , 

t he re are still unme l t ed pieces of ED lef t when t h e rest o f t h e ED is being squeezed ou t . These pieces, most l ikely, 

remain unme l ted due to n o n u n i f o r m heat ing of the ED. These pieces block the d isp lacement of the sono t rode 

and cause the ab rup t d isp lacement cei l ing. At th is po in t , sect ions o f t h e squeeze f l ow , wh i ch are in contact w i th 

t he colder substrate mater ia l , sol id i fy again and prevent f u r t he r squeeze out . This can be wi tnessed in Figure 

4-24, whe re it is seen tha t t h e squeeze f l ow has no proper bond w i t h t he substrate compos i te , as there is a clear 

crack in be tween . However , at some po in t , it is expected tha t the sol idi f ied f l o w f r on t wi l l re -mel t due to 

interfacial f r ic t ion and bond proper ly w i t h t he substrate compos i te as we l l . At the same t i m e , t he mater ia l at t he 

center of t he squeeze f l o w of ED, wh ich is already bonded to t he substrate, cont inues to heat up due to 

viscoelastic heat ing. Phenomena such as t h e r m a l expansion of the mater ia l and t h e f o r m a t i o n o f gasses in bo th 

ED and the substrate mater ia l push t h e f l ow f ron ts ou twards . The gap be tween the compos i tes remains constant 
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as t he re are always pieces of unme l ted ED present at t he f l ow f ronts tha t b lock the d isp lacement of the 

sono t rode . 

Figure 4-23: Cross-section micrograph with UV light of squeeze f low in a sample clip welded at 720 [J]. A piece of ED that 

has not been in a molten state can be observed. This piece consists of 2 layers of 50 [pm] PEKK fi lm (red arrow indicates 

boundary). Moreover, there is no bond between the squeeze f low and the substrate composite near the f low front. 

Figure 4-24: Cross-section micrograph with UV light of squeeze f low in a sample clip welded at 800 [J]. There is no bond 
between the f low front and bottom the substrate composite. 
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Figure 4-25: Unmelted ED at the welding interface of a Figure 4-26: Squeeze flow of ED at the welding interface of 

sample clip welded wi th 300 [J]. There are already many a sample clip welded with 400 [J]. At least parts o f t h e ED 

voids present in the ED. must have been in a molten state as there is a clear pattern 
in the squeeze out of the voids as indicated by the red 

arrows. 

In add i t ion to s tudy ing t h e squeeze f l ow , t he qual i ty o f t h e ED is also analyzed using cross-sect ional microscopy. 

In Figure 4-25, an u n m e l t e d ED in a sample we lded at 300 [J] can be observed. The ED already contains some 

large voids, wh ich most l ikely or ig inate f r o m combus ted debris or air cap tu red be tween the PEKK f i lms. In Figure 

4-26, t h e squeeze f l o w of ED in a sample we lded at 400 [J] can be observed . The ED has been at least par t ly in a 

mo l ten state as the voids f l o w towards the left side. The voids t ha t are already present in the ED do not f o r m a 

big issue as most o f t h e air escapes in an early stage o f t he USW process. This can be conc luded f r o m t h e fact 

t ha t t he cross-sections of t he samples we lded w i th 600 [J] t o 720 [J] have a l im i ted number of voids as can be 

best seen In t h e panorama overv iew in Figure 4-14 (or in Figure A-1). At a round 800 [J], t h e f i rst voids are f o r m e d 

again, as can be seen in Figure 4-27. From this po int onwards the n u m b e r of voids increases rapidly, as can be 

seen In, for instance, Figure 4-28. The voids are a p roduc t of t h e gasses f o r m e d by the degrading PEKK. 

Subsequent ly, at approx imate ly 1,200 [J] t he f i rst voids are d iscovered b e t w e e n t h e f i rs t and second plies o f t h e 

subst ra te compos i tes . In Figure 4-29, it can be observed tha t these in te r laminar voids push t h e f i rst ply t owa rds 

t h e mo l ten ED. If any voids we re present in t ha t sect ion of t h e mo l ten ED, they are most l ikely pushed aside, as 

can be seen in t he panoramas o f Figure 4-14. Finally, at 2,000 [J] numerous voids are present t h r o u g h o u t the 

mo l ten ED and the f i rst layers of t he subst ra te composi tes (see Figure 4-30). Fur thermore , t he f ibers have 

red is t r ibu ted and t he re fo re , it became hardly possible t o spot the locat ion o f t h e we ld ing in ter face. 

Figure 4-27: Welding interface of a sample clip welded with Figure 4-28: Welding interface of a sample clip welded with 

800 [J]. A few large voids are present in the squeeze flow of 1,000 [J]. Numerous large voids are present in the squeeze 

£D. f low of ED. 
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Figure 4-29: Welding interface (indicated with red arrow) of Figure 4-30: Welding interface of a sample clip welded with 

a sample clip welded with 1,200 [Jj. Voids between the first 2,000 [J]. Fibers from the first ply have redistributed 

and second ply start to develop, which push the first ply through the squeeze f low and a result the exact location of 

towards the molten ED at the welding interface. the welding interface can hardly be identified anymore. The 

red arrow indicates the approximate location, though. 

4.1.5. NDT analysis 
In this sect ion, NDT scans are analyzed and connpared to t he observat ions made in t he previous sect ions. The 

NDT scans are made w i t h an Olympus OmniScan MX using the phased array techn ique , as descr ibed in m o r e 

detai l in section 2.4. A deta i led exp lanat ion of how t o read the scans is also p rov ided in this sect ion. The goal o f 

th is sect ion is t o unders tand t h e PA scans of t h e welds so t h a t In t h e f u t u r e (almost) no des t ruc t i ve tests are 

requ i red anymore to unders tand w h a t happened at t he we ld ing in ter face. In o rder t o unders tand the PA scans, 

t he observat ions made in t h e prev ious sections have t o be l inked to pa t te rns in t he scans. First t he comp le te PA 

scans (A, S, and C scan) o f t h e f o u r most in terest ing sample clips are discussed and compared t o the observat ions 

made in the previous sect ions. Subsequent ly , t h e deve lopment o f t h e we ld qual i ty is analyzed using an overv iew 

of t he C-scans. 

Figure 4-31: PA scan of USW141017-04 which is welded Figure 4-32: PA scan of USW140912-10 which is welded 

wi th 600 [Jj. The A, S, and C-scan show that the two ED with 700 [J]. The A, S, and C-scan show that the two ED 
strips have melted and formed two proper welds. However, strips merged into a proper uniform weld, 
the f low fronts did not merge yet. 

In Figure 4 - 3 1 , t h e PA scan o f a sample clip we lded w i t h 600 [J] can be seen. It can be conc luded f r o m bo th t h e C 

and S-scan tha t t h e t w o ED str ips have me l ted and f o r m e d a p roper b o n d , as a s t rong signal re turns f r o m t h e 

b o t t o m o f t h e lower compos i te . However , t he squeeze f lows did no t merge and t he re fo re no p roper bond has 

f o r m e d yet in be tween the ED str ips. This can be der ived f r o m the fact t ha t , at the center o f t h e w e l d , a signal 

re turns f r o m the we ld ing in ter face in t h e A, S, and C scans. In Figure 4-32, t he PA scan o f a sample cl ip w e l d e d 

w i t h 700 [J] can be seen. From t h e A, S, and C scans it can be conc luded tha t t he f l ow f ronts have merged and a 

high qual i ty we ld has been ob ta ined , as the signal returns f r o m t h e back o f the lower compos i te t h r o u g h o u t t h e 
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who le we ld . It is in terest ing to note tha t , when the f rac tu re surface of this sample (USW140912-10) is s tud ied , it 

can be observed tha t the f l ow f ronts me t , but d id no t fu l ly merge yet - as can be seen in Figure 4-3 and Figure 

4- 9. In t he PA scan th is aspect is probably not visible because its resolut ion is t oo low. 

In Figure 4-33, t he PA scan of a sample cl ip we lded w i t h 800 [J] can be seen. It can be observed in t he C-scan tha t 

t he left part of t he we ld has a good qual i ty , bu t t ha t t h e r ight part o f the we ld has a very poor qua l i ty . The A and 

5- scan con f i rm tha t t he r ight section of t he we ld is of poor qual i ty since the signal is a lmost comple te ly lost. The 

f rac ture surface of t he r ight sect ion, i l lus t ra ted in Figure 4-4, shows tha t t he we ld ing inter face is indeed of poor 

qual i ty as it Is fu l l of voids. It is assumed tha t the signal is lost, because the geomet ry of t he voids makes it scatter 

in all d i rect ions. In Figure 4-34, t he PA scan of a sample clip we lded w i t h 2,000 [J] can be seen. The A, S, and C-

scans show tha t t he we ld qual i ty is poor t h r o u g h o u t t he who le w e l d . It is in terest ing to no te t ha t the C-scan 

i l lustrates t ha t in the left sect ion of t he we ld qu i te a s t rong signal re turns. However , t he A a n d S-scan show tha t 

the signal re turns f r o m the we ld ing inter face and not f r o m the back o f t h e lower sample. The C-scan is compared 

to t he re la ted f rac ture surface, as can be seen in Figure 4-3. From this compar ison , it can be der ived tha t 

wherever t h e f racture surface shows brown ish burn marks, a s t rong signal re turns f r o m the we ld ing in ter face. 

The fact t ha t a s t rong signal returns again probably has t o do w i th the s t ructure and roughness of t he mater ia l 

at t he in ter face. Whereas it is expected tha t t he signal scatters and is lost when many small voids are present 

and the we ld ing interface is coarse. It is l ikely tha t t h e burn marks have a f iner s t ruc ture wh ich al lows the signal 

t o re tu rn . Figure 4-5 i l lustrates tha t t he burn marks indeed have a f iner s t ruc ture than sections w i t h many voids. 

In add i t ion , it can be der ived tha t wherever voids are f ound at the f rac ture surface, t he signal is weak. 

Figure 4-33: PA Scan of USW140912-02 which is welded Figure 4-34: PA scan of USW140911-08 which is welded 

with 800 [J]. The A, S, and C- scan show signs of material with 2,000 [J]. The A, S, and C-scan show that the two ED 

degradation on the right side of the weld as the signal is strips have merged but the weld quality has deteriorated, 

lost. 

In Figure 4-35, an overv iew of t he C-scans o f all sample clips can be seen. The C-scans are o rde red according to 

t he amoun t of energy used to the we ld the sample cl ip. In the f irst co lumn , the sample clips we lded to pe r fo rm 

LSS tests and f rac tography are shown , whereas In t he second co lumn , t he sample clips we lded to pe r fo rm cross-

sect ional microscopy are shown . Two observat ions stand ou t . 

The f i rs t observat ion is t ha t the re is a clear pa t te rn in t h e deve lopment of the we ld qual i ty. It can be seen tha t in 

t he range 300 [J] t o 500 [J], the ED str ips me l t , are squeezed out (as indicated by blue lines), and eventual ly f o r m 

t w o proper bonds. At 600 [J] t he f l o w f ron ts start meet ing , and at a round 700 [J] t he t w o EDs are (almost) 

comple te ly merged and f o r m a s t rong b o n d . Subsequent ly, f r o m approx imate ly 800 [J] onwards the mater ia l at 

t h e we ld ing in ter face, and at some po in t also the mater ia l in the substrate compos i te , starts degrading. Based 

on t h e C-scans, it can be conc luded tha t an energy of 700 [J] provides the best we ld qual i ty. 
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The second observat ion t ha t stands ou t is t he scatter in the 

results. For instance, vi/hereas, t h e f i rst 800 [J] we ld is of 

poor qual i ty , the second one can be cons idered o f 

reasonable qual i ty . This inconsistency is exp la ined by the 

fact tha t , as t h e deta i led analysis of t h e we ld ing data in t he 

next sect ion also points ou t , someth ing unusual occurred t o 

t h e 800 [J] we ld used fo r f rac tography . A n o t h e r large 

dev ia t ion in we ld qual i ty can be observed be tween the 400 

[J] welds. Wh i le t he EDs in t h e f i rst w e l d are already 

squeezed ou t and f o r m e d a p roper b o n d , t h e EDs in the 

second we ld have not yet fu l ly me l t ed as they we re no t 

squeezed ou t . IVIost likely, deviat ions can be expected in an 

early stage of t he USW process due to t h e r a n d o m nature o f 

nuc leat ion and g r o w t h of hot spots (Vil legas, 2013a). 

Figure 4-35: C-scan overview of welded sample clips. 

An energy of 700 [J] provides the best weld quality. 

The solid blue lines indicate from which point 

onwards the samples experienced the squeeze out. 

W h e n analyzing just the C-scans, caut ion shou ld be used as 

t h e C-scans on ly provide a map o f t h e s t rength o f t h e signal. 

The A and S scans have to be analyzed as we l l in o rder t o 

ident i fy t he locat ion at wh ich t h e signal re turns . There fore , 

Figure 4 - 3 1 t o Figure 4-34 were analyzed as reference t o 

w h a t t h e colors indicate at the var ious energy levels. For 

example, at lower energy levels, an o r a n g e / red surface 

Implies t ha t t he re is a s t rong bond as t h e signal re turns f r o m 

t h e back of t h e lower sample. However , at h igher energy 

levels, an o r a n g e / red surface impl ies tha t mater ia l at t h e we ld ing in ter face is heavi ly degraded and shows burn 

marks, as t h e signal is re tu rn ing f r o m the we ld ing in ter face. 

In th is sect ion, t h e PA scans we re analyzed and compa red to the observat ions made in t he prev ious sections so 

tha t in t he f u t u r e , t he A, S, and C-scans can be l inked t o the we ld qual i ty ; it was observed tha t t he PA scans can 

give an accurate Impression in case the A, S, and C-scan are all analyzed. 

4.1,6, Analysis of welding data 
In th is sect ion, t h e we ld ing data generated dur ing the USW process is analyzed and compared to t h e observat ions 

made In t he previous sect ions. Only the we ld ing data o f t h e sample clips used for f r ac tog raphy is cons idered 

here; t he we ld ing data o f the sample clips used fo r cross-sect ional microscopy can be f o u n d in Figure A-3. The 

powe r and d isp lacement curves of t h e sample clips are compared t o t h e observat ions made in t he prev ious 

sect ions, so tha t pat terns in t he data can be re la ted to events in the USW process. The we ld ing data can 

eventua l ly be used for in situ qual i ty mon i to r i ng o f USW as suggested by Benatar & Gutowsk i (1989) and Villegas 

(2013a). 
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Energy [J] 

300 [J] {USW140912-06) 350 [J] (USW/140912-07) 400 [J] (USW140912-05) 

500 [J) (USW140912-04) 600 [J] (USW140912-01) 70O [J) (USW140912-10) 

800 [J] (USW140912-02) 1,000 [J] (USW140912-03) 2,(X)0 [J] (USW140911-08) 

Figure 4-36: Power (solid) and travel (dotted) plots of sample clips used for fractography. 

