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Abstract

Address to a few issues in thermoplastic composites made by automated fiber placement: Defect

identification, temperature measurement, and model for tape width increase

Mahmoud Fereidouni

The insitu consolidation of thermoplastic composites (TPCs) via automated fiber placement
(AFP) represents promisingmethodfor manufacturing advanced higterformance structures,
utilizing the distinct advantages of thermoplastics and enablingfeautoclave production.
However, the widespread adoption of this method is impeded by various, poorly understood
defects that canndermine structural integrity. This thesis begins by systematically identifying
and characterizinghese defects, providing audation for future research on their potential
impact onmechanicaperformanceSubsequently, aovel experimental technique is introduced

to monitor the temperature of incoming tape duringiin consolidatiorywhich isthe most critical
parametercontrolling defect development This is followed by anin-depth theoreticaland
experimentaénalysis of the transverse deformation of incoming tape under the compaction roller,
a phenomenornhat controls the sizef gaps and overlapss key defects in AFFnanufactured
composite partd he insights from this workandeepen the understanding of how specific process
and material parameters directly influence the final tape wting the way for developing
practical strategies to optimize AFP processesmanufacturehigherquality thermoplastic
composits free of gap®r overlaps, ananinimizeddependentlefects, e.g. fiber/ply waviness

Keywords: Automated Fiber Placement, Thermoplastic Composites, Defects, Squeeze Flow
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Introduction

The escalating deanmth id-g k&f rofror meath&ctewal ghtacr os s
automoti ve, and other i ndustries hamat enit al y z
technol ogies. ThegrTiPCmxl)as tpiac tec cmp @asi,t dave emer

i mpact resi stancwe | dfaapsirticeiate wpsraokeieldistlyp gs t emes | ol
i mpacotmspar ed with therlmostehe | mejaoncta tineed,e fgp dretr s pl
(AFP) hasanbeaddtmeacchtniivgeue i n theguptotdycttihemr mof
composittuwer est,ruacf fering preci sereplnd oemendt tafpe
compl ex geometrisées uamcodnenhhdatogponmti ng the n
autocl ave Fpgacessli.nig. (Il eft) il lustrates the /
devel oped by Ayt ocnoamperdiKs@lyaga sk c sr oboti c arm eq

pl acement head.
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Direction of Head Movement | Tape Feed Assembly

TPC Fiber
Placement
Head
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n Figure 1.1 (right), a magnified view of th

isitu consolidation. The TPC prepreg tape, dr

and melted by a hot gag etsesreah.onTioe trhel tseaud sttapa
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in succession to form a ply, and the accumul
| ami Whitke®itm consolidation of TPCs via AFP of"
repeatability, and reductions in | abor costs
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cts that occur in TPC structures made by
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iterature regarding a detailed presentation
d
nt iofi ctante seen tdheefierctcsauses el uci dat ed

n the meanti me, processing TPCs via AFP is
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nd its surroundingimesdanitsag Mmasedftaehniuramagat ik
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In-situ Consolidation of Thermoplastic Composites by
Automated Fiber Placement: Characterization of Defects
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2.1 Abstract

The emergence of automated manufacturing of composites has not only transformed the manufacturing
of optimized and geometrically complex structures but has also expanded the promising prospect of
in-situ manufacturing of thermoplastic composites (TPC), reshigoth material placement and
consolidation are carried out by automated fiber placement (AFP) equipment, streamlining the process
into single step manufacturing. However, the inherent complexities in different aspects of robotic
automation, imperfectianin the supplied material, and the occurrence of rpblgsical phenomena

during insitu consolidation introduce various manufactwinguced defectswWhile the defects in
thermoset composites (TSC) made by AFP have been widely studied in the past, this study explores
the diverse defects at micro and macro scales for TPCs made by AFP, with a focus on carbon
fiber/poly-etheretherketone (CF/PEEK) tapes congtdied using hot gas torch (HGT) heating
system. An overview of defects and associated characteristics is presented across three phases: defects
in supplied impregnated tapes, defects and limitations in performance of AFP system, and defects in
the final insitu consolidated composite. For the defects subjecedent studies in the past, the
description is limited to a concise review, while those with limited understanding are supported by new

empirical observations in this work.

Keywords: Automated Fiber Placement-itu Consolidation, Thermoplastic Composites, Defects

2.2 Introduction

Al t hough ther moset composites (TSC) have tr
manufacturers, there has beent mersmemldas tuipavaa ai
(TPC) over t he 2dst Tthreremmptdasbdes have gat he
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superiority over thermoset counterparts i n te

repairability, thermoformability, short pr oc:e
properties (i.e. i mpact rlesfies, t ahnicgeh, sferravcitcuer et €
environment al I mpacts (i .e. 21-28¢. f iThhe, esnaolge n

aut omated manufacturing of composites mar ked
and accuracy fsarr upcrtouduecsi,ngvhlidregemi ni mi 24 ]n.g mat
Aut omated Tape Laying (ATL) has been develope
pl acement of wi de prepreg tapes. Aut omat ed I

capabilities of both tape placemenhurand o6fl am

©

or highly contoured open or <closed section st
t ap2-87][. AFP equi pment, whemheonémpbBboghnOngose
has a placement head that can support the dep

prepregs, or dry fibers.

Excellent capacities and flexibilities of AFP
complexities, that inevitably | ead to i mperfe
introducing defects eitn[2Bilhea nftirmalucegmdo dwedte.ctHan

range of defect categories found in thermoset
defects into gaps/overl aps, pucker, wrinkl e,
deviati on, w,olwlandtewiisntge dt otwg |l oose tow, mi s si

foreign object debris. Aside frominbdecedf def ei
on mechanical-cbeddvi ami ndt poshave bé&esn bruvesvii
mostly | imited to gap/overl aps. 294nh] ,vagamps sare

overlaps with different sizes or patterns wer

wer e assessed by di fferent tests, -malme | vy
tension/ comparersssibemar i nfategpensest s, and i mp:
While a | arge scope of research papers on AFP

fewer publications on AFB]qgf elshGxihbasybean t
identification and the effects on mechanical r
research on defects in TPCs ori gi mathaud afcrt am ed
TSCs and TPCst s-pr addhexexe falspw kinetics (percol e

process Vvs. sgueaeszteiicf iowwonswokt heamopn), hardeni

5



crosslinking vs. phyproakssomatdefi abht pooper &an
fracture toughness). While certain defects 1in
be significantly di fferentchani stnesr,msgedmedrnri @
characteristics, and i mpact on mechanical per

perfor med on the assessment of fact ogist ui nf |

consolidaBgd @AAPCO mmone cftoecdu st owmaasr ddiprr oces S mo «
parameter optimization, rather than a compr eh
Di fferent mechani cal test s, namely short bear

toughness, sadroenmge nati tchf mecai d content and crysta
assess thesiqual mage of hemmopl astics for vario
deposition speeds, 4#B6d] .mawod rdesl htaevnep ebreachrs rtelse |
extensively-sstudiceodhsbor dati on, and an accept

mechani cal properties has been achieved.

Several useful review papers have been published to cover contributions in the domain of
ATL/AFP, which can be found in the referen¢24, 42,43, 57-61]. These reviews can be broadly
classified into two categories. In the first category, the papérd2, 57, 58] offer reviews of AFP

defects (some of which include defect detection techniques or impacts of defects on mechanical
properties), but do not intend to focus on TPCs, and predominantly revolve around defects in TSCs.
The second category includeasperd43, 59-61] that review publications on AFP of TPCs, but are
mainly focused on process modeling and process optimization efforts in the past, and do not aim
to provide a complete picture of various defects and their characteristics. Therefore, there is a
discernibleneed for cleacut and thorough picture specific to defects in TPCs made using AFP.
This paper does not aim to only provide a review on pertinent studies from the past but intends to
present a researdiased overview of defects and capending characteristics in three distinct
stages, i.e., defects in supplied impregnated tape, defects and limitations in the performance of
AFP system, and defects in the finakitu consolidated composite. The defects in the firaltin
consolidateccomposite are further categorized into misoale and macrscale groups. In each
section, our findings and observations are accompanied by a concise description of relevant
research contributions in the past. It should be noted that the findings wottkisare based on
observations in carbeiiber/poly-etheretherketone (CF/PEEK) tapes consolidated using hot gas

torch (HGT) heating system. The utilization of other material systems or material suppliers, other

6



heating systems (e.g., diode lasers), or other compaction rollers (e.g., soft silicone rollers) may

result in different levels of intensity and frequency for the enumerated defects.