The w/elding data o f sample clips used fo r f rac tography can be seen in Figure 4-36. Note tha t t he data fo r t he 

sample clip w/elded at 1,200 [J] (USW100912-09) is missing because, f o r unknown reasons, t he Rinco Dynamic 

3000 did not save the data fo r tha t we ld . It can be observed tha t t he plots are simi lar fo r a lmost all welds. Only 

t he plots of USW140912-02, wh ich is we lded w i th 800 [J], are s igni f icant ly d i f fe ren t t han t h e plots of t he o the r 

samples, as t h e d isp lacement already increases at a very low energy level . This does not come as a surpr ise as 

the NDT scan of th is w e l d , i l lust rated in in Figure 4-35, a l ready s tood ou t f r o m the others . Since the sudden 

increase in d isp lacement al ready s tar ted in a very early stage o f t he USW process and t h e PA scan showed tha t 

t h e we ld has one poor ly we lded side, the sample was most l ikely we lded w i t h a small angle. Even af ter having 

establ ished tha t one o f t h e samples has an unusual we ld (because of yet unknown reasons), this sample prov ides 

a great i l lus t ra t ion of h o w in fo rmat i ve the we ld ing data is: be fore tes t ing or scanning the we ld w i t h NDT 

techniques, the we ld ing data can already tel l w h e t h e r t he we ld is good or bad. If t he USW machine w o u l d be 

able to recognize dev ia t ing pat terns dur ing t h e USW process, it could s top or correct t he process ' in s i tu ' . 

Vil legas (2013a) ind icated t h a t at t h e m o m e n t the power curve reaches a valley, t he ED has already me l ted and 

wi l l be squeezed ou t . This conclusion is in l ine w i th t h e observat ion t h a t all samples presented in Figure 4-36 

show a sudden increase in d isp lacement at t h e m o m e n t o f t h e val ley. Moreover , Vil legas ind icated tha t at t he 

m o m e n t the power curve reaches the second peak, t h e we ld is op t ima l and the v ibrat ions shou ld be s topped , 

since the decl ine in t he p o w e r curve is caused by mel t ing o f t h e subst ra te compos i te . Again, this is con f i rmed by 

the fact tha t the f i rst observat ions o f de fo rmat ions in t he substrate mater ia l are made in t he cross-sect ions of 

sample clips we lded w i t h 800 [J], wh ich can be seen in Figure 4-14 and Figure A-2 . The sample clips we lded w i t h 

800 [J] are also t h e f i rst samples to show a decrease in powe r a f ter a second peak has been reached. 

Add i t iona l observat ions t h a t can be made is t he fact t ha t : a) all t he samples t ha t did not reach t h e second peak 

o f the power curve yet , do not show any signs of mater ia l degradat ion , whereas b) the samples t h a t passed the 

second peak do show clear signs of degradat ion . However , no explanat ion has been f ound for h o w t h e 

degradat ion of PEKK w o u l d con t r i bu te to a decl ine in power . A rise in fo rce a n d / or a decrease in d isp lacement 

could be expected t hough , because the gasses released by the degradat ion of t he PEKK wi l l result in an increase 

in vo lume (in add i t ion to t h e increase in vo lume due t o the rma l expansion) and the re fo re , exert pressure on the 

5 1 



MSc. Thesis J.J.E. Renooi] 

sonot rode. It is assumed tha t t he increase in vo lume results in to t he reduct ion of d isp lacement , w/hereas t h e 

pressure exer ted by t h e overhea ted mater ia l o n t o the sono t rode t ranslates in to t he increase in force, as can be 

seen in Figure 4-37. However , it cannot be explained why the force already increases before t h e ' op t ima l ' energy. 

Are these the f i rst signs of degradat ion or merely the rma l expansion? 

500 750 1,000 

Energy [J] 

1,250 1,500 1,750 2,000 

800 [J] (USW140912-02) 1,000 [J) (USW140912-03) 2,000 [J] (USW140911-08) 

Figure 4-37: Three examples of feree (solid) and travel (dotted) plots of clips used for fractography. 

A last observat ion t ha t can be made in Figure 4-36 is the fact t ha t the d isp lacement cei l ing consistent ly occur red 

be tween 350 [J] and 450 [J] w i t h a value ranging be tween 0.10 [ m m ] and 0.12 [ m m ] . In all cases w h e r e more 

energy was added than requ i red t o ob ta in an op t ima l we ld , t he d isp lacement reduced again. 

4.2. Optimal energy level & validation experiments 
In t h e previous sect ion, var ious techn iques we re appl ied t o s tudy the deve lopmen t of t he squeeze f l ow and the 

we ld qual i ty as a func t ion o f the energy. Using t h e me thodo logy o f Vil legas (2013a) and the we ld ing data 

presented in Figure 4 - 1 , it was de te rm ined tha t t he theoret ica l op t ima l energy lies be tween 720 [J] and 840 [J]. 

Cross-sectional microscopy and f rac tography, however , ind icated tha t the f i rst signs of mater ia l degradat ion at 

the we ld ing inter face we re a l ready f o u n d at energy levels of 800 [J]. The NDT scans con f i rmed this and s h o w e d 

tha t t h e conservat ive energy value o f 720 [J] w o u l d probab ly p rov ide the best we ld qual i ty , as t h e chances o f 

mater ia l degradat ion are m in im ized . 

In th is sect ion, f i ve sample clips are we lded under t he same cond i t ions as in the previous sect ion w i t h 720 [J]. 

The goal is t o ver i fy t ha t an energy of 720 [J], which is assumed to be (close to ) t h e op t ima l energy level , 

consistent ly provides a good we ld qual i ty . The qual i ty and consistency of t h e va l idat ion welds is assessed w i t h 

the help of NDT scans, tensi le tests, and f rac tography. Moreove r , t he we ld ing data is analyzed. 

The resul t ing C-scans o f t h e PA scans can be seen in Figure 4-38. The C-scans show tha t all f ive samples have an 

ou ts tand ing we ld qual i ty , given tha t a s t rong signal (o range / red) re turns. The A and S-scans, as can be seen in 

Figure A-4 t o Figure A-8, con f i rm t h e conclusion t ha t t he we ld qual i ty is good , given tha t t h e signal re turns f r o m 

the back o f the lower compos i te and no t f r o m the we ld ing in ter face. 

In o rde r t o quant i f y t h e qual i ty of t he bond , LSS tests have been p e r f o r m e d as we l l . The results of t he LSS tests 

can also be seen in Figure 4-38. The average breaking fo rce is 11,374 [N] w i t h a CoV of 4.87 [%], wh ich impl ies 

tha t t he we ld qual i ty is very consistent . By div id ing t h e break ing force by the area of t he f rac ture surface, a LSS 

of 36.9 [MPa] w i t h a CoV of 2.63 [%] is ob ta ined . These numbers cor respond t o t h e ones in Figure 4-2, w h e r e t h e 

sample clip we lded w i t h 700 [J] had a higher than average breaking force o f 12,334 [N] and a sl ightly lower t han 
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average LSS of 36.0 [MPa] . It should be no ted that t he CoV is lower fo r the LSS than fo r the breaking force, 

because t h e breaking force is d i rect ly p ropor t iona l t o t h e area of t he f racture surface. This re la t ionship is 

con f i rmed by the fact tha t the welds w i t h a relat ively low breaking fo rce also had a lower area w e l d e d . 

USW141001-01 USW141001-02 USW141001-03 USW141001-04 USW141001-05 

11,095.51 [N] 11,874.55 [N] 11,398.72 [N] 12,018.05 [N] 10,485.59 [N] 

37.59 [MPa] 36.64 [MPa] 38.24 [MPa] 36.61 [MPa] 35.39 [MPa] 

Figure 4-38; C-scans of five sample clips welded in the same conditions with 720 [J]. The C-scans validate the consistency of 

the welding quality using these settings as five good welds are obtained. The average breaking force is 11,374 [N] with a 

CoV of 4.87 [%] and the average LSS is 36.9 [MPa] with a CoV of 2.63 [%]. 

Figure 4-39; Fracture surfaces of five validation samples welded in the same conditions with 720 [J]. The fracture surfaces 

are similar in terms of area and failure mode as expected. 

In Figure 4-39, t he f rac ture surfaces of the f ive va l idat ion samples are shown . It can be observed tha t t he f ractures 

surfaces are very simi lar: a) t h e f ractures surface areas are comparab le ; b) in all cases, t he squeeze f lows of ED 

met and merged in to one we ld (w i th t he except ion o f t h e f i rst we ld , in wh ich the EDs have only par t ly merged) ; 

c) t he fa i lu re modes are comparab le and show f i rs t -p ly fa i lure (see Figure 4-40); and d) the re are no signs o f 

degradat ion as the number of voids is l im i ted. 

Last, but not least, t h e we ld ing data of t h e 

val idat ion set, i l lust rated in Figure 4 - 4 1 , is analyzed. 

All power and d isp lacement curves show expected 

behavior. There is, however , a bi t o f dev ia t ion 

when it comes to the m o m e n t w h e n the steep 

increase in d isp lacement occurs. As men t i oned 

before, such deviat ion is comple te ly normal due t o 

t he random nature o f nuc leat ion and g r o w t h of hot 

spots in t he ED. Moreover , it appears t ha t not all 

power curves reached the i r second peak. 

Unfor tunate ly , there is no way to f ind ou t how 

close they we re . 

Figure 4-40: First-ply failure observed at the fracture surface of g^^^^ g,, observat ions made in th is sect ion, 
USW141001-01 which is welded wi th 720 [J]. 

it can be conc luded tha t all f ive samples in t he 

va l idat ion set are of excel lent qua l i ty and the results are consistent . Therefore , it has been con f i rmed tha t t h e 

l ine of reasoning - establ ished in prev ious sect ion to de te rm ine the op t ima l a m o u n t o f energy - is indeed val id. 
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0.02 

Energy [J] 

USW20141001-1 USW20141001-2 USW20141001-3 USW2O141001-4 USW20141001-5 

Figure 4-41: Power (solid) and displacement (dotted) plots of five validation samples welded in the same conditions with 

720 [J]. The plots show that the theoretical opt imum is approximately reached as the slopes of the power curves approach 

zero. 

4.3. Conclusions 
In th is chapter , a) t he squeeze f l o w of mo l ten ED and b) the deve lopment of t he we ld qual i ty as a func t ion of the 

we ld ing energy have been s tud ied. Var ious techn iques, such as NDT scanning, LSS tes t ing , f rac tography, and 

cross-sectional microscopy w e r e appl ied to de te rm ine the state o f t he we ld ing in ter face, as we l l as o f t he 

subst ra te compos i te at t he var ious energy levels. Subsequent ly , t he observat ions we re l inked to pat terns in t he 

we ld ing data, fo l l ow ing t h e example of Benatar & Gutowsk i (1989) and Villegas (2013a), so tha t t he var ious stages 

in t h e we ld ing process could be ident i f ied and t h e op t ima l we ld ing energy could be de te rm ined . The conclusion 

is t h a t t h e we ld qual i ty is op t ima l at t he m o m e n t t h e second peak occurs in the p o w e r curve. However , t he 

posi t ion of this second peak deviates. Since the PEKK is expected to already show t h e f i rst signs o f degradat ion , 

as can be der ived f r o m t h e rise in fo rce and the decrease in d isp lacement , at energy levels close t o t he second 

peak in t he power curve, it is best t o take a conservat ive value. Cross-sectional microscopy and f rac tography 

con f i rmed that t he mater ia l at t he in ter face was degrading at t he m o m e n t the force curve increases and the 

d isp lacement decreases. 

Five va l idat ion samples we re we lded using 720 [J], wh ich was bel ieved to be (close to ) t h e o p t i m u m . These 

samples we re analyzed in te rms o f t he qual i ty and consistency of t h e welds. The results con f i rmed tha t the 

chosen energy level was adequa te as the we ld qual i ty was good and consistent fo r all we lds . 

Fu r the rmore , t he source o f t h e d isp lacement cei l ing was most l ikely ident i f ied in th is sect ion. Cross-sectional 

microscopy exposed that small pieces o f the PEKK ED, wh ich had no t me l ted , cause the abrup t d isp lacement 

cei l ing. These smal l pieces of ED are, most l ikely, a result o f t he fact t ha t t h e ED is no t me l t ing un i fo rm ly . They 

do no t me l t un i fo rm ly because the f ive layers of 50 [pm] PEKK f i lm have not been conso l idated wel l when the ED 

was manu fac tu red and the re fo re t he f i lms can still in teract w i t h each o the r dur ing t h e USW process. The 

incomp le te bond be tween the f i lms could be observed w i t h bo th opt ical and SEM microscopy. Fur ther research 

is requ i red to invest igate if a wel l consol idated ED can prevent the appearance of t h e d isp lacement cei l ing. 

The present research was conduc ted using one f ixed set of we ld ing parameters . A simi lar invest igat ion should be 

pe r f o rmed using o the r sets o f parameters to see w h e t h e r t he conclusions sti l l ho ld . A lower we ld ing force or 

amp l i t ude , for instance, might s low d o w n the rate of heat ing and delay the m o m e n t at wh ich t he mater ia l starts 

degrading. Moreover , the scope o f f u t u r e simi lar research should be expanded to inc lude d i f fe ren t appl icat ions 

and mater ia ls. 
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5. System Clips 
In this chapter , real connposite system clips are we lded toge ther w i t h the u l t ima te ob jec t ive t o we ld t he f i rs t 

demons t ra to r : system clips we lded to a rib of t he hor izontal stabi l izer of t he Gul fs t ream G650. First, in sect ion 

5 .1 , the design of t h e system clip is descr ibed. Secondly, in sect ion 5.2, t he choice o f t he ED conf igura t ion is 

explained. Next, in sect ion 5.3, an e f fo r t is made to de te rm ine the op t ima l we ld ing energy for t h e system clip 

using t he we ld ing data and NDT scans. Finally, in section 5.4, t he we lded demons t ra to r Is presented and the 

results are discussed. 

5.1. System clip design 
In this sect ion, t he design of t h e compos i te system clip is discussed. The design o f the compos i te clip is based on 

tha t of an existing a l u m i n u m cl ip, wh ich is used to at tach brackets ho ld ing var ious systems, such as w i re 

harnesses and pipes. The or ig inal a l u m i n u m clip is a t tached to a r ib o f t h e hor izonta l stabi l izer o f t h e Gul fs t ream 

G650, as can be seen in Figure 5 -1 , Figure F-1 and Figure F-2. 

Figure 5-1: Original position o f t he aluminum clip on a rib o f the horizontal stabilizer of the G650, as indicated by the red 

ellipse. The clip is fastened by three rivets. 

The original a l u m i n u m system clip is i l lust rated in Figure 5-2. The clip is fas tened to t he r ib w i t h th ree r ivets, wh i le 

t w o f loa t ing nuts are r iveted t o t he clip w i t h t w o rivets per uni t . Special brackets ho ld ing t he w i re harness are 

bo l ted t o t h e f loa t ing nuts. It can be seen in Figure 5-2 tha t extra mater ia l has to be bui l t - in a round the r ivet 

holes, as it is s tandard ly requ i red fo r a hole to always be away f r o m an edge by a distance equal t o 2.5 t imes its 

d iameter . In case of t h e compos i tes th is w o u l d be 3 t imes , as ind icated by Fokker. 

Figure 5-2: Original aluminum clip. The three holes at the Figure 5-3: Composite clip based on the dimensions o f t h e 
bottom flange are used to rivet the clip to the rib. Two original aluminum clip. The clip is welded to the rib. The 
floating nuts are riveted to the other flange. floating nuts could be integrated in the design or welded as 

well as there are already thermoplastic floating nuts. 

The compos i te vers ion of t he cl ip, wh ich can be observed in Figure 5-3, is expected to be smaller and l ighter t han 

its a l u m i n u m coun te rpa r t . This is due t o t he fact t ha t : a) it is made o f composi tes w i t h a high specific s t i f fness/ 

s t rength and b) since t he clip wi l l be we lded to t h e r ib, r ivet holes are no longer necessary. Because of t he la t ter 

reason, no addi t iona l mater ia l has to be added. There fore , t he compos i te cl ip 's d imensions are simi lar t o those 

o f the a l u m i n u m cl ip minus t h e added mater ia l . The deta i led design including t he d imensions of t he a l u m i n u m 

and compos i te clip can be f o u n d in Figure B-1 and Figure B-2, respect ively. 