2.3 Defects in Supplied Impregnated Tapes

Some defects in the final thermoplastic compo
i mperfections in input materi al , rather than
fl aws. I n this section, thesaeli mpmer fcoanmeocs aw
composite tape, which iIis extensively wused for
2.3.1 Voids

Thermopl astic composite tapes anpersfheereman dent pe:
exhibit relatively |l arge initiea]l. vMiior ocsocnotpei nct
section of2 at aCyet eics APIAluy s twhaetr ed vion dBi qquree nonun
across the width with different Si zes. Level
correlated with fatigue |ife, inmM4egrmpdlami Hamc s h
void consolviodati oemspopsopiesstysotieA\EBlait edl vioa

compaction roll er.

[ RN¥MAI IS BEHqRY U¢ 0 102 RIYIODRYIEGR | JIGRO GA AIN
Coll apsing voids cowuidhbarepaseyvennedvhbghfibee
maj ority of prescoamegrn 8 kadRbhgueeamo dst rusnt es tr a
surrounded by touching fibers that hinder fur
significance of wvoid content in raw tapes on

parameters themsel ves.



[ RNDEHIM 2 G ¢ qIT 102 YRT t toc a YUNRtOl WUt Wa! 0Ge Ht 1T 03 HIII
I n the next t wo sections, the variation of f
supplied thermoplastic composite tape as addi
MATLAB code has been developedr ogor gppehd orm o m
measure the variation of | ocal thickness of t
wi dt h. The top and besetbmomdges dét ¢c-opeddusri i
met hod by finding pageisuwetaoafthkee mbixr shnumder i
fiber area was also recognized wusing3,prtelser i
detected edges and fibers are displayed in ye
of Cyt-2ci ApCegnated tape used for AFP.

[ RN¥sBI 1O 1310¢ UT 103 B 131 1Ol 10dridHRay FOY: (i v GREss 1Y M | HBio @ GGHO Qe HDQJ!T GO Y HO
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2.3.2 Surface Roughness and Thickness Variation

Commercially available thermoplastic prepregs
| ocal t hickness. A surface profilometry scan
roughness ampl6biudeehdbth3b6s Om fignificant v al
thickness of about 150 Om. From a different poc
wi de Cytec AS4/ PEEK were measured across the
one hioswns i n24Fi glthree st andarndc kdegisataicomsaef wi dt h
samples is Cmuadcctoounltd.nigp for 12.7% of averag



bumps must be squeezed so that surfaces of in
[67 ] . Large |l evels of widthwise thickness vari
devel opment of intimate contact and create in

220 -

200 -

Thickness (ym)
2
o
T

Sample No.5

| |
(o] 1000 2000 3000 4000 5000 6000 7000
¥ (pem)

[ RDEANAEIO Re qRY UIOY nt0q 6 REt U1 i HBBR (GG U1Indis cRo) hinl SHBERYCrig@biozat 1JH
However, the wvariation of width along the |
insignificant using micrography of various s
nomi nal wi dt h. Nonet hel essesc,t itomea |tvlzaeriekeae naglhchnagf e
N4.5% range of deviation fr osnedthieomaleramgea vall
(or in other words, variation of average thic
supplied tape) maagr ibatiingn adro uHpo emdle svaiteddtdht aopfe .AF
transverse flow of tape under the compacti on
t he -pproosctessed | ocal wi dutnhi foofr nR2%a pheil gnaryd appesart h
of a si-mrgd @e sAskAEPdt aAfPeC wher e variation in widt

potentially cause | ocal gaps or overl aps when

R T,

[ RN¥iHaIeBi ¢ UT YO0 GABIOG!T YHIJt + 1JT OA! toc e qYa ¢ qlJT O3 HIJI 1O

2.3.3 Fiber Content Variation

The variation of | ocal fiber vol umaevifdreactaimpn e:
is i lluste@atfeadr iomndgigfurtehe five samples, measu
The sracdss onal i mages were discretized into 4.

vol ume fraction was calcul ated for e alcuhmee | e me



fraction across width is equal to 23.2% of t h

variation in fiber content .

IS
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¥

o
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o
o

Widthwise Local V, | Average v,

o
IS

.Sample No.5

5 | |
o 1000 2000 3000 4000 5000 6000 7000
y (p2m)
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Large-rrebBi negions in thermoplastic composite
cl assi fi craitpomkaentdsr esbager il gfuowri cthe spiorc ket
through the width of tape are marrkiecdh blyayyeelsl
shown by orange dashed boundari es, bernghl oc a
poclkatoved to reduce both transver sG] st iOhf ndedes

ot her han4da,ilctowedkd ema¢®i an area | acking fiber r
whi ch ncamase susceptibility to in@érl| dmitmuam f
consolidation of thermopl astrichcomyes i tceasn, ihm
wel ding of incoming tape to the substrate. Acc

AFP in which i mpregnatedesiampds |  agre . ddhei dest
showed a significant 65ulmb ebrp oosfe di pnttheartl aami snwarr f a
with a thickness equal to one f i |l-tatmeyer dwealme
devel of@rhent [

2.3.4 Fiber Angle Variation

The maxi mur eaxiianlg lcagpddci ty of reinforcing fib
in straight Ilines along the applied | oad path.
plus transverse | oads aeptieeidawviannienghboali nfgi
desired value. 71 Hsamal winhidc Dlalny ednd experi ment al
waviness significantly di mi ni shes bot h Youn

uni directi onal floaumidn aotuets .t hlatt waocal |y misaligr

10



which <could be significant enough to initiaf
Considering the inferiogituwteonsaommliindhat sdh etalre s
to that of autoclavR]condel  fddbeedwacumessparan:
critical 1 mpact on the failure of thermopl ast

A prerequisite stage to analyze fiber wavines
fiber placement is to gain an insight into th
before the proesGF/ PEERyttagpedRGshe ot oghesdr f.
mi crographic obser vsaetcitoino.n Tihse pparaanlel eolf tcor otshse

top view of fibers running along | ongitudinal
Xx 1.3mm is preJentAhdd hoongti gndevi dual filamen
horizont al l i nes, -pdiamec tf i heeas uwaevmenrets sofi si mot
amplitude of waviness and-scictdommtailn wiiteyw ofmofsi
crdfhe micrographic cutting plane at some poin
a long path). An additional representation of
of the tow, i X8pr @é&enimedramngraéeiegpau secavesur i ng 13.
and 0.9 mm in widvartwhalklkeyhbde byagefastor o
visibility of waviness. In the next step, a m
fiber angle deviation is presented.

[ RNEIKERE Vi #Y GCRHIOq Y GO ROd s IBYH00F D on R BX0] A%0& ¢ | 1J¢ 1OV n |
RGCNIIXIOX A Wa G0+ 0T 4 G G f
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On a | arger micrographic i mage covering an ar
hundred fibers were selected randomly out of

i mported and analyzed in Sol i dWaesrhkos t( S ad fntewasreeg
were fitted to fibers, and angles were record
with respect to the horizontal axis o0.0@FA mi

to 1.74A, with mdanfaaliac esuadgh@lAffthe micr

mean value was subtracted from fiber angle vz

mean value (principal axis of tape dr 3vdeal C
1. 34A. The standard deviation of values was
angles fell within the first standard deviat:i
Fi g29.e

Density of Probability

-1.5 -1.25 -1 -0.75 -0.5 -0.25 0 0.25 05 0.75 1 1.25 15

Fiber Angle Deviation (Degree)

[ RNDY¥WMIANO G ¢ 0 IOl Rt oy (RAE 1a1H3Y FUIB0Y FOGQRMIG 1J KYGHBa @GR N U G 13U q KC

12



Maximum Positive Angle
Point

Peak Point

' I
[ RNEFT BC! 3t WO0qéc qRYUOY N 103 A1 IOGE q 6 t0c t HOG 1ot F

Il f fibers follow sink&0b)dat heaveherajansoeyse
[73 ] :

w -p Al 6— (1)

Wh e ®dies peak t o pie sk tdhiestwanvee emmgd h. The defl ec
— — —O0EL (2)

The maxi mum positivewdeffwlkente.on angle occurs
- = - 3)

Wh efr e 0F® is waviness ratio7d] and— is in Radians. The maximum positive angle in

degrees simplis:
- — )

The peak points are locatedaat a )¢ where -Zz-t{@,1,2,¢é}, on which
apparently zero. In the meantinpep i n maximuwnfpositive deflection angle are locatedat
a 0 OFt. It can be deduced that the frequency of zero deflection angle is twice the frequency of

maximum positive deflection angle. In other wordsf one selects a rando

trajectory, the possibility of taking a peak |
of taking a maximum positive angle point. Me
problem i s:

N— —=Q (5)

n

13



Where, i s t he standard deviadi®»sQ The probabil it

n— n — (6)

The pr obabiwbuldbeahdlfopr obabiH Ity f or

0— — — @)

On the ot her hand, ,onecancmoted er t o find out

QT - 0 - — | o — N ¢l ™, (8)
Substituting Equation 8 into Equation 4 resul
[ —— pud@y 9)
Thus, the selected population of fiber angl es

fiber waviness r &ticompfos296& ftampet he TARG val ue
pl ane waviness of fdéeprestssiheetopevimewrofyrab

has been carriedofplianeowmeasness D e2flldbtsho wisn

cressesstional side view of the tape (cutting p
pl ane of am¢gaend ddéawei stti on in fiber -afpghees wa
waviness ratio of 303. The values reveal t ha

t hermopl astic pr eperpdgasn,e -@mifpd anoart evawaé rn,ecsltst greait n o

proxi mity.

[ RNYT BRI Y1 #Y GRi OIHRIRIY KiFIG& 4@ 1AIQE H2 qaq RUNIOGH ¢ UIJIOGE | ¢ 0
GUI GUUT RHz2GC¢ | IOqYOq6 IOGH ¢ UIDKOY nog ¢ GIJh
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While samples from one roll of Cytec APCCF/PEEK tape were evaluated in this section to s t
defects of i mpregnated TPC tapes, it is essen

batches, or in other material systems, or pro

2.4 Defects and Limitations in Performance of AFP Equipment

Aut omat ed fiber pl acement machines can be C

complexities, mostly found in a gantry or rob
in robotic components, composi tiem pleavd earhd rotn sh € ;
expected or nomi nal performance of equi pment
expl ain t he common i mperfections i n operati

thermopl astic composite materi al

24.1 Positioning Error

Manufactur-pergf corf mamiceegh structures wusing AFP re
narrow strips of impregnated fibers. Deviatio
or overlaps between adjacentP ®tquii psnenThe amo die!

influence from ki-nethateddlerrkirsemadi ¢ oeceor s

head to deviate from the desired path in motioc
stem from asgeommbétyr ifd awmpenrf ecti ons in roboti
Besi desndfioedeerrors emerge when applied | oads
and joints), and consequently, di spl dcde btehe
divided into gravity force due to weight of c
For | arge AFP machines the mass of l inks and
deform joint7] si gni AIF®Pamtf| yrRj&s ,i sc otnhpea cd ri wai afl
process, where typically hundreds or somet i mi
acceptable consolidation. This concentrated f

torque on jointal tposievianeot hheadmand create

defects in the | aminate.
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2.4.2 Material Feeding and Cutting Imperfections

Thteher mopl astic composite materials employed i
of slit tapes. One spool consists of pieces of
The slit tapes can be usabdl sheeut witbomfanl aeg
tapes are joined together on their ends using
using a sensor during deposition of materi al

be cuegmawaed,r and process restarts by reintrod]
splice results in implanting adhesive tape of
I o
de

al i nterl aminar bonding. On telre saitblsgrst e ans c
sely iinmtteger aAFeRl equi pment . A signal bet weer
mi ssed due to electrical noi se. When a signa

mi

c
n
S

feed and cut coul durpiontge nat ipaalrity pfraoiglr atnmo. oflchci usr ic
ssing tape defect to take place in the proce
e

feeding due to finished material on spoel, whi

on the part with no deposition.

Current AFP machines use cutting systems in \
orientation of fiber path is neither pe+pendi
degree ply), the cover agei god &a)u.n drRari eac hcioaud idr
desired shape, t-hlea puenda veod gad | mu gti gergend beyc
boundaries to allow for the subsequent tri mmi
composites made bBycABB, edytetsi tcgqanaway perfor med
materi al i's soft, rather than after the soli
i ntrodueccirnagc knsi cooro del ami nati on on the edges of
c o mpiot es, however, cutting excess edges of fin
potentially i mpose points for crack initiat
manufacturing of composite parts iwint,h ocro nvpa reix
stiffness may involve a combination of deposi
orientations within a ply. The start points a
rather than on t hhei cehx tmeay adr eébaotuen dlaari gges , t rwi ang
(Fi @quek) .
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Individual Tows

[ RNDEFT W02 0T ¢1 ! 1oAY 2 131 ¢ NIJIOR U 1OYY] i AGBEFEHHeR VoD

2.4.3 Heating System Limitations

Laser and HGT are considered the two -mm0osuU con
consolidati7zln. oWhiTRCsHET heating systems offe
concerns, and design flexibility, they are ac
ti me, and weak controkd/8bi | Di wdeveémsthe headi @
have gained recent prominence, provide high h
and focus®d .hdaotwiervglrifmitthaet i manisn of | asers i ncl
costs and the requiremiirijt flor agltdr ité tons afse thy epr
is primarily absorbed by carbon fibers, i n t
thermoplastics, the diode | asers | ose their e
nearpoiinpga aari se due to flow stagnation for HC(
syst®Oms] [ The ucsoeoloefd watlercemes irotld ke rAF R ns y satse
about relatively fast cooling of incoming tap
necessitates increasing tape temper adxpesedckyo
area.

2.5 Defects in Final In-situ Consolidated Composite

25.1 Gaps and Overlaps

A substanti al number of studies have been con
and their effects on the mechanical perfor man

17



[36 40 82-84] . Sawi cki8gdgnd eMierad eat tsi[gni fi cant | osse
| ami nates containingt ¢WIEr sapwed ghps. cWmbghkat
overlaps gave rise to strength reductions in
respectively, whereas isolated gaps or overl aj
Fay az beatk [B81h,, however, reported that gpalpasnedi mi
stiffness, whil e uowér Ipaeprsf oe maacee d-tit \acl kneods t

sampl es wer e -Fmabdeer /oEfp o&ayr bpoonre pr egs and under wen

consolidation of thermoplastic composites, ho
of promgerssmentger s (e. g. , pressguroe,.e stse mad reat war e
(e.g., viscosity, per meabi lpirtoy,e sssolmadiefrii@dt ipaor
modul us, ductility, toughness).

One major cause of gaps and overlaps in AFP
Additionally, in manufacturing of complex geo

i nevitabay . aoptaf@elly] showed that the final widt

correl sttedcrwintgh radius, affecting the size of
Besi des, particularly in AFP of TPCs, the co
incoming tape gives rise to transverseuddow
thickness. For exampl e, if fiber paths and d
based on width of supplied input tape, overla
due to-ipdacedgs width iincreaseedi cOn nghe het her a
consolidated tapes could be challenging since
par ameters including tape initial di mensi o

pressure/l engton/lteirmndb,s tamdplemd@aen cex pari ment al e
wi dt hs of Cyt ecsiCtFu PE&Ks dlaipckast eidn on composi t
uni directional sheet) have been measured for
substrateatiber dhree substrate fiber angl es
deposition, two | ayup speeds (1 inl/ s, 2 inl s
950AC) , and six compaction forces €émangedgtbr
manufacture t-btaagkr ofafip Baesssiionsgtieadg AHGT equi pment
University. The results of measurég®enkts omhodl

noted that manufacturi reg dwer ttoi e xcempliere | wa i
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compaction forces. I n such cases, the tapes ty

to the substrate, resulting in a few missing
As evidenced by empirical observation, an inc
matrix Vviscosity, consequently resulting in |

vel ocity prolongs the heatongl evmeedftape t BN
ulti mately | arger final widths. Moreover, esczéa

and wider final widbhbdar mébaeiionshihp @toywminc al |

behavior. SandpA essubpsitarcactde ocenx ha bi t | arger width
or 45A substrates. Thi s phenomenon coul d be
Simultaneous transverse squeezing without I mp:
friction on the incoming tape. Samples on 904

wi dth when other parameters remain constant.