55 



MSc. Thesis J.J.E. Renooij 

5.2. Energy director configuration 
Before any clips are welcied to a demons t ra to r , exper iments are conduc ted t o d e t e r m i n e : a) t h e best 

conf igurat ion f o r t h e EDs, and b) the r ight a m o u n t of energy needed to ob ta in a good we ld qual i ty . In th is sect ion, 

the EDs conf igura t ion is descr ibed. The we ld ing setup used to conduc t t h e exper iments is descr ibed in sect ion 

2.3.2. 

The clips are made o f 8 layers of Cytec PEKK FC, have an exact thickness o f 1.14 [ m m ] , and the fo l l ow ing layup: 

[ 4 5 / 9 0 / - 4 5 / 0 ] s , as expla ined in detai l in sect ion 2.1.3. The samples are we lded using the Z51414 f i x tu re in t h e 

system clip conf igura t ion (section 2.3.2). Fur thermore , sono t rode 1 is used as it comple te ly over laps the b o t t o m 

f lange of t he clip. The clips are we lded w i t h a weld ing fo rce of 1,500 [N] , a peak- to-peak amp l i t ude of 63.4 [ p m ] , 

and a hold ing t ime of 4,000 [ms] . 

Figure 5-4: ED configuration 1 - Four EDs with a spacing of Figure 5-5: ED configuration 2 - Two EDs with a spacing of 

10 [mm| are placed in the transverse direction. 3 [mm] are placed in the longitudinal direction. 

First t h e o r ien ta t ion of t h e ED strips is invest igated. Two ED conf igurat ions are proposed: 1) Four str ips in t h e 

t ransverse d i rec t ion of t he cl ip, and 2) t w o strips in t he longi tud ina l d i rec t ion o f t he cl ip. Conf igurat ion 1 and 2 

are i l lust rated in Figure 5-4 and Figure 5-5, respect ively. The ED str ips are tempora r i l y f ixed using tape. 

Figure 5-6: A clip welded wi th ED configuration 1 (left) and a clip welded with ED configuration 2 (right). It can be observed 

that clip welded with ED configuration 1 is damaged at the sides, and the one welded in configuration 2 is slightly damaged 

at the lower edge. The damages are indicated with the red ellipses. 

The resul t ing clips w e l d e d in bo th conf igurat ions w i t h 2,000 [J] can be seen in Figure 5-6. It can be observed tha t 

bo th clips are damaged. However , t he clip we lded w i t h ED conf igura t ion 1 , shows m o r e severe damage at t h e 

edges as f ibers are squeezed ou t over a relat ively long distance. The damage is s imi lar to t h e damage observed 

In sect ion 3 . 1 , whe re sample clips were we lded w i t h a plunge we lded square ED. Just as w i t h the square EDs, t h e 

cl ip was not suppor ted by ED at t he edges and the re fo re , t he edges were , most likely, able t o resonate, causing 

damage. This damage might be p reven ted , t h o u g h , by adding more EDs n e a r t h e edge. The damage o f t h e sample 

w e l d e d w i t h ED conf igura t ion 2 seems to be less severe, as only some f ibers f r o m the f i rst pl ies, w i t h respect t o 

the we ld ing in ter face, seem to have jo ined t h e squeeze f l ow o f mo l ten ED: This type of damage can probab ly be 
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prevented by we ld ing at a lower energy level. Therefore , f r o m the 'damage ' po int of v iew, conf igura t ion 2 is 

pre fer red . However , the re are more factors t o consider than just damage. For instance, it is much eas ie r to instal l 

t he second ED conf igura t ion , as only t w o strips have to be placed. Fur the rmore , it is a concern t ha t in t he f i rs t 

con f igura t ion , t he sono t rode cannot fu l ly over lap the area o f ED tha t suppor ts t he clip due to the radius near t h e 

f lange (see Figure 5-7). In case the mo l ten ED is able t o f l o w towards areas wh ich are not over lapped by the 

sono t rode , it wi l l p robab ly sol id i fy and wi l l not be able t o remel t . 

Figure 5-7: Side-view of configuration 1. The sonotrode cannot fully overlap the area of the ED that is supporting the clip in 

the area marked by the red circle. 

Only one cl ip was we lded per con f igura t ion , as mu l t ip le a rguments converge to suppor t a preference f o r ED 

conf igura t ion 2: t he conf igura t ion is easier t o instal l , t he clip is less p rone to damage In this con f igura t ion , and 

t h e ED can be ful ly covered by the sono t rode . Since the ED w i d t h and ED spacing o f 2 [ m m ] and 3 [ m m ] , 

respect ively, p rov ided sat isfactory results in t he exper iments descr ibed in Chapter 0, t h e same ED w id th and ED 

spacing are also used for t he clips. 

5.3. Energy determination 
In this sect ion, an e f fo r t is made to de te rm ine the op t ima l a m o u n t o f energy to we ld t h e clips. First t he we ld ing 

data is s tud ied . The power and d isp lacement curves are i l lust rated in Figure 5-8. It can be observed tha t the 

curves show fami l iar behavior and are consistent w i t h except ion of t he cei l ing, wh ich varies be tween 0.09 [ m m ] 

and 0.13 [ m m ] . It is u n k n o w n w h y the cei l ing varies considerably. However , due to f luc tua t ions in t he powe r 

curve f r o m t h e m o m e n t t he d isp lacement cei l ing is reached, it is d i f f icu l t t o Ident i fy a second peak. It shou ld be 

no ted tha t t h e d isp lacement curves o f t h e system clips also shows more f luc tuat ions than the d isp lacement 

curves o f t h e sample clips (e.g. Figure 4 -1 and Figure 4-36) a f te r t he m o m e n t t h e cel l ing is reached. 

The fo rce curves, wh ich can be seen in Figure F-5 to Figure F-9, also show irregular behavior . It is assumed tha t 

t h e f luc tuat ions are caused by the more complex geomet ry o f t h e cl ip. However , more research is requ i red t o 

con f i rm th is . Given t h e f luc tuat ions , no conclusions abou t t h e op t ima l energy level can be d rawn yet . The on ly 

useful observat ion is t h a t t he o p t i m u m is t o be f ound at a value of or above 1,000 [Jj. This insight is based on the 

fact tha t t he ED has just been squeezed ou t and t h e d isp lacement cei l ing has been reached at this po in t . 

Ano the r techn ique has to be appl ied in order t o f ind t he op t ima l energy level. NDT techno logy is t he most 

conven ient way to do th is , as th is approach proved t o be qu i te e f fect ive in sect ion 4.1.5. Therefore , f ive m o r e 

clips are we lded w i t h an energy be tween 1,000 [J] and 2,000 [J] and an interval o f 250 [Jj. Subsequent ly, PA scans 

are made o f t he welds and compared t o ident i fy t h e o p t i m u m . The o r ien ta t i on of the cl ip in the C-scans is t he 

same as the o r ien ta t ion of the cl ip in Figure 5-5. 
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Figure 5-8: Power (solid) and displacement (dotted) plots of five clips welded with 2,000 [Jj. The plots are similar, however, 

no clear second peak can be identified. 

Figure 5-9: PA scan of clip (USW141114-11) welded with Figure 5-10: PA scan of clip (USW141114-12) welded with 

1,000 [J]. The S-scan indicates that the two EDs have not 1,250 [J].The weld has improved w.r.t. the previous weld, 

merged yet. The lower ED formed a strong bond, but the However, the upper left section o f t h e weld is not optimal 

upper ED did not as can be seen in the C-scan. as can be seen in the C-scan. 

A PA scan o f t he f i rs t w/eld, v*/ith an energy of 1,000 [J], can be seen In Figure 5-9. It can be observed tha t t he t w o 

ED str ips have no t merged ye t , as t h e S-scan shows tha t the signal re turns f r o m the we ld ing inter face in be tween 

the t w o str ips. Moreove r , the C and S-scan I l lustrate t ha t whereas t h e lower ED str ip f o r m e d a proper b o n d , t h e 

upper ED str ip f o r m e d only a med iocre bond . 

In a PA scan of t he clip we lded w i t h 1,250 [J], as can be seen in Figure 5-10, it can observed t h a t we ld qual i ty 

improved w i t h respect t o the previous w e l d . The squeeze f lows o f t h e mo l ten ED merged , as i l lust rated by t h e S-

scan, and a good we ld has been f o r m e d t h r o u g h o u t t h e w h o l e r ight sect ion. However , t h e S and C-scan show 

tha t t h e qual i ty o f t h e upper - le f t sect ion o f t h e we ld is not ye t op t ima l . In Figure 5-15, wh ich presents t h e we lded 

cl ip, i t can be seen tha t no squeeze out can be observed in t he bo t t om- l e f t sect ion (upper - le f t in C-scan) ye t , 

whereas squeeze ou t is already present in bo t t om- r i gh t sect ion. 
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Figure 5 -H: PA scan of clip (USW141114-09) welded with Figure 5-12: A second PA scan of clip (USW141114-09) 

1,500 [J]. The A, S, and C-scan confirm that an excellent welded with 1,500 [J]. The A and S-scan show that the 

weld has been obtained, with the exception of a small area quality of the section at the center is still acceptable as the 

at the center o f t he weld, as can be seen in the C-scan. signal returns from the back of the lower composite. 

In Figure 5-11 and Figure 5-12, PA scans o f t he clip we lded w i t h 1,500 [J] can be seen. The S-scan o f t he f i rst 

f igure shows tha t t he t w o squeeze f lows of mo l ten ED have merged in to one large w e l d , as the signal is no t 

i n te r rup ted at t he center l ine. Moreover , the C-scan indicates tha t t h e we ld has an excel lent qual i ty over t h e 

who le area of t he w e l d , w i t h t h e except ion of a small sect ion at t he center. However, t h e la t ter f igure i l lustrates 

tha t t h e we ld qual i ty at t he center sect ion is sti l l reasonable, as the S-scan shows tha t a relat ively s t rong signal 

returns f r o m t h e back o f t he lower compos i te . 

Figure 5-13: PA scan of clip (USW141114-13) welded with Figure 5-14: PA scan of clip (USW141114-08) welded with 

1,750 [J]. The A, S, and C-scan show that the weld is 2,000 [J]. The A and S scan indicate that a strong signal 

deteriorating at the left side. returns from the welding interface, which implies that the 

material at the welding interface has degraded. 

A PA scan of a cl ip we lded w i t h 1,750 [J] can be seen in Figure 5-13. It can be observed t h a t t he we ld qual i ty has 

st rongly de te r io ra ted w i t h respect t o t h e clip we lded w i t h 1,500 [J] as t he signal is lost or re tu rn ing f r o m t h e 

we ld ing in ter face. In sect ion 4.1.5, it was observed tha t a poor signal at h igher energy levels, most l ikely, indicates 

tha t voids are present, whereas, a s t rong signal re tu rn ing f r o m the we ld ing in ter face at a high energy level, 

presumably, impl ies t ha t the mater ia l has s tar ted to degrade heavi ly and is showing burn marks. The r ight sect ion 

of t he we ld sti l l has a good qual i ty , as can be seen in t h e C-scan. The PA scan o f the clip we lded w i t h 2,000 [J], 

i l lust rated in Figure 5-14, shows tha t mater ia l at t he we ld ing in ter face, in t he sect ion w h e r e t h e A-scan is made , 

is most l ikely degraded: The A and S-scan show tha t a s t rong signal returns f r o m the we ld ing in ter face. The o the r 

sections o f t h e w e l d , h igh l ighted in o range / red in the C-scan, do exhibi t good qual i ty levels, t h o u g h , since t h e 

signal re turns f r o m the back o f t he lower sample. 

From t h e NDT scans it can be conc luded tha t t h e op t ima l we ld ing energy is close to 1,500 [J]. No tensi le tests 

a n d / or cross-sect ional microscopy are p e r f o r m e d , as sect ion 4.1.5 indicated tha t the scans prov ide a suf f ic ient ly 

good impression of t he we ld qual i ty . It should be no ted , t h o u g h , tha t since on ly one sample has been s tud ied 

per energy level , no conclusion can be made abou t t he consistency and rel iabi l i ty of t h e results. 
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The clips w e l d e d w i th 1,250 [J] and 1,500 [J] can be seen in Figure 5-15. It can be observed tha t wh i le t he cl ip 

we lded w i t h 1,250 [J] has no damage and only shows squeeze out o f resin, the clip we lded w i t h 1,500 [J] also 

shows squeeze ou t o f f ibers in add i t ion t o t ha t o f resin. Because t h e demons t ra to r is used fo r commerc ia l 

purposes, it is decided to we ld t he clips w i th t he conservat ive energy level o f 1,250 [J]. This choice suppor ts t h e 

object ive o f min imiz ing t he chances of having damaged clips on the demons t ra to r . The energy level o f 1,250 [J] 

is stil l expected t o provide a reasonable we ld ing qua l i ty , as it cou ld be observed in Figure 5-10. 

Figure 5-15: A clip welded with 1,250 [J] (left) and a clip welded with 1,500 [J] (right). In case of the right clip, fibers are 

squeezed out. 

5.4. Demonstrator 
In th is sect ion, it is expla ined how the clips are we lded to t he r ib. Moreover , the we ld ing data and the resul t ing 

welds are br ief ly discussed. The r ib Is press- formed by Dutch Thermoplas t ic Components (DTC) and is made o f 

Cytec CF/ PEKK FC. The exact layup can be prov ided by DTC if requ i red . The clips are we lded w i t h t he same ED 

con f igu ra t ion , t he same sono t rode , and the same sett ings as those used in t he previous sect ion. A we ld ing energy 

of 1,250 [J] is used as dr iver, based on t h e insights and decisions explained in t he previous sect ion. Two CF/ PEKK 

clips and one carbon f ibe r / po lypheny lenesu l f ide (CF/ PPS) clip we re we lded to t h e r ib. Moreover , one a l u m i n u m 

clip was r iveted t o the r ib. The CF/ PPS cl ip was only we lded to t he CF/ PEKK rib to demons t ra te ano ther possibi l i ty 

of USW of CFRTPCs, and wi l l not be discussed in this sect ion. The a lum inum clip was r iveted to t he d e m o n s t r a t o r 

as a reference t o t he cur ren t s i tua t ion . 

Figure 5-16: Clamping of the rib onto the anvil of the Rinco Figure 5-17: Positioning plates (transparent orange) and a 

3000. The rib is simply clamped wi th two glue clamps, wooden bar (brown) prevent the clip from moving sideways 

Wooden sticks are placed in between to prevent damage. during the USW process. The plates and the bar are taped 

to the rib. 
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The rib is c lamped o n t o the anvil o f t h e USW machine w i t h glue clamps, as can be seen in Figure 5-16. The cl ip is 

no t c lamped but f ree ly placed be tween the pos i t ion ing plates and a w o o d e n bar tha t shou ld p revent t h e clip 

f r o m mov ing sideways due t o the v ibrat ions o f t he USW process. The posi t ion plates are made of 0.7 [mm] th ick 

a l u m i n u m . Since t h e plates also cover t he ED, t he comb ined thickness o f a) t he p late and o f b) t h e ED must be 

smal ler t han the thickness o f the cl ip (1.14 [ m m ] ) t o prevent t h e sono t rode f r o m being b locked by the plates. 

The pos i t ion ing plates and t h e bar are s imply taped o n t o the r ib. A spacing of approx imate ly 0.5 [ m m ] is kept 

be tween t h e clip and the posi t ion ing plates t o prevent f r ic t ion be tween t h e m . 

Figure 5-18: CFRTPC clips uitrasonicaiiy welded to a CFRTPC rib. The left-most is clip is the original aluminum clip and it is 

riveted to the rib. The second clip is a CF/ PPS clip and the two right-most clips are CF/ PEKK clips. The CF/ PPS clip is welded 

with PEKK EDs. 

The we lded demons t ra to r can be seen in Figure 5-18. The clips seem t o be proper ly we lded t o t h e r ib w i t h o u t 

having incur red any damage. Even t h e PPS cl ip seems t o have bonded we l l , a l though, a dest ruct ive tes t shou ld 

be pe r fo rmed to de te rm ine the s t rength of t h e jo in t . The we ld ing sequence is: 1) th i rd le f tmost cl ip, 2) f o u r t h 

le f tmos t cl ip, and 3) second le f tmost - t he PPS clip. The f irst cl ip un fo r tuna te ly moved dur ing the USW process 

as a result o f poor c lamping and is t he re fo re poor ly a l igned. For t he o the r clips more tape was used and as a 

result , t hey d id not move anymore . Obviously, a p roper f i x tu re has t o be designed if th is app l ica t ion Is go ing to 

be industr ia l ized. However , t he fact t ha t t he cl ip can be kept in pos i t ion dur ing the USW process by mere ly some 

a l u m i n u m plates he ld in place by tape , implies tha t designing a f i x tu re shou ld not ex t remely be compl i ca ted . 

Energy [J] 

Reference (USW141114-02) PEKK 1 (U5W14H14-14) PEKK 2 (USW141114-15) - PPS (USW141114-16) 

Figure 5-19: Power (solid) and displacement (dotted) plots of the clips welded to the rib. The data of one clip from the 

previous section is provided as a reference. 

The we ld ing data o f t he clips Is i l lust rated in Figure 5-19. It can be seen t h a t t he re is a lot o f var ia t ion be tween 

t h e t w o CF/ PEKK clips. This is, most l ikely, caused by the inconsistency o f c lamping and the fac t tha t t h e clips are 

we lded at d i f fe ren t locat ions of t he r ib. W h e n compar ing the we ld ing data o f t h e t w o clips to t he we ld ing data 

of a clip f r o m the prev ious sect ion of th is repor t , it can be seen tha t a) m o r e powe r is used, and b) also m o r e 

energy needs to be appl ied before t h e EDs are me l ted . This is p robab ly due to the fact tha t t he r ib and its 

simpl ist ic f i x tu re absorb m o r e energy than the compact f i x ture and the we l l c lamped compos i te p late used fo r 

61 



MSc. Thesis J.J.E. Renooij 

weld ing the reference cl ip. Since more energy is lost, it is expected tha t t he welds are stil l in an early stage and 

t h e op t ima l cond i t ion has not yet been reached. It is r e c o m m e n d e d tha t , when we ld ing w i t h energy as the dr iver, 

we lds should be op t im ized again in the real setup. Such re -ad jus tment is requ i red given the large dev ia t ion 

be tween the current ly considered exper imenta l setup and the real s i tua t ion . Ano the r op t ion is t ha t , if appl icable, 

t he m o r e consistent d isp lacement is used as t h e dr iver, like Villegas {2013a) suggested. Un fo r tuna te ly , t he 

d isp lacement cei l ing p reven ted the use of this m e t h o d . 

Figure 5-20: PA scan o f the first clip welded. The weld is still Figure 5-21: PA scan o f the second weld. The squeeze flows 
in an early stage as some sections o f t he ED strips have not o f the EDs seem to have merged and formed a proper bond, 
formed a proper bond yet. A delamination has been observed close to the weld as 

indicated with the red circle in the S-scan. 

The PA scans of t h e f i rs t and second PEKK clips f r o m t h e previously descr ibed we ld ing sequence can be seen In 

Figure 5-20 and Figure 5 - 2 1 , respect ively. The f i rs t f igure i l lustrates t ha t not all sect ions o f t h e t w o ED str ips have 

f o r m e d a proper bond ye t . The fact t ha t t h e f i rs t clip moved sideways dur ing the USW process, paral lel to t he 

long i tud ina l d i rec t ion of t he EDs, m igh t p rov ide an exp lanat ion fo r th is observa t ion . In t he o the r sect ions, as 

ind icated by the r e d / orange sect ions of t he C-scan, a good bond has indeed f o r m e d . The second f igure i l lustrates 

tha t a very good bond has f o rmed In wh ich the EDs have even merged . However , t h e we lded area is ra ther t h i n . 

Therefore , it is expected tha t t h e EDs str ips moved towards each o ther dur ing the USW process. Moreover , t w o 

de laminat ions in the r ib can be spo t ted close t o t h e w e l d . The locat ion of a de lamina t ion is ind icated in t h e S-

scan w i th a red circle. It is u n k n o w n if these de lamina t ions were already present or have been caused by t h e 

USW process. It is equal ly u n k n o w n if the de lamina t ions had any (signif icant) e f fec t on the USW process. 
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6. Integrated Triangular Energy Directors 
The research conducted on ED strips in section 3.2 resul ted in t he f ind ing that ED strips prov ide a good w/eld qual i ty when 

weld ing clips. However, f r o m an industr ial po in t -o f -v iew, ED strips are not at all favorable: 1) they have t o be manufac tu red 

separately (as explained in section 2.1.2.), 2) they have to be placed on one o f t h e substrate composi tes , and 3) they have 

to be kept in posi t ion dur ing the USW process by tape or a plunge we ld , because o therw ise the v ibrat ions character ist ic 

t o t he USW process wi l l displace t h e m . The th ree a fo remen t i oned issues can be solved by in tegrat ing EDs in to one of t he 

composi tes t o be we lded . Integrated t r iangular ribs are wide ly used in t he plastics Industry: because, just like t he ED, 

thermoplast ics are general ly non- re in forced, EDs can be in tegrated in t he design of t he componen t t o be we lded w i t hou t 

adding process steps. Unfor tunate ly , this me thod does not apply t o composi tes as they are f iber re in forced. In th is chapter, 

a me thod to in tegrate t r iangular ED ribs in to CFRTPC componen ts is p roposed: t he e lements are conso l idated by a) 

vacuum-bagging the product and b) subsequent ly consol idat ing it in an autoclave. In section 6 . 1 , t he manufac tu r ing 

me thod is expla ined. Next, in section 6.2, sample clips w i t h in tegrated EDs are we lded and the results are discussed. Finally, 

in section 6.3, recommendat ions are prov ided. 

6.1. Materials & manufacturing 
A laminate w i t h a [ ( 0 / 9 0 ) 3 ] s lay-up is manu fac tu red , as expla ined in sect ion 2 .1 .1 . However , on top of t he laminate t w o 

addi t ional 50 [pm] f i lms of PEKK are placed. Moreover , t he stainless steel cover p late. I l lustrated in Figure 2 - 1 , is replaced 

by an a lum inum plate w i t h small t r iangular channels, as can be seen in Figure 6 - 1 . These channels are spaced 10 [mm] 

apart , have a dep th o f 1 [mm] and angles of 60 [°] , as i l lust rated in Figure 6-2. Angles of 60 [°] were chosen, because Devine 

(2001) exper imented w i t h the shape of t he t r iangular EDs and concluded tha t 60 [°] EDs prov ide the best bond for semi -

crystal l ine TPCs. The mo ld is posi t ioned in such a way tha t t h e channels are perpendicu lar t o t he d i rect ion o f t h e f ibers in 

t he ou te r ply. This posi t ion ing is meant t o prevent t h e f ibers f r o m being pressed into t he channels. 

Figure 6-1 : Aluminim cover plate with triangular channels. Figure 6-2: The triangular channels are spaced 10 [mm] 

apart, have a depth of 1 [mm[, and have angles of 60 [°]. 

Fur thermore , the Upi lex release f i lm - normal ly 

placed be tween the cover p late and the product - is 

left ou t , because t h e f i lm might prevent t h e mo l ten 

PEKK f r o m f i l l ing t he channels. Instead, the mo ld is 

f i rst t rea ted w i th Frekote B-15 M o l d Release Sealer 

and then w i t h Frekote 700-NC M o l d Release Agent . 

The laminate is vacuum bagged and spends one hour 

in t h e autoclave under high pressure at 375 [°C] like 

the o ther composi tes manufac tu red for th is thesis, as 

explained in section 2 .1 .1 . Finally, sample clips of 80 

[mm] by 30 [ m m ] are sawn o u t o f t h e laminate using a wa te r -coo led circular saw w i th a d iamond-coa ted blade. 

Figure 6-3: Sample clip with integrated triangular ED ribs. 

The result can be seen in Figure 6-3. The a t t e m p t t o in tegrate t r iangular ribs in a compos i te product was successful as t he 

mo l ten PEKK f l owed in to t he channels and consistent ribs were ob ta ined . Moreover , on ly a l i t t le bit of excess PEKK resin 
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remains at t he surface of t he substrate mater ia l (whi t ish area around the ribs). The presence o f excess resin can, most 

l ikely, be prevented by match ing t he vo lume of t h e PEKK f i lms and the vo lume of t he channels. Current ly , the vo lume o f 

PEKK was sl ightly higher t o ensure tha t all channels wou ld be f i l led. 

Figure 6-4: Integrated triangular ED onto sample clip. Fibers in the laminate are slightly disturbed. Near the ribs, there is 

excess resin on top o f the first ply. 

A cross-sectional microscopy p ic ture of an in tegra ted t r iangular ED is presented in Figure 6-4. It can be seen tha t , 

even t hough the f ibers of t he first ply we re placed perpendicu lar t o t he channels, t h e f ibers in t h e laminate are 

sl ightly d is turbed. Especially the f i rst t w o plies o f t he laminate are signif icant ly a f fec ted . Vil legas and Bersee 

(2010) exper imenta l ly observed tha t using mu l t ip le smal ler EDs instead o f a larger one reduces t h e d is turbance 

of f ibers in t h e ou te rmos t layers of t he subst ra te . Fu r the rmore , excess resin is observed near t he r ib. This excess 

has a thickness of approx imate ly 76 [pm] at its th ickest po in t . The t r iangular rib itself has a good qual i ty as it does 

not conta in signif icant voids. Moreover , its d imensions match those o f t h e mo ld , wh ich impl ies t ha t w h o l e cavity 

was f i l led w i t h t he mo l ten PEKK. 

6.2. Welding of sample clips with integrated energy directors 
In o rde r to test if t he in tegrated EDs can be successfully used to we ld CFRTPCs, sample clips w i t h in tegra ted EDs are 

w e l d e d . A setup simi lar to tha t appl ied fo r t h e sample cl ips, descr ibed in sect ion 2 .3 .1 , was used. However , t he over lap o f 

t he t w o samples is reduced to 22.5 [ m m ] , so tha t sono t rode 3, wh ich has a d iamete r of 40 [ m m ] , can fu l ly cover it. This is 

requ i red , as the ED ribs con t inue over t he fu l l length o f t h e sample clip (see Figure 6-1) and w o u l d block t he d o w n w a r d s 

d isp lacement of t he sono t rode if sect ions of the ED, over lapp ing t he lower compos i te , did no t mel t . The samples are 

we lded using t he same sett ings as those used f o r t h e sample clips: peak-to-peak a m p l i t u d e o f 51.8 [pm] and we ld ing fo rce 

of 1,500 [N] . 

Four samples were we lded at 2,000 [J] and one sample was we lded at 1,000 [J]. The we ld ing data is i l lust rated in Figure 

6-5 and Figure 6-6. In t he lat ter one , it can be seen tha t t h e power curves show similar behav ior as those of t h e sample 

clips w i t h ED str ips: 1) the power increases unt i l it reaches a f irst peak; 2) the power reduces to a local m i n i m u m ; 3) t h e 

powe r increases again unt i l it reaches a second peak; and 4) f inal ly, t he power reduces again. The d isp lacement curves are 

comple te ly d i f fe ren t , t h o u g h : a) The d isp lacement increases steadi ly as t h e force is increased; b) once t h e v ibra t ions star t , 

t he d isp lacement increases abrupt ly ; c) t h e slope reduces signif icant ly, bu t the d isp lacement keeps increasing gradual ly ; 

d) t h e d isp lacement decreases again; e) once the v ibra t ions stop, t he d isp lacement abrupt ly increases again; and f) f inal ly, 

t h e d isp lacement gradual ly increases unt i l t he we ld ing in ter face has sol id i f ied. It is in teres t ing to no te t ha t t he t o ta l 

d isp lacement is approx imate ly equal t o the height o f the t r iangular EDs, wh ich impl ies t ha t every th ing has been squeezed 

ou t . The d isp lacement curves are very simi lar t o t h e ones observed by Trough ton (2008), as can be seen in Figure D-1, w h o 

we lded plastic componen ts also using in tegrated t r iangu lar EDs. 
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2,500 

Power Force A Displacement 

Figure 6-5: Power, force and displacement curves of sample USW141117-03 welded at 2,000 [J]. 

Figure 6-6; Power (solid) and displacement (dotted) curves of five samples with integrated triangular ED ribs. The scale of 

the displacement has been adjusted to study the 'ceiling' (see Figure D-2 for normal scale). 

The d isp lacement curve does no t exper ience an abrup t cei l ing, as was t h e case w i t h f lat EDs and ED str ips, but it keeps 

increasing unt i l a local m a x i m u m is ob ta ined at a relat ively high energy value. Because of t he absence o f an abrup t 

d isp lacement cei l ing, t he me thodo logy proposed by Villegas (2013a) m igh t be appl icable again. Further research should 

focus on th is . 

A we lded sample cl ip w i t h in tegra ted EDs can be seen in Figure 6-7. Squeeze ou t of PEKK and f ibers is observed 

near t h e edge of t he sample. 
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Figure 6-7: Sample clip USW141117-03 welded with 2,000 [J]. The triangular EDs are integrated in the upper sample. 

Squeeze out of ED and fibers is observed. 

In Figure 6-8, a PA scan o f sample clip US\A/141117-03 

indicates t ha t t h e we ld has a) an excel lent qual i ty near t h e 

upper edge, as a s t rong signal re turns f r o m the back o f t he 

lower compos i te (A, S and C-can), bu t b) a poor qual i ty near 

the lower edge, as the signal is a lmost lost (S and C-scan). 