AFP equi pment wutilizing soft rollers may i mpo:
a study on the deformation of CF/ PAE&s stiaspteesd c
AFP equ87pimentthe] range of increase in width fel

compactiopofotcéeéempepature, and heated | ength

19
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[ RNET DR q6t HOYVh Rge ®EVIDRYGRT ¢ quT t0et RUNIKO [ Atos R
teHt ql cqPBKO3ZHII KOCcUNG
To | dentsicfayl emicchraor act eri stics of gaps and ove
| ayerplcy olssmi nate including deliberately intr.

was manufactwarsesd suidn AFPGEqUdi pmerctes sTlpa rwanled e

HGT temperatur e, HGT flow rate, and compactio
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Per Minute), and 40 -slekxcft,i ornead p evd teiwse loyf. tThhree ec rg
(around 3500m, 550 Om, and 750 Om in width,

mi crograpl2$84of ORegoommon feature of g-bapsdis t

voids or holes), whose sizes are proportional
thermoset composites, where percakrgti orsfi howo
[35 88 ] . The fmasg rsictosdda yo f or PEEK resin in proce
Epoxy (in the initial stage of autoclave proc
scal esiofu icnonsolidation is small egnthadet hatra

of 1E4 to 1E5si Howeomrsol itdation pressure may ¢
used for ther moset prepregs by a range of 1E
magni tude and utilizulndgd DareytOismatsedripati omer ¢
in autocl ave processsiintgu weooun sdo I bied alta rogne rb yt haa ns
high viscosity and short time in AFP of TPC ¢

chancaviofiglkeol es in composite. Although the p
to filling gapsand tl iamppteeadr sf oirn e fnfdiecpieenndte ritu f i |
consolidation. The major censgakkbezerg(méEthnana) s
214b as an example, the effective width fillec
of neat resin in gap divided by average thick
tape (measured on the | argéeh miccogsaphdaoedr

to M2 highlighting the significance of squee
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Gaps may al so give riiis.ee.t,o dtewoo nsseofd di raddesriwoaxy eafmesic
in the ply placed on the gap. By deposition o

pressure on incoming tapeheweaniissherso/lpoacratlilayl oc
incoming tape and substrate. A Xledver ei nd ewhoincsho
| ower half of the | ayer passing over gap fell
215 depicts oaf rgirlgdieredc alseeconsol i dati on, char a
substantial amounts of voeiindducléhde wa ‘vhiermre sss,c owmidl

in the next section.

22



Yin L5 TR S ———J : — — i_
[ RNDEFT PR UT e #IT 1Ol WHY Ut YOGRT ¢cqRYU0e 32 RT WU qlOA! 102 YV

The vardodscegapdefects may bring about gues

counterparts. An overlap O®Om twownhditghbosihbgl u:
216. After microscopic inspections at differer
in the overlapping area of neiglhbborbynhga ttalpers
observati on, the boundary between overl apped

regiich areas at spopnhe cladtciaotni oconfs .sudpgamnciant ¢ omg
of TPC, the fibers of incoming tape partially
and substrate have the same fiber orientatioc
i Nt ema dteit ween two | ayers. A unidirectional | a
same process par ankdt7er ST hies bauhmpwn bioru nFiag wr eébet w
i s detectable at some of t he oanrsetaasn.t Tphreo jiencctreed:
favorabl e effect on i8®ferlThmi marerbamaoi mg Kt ree
sqgueezedngd &amestri ps, creates an intertwined a
f

eaturing a higher fi bern cholauma sf r antdi an ,morr eed

(@]

an restpoipmentthefdeéehel menti oned effect for int
the | ocal thickness of ply at the oveatapThee:
average thickness of overlap area and average
i mage proces2dibng Tofe RBiveumge thickness of proc
overlap area has average thickness of 1260m,
simple speculation may suppose, the overlap a
on observations. The pressure applied by roll
el evated t hiegk mems s Hiemctehat he transverse fl ow
compared to the rest of ply. This phenomenon,
i s used, at-trdwaeetsumnmndelradtipofpd amnred Wwaapdoassaaks d rh ¢
the next plies. Soft compact-assai soed eABP £ ysim
not necessarily yield the same favorable outc
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25.2 Out-of-plane Waviness of Plies/Fibers

The -odultane waviness of plies in thermoset com
wi dely studied si n3oég hav4e. pChwmnded taheor[et i
experi ment al evidence highlofglhanegf itther rwanair ik
compressive and tensile elastic properties i
experi mentWul Cstétdyadlhmy ini di rectionafi bemi epborsyg
prepreg, the out-odprheancef wirn tnrkvddu aviersds ®@uatdh 83 © wa s

n compressive modul uandan@3%treegplectbhiyvel 4. 4
demonstrated that the sensofplianeywavi cempriess
its senspltamne tuynduwl atni ons. Fewer studies have
in TIPCsa relevant womX] bogn Atdlaensi rmafnldu edryee qf | 3
performance of TPCs, reductions up to 36% in c
ofpl ane waves (waviness severity rtamgiomgntwridalhil
of symmetric | amifmnbateted¢ pradges udoff dcechaer bsoingni fi canc
this section, different -odelchrmaei wansi Heo@gs diewveTP
AFP are explained:

Gap/ Ovierduwcpeo$ | amte wavi ness
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Gaps create weak or empltayy erre gsiionnkss ,i nrteo® diw htii cnhg
pl ane waviness. For narrow gaps, the | ength ot
gapurpasses the width of gap.-t-plehaek ahrepilg httu)d ei so
than half of the consolidated ply thickness f (
of gap), and is equal t o hoal fwiodfe tghaep sc o nwsheelriec
touches theThkedvafdugg®p) .wavi ness proved to be
waviness ratio upon application of sufficient
overl ap area can decrease amplitude of wavi n

waviness ratio.

OQuodpl ane waviness Hnducead elays resin/ fiber

Once a ply i-chldemposwaeidne outmay car ipoe kieft s| @& X
previous ply. During deposition, the molten st
i n fraxcihn areas amdchamrdgmra sodptlcanueb etnndul ati ons i
being placed. I n thelli,cnther avpalv i stilregwre @if mpfl Fyibgpu n
on -OeOgree ply i s obsreirovtabrld ed mgmoasmfdph.e resin

[ RNYJ aNustc UID0s ¢ 2 RUIDEH IOYN O3 AL+ 10T 2 JIOq YOt RUt RUNIC
This waviness coul d oeamnuwrl eatamnigrstaeréfaay@erisof Fd i

represents another interf-degaéedwmmrdend® sl iogds taw

= ,.5—
: *-._*.. D
“ﬂ et 3 a‘;ﬁ

e P
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waviness of tdwogrceoen spelciueesi.veThe micrograph i s \
5 in order to clearly depict the waviness. Ap
content across width inside supplied I mpregna

Mi sstionnpduc-e4 | amee waviness

Mi ssing tow can be considered as a defect si:
consolidat ed22t0apea niinssHingurteow i s discernible
i mage whewdegtrkee tpopoéy @escends and c odmeegr d entpl y.

- — it e gl —
Timme = e e
— = i — D e e — - —
= e ——— — - . — - r: U L e— = iy e —— . e .
e P T — T st = r il o e e
e - el T —— e

[ RN¥ BoHOY! o G ¢ UIJ0s ¢ 2 RUJE + IOR¢c 2t JT OAH! 1OG Rt + RUNIOq Y
Spl i de/oflifwduc-ehl ame waviness

The occurrence of a splice may create | ocaliz
of the consolidated pl221t, hiapkrdas §.r oArs tsrhamvsnv eir
topedree t aprei,c h aarrgeea sr ebseicno me apparent beneatt
present -ohf pl Al tdm@epg h-ofaf smayg |l iengafpé¢ dniemiwlaai net
to thatiot, amal-ofifpd ecpeayt @drmpre pronounced wa

t hrough bsewareanlt dwmyers.

[ RNY¥Y W &St ¢ UDKs ¢ 2 RUIJE + 1OHGc 2t 1JT IOA! 1OF GO RHEI

| ntlraayecopbane fiber waviness

The defects outlined so-ofpdranien wtalvii meseasctoinorn he
They could also be considered | ocalized wrink
waviness of fibers withinueanpd yt lae @r cspaird tl ieeg s
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ofpl ane waviness of fibers even exists in a f|I
defects i n supoppliaende tvagwisn e stsh er aptuito wasd eenst i me
cresesstion of prepreg tageai pri2Z@BPBtgumipe oompar ec
that of a tape pr dx2xs)s ewdi tbhy HETP t(e mp &n gyytuuree o f

force of 80 | bf on a f Il at steel mandr el

[ R DY WEHRIR IR 1J 5 HOFID & ¢ R ¥oliitoa0rk@s 0 Y UNI03 A1 + oY n kg ¢ i toe UG
#Y Ut YGRT ¢ qUT tOgq ¢ G

The increase in fiber angl e -odpelva nae i wanv ii nse sasn o

The standard deviation of fiber anglpeas cierscsreeda s

tape, and consequently, . dhéeiwasi heossm BaBI 6 od®8

exertion of concentrated pressure by compact.i

fibers during rapid deformation of composite

25.3 In-plane waviness of fibers

Theplane waviness of fibers has also attracte
TSCs. I n a relatively recent etx[@Bdr,i memda ahe g ant
i nfl uengleanoef fiinber waviness on-i sompopssi \Cd/ B
|l aminates made by stamp forming appeared to b
damage primarily via kibkiofgtimecmampil amti tnfbd
including thermoformgngt be a p phbyrderaossitoant iacb | padroens

transverse flow may result in |l-ptanal wediveeame s
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Speci fical lsyi,t Wuaadmsgoltihcdkatiinon processonsheacnon
and compress the top and bottom surfaces of I
free, culminating in transverse flow of tape
which fibers are subjectmdnaedaioghruwlrtiinpgl ef i dcemrtss
def ormation of tape, -glaamnd ewayv itme stsh eo fi nfcirleearss
223a depicts the rear side of compaction r ol
composite tube. pTheaeewiavti aeces ofn ipmocessed t

i mpossible to avoid, as wavy adjacent bands ¢

Thepiane waviness of fibers within a proces:
unprocessed i mpregnated tape. During the i mpr
mai ntains them-pgpuahe waviangéhsppldihed itodp e i Waes sp
calculated to bdee9miosopred8phe( FOgQurae-phyer i1
|l aminate made by AFP, tectopnvisewp@Ideinbietds i \
mai ntained actbhami aspgcapghah i2&BEBogerre taken w
same magnification. The measured amplitude ar
|l ayer are ammresdpestGidely. The resulti-ng wav
fold reduction in waviness ratio (increase in
the previous section, tpHea nien d ri baeg e evran/ti mes st B &

i ncrease i-oplsewverfiitlyerouwavi ness.
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As an al ternat-plvenemewawidn e stsheofi nfi bervss eavan a
mi crographs (plane of view perpendicular to p
paths are visible throughoetr whe hplcylihmhidckoats

intersected by a cut plane (microscopic plane
22 4 a.

c ey

Cutting Plane _«

Cutting Plane

Top view Side view (Micrograph view)

[ RN¥N ¥HOH 09 HHqiR Y U ¢ @102 RIJs 1OY n 03 HIJI tOH 2 q tOA !
GYl qRYUOY ntod ¢! 11
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The |1 ocal angle of fibers with respect to the

el lipses i,n i-miecQe@gor apwBe s fi ber doiisameitseirhl e nlde
of fiber (larger diameter of ellipse)224 .l ayer
Observations propose most of the fibers in th
indicating | arger deviation @oh@ghes waamndetstse i af
side of |l ayer, close t.o tThei si ntaes fvaecrei fwiiedch wiht

towi ew micrograp-degheedpgseae®88| awer 8 1 @2 5a)e. | an
The seplearee imavi ness of fibers at22ibbterface of

[ RN¥Y WHDH O R RIRIIGGAIAR HI Y NI ¢ GEOYNKgs YOG ¢! It IC
I RAJIOYnIOq 6 DG RHI YNNI ¢ G6 H0é HR 10q 6 1J K

The pronpubanedwawiness in the upper surface o
that come in contact wsthucompaotidatirohl efThe
exerts traction on incomiawsifndetrlsemnt d hlere d e
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254 Cracked Fibers

Thesinu nature of AFP offers very short conso
processing or press molding. To attain | amina
pressure and higher temperatlbreé¢eoi @xpmgl €ementhi
contact and void elimination. The magnitude f
of hundred bars (few hundred newtons force a]
area), whichreatsignhadncanpil galg pressure used
recommended fR2®EE®y]{)ecorAPECress mol ding (14 bar
AP@QPEEK) . This equals to application of extr
incoming tape. Given the remarkably | ower st
compared witbhttbopgakj the | ocalized bearing s
can create or exten226q9r aclkts sihnb aftidbseorese n(coFriegdukr:
originally exist -mam icmrpwtk st apenn(egg.al oma@c | er
application of force. This defect requires el
effect of cracked tfridregwe rome | prnagp @ rutdii ensa |l o fa nao |
experimentally assessed.

[ RN @R 13102 R1J5 IOY n 103 AIJ1 t 1OR U ieeYelht 1d200RT | ¢V

255 Voids

The prevalence of voids asecomwmorc edlefc@mpd siin ey
vast research works on different aspects of f

materials are undesirabl @madcwidngrtoperedesti omg

strength and stiffness, as they serve as str e
[9697] . TPC tapes could exhibit around 5% void
of | ess mamamtkd ifoor hi O8] perhocomancasparosceon
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where voids could migrate out of | aminate pri
isitu consolidation of thermoplastic tapes tl

through the application oifme ufrrraomer dda mdy Ipir@els srue

| nd mani nar void consolidation S affected by
temperature history, and consoBjdativeh op ke the a
consolidation model t hat incorporates wvoid g
| aminar void fractionabht shae beesodecansonat
may take place and i99]Jcr emlstethdughalt e iwoifd afcrt a ¢
the order of 0.1% bhedeoi d®mmaygt goowr afkter, rel

el evated internal pressure and | ow modul us of
convective cooling on the rear side of roller
void g®pwtWhi{le deconsolidation of processed
of compressed voofdfs,f drheee ed X ercttedfbyurddl | er ot
be investigated and associated with deconsol]
| nd @mi nar voi ds, neverthel ess, rely on the d
appear if the surface of incoming tape and su
of full i nti mate cont actce sr osuibdbrhi efaiscdalnutnliyf oirnnfi
wi dt hwi se thickness i n supplied I mpregnated
consolidation. Additionally, uneven andafffl uff

force bet ween tretrarolpilcasrtalcl eresamd has been sho
surface aspeafift ifeisbearndbuwnudlleesd had di mensi ons i
tape thickneisnsducTehdi ss uprrfoaccees sr oughness @eagr pot e
pressure for attaining full i nti mate contact
i nti mate colnamicntar tvhoei disntneirght st i | | reappear

after compaction region.