The o r ien ta t ion o f t h e PA scan is simi lar t o t h e o r ien ta t i on o f 

t he sample in Figure 6-7. There are no traces o f t he or ig inal 

ED ribs in t h e S or C-scan, and the re fo re it seems t h a t t h e 

th ree squeeze f lows ( three ribs) have merged . Fur ther 

research is requ i red to f i nd t h e op t ima l we ld ing energy and 

to see if a good qual i ty level can be ob ta ined t h r o u g h o u t t he 

who le w e l d . Figure 6-8: PA scan of sample clip USW141117-03 welded with 
2,000 [Jj.The weld quality is excellent nearthe upper edge, but 
Door near thp Inwpr pdap 

6.3. Recommendations 
This chapter discussed a p roduc t ion m e t h o d meant t o in tegrate t r iangu lar EDs into compos i tes : t h e e lements are 

consol idated by a) vacuum-bagg ing the produc t and b) subsequent ly consol idat ing it in an autoclave. The conclus ion is 

t h a t th is m e t h o d is e f fec t ive in in tegra t ing t r iangular ED ribs into compos i tes . The on ly downs ide o f t h e m e t h o d is t ha t t h e 

f ibers in the ou te r plies are l ight ly d is tu rbed , but by op t im iz ing t he p roduc t ion process and t h e ED design, it is most l ikely 

possible t o min imize the d is turbance. IVloreover, the ab rup t d isp lacement cei l ing was not observed in t h e we ld ing da ta , 

so the me thodo logy of Vil legas (2013a) might be appl icable again. There fore , it is s t rongly r e c o m m e n d e d t h a t t h e 

in tegra t ion of t r iangular EDs in to CFRTPCs is fu r the r invest igated. A s tudy should be pe r fo rmed in to t h e op t im iza t i on o f 

t h e ED conf igura t ion in o rder t o : 1) min imize t he d is turbance of the f ibers, and 2) op t im ize t he jo in t s t rength . IVloreover, 

it should be invest igated if t he me thodo logy o f Villegas (2013a) is appl icable again and d isp lacement can be used as a 

more consistent dr iver. Fu r the rmore , a study similar t o the one pe r fo rmed in chapter 0 should be conduc ted to d e t e r m i n e 

t h e deve lopmen t of t h e squeeze f l o w and we ld qual i ty as a func t ion of t he appl ied energy level. It is expected tha t m a n y 

s imi lar i t ies exist be tween t h e using in tegra ted t r iangular EDs in a) t h e USW o f plastics versus b) the USW o f CFRTPCs. 

There fore , t he associated l i te ra tu re shou ld be careful ly rev iewed. 
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7. Clamping & Sequential Welding 
In o rder t o we ld t he or thogr id panel , a sequent ia l spot we ld ing approach is requ i red . A chal lenge of t he 

sequent ia l we ld ing process is tha t we ld ing condi t ions change for every subsequent w e l d , as not iced by Lu et al. 

(1991). For instance, whereas the upper compos i te is f ree to v ibra te w h e n making t h e f irst w e l d , it is f ixed on 

one-s ide by the f irst we ld when making the second we ld . This issue is i l lust rated in Figure 7 - 1 , w h e r e it can be 

seen t h a t t he we lded sect ion on t h e r ight 'c lamps' t he upper compos i te t o t he lower one , wh i le t h e sect ion on 

t h e left st i l l has to be we lded . It is expected tha t t he spacing be tween subsequent welds has a signif icant 

in f luence on the USW process, and it is highly l ikely tha t t h e r e is a m i n i m u m spacing value be low wh ich no proper 

welds can be ob ta ined . Therefore , it is i m p o r t a n t tha t ef fects o f t h e distance be tween a we ld and a ' c l a m p e d ' 

spot on t h e USW process are tho rough ly invest igated. 

Figure 7 -1 : A schematic drawing of the welding interface of a sequential weld. The section on the left side has not been 

welded yet, whereas the right section has been. The grey rectangles represent EDs. 

Moreove r , t he t w o composi tes have t o be t igh t l y c lamped toge ther t o prevent t h e m f r o m mov ing dur ing t h e 

USW process, as can be seen in , fo r instance, Figure 2-9 - t h e fuselage f r a m e f ix ture (Z51430). It is expected tha t 

c lamping the t w o componen ts also has a substant ia l in f luence on the USW process. T w o factors t h a t are expected 

to have a major inf luence on the process are: a) t h e c lamping force, and again, b) t he c lamping distance. In th is 

chapter , t h e re lat ion be tween these t w o factors and the USW process is examined. In sect ion 7 . 1 , exper iments 

are conduc ted on single-side c lamped samples. Next, in sect ion 7.2, exper iments are pe r f o rmed on double-s ide 

c lamped samples. Finally, in sect ion 7.3, recommenda t ions are presented. 

7.1. Welding of single-side clamped samples 
In th is sect ion, ASTM D1002 samples are we lded using t he Z51414 f ix ture in t he single-side c lamping 

con f igu ra t ion , as presented in sect ion 2.3.3 and i l lust rated in Figure 7-2. The exper iments have been pe r f o rmed 

at Aeson B.V. using a 2,000 [W] version of t h e Dynamic 3000 and sono t rode 1. Fur thermore , t h e samples are 

we lded using a f lat ED w i t h a thickness of 0.25 [ m m ] , a peak- to-peak amp l i t ude of 70.4 [ p m ] , a we ld ing force of 

500 [N] , and a d isp lacement of 0.11 [ m m ] as t h e we ld ing driver. These sett ings are simi lar t o t h e ones used when 

we ld ing single lap shear samples w i t h f lat EDs in t h e 9109 j ig , as descr ibed in section 3 . 1 . However , t he amp l i t ude 

is sl ightly lower (70.4 [pm] instead of 72.6 [ p m ] ) , because a d i f fe rent sono t rode is used and t h e ampl i tude can 

only be adjusted in increments of 5 [%]. However , the d i f ference is assumed t o be (a lmost) negl ig ib le. Moreover , 

it shou ld be no ted tha t f lat EDs are used again, as they prove to wo rk wel l when we ld ing ASTM D1002 samples. 

Figure 7-2: The position o f the clamps is varied when welding the single-side clamped ASTM D1002 samples to investigate 

the effects of the clamping distance on the USW process and weld quality. From left to right: the clamps are placed at a 

distance of 6 [cm], 3.5 [cm], and 1.5 [cm] w.r.t. the centerline. 
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The distance be tween the clamps and the center l ine, varies be tween : 6 [cm] , 3.5 [cm] , and 1.5 [ cm] , as i l lust rated 

in Figure 7-2. Moreover , t h e c lamping force is var ied by t i gh ten ing t h e bolts w i th e i ther 2.5 [Nm] or 7.5 [Nm] . Per 

comb ina t i on o f the c lamping force and t h e distance, f ive samples are we lded and subsequent ly , single lap shear 

tests are pe r f o rmed on the Zwick/Roel l 100 [kN] universal tes t ing machine. The we ld ing data of all t h i r t y samples 

can be seen in Figure E-1 to Figure E-6. The statist ics of a) the energy, b) m a x i m u m power , c) we ld ing t ime , and 

d) LSS value, are i l lus t ra ted for a t o rque o f 2.5 [Nm] and 7.5 [Nm] in Figure 7-3 and Figure 7-4, respect ively. 
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• 3.5 [cm] 2,009,26 1,443.20 1,794.80 4,078.27 • 3.5 [cm] 1,456.73 1,151.20 1,772.40 4,297.11 
1 6 [cm] 1,707.97 1,168.40 1,998.80 4,119.41 6 [cm] 1,770.05 1,209.20 1,895.00 4,280 35 

Figure 7-3: Averages and standard deviations {error bars) of Figure 7-4: Averages and standard deviations (error bars) of 

welding data of single-side clamped ASTM D1002 samples welding data of single-side clamped ASTM D1002 samples 

clamped at 1.5, 3.5, or 6 [cm] distance from the centerline clamped at 1.5, 3.5, or 6 [cm] distance from the centerline 

with rubber pads and a torque of 2.5 [Nm] per bolt. Welding with rubber pads and a torque of 7.5 [Nm] per bolt. Welding 

settings: 70.4 [pm]; 500 [N]; 0.11 [mm]. settings; 70.4 [pm]; 500 [N]; 0.11 [mm]. 

In bo th Figure 7-3 and Figure 7-4, it can be observed t h a t when the samples are c lamped very closely t o the 

sono t rode at 1.5 [cm] f r o m the cen ted ine , t he average m a x i m u m power Is substant ia l ly lower and t h e average 

we ld ing t i m e is not iceably higher. Fu r the rmore , by compar ing the t w o f igures, it can be seen t h a t th is ef fect 

becomes even greater as the c lamping fo rce is increased. The hypothesis is tha t t he closer and harder t he 

compos i tes are c lamped , t he st i f fer t he area to be we lded becomes. Consequent ly , t h e USW mach ine has m o r e 

d i f f icu l t ies passing on the v ib ra t iona l energy to the samples. This m igh t explain why the powe r curves o f t h e 

samples c lamped at 1.5 [ cm] , in Figure E-3 and Figure E-6, are relat ively low and f lat compared t o those o f t h e 

o the r samples. Fur ther research shou ld be conduc ted to con f i rm th is hypothesis and invest igate if t h e r e is a 

b o t t o m th resho ld f o r distance and an upper th resho ld fo r t h e c lamping force outs ide o f wh ich p roper welds can 

no longer be ob ta ined . It is p robab ly be t te r t o use a low c lamping fo rce ra ther than high one, as long as t h e fo rce 

is suf f ic ient to t h e keep the componen ts in place dur ing t h e USW process. 

The c lamping fo rce main ly has an ef fect on t h e samples t ha t are c lamped closely t o t he we ld zone. Samples 

c lamped f u r t he r away f r o m t h e we ld zone, most l ikely, have enough f lex ib i l i ty in t he d i rec t ion o f t h e v ibra t ions 

of t he sono t rode to min imize t h e ef fect o f t he c lamping force. It is unknown w h y super ior LSS values w e r e 

ob ta ined w h e n c lamping at 1.5 [cm] w i t h a low force, whereas In fer ior results we re ob ta ined w h e n c lamping at 

1.5 [cm] w i t h a high fo rce . Moreove r , it is u n k n o w n why , w h e n compared t o samples c lamped at o t he r distances, 

samples c lamped at 3.5 [cm] requ i re on average more energy when c lamping w i t h a low force, wh i le they requ i re 

less energy w h e n c lamping w i t h a high force. This can be 1) a coincidence or 2) t he result of comp lex v ibra t iona l 

dynamics. The exper iments shou ld be repeated a n d / or compared to a f in i te e lement m e t h o d (FEM) analysis to 

see if these results can be rep roduced . 
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Figure 7-5: The related fracture surfaces of Figure 7-6: The PA scan of USW140827-05 clamped at 6 [cm] and 

USW140827-05 clamped at 6 [cm] and with a torque with a torque of 2.5 [Nm].The left section o f the C-scan represents 

of 2.5 [Nm]. There are 1) two resin rich areas in the the sample, whereas the right section represents the weld. The 

middle; 2) fiber squeeze-out near the side edges; middle o f t h e weld has a good joint quality. However, the quality 

and 3) voids on one side of the weld. is poor near the edges of the weld. 

In Figure 7-5, t h e f rac tu re surface o f a sample, c lamped at 6 [cm] f r o m t h e center l ine and t i gh tened w i t h a t o r q u e 

of 2.5 [Nm] , is p resented. It is observed tha t t h e center shows a nice and 'c lean ' f rac tu re w i t h t w o smal l resin 

rich areas. However , t he side edges show f iber squeeze-out and one side o f t h e we ld contains many small vo ids. 

In t he overv iew of t he f rac tu re surfaces in Figure E-7 and Figure E-8, it is observed tha t all samples c lamped at 6 

[cm] have a simi lar f rac tu re surface, w h e r e the voids and the resin rich areas are located at more or less the same 

locat ions. The samples c lamped at 3.5 [cm] also show simi lar f ractures surfaces, but t h e area tha t conta ins voids 

is smaller (Figure 7-7). A lmost no voids and no resin rich areas are visible at t he f rac tu re surface of t he samples 

c lamped at 1.5 [cm] . However , t he samples c lamped at 1.5 [cm] seem to show a more intense f i rst ply fa i lure 

(Figure 7-8). The hypothesis f o r m u l a t e d t o explain these d i f ferences is: t h e f rac tu re surfaces vary as a func t i on 

o f t h e c lamping distance, because it is expected tha t a) t he f lex ib i l i ty o f t h e upper sample, and b) t he slope o f t h e 

upper sample w i th respect t o t he lower sample change. The f lex ib i l i ty is expected to have an in f luence because 

it de termines how easily v ibrat iona l energy is t rans fer red t o t h e composi tes , whereas t h e slope is expected t o 

con t r ibu te to these results because it basically de termines t h e d is t r ibu t ion o f the we ld ing pressure, wh ich is 

d i rect ly re lated to t h e dissipat ion o f energy. The la t ter reason might explain w h y one side consistent ly displays 

voids, wh i le t h e o ther side exhibi ts proper we ld qual i ty . 

Figure 7-7: The related fracture surfaces of USW140805-06 Figure 7-8: The related fracture surfaces of USW140804-20 

clamped at 3.5 [cm] and with a torque of 2.5 [Nm|. There clamped at 1.5 [cm] and with a torque of 2.5 [Nmj. The 

are 1) resin rich areas; 2) fiber squeeze-out near the side sample shows 1) fiber squeeze out, and 2) intense first ply 

edges; and 3) voids on one side o f the weld. failure. 
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W h e n compar ing f rac tures surfaces of t he samples c lamped w i t h 2.5 [Nm] and 7.5 [Nm] t i gh tened bol ts, 

respect ively (see Figure E-7 and Figure E-8), no obvious d i f ferences are observed . There fore , it is expected tha t 

whereas the c lamping distance bears substant ia l in f luence on the w e l d qual i ty , t h e c lamping fo rce on l y has a 

l im i ted ef fect . 

Moreover , NDT scans o f t h e samples (see Figure 7-9 t o Figure 7-12), are analyzed. Note t ha t t h e samples c lamped 

at 3.5 [cm] are not shown , as on ly the ext remes are analyzed. The C-scans of the samples c lamped at 3.5 [cm] 

can be seen in Figure E-9 and Figure E-10. 

Figure 7-9: The C-scans of samples clamped at 6 [cm] and Figure 7-10: The C-scans of samples clamped at 6 [cm| and 

with a torque of 2.5 [Nm|. with a torque of 7.5 [Nmj. 

Figure 7- l l :TheC-scansofsamplesclamped at 1.5[cm]and Figure 7-12: The C-scans of samples clamped at 1.5 [cm] 
with a torque of 2.5 [Nm]. and with a torque of 7.5 [Nm]. 

It is observed tha t t h e welds of t he samples c lamped at 6 [cm] are re lat ively cons is tent . The qual i ty o f these 

welds seems t o be sl ight ly be t te r for t he ones where the bolts are t i gh tened w i t h 7.5 [Nm] , as the re tu rn ing 

signals are general ly s t ronger in Figure 7-10 than in Figure 7-9. This observa t ion was also made in t he LSS data 

presented in Figure 7-3 and Figure 7-4. The welds o f t h e samples c lamped at 1.5 [ cm] , on the o ther hand , are far 

f r o m consistent , as can be seen in Figure 7-11 and Figure 7-12. By compar ing these f igures, it is seen tha t , fo r 

samples c lamped at 1.5 [ cm] , t h e we ld qual i ty is super ior w h e n a low c lamping force is app l ied . Again, th is 

observat ion is suppor ted by the LSS data. It is n o t e w o r t h y tha t t h e samples c lamped at 1.5 [cm] w i t h 7.5 [Nm] 

general ly have a smal l area w h e r e a s t rong signal re turns on t h e r ight , wh i le t he remain ing area, most l ikely, has 

a poor bond qual i ty as the signal is lost. A possible exp lanat ion f o r th is pa t te rn could be t h e fact t ha t t he c lamps 

appl ied more pressure on one side than on the o ther . This is actual ly l ikely as each c lamp has to be indiv idual ly 

t i gh tened at bo th sides. A l though a t o r q u e wrench was used, it was observed dur ing t h e exper iments tha t t h e 

clamps we re not always per fec t ly al igned w i t h respect t o t he compos i te . It is cons idered that t he use of rubber 

pads a l lowed for th is misa l ignment . 