2.5.6 Incomplete Healing

Once the molten surfaces of incoming tape a
interdiffusion of the polymeric chains across
heal i ng or autohesion. Ful | Iimiteg | faylelr ihretail mant

Butéteflal]. conducted an examination for the rat
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inti mate contact. Their analysis revealed tha
controlling. To attain full healing after ful

chains must continue unsiVvVetmatirnxembaeeri abrn

maxi mum bond strength. The time required for
pol ymer at isothermal TX®hditions can be prese
0 0QwWHK - — (10)

WheAe= 0.0% S@c3Rk¥/ ®oB1l4 KY/ k40 . KC famrd AS4/
150a068pP9] . Typi cal processing temperatu428 for
AC, which results in a required ti mwhiflcer tfhulsl
time frame is significantly shorter than the

compression mol ding, it may psoviudeoamsoti diat a
tempedapendent phenomenon, ocautdewelsopnecvam wk
compaction roller moves away. However, for of
parameters, interface temperature i s above me
range of | ayup vel odistyt ocan0O0l inmembswittuhn @QF A2ROE E d
consolidat 43dn amrda cctoinctceasct[ | engt h for til0g .hard
Hence, consolidation time may vary from 10 t ¢
pressure is |l arge enough to render intimate ¢
for healing, a-mewnmpamiesdon i gnfet slctwtpe sp dti gt ii al

healing in thpeednAEREdemvadi pigom.i pmpyiaxpe a&impe
the onset of healing and | oweNonmndéthelegaus r eidn d
temper atur espeoedldepm shiitgihon encounters the con
ni p point.

2.5.7 Matrix Degradation

Qur esthi[46l]. i ndicated the ther mal degradati on
contributing to the reduction of interl aminart
i mportance of ther mal degradation | ieBhein th
thermal degradation of PEEK |l eading tH8MmaGBs | ¢
[10], whereas the 1 nitial reactiontsiokidggsada
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wer temperatursad,u emmncmdaddsaith ]Jni MmO nosceetsss owfi r
nking and chain scission for PEEK have been
ove 46pDA@nH 1850ACeppectively. The final de

teri al i's influenced not solely by temperat
e exposure time is directly r edtaf{lefd. tnootnealt e
at increase Iintadeposeduoni cpeiend fkadesxposur
duction in the degradation degree. I'n that
Il 1l ers was kept constant and deposition spee
hgi materi al up to suitable processing tempe
en higher deposition speeds are sought. For
sisted AFP equi pment, i ncr eaasli atge d étp herkanuegshs n
mperature gradient on incoming tape. I n rap
ermal diffusivity of €kKpBEEK, stuhé atcempear ang]

ceed degradati e¢mmet e mme r asti Wbree ,ofwhtialpee i s yet
erheated portion of thickness is small, de
terl aminar healing.

HGTlsi sted AFP systems, there is also an inc
nds. This is due to the duration it takes fc
ro, prol onging exposwaea.e FuUur tthaepremrtcoe stsh ev el gga t
ter-pahe offavel of head can bur B2 /tah ee xthaipbei tas
mi nate being manufactured under standard pr
nds areedicotoveéerheatui ng. Il n AFP systems usit
st response time and high controllability (

ni mized for such conditions.

TeltoqVOY211 610¢ qRUDN
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2.5.8 Steering-induced Defects

I n the previous sections of this paper, vario
thermoplastic | aminates made by AFP, either fI

practices when t agpeeo diess isct epeantiehd,d ed dodnitgtsinrmay ar i

t hermoset prepregs, sever al -odpelfaercd sb wnmcakreil yg wa
steernidugced wphamesbuc¢kmhing of fibers), fold
have been sotuusdi aeudtotb@dq svalrPrepreg tack, I nfl uer
deposited tape and substrate, i's one of t he

devel opment of these -defecttonsohi datei ocnouafseT
solidificaitalonr edin nitrefriflaences the adhesion o
steernidnugced defects. On top of that, the visco
vary over a wide range fromctremmse magt utrhees coovig
steernidnugced def ect s .-stFeenraedd dtehfeerchosp lians tAFRP t ape
experimentally in f8w3Wor ICdtaifgly.r stedi egebahse |
deposition speed and steering radi us on g e

manufactured samples. It has been conc-upded t
(Fi gp8a), attributed to inadequat el X]o nesxoplliodraetd
the effect of steering radius, deposition spe:¢

and bond strength of the samples using obseryv
Theedéeb observed below a critical steering ra

compression and tape folding on228wWwt.er edge du

[ RN¥Y WBHOH 0] ReAGIHDQEHOGHEI) KO¥i 2kaeldd RO T RAIIOsOA e H#t G RUNtoc UT 10q ¢
b ¢ 0 GXTIT O
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2.5.9 Splice

The presence of splice introduces an area of
concentration. But from a manufacturing point

poi nt of the next bandopeéesatai opnoi mmft ARP de ¢gswiop

temperature distribution in incoming ta-pe cou
assisted AFP head, the incoming tape could be
ofpfart tr avieng oof pAKR thead, compaction roller
reaching to its maximum temperature. At star
overheated and degraded once incoming tape toc
speeds, a certain time is required for the hea

heat by tape at t he b22g7ibnni wgwofmmbdnd.uel n of

decomposition at splice area iixs diilsldobslaer ialh @ald
capacity of tape, but al so it acts as a fore
subsequent | ayer to substrate. Splad4acehcpeakests

and-odgputane wavinesat adpwpsgfneddsaibon

2.5.10 Missing Tape or Fiber Bundle

The incident when a band or a significant por
i mportant defect that can potenfiaalRluly.ecNiesadieng

tape can happen f-od actkemeaet médi awretsaoanshed ma

sticking to compaction roller instead of being
expl ained2 .j4ghmiSescitmgont ape could also occur if
roll er and wraps over it threaewdHaeut atdhe sbh amd.i
thansubperate bond, specifically whoen( otra plea rtgee
tmg melting point of thermoplastic matri x. Mo
compaction roller and spread out over surface
compaction roll er whose sutrhfaanc et heante rogfy p osl ysmegr
wetting, Van der Waals attractive forces incr

rich area on top surfacexYoagtnebe pbol serfakEer
roll er incredaaddldpuphdceal we | eads to mechani

infiltration of pol-pareas cofmorl celclud re ss u rnftaoc eni cTrh
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roll er during depoXi9tai,omndeipd csh awn tihre RKiequreer cy
roll er. Surface profile of a processed tape w
229b an®2Pcguheghlighting |l ocally protruded ar
pul-6dfefd fi ber bundles by roller, respectively.
surface of pr o222k 2a&l9d )a piendrFe ggue ersequi red ti me
during doefporsaxti ohayer. Furthermore, t he negat

potentially facilitates deconsolidation and r

[ RN @HOR 10g 6 131 G Y Gite T iR IRHT RUNIOQ Y IOl YO 131 10 n q 1l 1ot
b el ne HIDIOGI Y3010V UG §#IDH Ha8iTe 10d & G K& Hh0QY IGH0E & 6 1

Al t hough the adhesion of fiber bundles (a s ma

defect, missing tape (adhesion of entire tape

2.5.11 Bridging

Bridging of fibers happens at concave areas
substrate, forcing the tape to Iift off the p:
of TPCs, tape bridging catnr &@vwae&kres epd aa ec ovrhea we d
230a) or a230ke)p. (As gue@BOtedbrndBiggref ther mo

tapes after passing a step can be obser-ved. O
of f .
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|l f temperature of incoming tape at release po
roller) is | ess than the glass transition tem
to the formation of soli dcdudrsd ratrondHolbvewver b et
temperature is | arger than heat defl ection ter
bridging | ength. I n cases involving hard comp
at concavetems.neflse omi ni mum bridging | ength of
can be represented by the following relations
a Yr — (11)

& Yoei p - (12)

WhelYes &ade compaction roller diameter, corner
bridged tape is also deprived of consolidati ol
at deposition, resulting in el @é&sedthei d®col

process of autoclave curing may attenuate gap
fibers toward cor ne(ralusnod ecra na ubteo cd oanveg8 bpyr eusescubr yen
filling the ddronwerofgaepx cweists resi n. But-ofi n con

autoclave process, the defects are final afte

2.5.12 Warpage

One of the maj esrecitso®med hwirtmopbdbpeshlhbhy stroamaiueec
fiber plaweamgage,) swhiheh often agpear & hvehenol tdhe
pr ocetsesmpnegr at ure of thermoplastic composites p

to theirl®$tr elrhget hf ofr mati ons of resi dual stre:
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classified at -mécla&nidd-ehd @h samic ¢ avi,craoh®&]1 K]l ,0obal

where the | atter two -cafpleamai dhil syt oretsipom.si bl e f
Gl obal mammnidactedr isngesses are generated by wur
spati addiyf oboom sol i di fication and shthhkkgesof
t hermal gradients as a r es uwlinti fofc arnatp igd ocboaol | isnt¢

of TPCss,i ttuheg liamcementi mpwolcwesss t nrheeehpgetorkantgesds and
pl ane ther mal gradients ar oundt hteh eu ndseypnonse ttriiocn:
uneven stressethifcokrnmeesds twhhriocuhg hcontri bute to
unidirectional | ami nate manwBdat uAedensirnalb A4E
unidirectional thermoplastic | 2hiba28d¢ madeagb
isometric and front views, in whi-@xhi snat®ehe araj

characteristic i s cloymba mdddt) wiesmtdi(img fTTiumalat sshap

A

ry

[ RND¥pWHOR 10? Rt q Y1 q3T toe URT RI 0t R VAH ¢aRON A 9198 RIHID

During accauimud agliavceemeint of etmppeatanel ami naten
substrate (previously deposited I-faryee )c enxdieteid
Stress relaxation may also occur for some of

temperature annd rdonweller tmomeefsr\Weealyayehe enresp

down and shrink transversely, while the other
devel ops tensile stress on a top | ayer and
Consequentl vy, by detachment of part from mol
combination of c¢rystallization shrinkage and

residuallg@s(trdasseswg|[ which elastic motl@]J] usThe a
stress relaxation effect t®»WOH ahdosaVeéertyia
Crystallization temperature, corresponding vo
are strongly I|Idegpeanldiemg roaicea yicitagad 6i meoft hee mobpl
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[12]. Furthermore, the degree of cryXfjal whnichy

determines compliance of plies to developed s

Tacounteract this defect, resi dual stresses ca
above the Tg thr22lighdbt st peoperedoess hbwever,

odeconsolidation naadl ariervart i e o0i ds. | f a heat
i mpracti cal or economitalae |l gyt umdtewsed] er é ducil a
may awsistihs tmi triegsaitd wanl 23§t r A sdsower speeds, mo r

temper 24 Jur easnd lkesesperelsaxati on along with more

decreases final curvatures.

2.6 Summary

The summary of potensialb deheotsdappdat hegmobp
made by automated fiber placement along with

foll ows:

Name and |11 u Reasons Potenti al

AFP equipment | I ntroducin
errors voids at g

Sensitivity ol Causioé{pl auwu

tape width to waviness i
parameters subsequent
Variation 1in
consolidated

uni ftoraamsver s ¢
flow along | e
f Variation in
processed tap
steering

Ouofpl ane Waviy Gaps and/ or o|f Creati ngofdl

previous ply pl ane norm
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Soft-popekien s i and inter]l
previous ply stresses
Mi ssing tape
Spl i eder/aRhlfy i n Initiating
previous ply shear fail
ntppdy fiber w del ami nat
dynamics and
nei ghboring f Di mi ni shin
rapid consol i modul us an
compressiv
| Transverse mi
bending of fi
l ocalized pre
whiilnesuf fi ci en
fibers is app
Variation 1in
tape u+wder oman
transverse s(¢
Cracked Fi Db Fi ber cracks Potenti al
= i mpregnated t transverse
Excessive | at composite
stress on fiib l ongitudin
consolidation orientatio
Voi ds I ntral aminar stress con
\},}%"‘t r-‘i::f;’é from voids in points con
& i mpregnated t structur al
I nterl aminar reductions
incompl ete in domi nat ed
Deconsolidati including
compaction ro strength
I nterl amin
expediting
del aminat.
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I ncomplete HY Insufficient T Weak inter

temperature a bondi ng
interdiffusion P A
of polymeric 3 )1 i(\\#"%g

chains across
the nterface

of two layers E? ‘\-

R o SN SRS
Undeveloped TP ."’5‘, W{! >0 :,
\"‘"-”)—"”'\ i ncoming tape

Overxposure of|Y Decreased
t hermopl astic strength o
sour ce T Reducti on

interl amin

strength

Fi bewppuwlrl fol df Folding; tens|Y Reducti on

during fiber strength f
T Fiber bucklin of steerin
on inner edge

steering

Splice T Splices in su|fT Causi+dpl au
T i mpregnated t waviness i
T Fini shedi-spnd Ssubsequent

fiber path T El evated p

material d

Mi ssing Tape oY Pl acement hea|T Missing ta

Tape or fiber ouadpl ane w
to and wrappi in sever al
roll er plies
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Concave corne|Y Preventing
Steps due to- consolidat
of f i ncoming t

T I'ntroducin

holes/void
9 Deviati on

intended s

War page T Gl obal mas# mida|Y Devi ati on
residual -snirfe geometry
cooling and s|Y Adverse ef

f ormation of structur al

stresséebiakne

|l ami nat e

2.7 Concluding Remarks

Il n this study, the first step aimed to identif
for AFP. Foddowimgt télaugi chati on of prevalent d
of AFP equi pment was presented, acting -as ori
scale defects (e.planeveptapet wadi gaps,yof dser
incomplete healing, mad ndxceegudatderi drut kb ndg
macsoal e defects (e.g., mi ssing tape, splice,
paper aimed to portray aimrml€BRCs pmatdear dy o AF R
observation ofsiCFJU PcECEKs dlaipdeast ach usi ng HGT heat
the case of some defects that were already ¢
description i sréevimew,edwhiol @ tshue cd med wiltahn el i mi
and-odputane waviness) were supported by our ob:
presented i n -ptlhanse wmdoridka o(eet.wga.v,i niesss, voi ds, and
in other manufacturing methods such as compr e
the resspeainfilte to AFP. However, given the

conventional processes from different aspec:
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conventional processes require separate and f

should be noted that while the presented 1|i st
undesirable in the final pfalrt enaed di he ohahalpa
guality of the composite part but may not be
state of the matrix material is inversely cor:

in AFP cohgptarefd awt dcl ave processabrjg amay sit e 2wl
[ 26 ] , but higherS5fraonduhe gheugheses stfan2/id .t o ir
Depending on the application, the process par
t o satisfy speci fic structur al requirements.
characterization can be fodéd owrdt by iempdotr ad fe

performance of TPCs.
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Implanted sensor for the monitoring of temperature of

incoming tape in automated fiber placement of

thermoplastic composites
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3.1 Abstract

The significance of temperature distribution in automated fiber placement of
thermoplastic composites is highlighted due to its profound influence on void dynamics,
interfacial bonding, crystallization, residual stresses, and dimensional stability. $his ha
been shown in research works that have been previously conducted to measure
temperature during #situ consolidation process. However, experimental endeavors
utilizing contact temperature sensors (e.g., thermocouples) have primarily focused on
monitoring temperatures in the substrate or underlying laminate. There is a lack of
robust technique for temperature measurements within the incoming tape. This is critical
since this is the topmost critical region of process. While-awriact temperature
measuremas using infrared cameras are common in fassrsted AFP equipment for
monitoring temperature in the heating region, they are incapable of capturing incoming
tape temperature in shadowed region or consolidation area. Moreovergiasthotch-
assistedAFP systems, thermal cameras face limitations even in measuring temperatures
in the heating region due to the disruptive influence of turbulent hot flow. This work
introduces an innovative experimental methodology for detailed temperature
measurement in @oming tape throughout heating, consolidation, and cooling phases.
Long fine thermocouple is intricately embedded within the section of composite prepreg
tape, with its wires extended along the length of tape. These tape samples, containing
implanted therracouple, are meticulously manufactured including autoclave processes,

while maintaining similarity to initial supplied prepreg tapes in terms of €sessonal
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dimensions. Subsequently, the samples are fed into the AFP head for temperature
recording during material deposition. Experiments have been conducted to confirm the

accuracy and repeatability of this technique.