Next, t h e we ld ing data of samples c lamped at 6 [cm] w i th a t o r q u e o f 2.5 [Nm] is s tud ied (see Figure 7-13), and 

subsequent ly compared t o t he data o f t he ASTM D1002 samples we lded w i t h t he ' idea l ' 9109 j ig, as presented 

in sect ion 3 . 1 . This compar ison is in terest ing as it d i rect ly shows the in f luence o f c lamping: t h e samples we lded 

in 9109 j ig can move f reely in t h e vert ical d i rec t ion , whereas t h e c lamped ones obviously cannot . It can be seen 

tha t bo th the power and d isp lacement curves of t he c lamped samples actual ly show a simi lar pa t te rn t o t h e ones 

observed by (Villegas 2013a) : 1) t h e power curves ramp up t o a f i rs t peak; 2) t he d isp lacement suddenly increases 

when a local m i n i m u m in t he powe r curve is reached; and 3) t h e power curves approach a second peak. A very 

in terest ing observa t ion is t h a t t he op t ima l d isp lacement va lue, de te rm ined w h e n we ld ing using t h e 9109 j ig , 

seems t o consistent ly also prov ide the o p t i m u m for t h e c lamped samples: t h e USW process stops v ib ra t ing at 

approx imate ly t he same m o m e n t as the second peak in the power curve is reached. This impl ies t h a t t h e 

me thodo logy of Vil legas (2013a) can also be appl ied to c lamped ASTM D1002 samples using f la t EDs, and t h a t 

t he op t ima l d isp lacement va lue is indeed independent o f t h e f i x tu re . 
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Figure 7-13: Power (solid) and displacennent (dotted) curves of ASTM D1002 samples with 0.25 [mm] flat EDs, welded using 

the Z51414 fixture (1-5) and the 'ideal' 9109 jig (6-10) under the same conditions: 70.4 - 72.6 [pm|; 500 [N]; 0.11 [mm]. 

Fur thermore , in Figure 7-13, it is observed tha t the c lamped samples requ i re more energy before they me l t and 

become a good w e l d . This was expected because the upper compos i te , most likely, absorbs a substant ia l a m o u n t 

of energy as it is c lamped and needs to v ibrate. Moreover , more dev ia t ion is present in t he energy curves 

recorded fo r the c lamped samples. Again, such deviat ion is t o be expected as most probably some misa l ignment 

be tween the samples and the clamps is already present when t h e Z51414 f i x tu re is used, whereas t h e ' ideal ' 

9109 j ig of fers a consistent a l ignment . 

7.2. Welding of double-side clamped samples 
In th is sect ion, longer lap shear samples (25.4 [mm] x 203.2 [mm] ) are we lded using t h e Z51414 f i x tu re in t he 

double-s ide c lamping conf igura t ion , as presented in sect ion 2.3.3 and i l lustrated in Figure 7-14. The exper iments 

have been pe r f o rmed at TU Delft w i t h sonot rode 3. Fur thermore , t he samples are we lded using t w o ED str ips 

w i t h a w i d t h of 2 [ m m ] , a spacing o f 3 [ m m ] , and a thickness o f 0.25 [ m m ] . Flat EDs are not used as these EDs 

have too f ew f ree edges, as i l lust rated in Figure 1-11. Similar sett ings t o those o f t h e clips w i th ED strips are used: 

a) a peak-to-peak amp l i t ude of 51.8 [ p m ] ; b) a we ld ing fo rce of 1,500 [N j ; and c) an energy level of 750 [J] as t h e 

we ld ing dr iver. 

Figure 7-14: The position o f the clamps is varied when welding the double-side clamped long lap shear samples to 

investigate the effects o f t he clamping distance on the USW/ process. The clamps are placed at a distance of 6 [cm] (left) 

and 2.1 [cm] (right) w.r.t. the centerline. 
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Five samples are we lded w i t h a c lamping distance o f 6 [cm] and f ive are we lded w i t h a distance o f 2.1 [ c m ] , as 

i l lustrated in Figure 7-14. A value of specif ical ly 2.1 [cm] is chosen, since th is is as close as possible t o t h e 

sono t rode , wh ich has a d iamete r o f 4 [cm] . The bolts of t h e c lamps are t igh tened by 2.5 [ N m j . Moreove r , single 

lap shear tests are p e r f o r m e d on t h e Zwick/Roel l 100 [kN] universal tes t ing machine. The we ld ing data can be 

seen Figure 7-16. The stat ist ics of a) m a x i m u m power , b) we ld i ng t i m e , and c) LSS, are i l lus t ra ted in Figure 7-15. 
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Figure 7-15: Averages and standard deviations (errorbars) of welding data of double-side clamped long lap shear samples 

with two ED strips clamped at 2.1 [cm] or 6 [cm| distance from the centerline with rubber pads and a torque of 2.5 [Nm] per 

bolt. Welding settings: 51.8 [pm]; 1,500 [N]; 750 [J]. 

Figure 7-15 i l lustrates tha t w h e n t h e samples are c lamped closely t o t he sono t rode at 2.1 [cm] , t h e m a x i m u m 

power is substant ia l ly lower and the we ld ing t i m e is cons iderably longer than when the samples are c lamped far 

away f r o m the sono t rode at 6 [ cm] . Moreover , t he dev ia t ions o f t h e samples c lamped at 2.1 [cm] are also larger. 

The exact same observat ions we re made when analyzing t h e results o f the single-side c lamped samples. 
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Figure 7-16: Power (solid) and displacement (dotted) curves of double-side clamped long lap shear samples with two ED 

strips clamped at 6 [cm] (1-5) or 2.1 [cm| (6-10) distance from the centerline with rubber pads and a torque of 2.5 [Nm] per 

bolt. Welding settings: 51.8 [pm|; 1,500 [N]; 750 [J]. 

In Figure 7-16, it can be observed tha t t he powe r curves o f t h e samples c lamped at 2.1 [cm] f r o m t h e center l ine 

are much lower than t h e power curves o f t he others . Mos t l ikely, the USW mach ine has prob lems passing on the 

v ibra t iona l energy because the composi tes are c lamped very t ight ly . This explains why the process takes longer 
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than when the samples are c lamped fu r ther away. Fur thermore , it can be seen tha t the EDs of t he samples 

c lamped closely to the sonot rode general ly need m o r e energy before they mel t . IVIost l ikely, this is t he case 

because more v ibrat iona l energy goes into t he f i x tu re o f t ight ly c lamped composi tes. 

7.3. Recommendations 
In th is chapter , t he effects of c lamping on the USW process were invest igated. The exper iments were conduc ted 

in t w o setups: 1) a single-side c lamped, and 2) a double-s ide c lamped conf igura t ion . In t h e f irst setup bo th the 

c lamping fo rce and distance were var ied, whereas in t he lat ter setup only t he c lamping distance was. In bo th 

setups, it was observed that when the samples are c lamped closely to the sono t rode or we ld area, t h e USW 

machine t ransfers t h e v ibrat ional energy t o t he composi tes less ef fect ively. As a result , t he USW process takes 

more t i m e . IVloreover, it was observed tha t t h e deviat ions in t h e process and t h e we ld qual i ty increase 

considerably. It is expected that these results are due to t he fact t ha t , when samples are c lamped closely to the 

sono t rode , t he system is more sensit ive t o small misa l ignments because it has less f lex ib i l i ty t o correct fo r t h e m . 

In t h e exper iments conducted on single-side c lamped samples, it was observed tha t t h e c lamping force mainly 

inf luences t he process when the clamps are pos i t ioned n e a r t h e sono t rode . If th is Is t h e case, a higher c lamping 

force makes it even more di f f icu l t fo r t he USW machine t o t ransfer v ibrat ional energy t o t he composi tes . It is 

strongly r ecommended tha t a FEM mode l is made to s imulate the v ibrat ions in t he compos i tes and t h e f ix ture . 

This might prov ide more insights in to how c lamping affects t he v ibrat ions and thus t he USW process. 

These results do no t only prov ide more i n fo rma t ion abou t c lamping, but possibly also abou t sequent ia l we ld ing : 

w h e n making a sequent ia l we ld , the previous welds basically ' c lamp' t he composi tes. The exper iments presented 

in this chapter indicate tha t sequent ia l we ld ing is probab ly possible: successful we lds could be ob ta ined w i t h 

t igh t ly c lamped toge the r composi tes. Future research should point ou t how closely t o each o ther sequent ia l 

we lds can be placed. Moreover , it should be invest igated if the sti f fness of t he composi tes has an ef fect on this 

m i n i m u m distance. Finally, it is r ecommended that these exper iments are conducted in a real sequent ia l setup. 
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8. Fuselage Frame 
In th is chapter , it is described h o w t h e f u s e l a g e f r a m e was we lded to a sect ion of t h e o r thogr id panel . The we ld ing 

of t he fuselage f rame is highly exper imenta l and the goal o f this act iv i ty is t o demons t ra te t h e po ten t ia l of t he 

USW techn ique to sequent ia l ly we ld larger CFRTPC componen ts . The analysis of t he resul t ing welds lies outs ide 

the scope o f t h e research project , and is t he re fo re not pe r f o rmed . Moreover , on ly one f r ame is w e l d e d . Since 

demons t ra t i on purposes requi re it t o be intact , its s t ructura l per fo rmance was no t tes ted . 

In sect ion 1.2.3, a number challenges we re ident i f ied when it comes t o we ld ing a fuselage f r ame to an o r thog r i d 

panel in an industr ia l set t ing. Since these challenges lie outs ide the scope of th is pro ject , s impl i f icat ions are made. 

A sect ion w i t h a w id th of 1 [dm] is sawn ou t o f t h e o r thogr id panel (see Figure 8-1), so t h a t it f i ts under t he 

Dynamic 3000 and the skin panel does not in te r fe re w i t h t he sono t rode . On a ful l scale o r thog r i d panel , t h e 

fuselage panel has to be we lded under an angle w i th a chamfered sono t rode t o prevent t h e sono t rode f r o m 

in te r fe r ing w i t h the o r thogr id panel , as i l lust rated in Figure 1-10. 

The fuselage f r ame and t h e o r thogr id panel are c lamped o n t o the Z51430 f ix ture , as expla ined in sect ion 2.3.4 

and I l lustrated in Figure 8 - 1 . The t w o componen ts are kept in place by t w o Destaco toggle c lamps, wh i ch can be 

s imply opened and closed by pul l ing and pushing the red handles, respectively. A s ide-v iew of t he setup is 

i l lust rated in Figure G-2 and a f ron t - v iew in Figure G-3. A pho to of the real setup can be seen in Figure G-4. 

Figure 8-1: Isometric view of the Z51430 fixture to weld the fuselage frame to the orthogrid panel. 

The fuselage f r ame is we lded w i t h sono t rode 2, a peak- to-peak amp l i t ude o f 52.8 [ p m ] , a fo rce o f 1,500 [N] , and 

energy as the we ld ing dr iver . The f i rst t h ree spots are we lded w i th 1,000 [Jj. However , since in these init ial welds 

t h e fuselage f r ame was being damaged at t he edges, t he remain ing spots are we lded w i t h 800 [Jj. Two ED str ips 

w i t h a thickness of 0.25 [ m m ] , a w i d t h of 2 [ m m ] , and a spacing of 3 [ m m ] are used per spot . The ED str ips are 

t aped t o t he st i f fener o f t h e o r thogr id panel as i l lustrated in Figure 8-2. 

Figure 8-2: Two ED strips wi th a thickness of 0.25 [mm] and a width of 2 [mm[ per weld are taped to the orthogrid panel. 
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The t o p and b o t t o m v iew o f t h e resul t ing fuselage f r ame we lded to the o r thogr id panel can be seen in Figure 

8-3. The red numbers indicate the locat ions and sequence o f the spot welds. An ins ide-out approach is used, as 

th is is bel ieved to min imize misa l ignment o f the f rame w i th respect t o the skin panel . The associated we ld ing 

data is i l lus t ra ted in Figure G-5, 

Figure 8-3: The fuselage frame welded to a section of the orthogrid panel. Upper: top-view of the fuselage frame; lower: 

bottom-view of the fuselage frame. The red numbers indicate the locations and sequence of the spot welds. See Figure G-1 

for a larger version of th is picture. 

Figure 8-4: Damage to the fuselage frame as indicated with the red ellipse. 

The fuselage f r a m e seems to be f ixed qu i te wel l t o the o r thogr id panel . However , a s t ruc tura l test w o u l d have t o 

be pe r f o rmed in o rder t o quant i f y th is aspect. As observed in Figure 8-4, t he re are some smal l damages at t h e 

edges of t h e fuselage f r ame . As suggested in chapter 0 and 5, this can probab ly be p reven ted w i t h a d i f fe ren t ED 

con f igu ra t ion : i t was not iced tha t t he upper componen ts have a large chance t o be damaged at t he edges t h a t 

are no t suppor ted by an ED. 

The f i rst k n o w n demons t ra to r p roduc t u i t rasonicai iy w e l d e d using a sequent ia l approach is manu fac tu red . It is 

s t rongly r ecommended tha t t he research on sequent ia l USW is con t inued as t h e process is t h o u g h t t o have a 

huge potent ia l for t h e mass assembly of larger s t ruc tura l componen ts . 
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9. Conclusions 
In this research, an e f fo r t has been made to ident i fy t h e potent ia l and feasibi l i ty of USW of CFRTPCs (CF/ PEKK) 

in an industr ial setup and specif ically w i t h i n t he aerospace Industry. Both t he po ten t ia l and feasibi l i ty we re tes ted 

by we ld ing t w o demons t ra to r products : 1) spot we lded system clips t o a r ib, and 2) a sequent ia l ly we lded 

fuselage f r ame to a sect ion o f t h e o r thogr id panel . 

First, clips we re w e l d e d . The fo l l ow ing results were der ived f r o m we ld ing samples in an exper imenta l se tup: a) a 

new too l ing concept - in wh ich t he clips we re no t c lamped but mere ly kept in pos i t ion by a l ignment plates - was 

successfully used to we ld sample clips; b) a good ED conf igura t ion - t h e use of mu l t i p le s lender ED str ips - was 

discovered; and c) an ' op t ima l ' energy level - t o consistent ly reproduce high qual i ty welds - was f o u n d . 

Subsequent ly, these results we re used to design the setup fo r we ld ing t h e f i rst demons t ra to r p roduc t : CF/ PEKK 

clips we re we lded to a r ib. The f i rst demons t ra to r was a success tha t con f i rmed the feasibi l i ty o f we ld ing CFRTPC 

clips t o larger CFRTPC st ructures. Moreover , a study pe r f o rmed by t h e cost engineer ing d e p a r t m e n t o f Fokker 

Aerost ructures po in ted ou t t ha t it is 35 [%] cheaper t o ui t rasonicai iy we ld a compos i te clip (in case the ED is 

integrated) than to r ivet an a l u m i n u m equiva lent (Hoogenboom, 2014). Not t o men t i on t he we igh t savings t ha t 

we lded compos i te cl ips, most l ikely, o f fe r in compar ison to r iveted a l u m i n u m clips. Because on a large passenger 

plane the re are thousands of small clips (and brackets) t o be f o u n d , spot we ld ing of smal l CFRTPC componen ts 

has a huge po ten t ia l . It is r ecommended tha t e f for ts t o cer t i fy USW o f small CFRTPC componen ts are made soon, 

as this thesis ind icated tha t t he USW process is al ready ma tu re enough : high qual i ty welds can be ob ta ined 

consistent ly. 

Next, t h e fuselage f r a m e was we lded . This demons t ra to r is really pushing the f ron t ie rs of cu r ren t possibi l i t ies, 

because no known CFRTPC componen ts of th is size have ever been ui t rasonicai iy we lded using a sequent ia l 

approach. Before t he second demons t ra to r was we lded , f undamen ta l research was p e r f o r m e d on c lamping o f 

t he upper sample as: a) t he fuselage f r ame had t o be c lamped t o t he o r thogr id panel , and b) it was bel ieved tha t 

a f i rst spot we ld basically creates a c lamped s i tuat ion fo r t he consecut ive we ld . It was observed tha t successful 

welds can still be made when t h e compos i tes are t igh t ly c l amped , a l though t h e process does indeed become 

more chal lenging. Subsequent ly , a ded ica ted f ix ture fo r the fuselage f r ame was designed and p roduced . Using 

th is f i x tu re , t h e f r ame was successful ly we lded to a sect ion of Fokker's o r thog r i d panel . A l though the jo in ts are 

far f r o m perfect , t he second demons t ra to r indicates t ha t it is possible t o ui t rasonicai iy we ld CFRTPC st ructures 

using a sequent ia l approach . If t h e sequent ia l USW process is pe r fec ted , it stands to have a huge potent ia l fo r 

indust ry w ide app l ica t ion . There fore , it is stressed tha t t h e research on sequent ia l USW should be con t inued . 

In add i t ion t o or as part of we ld ing t he demons t ra to rs a number o f in terest ing observat ions we re made a n d / or 

hypotheses we re f o r m u l a t e d : 

• Plunge we lded square f la t EDs did no t prov ide sat isfactory results when we ld ing cl ips, because a) they we re 

di f f icu l t t o place, b) damage occurred at t h e clips' edges, and c) an abrup t cei l ing in the d isp lacement was 

observed. Such a cei l ing prevents t he use of d isp lacement as the we ld ing dr iver, wh ich renders t he 

me thodo logy p roposed in Villegas (2013a) as inappl icable t o this research. It is expected t h a t t h e clips are 

damaged at t he edges because they we re no t ful ly suppor ted by t h e ED and the re fo re could resonate, wh ich 

resul ted in t h e dissipat ion o f heat in t he cl ips' edges. 

• Instead, mu l t i p le s lender ED str ips w e r e used to we ld clips. Exper iments po in ted ou t t ha t : a) t hey we re easier 

to place and b) no damage occurred at t he cl ips' edges anymore . However , t he d isp lacement ceil ing was sti l l 

present, w i t h t he I m p r o v e m e n t t ha t t he values at wh ich it occur red w e r e sl ight ly higher than before . 

• W h e n mu l t ip le ED str ips are used w i t h a small enough spacing be tween t h e m , the i r squeeze f lows are able 

to merge and f o r m one s t rong bond . However , this m o m e n t could no t be recognized in t he we ld ing data as 

Benatar & Gutowsk i (1989) ind ica ted. 
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. lt is probably be t te r to we id w i t h mu l t ip le EDs instead of one large f la t ED, because welds of simi lar size can 

be ob ta ined wh i le using less power , t ime , and thus energy. Moreover , a lower we ld ing fo rce needs t o be 

appl ied t o obta in a cer ta in we ld ing pressure, due to t he smal ler ini t ial surface area of t h e ED str ips. 

. Cross-sectional microscopy of sample clips we lded at var ious energy levels showed that small pieces of 

unme l ted ED are f o u n d near t he f l o w f ron ts of t h e squeeze f l ow of m o l t e n ED. Since the size of these pieces 

is exact ly equal t o t h e size of t h e gap tha t remains be tween t h e t w o compos i tes t o be we lded a f ter t he 

d isp lacement cei l ing has been reached, it is expected tha t these unme l t ed pieces cause t h e ab rup t 

d isp lacement cei l ing because they block the d o w n w a r d d isp lacement of t he sono t rode . The hypothes is 

f o rmu la ted to explain t he presence o f t h e unme l ted pieces is; these small pieces of ED remain because the 

ED is not mel t ing un i fo rm ly . Mos t l ikely, t h e ED is no t me l t ing un i fo rm ly as microscopy po in ted o u t t h a t t h e 

f ive layers o f 50 [ p m ] PEKK f i lm had not been wel l conso l ida ted dur ing t h e manu fac tu r ing process. W h e n 

we ld ing ASTM D1002 samples, t he ceil ing does not occur because all edges o f the ED are f ree and t h e 

unme l ted pieces are squeezed ou t as soon as the ED is being squeezed ou t . 

. It was con f i rmed tha t t h e subst ra te mater ia l starts me l t ing a f ter t h e second peak in t he power curve is 

reached as ind ic ted by Villegas (2013a). Therefore , this peak indicates the op t ima l state of t he w e l d . 

Un fo r tuna te ly , t he locat ion of t h e second peak varies in t e rms o f energy. 

• Using t h e ' op t ima l ' energy level, high qual i ty welds we re consistent ly ob ta ined . It should be no ted t h a t a 

conservat ive approach was p re fe r red w h e n establ ishing t h e ' op t ima l ' energy level value; close to t he second 

peak, t he f irst signs of degradat ion we re already observed in t h e mater ia ls . 

. The hypothesis is f o r m u l a t e d tha t ; because gasses are f o r m e d when PEKK degrades, it is in fer red tha t t h e 

mater ia l at t h e we ld ing in ter face starts degrading when t h e d isp lacement reduces and the fo rce increases 

a f ter t h e d isp lacement cei l ing has already been reached. These gasses released in t h e PEKK degradat ion 

result in to an increase in vo l ume and the re fo re exert pressure on the sono t rode , wh ich as a result is s l ight ly 

pushed back. 

. W h e n consol idat ing vacuum bagged composi tes in an autoc lave, t r iangu lar EDs can be successful ly 

in tegrated by add ing addi t iona l f i lms of pure thermop las t i c resin on t o p of the laminate and replacing t h e 

cover plate w i t h a mo ld t h a t conta ins t r iangular grooves. 

• Promising results, in te rms of we ld qual i ty and we ld ing data, were ob ta ined when we ld ing samples w i t h 

in tegrated t r iangu lar EDs. The fact t ha t no abrup t cei l ing was observed impl ies t ha t t h e me thodo logy 

suggested by Vil legas (2013a) might be appl icable again. 

. The ef fects t h e distance be tween clamps and the we ld area has on t h e USW process were invest igated. The 

exper iments we re conduc ted in t w o setups: 1) a single-side c lamped , and 2) a double-s ide c lamped 

con f igu ra t ion . In bo th setups, it was observed tha t , when the samples are c lamped closely t o t h e we ld area, 

t h e USW mach ine t ransfers t h e v ibra t iona l energy less ef fect ive ly t o t he compos i tes . As a result , t h e USW 

process takes m o r e t i m e . Moreove r , it was observed tha t t h e dev ia t ions in t he process and the w e l d qua l i t y 

increase considerably. It is expected tha t these results are due to t h e fact t ha t , w h e n samples are c lamped 

closely t o t he sono t rode , the system is more sensit ive to smal l misa l ignments because it has less f lex ib i l i ty 

to correct fo r t h e m . 

• In the single-side c lamped exper iments , it was observed tha t t he c lamping force main ly Inf luences t h e 

process when the c lamps are pos i t ioned near the we ld area, if t he c lamps are located closely t o t h e we ld 

area, a higher c lamping force makes it even more d i f f icu l t f o r t h e USW machine to t ransfer v ibra t iona l energy 

to t he composi tes . 
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10. Outlook 
This chapter provides an ou t look o f t h e large-scale appl icat ion o f USW of CFRTPCs in t he aerospace industry. This 

research pro jec t ind icated tha t the USW techn ique of fers t h e possibi l i ty t o spot -we ld small CFRTPC componen ts 

- such as clips and brackets tha t are used in the thousands on a passenger plane - to a CFRTPC s t ruc ture in on ly 

5-6 seconds. Moreover , this thesis po in ted out tha t , in t he near fu tu re , USW can probab ly be used to spot we ld 

larger CFRTPC componen ts using a sequent ial approach. A l t hough a number o f cont inuous we ld ing techn iques 

are cur rent ly avai lable for jo in ing larger CFRTPC componen ts - such as induct ion we ld ing and to some ex ten t 

resistance we ld ing , sequent ia l USW is expected to be a super ior a l ternat ive because of the short dura t ion it 

requires t o make a w e l d . The fo l low ing methods to apply USW in an industr ial set t ing are p roposed: 

1) Small CFRTPC componen ts can be spot we lded to f lat small or mid-sized sub-assemblies, such as a r ib, using 

a f ixed machine like the Dynamic 3000. In th is case, t he componen ts have to be manual ly man ipu la ted and 

c lamped o n t o an anvi l by an opera tor . This me thod is basically simi lar to the one presented in Figure 5-16. 

However , special ized too l ing shou ld suppor t the opera to r in pos i t ion ing and c l a m p i n g t h e componen ts faster 

and more consistent ly. For every subsequent we ld , the componen ts have to be repos i t ioned. 

2) A low-cost a u t o m a t e d m e t h o d to (sequential ly) we ld CFRTPC componen ts to f lat mid or large-sized sub­

assemblies is t o place an ac tuator and a we ld ing stack o n t o a s imple Cartesian robo t , as i l lustrated in Figure 

H- l . This robo t can move over t he in-plane axes and posi t ion the we ld ing stack. Subsequent ly, t he ac tua tor 

can press t h e sono t rode o n t o the composi tes w i th a cer ta in we ld ing pressure. If t h e Cartesian robo t is also 

able to ro ta te over its in-plane axes, it can also be used t o we ld sl ightly curved componen ts . The compos i tes 

are c lamped o n t o an anvi l . 

3) To (sequent ia l ly) we ld CFRTPC componen ts to more comp lex mid or large-sized st ructures, a six-axis r obo t 

arm tha t holds a we ld ing stack and an ac tuator can be used, as i l lustrated in Figure H-2 and Figure H-3. If t h e 

robo t a rm needs m o r e range, it can be placed on rails, as can be seen in the same f igures. Dependent on t h e 

shape o f t h e larger s t ruc ture , a pre- insta l led j ig or a C-frame, wh ich is a t tached to t h e robo t (see Figure 1-10), 

can be used t o prov ide a coun te r fo rce to t h e sono t rode . 

The pos i t ion ing of EDs be fo re we ld ing is no longer a concern as they can already be in tegrated in to one o f t he 

composi tes to be we lded . Moreove r , t he EDs are used as a shim be tween the t w o composi tes to correct f o r 

deviat ions. 

are In the aerospace indust ry , adhesive bonds are scanned using NDT techno logy to ensure tha t proper jo in ts 

ob ta ined . This is very t ime-consuming and the re fo re expensive. Fusion bonds also have to be scanned using NDT 

techn iques. For tunate ly , USW offers t he possibi l i ty fo r ' in -s i tu ' mon i to r i ng by analyzing the evo lu t ions recorded 

in t he we ld ing data. In t h e ul t rasonic we ld ing l ine o f t he f u tu re , compu te rs wi l l ' i n -s i tu ' s tudy the we ld ing data 

and in te r rup t , or if possible correct , t he we ld ing process if dev iant evolut ions in the we ld ing data are observed. 

In this way, NDT post-scanning no longer has to be pe r fo rmed for t he non-cr i t ical componen ts - such as system 

clips. St ructura l bonds wi l l always have t o be scanned t hough . 
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1 1 . Future Research Recommendations 
This thesis indicated that USW has a huge potent ia l t o become a pre fer red m e t h o d fo r jo in ing CFRTPCs in the 

aerospace industry. Therefore , it is st rongly r e c om m ended t h a t research in to using USW of CFRTPCs is con t inued 

and ef for ts are made to cer t i fy the f i rst industr ia l appl icat ions. A number o f areas for f u tu re research are 

ident i f ied : 

• The we lded fuselage f r ame demons t ra to r po in ted ou t t ha t it is possible t o ui t rasonicai iy we ld larger CFRTPC 

componen ts using a sequent ia l approach. The process is, however , not ye t ful ly unders tood . Given its large 

po ten t ia l , it is st rongly r ecommended tha t the research on sequent ia l ul t rasonic we ld ing is con t inued . First 

o f all, it shou ld be invest igated wh ich ED conf igurat ion is best sui ted fo r sequent ia l USW. Subsequent ly, it 

should be establ ished if a) a m i n i m u m distance has to exist be tween every consecut ive w e l d , or b) the welds 

can over lap. Next, it shou ld be researched if t he st i f fness o f t h e composi tes has an e f fec t on this distance. 

Finally, it should be invest igated if t he re is a m e t h o d to use the same sett ings fo r every consecut ive w e l d . Lu 

et al. (1991) suggested using clamps w i th rubber pads t o min imize t he zone af fected by t h e v ibrat ions, so 

tha t t he circumstances and there fo re , t he sett ings w o u l d become more similar. 

• The results der ived f r o m this research do not only prov ide more in fo rmat ion about c lamping, but possibly 

also about sequent ia l we ld ing : when making a sequent ia l we ld , t he previous welds basically ' c lamp ' t he 

composi tes. The exper iments presented in this thesis indicate tha t sequent ia l we ld ing is probab ly possible: 

successful we lds could be made w i t h t igh t ly c lamped toge ther composi tes. Future research should po in t ou t 

how closely sequent ia l we lds can be placed next t o each other . Moreove r , it should be invest igated if the 

sti f fness of t he composi tes has an ef fect on this m i n i m u m distance. Finally, it is r e c o m m e n d e d tha t these 

exper iments are conduc ted in a real sequent ia l setup. 

• It is r ecommended tha t research on the in tegrat ion of t h e EDs is con t inued , since it is t o o t ime-consuming 

to place t he EDs af ter t he compos i tes are conso l idated. Moreover , due t o the i r small size, separate EDs are 

likely to also be a source o f inconsistency in t he we ld size and qual i ty. In th is research pro jec t , it was already 

demons t ra ted how t r iangu lar EDs can successfully be in tegrated in to a compos i te laminate, wh ich is 

consol idated in t he autoc lave wh i le be ing vacuum bagged. A suggestion is tha t the conf igura t ion o f t h e 

t r iangular EDs is improved so tha t f ibe r d is to r t ion in t h e ou te r plies is min imized and the we ld qua l i ty is 

op t im ized . 

• In o rder t o a l low a larger n u m b e r o f a i rcraf t componen ts t o be ui trasonicai iy we lded , we ld ing under a smal l 

angle needs t o be possible. Therefore, it r ecommended t h a t a f irst e f fo r t is made t o we ld composi tes under 

an angle by using a chamfered sono t rode . When designing a conceptual we ld ing too l , it was observed t ha t , 

at t he very least, an angle o f 10 ["] w o u l d probab ly be requ i red to access d i f f i cu l t - to - reach spots. 

Signif icantly high we ld ing forces we re used, as they del ivered good results in early exper iments . Bui ld ing on 

these good results, we ld ing parameters w e r e kept cons tan t t h roughou t t he rest of t he research in o rder t o 

be able t o compare t he ou tcomes o f t h e var ious exper iments . It is r ecommended tha t parameters used to 

we ld clips are reassessed in t h e f inal we ld ing conf igura t ion and an op t ima l set t ing a n d / or processing w i n d o w 

is de te rm ined . 

The USW process focuses energy dissipat ion at t h e we ld ing inter face, wh ich makes USW an ext remely fast 

we ld ing techn ique . A possible downs ide of t he impl ic i t rapid cool ing is t h a t t h e resin at t h e we ld ing in ter face 

becomes amorphous , as cou ld be observed in the f rac tu re surfaces. It should be invest igated wha t t h e 

consequences o f having an amorphous we ld ing in ter face are. If t he amorphous in ter face proves t o be 

prob lemat ic , an e f fo r t shou ld be made to make to crystal l ize the inter face. 

Whi le we ld ing t he clips, a d isp lacement cei l ing was observed. This prevents t he ED f r o m being f u r t h e r 

squeezed ou t , causes a gap be tween t h e t w o composi tes, and prevents the use of the me thodo logy 
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proposed by Villegas (2013a), in wh ich the d isp lacement is used as the dr iver. An e f fo r t should be made to 

solve this issue. The abrup t d isp lacement ceil ing is probably caused by the presence o f unme l ted pieces o f 

PEKK, wh ich are, most l ikely, t he result of non -un i f o rm ED mel t ing . It is r e c o m m e n d e d t h a t t he exper iments 

are repeated w i t h wel l conso l idated EDs, t o see if t he poor ly consol idated EDs are t h e cause of t h e n o n ­

un i f o rm heat ing. It should be no ted tha t , when we ld ing w i t h in tegrated t r iangu lar EDs, no abrup t cei l ing was 

observed. This might be expla ined by the fact t he shape of the tr iangles probably makes t h e m mel t more 

un i fo rmly . 

• Research on ' in -s i tu ' we ld qual i ty mon i t o r i ng needs to be con t inued . It is r ec ommended t h a t an a lgor i thm 

dist inguishing a bad we ld f r o m a good one is w r i t t e n . Preferably, this a lgo r i thm is able t o do th is in an early 

stage o f t he USW process wh i le t he process is stil l tak ing place, so tha t t he process can be s topped or a l te red . 

• It wou ld be useful t o know w h a t t he re lat ionship be tween the m a x i m u m power used and t h e we ld area is, 

so tha t the m a x i m u m weld area t h a t can be covered w i th in one spot we ld can be de te rm ined fo r every se tup. 

• Exper iments should be conduc ted w i t h compos i te sonot rodes and mu l t ip le conver te r setups to f i nd ou t if 

larger s t ructura l welds can be ob ta ined using a spot we ld ing approach. 

• It is recommended tha t a FEM mode l is bui l t t o s imulate the v ibra t ions in t h e composi tes and the f i x tu re . 

This might prov ide more insights in to how c lamping affects the v ibra t ions, and thus t h e USW process. 

• USW of CFRTPCs w i t h 35 [kHz] too l i ng should be invest igated. The smal ler d imensions o f th is too l i ng make 

it more sui table for hand too l ing or fo r we ld ing d i f f icu l t t o reach areas. 

. Only single lap shear tests have been pe r f o rmed . It is r ec om m ended t h a t also peel tests (G lc ) are pe r f o rmed 

on the clips, as peel ing is l ikely t he load case on wh ich they most easily fa i l . 

• If we lded componen ts have a poo r we ld qual i ty or have to be replaced at some po in t , t hey have to be 

removed . It should be invest igated wha t t h e best approach to do so is. Moreover , it should be researched 

whe the r and how poor welds can be repa i red. 

• It is unknown wha t t h e ef fects of con tam ina t i on - such as grease or dust - on the USW process and on t h e 

we ld qual i ty are. This top ic should also be invest igated. 

• It is expected that dev iat ions in t h e geomet ry of t he composi tes can lead t o issues in t he USW process. 

Therefore , it is impo r tan t t o invest igate h o w these issues can be mi t iga ted . One suggest ion w o u l d be to use 

the ED as a sh im. 
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Appendix A. Squeeze Flow & 
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Figure A-2: Squeeze flow of ED a t the welding interface of a sample clip welded with 800 [J]. The deformation o f t he first ply 

indicates that the substrate material started to melt. 
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Figure A-3: Power (solid) and displacement (dots) plots of sample clips used for optical microscopy. Welding settings: 51.8 

[pm]; 1,500 [N]. 
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I 1 

i 

Figure A-4: PA Scan of USW141001-01 which is welded with Figure A-5: PA Scan of USW141001-02 which is welded with 

720 [J]. 720 [J]. 
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Figure A-6: PA Scan of USW141001-03 which is welded with Figure A-7: PA Scan of USW141001-04 which is welded with 

720 [J]. 720 [J]. 
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1 

Figure A-8: PA Scan of USW141001-05 which is welded with 

720 [J]. 
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Appendix B. CAD Drawings 

Front v iew 

Sca le : 1 :1 

Top viev/ 

Sca le : 1:1 

L e f t viev/ 

Sca le : 1:1 

rhis drawing is our property. 
I t can't Pe reproduced 
or communicated witliout 
our v/ritten agreement. 

DRAWN BY 

Erwin Renooij 
CHECKED BY 

XXX 
DESIGNED BY 

XXX 

DATE 

16 9 2014 

DATE 

Fokker Aerostructures B.V, 

DRAWING TITLE 

XXX 

SIZE 

A4 

DRAWING NUMBER 

60P2901951S001 

SCALE 1:1 WEIGHT (kcj) 

REV 

X 

SHEET 1/1 

Figure B-1: Aluminum clip 

Front view 
Scale: 1:1 

Top view 
Scale: 1:1 

Isometric view 
Scale: 1:1 

Right view 
Scale: 1:1 

This drawing is our p'-operty. 
I t can t be I'eproduced 
or communicated without 
our wr i t ten agreement. 

DRAWN BY 

Erwin Renooij 
CHECKED BY 

XXX 
DESIGNED BY 

XXX 

DATE 

27 IQ-20: 

Fokker Aerostructures B.V. 

DRAWING TITLE 

SIZE 

A4 

Composite c l i p 
DRAWING NUMBER 

XXX 

REV 

X 

SCALE 1;1 WEIGHT(kg) 

T 

SHEET 1/1 

Figure B-2: Composite clip 

9 7 



MSc. Thesis J.J.E. Renooij 

2 Q 0 

CO I 

1 5 

i ) 

^ 2 5 ^ 1 O 130 
.̂ 'V F ron t v iew 

^ / S c a l e : 1:2 

LO 

OJ 

S e c t i o n v iew A-A 
S c a l e : 1:2 

Bottom v iew 

S c a l e : 1:2 

This drawing is our property 
I t can't be reproduced 
or communicated without 
our wr i t ten agreement. 

DRAWN BY 

Erwin Renooi 
CHECKED BY 

XXX 
DESIGNED BY 

XXX 

DATE 

B 12 201-

Fokker Aerostructures B.V, 

DRAWING TITLE 

Z 5 1 4 1 4 A n v i l 
SIZE 

A4 

DRAWING NUMBER 

XXX 

SCALE 1:2 WEIGHT(kg) XXX 

REV 

X 

SHEET 1/1 

Figure B-3:Z51414 Anvil 

2 5 

F ron t v iew 
Sca le : 2:3 

1 6 0 

R igh t v iew 
Sca le ; 2 :3 

Bottom view 

Sca le : 2:3 

^ 8 

This drawing is our property 
I t can t be reproduced 
or comnunicatod without 
our wr i t ten agreement. 

DRAWN BY 

Erwin Renooi 
CHECKED BY 

XXX 
DESIGNED BY 

XXX 

DATE 

Ü 12,2014 

DATE 

Fokker Aerostructures B.V, 

DRAWING TITLE 

SIZE 

A4 

DRAWING NUMBER 
Z 5 1 4 1 4 Clamp 

XXX 

SCALE 2:3 WEIGHT!kg) XXX 

REV 

X 

SHEET 1/1 

Figure B-4: Z51414 Clamp 

9 8 



Identifying the Potential and Feasibility of Ultrasonic Welding of CF/ PEKK Composites 

30 15 , 1 0 , 50 

F ron t v iew 

Sca le : 1 :1 
R igh t v iew 
Sca le : 1:1 

Bottom v iew 

S c a l e : 1:1 

This drawing is our property 
I t can t be reproduced 
or communicated without 
our wr i t ten agreement. 

DRAWN BY 

Erwin Renooij 
CHECKED BY 

XXX 
DESIGNED BY 

XXX 

DATE 

a 12 20 I 4 

DATE 

DATE 

Fokker Aerostructures 

DRAWING TITLE 

Z51414 Alignment Block 
SIZE 

A4 

DRAWING NUMBER 

XXX 

SCALE 1 :1 WEIGHT(kg) XXX 

REV 

X 

SHEET 1/1 

Figure B-5: Z51414 Alignment Block 

Top v i e w 

S c a l e : 1:1 

2±0 J 
Front view 
Scale: 1:1 

n s Jri.iifig i, our prapsi 
t c in ' t ba reprofluced 
• co^utuLJiea uHhaut 
ir « fUtcn jgrfe-nnl. 

E r w i n R e n o o i ] 
CHECKED BY 

XXX 
DESIGNED BY 

Ec' .v in R e n o Q i ] 

Fokker A e r o s t r u c t u r e s B.V. 

DRAWIIiG T I T L E 

USW A n v i l Orthogr lc j Panel 
SIZE ORAV/irjG liUMBER 

A3 Z51430-QQ2 
'-MS 

jREV 

1 

Figure B-6: Z51430 Anvil 

9 9 



MSc. Thesis J.J.E. Renooij 

2.5 

Front vie.v 

S c a l e : 1:1 

48 . 6 60 
Botton view 

Scale: i : i 

Two ident icaJ clamps are requi red . 

Mater ia l : S t e e l 

This dri - inq is our prcperty. 
II can't be reproduce 
• r cc-r»unic»Hd i/lthout 
•ur «r i t ten igreer-sol. 

DnAWfJ BY 

E r v v i n R e n o o i ] 
CHECKED BY 

X X X 
DESIGNED BY 

E r v / i n R e n o o i ] 

Fokker A e r o s t r u c t u r e s B.V. 

ORWvir;G r i T L E 

USW Clamp Orthocir id Panel 

S I Z E DRAiïITO PiUUBER 

A3 I Z51430-003-1 

SCALE l ; l | ï i t I G H T ( a ) 

HEV 

1 

347 

Figure B-7: Z51430 Clamp 

100 



Identifying tine Potential and Feasibility of Ultrasonic Welding of CF/ PEKK Composites 

itaimatic 

Figure C-2: Autoclave cycle in vi/hich the PEKK ED is consolidated. 
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Appendix D. Integrated Triangular Energy Directors 
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Figure D-1: Ultrasonic welding stages for plastics with integrated triangular EDs (Troughton, 2008) 

Figure D-2: Power (solid) and displacement (dotted) curves of five samples with integrated triangular ED ribs. Welding 

settings: 51.8 [pm]; 1,500 [N]; 2,000 [Jj. 
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Appendix E. Single-Side Clamping 

Figure E-1: Power (solid) and displacement (dotted) plots of single-side clamped ASTM D1002 samples clamped at 6 [cm] 

from the centerline with rubber pads and a torque of 2.5 [Nm] per bolt. Welding settings: 70.4 [pm]; 500 [N]; 0.11 [mm]. 

1,750 0.12 

Energy [J] 

ÜSW20140805-3 USW20140805-4 USW20140805-5 — USW2O14O805-6 USW20140805-7 

Figure E-2: Power (solid) and displacement (dotted) plots of single-side clamped ASTM D1002 samples clamped at 3.5 [cm] 

from the centerline with rubber pads and a torque of 2.5 [Nm] per bolt. Welding settings: 70.4 [pm]; 500 [N]; 0.11 [mm]. 
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Figure E-3: Power (solid) and displacement (dotted) plots of single-side clamped ASTM D1002 samples clamped at 1.5 [cm] 

f rom the centerline with rubber pads and a torque of 2.5 [Nm] per bolt. Welding settings: 70.4 [pm]; 500 [N]; 0.11 [mm]. 
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Figure E-4: Power (solid) and displacement (dotted) plots of single-side clamped ASTM D1002 samples clamped at 6 [cm] 

f rom the centerline with rubber pads and a torque of 7.5 [Nm] per bolt. Welding settings: 70.4 [pm]; 500 [N]; 0.11 [mm]. 
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Figure E-7: Fracture surfaces of single-side clamped ASTIVl D1002 samples clamped with rubber pads at the distances: 1.5 

[cm], 3.5 [cm], and 6 [cm]. The bolts o f t he clamp are tightened with 2.5 [Nm]. Welding settings: 70.4 [pm]; 500 [N]; 0.11 

[mm]. The third value given is the LSS and the fourth is the CoV of the LSS. 
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Figure E-8: Fracture surfaces of single-side clamped ASTM D1002 samples clamped with rubber pads at the distances: 1.5 

[cm], 3.5 [cm], and 6 [cm]. The bolts o f t he clamp are tightened with 7.5 [Nm]. Welding settings: 70.4 [pm]; 500 [N]; 0.11 

[mm]. The third value given is the LSS and the fourth is the CoV of the LSS. 
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250 5C0 750 1,000 1,250 

Energy [J] 

1,500 1,750 2,000 2,250 

USW20140827-12 USW20140827-13 USW20140827-14 USW20140827-15 — USW20140827-16 
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Figure E-5: Power (solid) and displacement (dotted) plots of single-side clamped ASTM D1002 samples clamped at 3.5 [cm] 

from the centedine wi th rubber pads and a torque of 7.5 [Nm] per bolt. Welding settings: 70.4 [pm]; 500 [N]; 0.11 [mm]. 
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Figure E-6: Power (solid) and displacement (dotted) plots of single-side clamped ASTM D1002 samples clamped at 1.5 [cm] 

from the centedine wi th rubber pads and a torque of 7.5 [Nm] per bolt. Welding settings: 70.4 [nm]; 500 [N]; 0.11 [mm]. 
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Figure E-9; The C-scans of samples clamped at 3.5 [cm] and wi th a torque of 2.5 [Nm]. 

Figure E-10: The C-scans of samples clamped at 3.5 [cm] and with a torque of 7.5 [Nm]. 
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Figure F-2: System clip on which the composite clip, welded in this thesis, is based. 
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Figure F-3: Cargo hold of Boeing 737-800 being maintained by KLIVl Engineering & Maintenance. Numerous system clips can 
be seen that could possibly be welded in case the load carrying beams of the cargo floor were made of CFRTPCs. 

Figure F-4: Floor panel of Boeing 737-800 seen from the cargo hold which is being maintained by KLM Engineering & 

Maintenance. Numerous system clips can be seen that could possibly be welded in case the load carrying beams o f t he 

cargo floor were made of CFRTPCs. 
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Figure F-5: Force and displacement curves of system clip v^/elded with) 2,000 [J] 
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Figure F-6: Force and displacement curves of system clip welded wit l i 2,000 [J]. 
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Figure F-7: Force and displacement curves of system clip welded with 2,000 [J]. 
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Force/ Displacement curves of USW20141114-7 
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Figure F-8: Force and displacement curves of system clip welded with 2,000 [J] 
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Figure F-9: Force and displacement curves of system clip welded wit i i 2,000 [J]. 
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Appendix G. Fuselage Frame 

Figure G-1: A fuselage frame uitrasonicaiiy welded to a section of the orthogrid panel. Left: bottom view; right: top view. 
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Figure G-3: Front -v iew of the Z51430 f i x tu re t o we ld the fuselage f r ame to the o r thogr id panel . 
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Figure G-4: The fuselage frame and the orthogrid panel clamped in the Z51430 fixture. 
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Figure G-5: Power (solid) and displacement (dotted) plots of the fuselage frame welded to the orthogrid panel. Welding 

settings: 52.8 [pm]; 1,500 [N]. (No data was stored for the first weld). 
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Appendix H. Outlook 

Cartesian Robot 

Figure H- l : Scliematic drawing of a Cartesian robot. 
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Figure H-2: A3B0 fuselage panel assembly line. Frames are fastened to clips on the skin panels. The same line can be 
envisioned for welding of CFRTPC frames and skin panels {van Ingen, 2014). 
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Figure H-3: Automated riveting in preliminary fuselage assembly line using a robot arm on rails (Broetje-Automation, 2014). 
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