Keywords: Automated fiber placement, Thermoplastic composites, Thermal

Analysis

3.2 Introduction

In-process temperature distribution and thermal history as critical parameters in the automated
fiber placement of thermoplastic composites directly influence material properties and the levels
of various defects in the final structure28l. The insitu deposition process can be divided into
three stages: heating, consolidation, and cooling. In the heating stage, the significance of
temperature at micrscale lies in its influence on void growth before the nip point as well as
potential matrial degradatio at nanescale. During the consolidation stage, viscosity of 1siglte
composite tape is governed by temperature, which influences extent of transverse squeeze flow
[129], void dynamics, and the development of intimate confi8}] [at the micrescale, as well as
interlaminar autohesion at the naswale [L31]. In the cooling stage, the temperature profile
dictates the crystallinity development at the nanale, the formation of residual stresses, and the

potential warpage in opesection structureslB2].

Different techniques have been employed to monitor temperature during the AFP process.
Thermocouples, the most commonly used sensors for this applica881135], are typically
embedded within the laminate to provide localized temperature readings. Fine thermocouples are
valued for their rapid response times and minimal intrusiveness. However, they may not be well
suited for surface temperature measurements P gbBcess. When placed on the substrate surface
and directly exposed to the heat source, thermocouple metallic junction can heat up at a rate
significantly different from that of the composite surface. Therefore, they are generally used to
measure tempenates at one or more layers beneath the substrate, which imposes a limitation on
directly measuring the temperature of the incoming tape in the consolidation region. Even though
the minimum distance between a thermocouple placed within the laminate wnldest tayer and
the midsection of the incoming tape at the consolidation region can be as small as 1.5 consolidated
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ply thicknesses, the low transverse thermal conductivity of the composite in this highly transient
process creates large temperature gradients through the thickness. This results in a significant

difference between the temperature of a top layer and imgpt@pe at the consolidation region.

More recently, Fiber Bragg Grating (FBG) sensors have been utilized for process monitoring
and embedded in the laminate for temperature measurement during th&38F-Hliese sensors
offer additional capabilities for health monitoring and strain measurement. However, when
temperature is the primary parameter of interest, the sensitivity of FBG outputs to both strain and
temperature during isitu consolidation adds caiexity to their application and data analysis, as
it necessitates isolating the temparatdata from strain effects. Moreover, the relatively large
di ameter of t h el37]s evimch approx(mat@ys equalsnto fthe thickness of
consolidated standard thermoplastic prepreg tape, may impose intrusive effects on measurements

during AFP deposition.

On the other hand, Infrared (IR) cameras, which offer-dwaeensional thermal imaging by
detecting the emitted radiation, have been widely used ondasmted AFP heads to monitor
temperature distribution on the surface of the incoming tape and salf48&t140]. Although
they offer substantial information on visible surfaces, IR cameras are unable to monitor crucial
areas, including the shadowed faces before the nip point, the consolidation region, and the

shadowed area following the release point.

In this work, a new technique is introduced to measure the temperature of incoming tape and
overcome the shortcomings in conventional methods. A finefass ponse t her mocoup
in diameter) will be fully embedded into the center of the compositedagtion, with its wires
extending along the tape's length. This specially prepared tape is then fed into the AFP head during
the process. As the thermocouple junction inside the incoming tape traverses various stages of
heating, consolidation, and codjinluring deposition onto the substrate, it measures temperatures

in the most critical areas of the process.
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3.3 Manufacturing of Sensor

The objective is to embed fine thermocouple junction and wires along the center of the cross
section of prepreg tape. The average thickness of theeas e i -widedCF/PEEK prepreg tapes
supplied by Cytec is appr oxi nsafteseytapes, sflitting m. Gi
them across the thickness to insert thermocouples is not practical. Therefore, the following steps

were employed to develop the technique:

1. Compressing the suppli@dreceived tape in processing temperatures of the thermoplastic
composite to reduce thickness and flatten asperities.

2. Affixing the fine thermocouple wires on the ppsbcessed tape using partial adhesive
application at few points.

3. Sandwiching the thermocouple wires by placing another processed tape on top.

4. Processing the entire assembly in an autoclave to obtain a tape with a thickness similar to that

of the asreceived tapes, with thermocouple implanted in-s&dtion.

The initial step involves vacuum bagging ofraseived tapes arranged parallelly in a row. The
samples are placed between brass shims to improve uniform squeezing of samples across the
width. Details on materials and sequences used for-teigperature lgging are depicted in

Figure3.1.

Kapton Film (as bagging film )

Fiberglass high-temp breather

Brass Shim

Kapton Film (as release film)

CF/PEEK 0.25”-wide tapes

Brass Shim

Mold and sealant tape

- rapton Fim (asreesse im)
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Subsequently, the vacudbagged samples are transferred to an autoclave, where they are
subjected to processing temperatures and high pressure. The process is designed to increase the
width of the samples by approximately 50% from 6.35 mm to 9.5 mm, whdices average
thickness from around 0.15 mm to around 0.1 mm. After the process and removing samples from
vacuum bag, the Kapton films are naturally adhered to both sides of the composite tapes but remain
removable. The Kapton film is fully removed froame side of the tape, while it is partially
removed from the other side, covering approximately half of the composite tape's width and 20
inches of total 29 inches length of tape. Thermocouple wires are supposed to be affixed to the
Kapton tape, so that iton tape serves as an electrical insulator, minimizing the length of bare
thermocouple wires in direct contact with the conductive carbon fither OMEGA CHAL-002-

36 fine thermocouple (50 &in diameter) is lightly wetted with a thin, lewscosity adlesive at

few points and then precisely placed on the Kapton tape, which is already adhered to the composite
tape. Only the first 1 inch of the thermocouple wires from the junction will be in direct contact
with the composite tape. For approximately 20 extthe thermocouple wires will be in direct
contact with the thin Kapton tape only. Additionally, at least 5 inches of bare wire extends beyond
the end of the tape to be welded to extension wires after the secondary process. Schematic details
can be seem Figure 3.2. The thermocouple, attached to the composite tape, is then sandwiched

by placing another layer of squeezed tape with Kapton insulation as shownrie32y

Following this, the assembly is vacuum bagged, and a secondary autoclave process with low
pressure is employed to increase the width of the sandwich by approximately 20%, from 9.5 mm
to 11.4 mm. The newly formed tape is then trimmed along the lateral edigedch the width of
the original tape (6.35 mm). Additionally, after the secondary autoclave process, the thickness of
the new tape, comprising two layers, is reduced from 0.2 mm (2x0.1 mm) to about 0.17 mm. This
thickness is slightly greater than tlwdtthe original tape (0.15 mm) and can be adjusted by some

sanding.
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| Thermocouple junction | | Kapton film ‘ | CF/PEEK tape after the first autoclave process ‘ ‘ Fine thermocouple wires |
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3.4 Temperature Measurement Procedure

Once the manufactured samples are removed from the autoclave and vacuum bag, a type K
extension wire, 40 inches in length, is welded to the end of the fine thermocouple wires. This
extension provides sufficient length to connect the thermocouple to thectisition system
during AFP process. In the next section, the accuracy of manufactured sensor is evaluated with
respect to a reference thermocouple. Finally, the sample is manually fed into the AFP head before
starting the process, similar to the st@mtdmanufacturing procedure. However, unlike typical
sessions where the tape originates from the spool of material at the top of the AFP head, this time
the end of sense@mbedded tape extends to the data acquisition system located near the mandrel.
The AFP equipment is programmed to lay a single straight band with a length of 13 inches. A
laminate consisting of 12 layers of CF/PEEK is-positioned on the mandrel as substrate for fiber
placement. At the beginning of the process, when the AFP head cah&ctsnposite substrate,
the tape with the extension wire is automatically advanced by pinch rollers and directed toward
the compaction roller. The thermocouple junction reaches the nip point after approximately 8
inches of tape deposition. After an adzh&al 5 inches of deposition, the tape is cut by the cutter,
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and the signal is subsequently terminated. All temperature measurements for thermocouple occur

on the junction point only. The collected data over time will be shown in s&6on

- e
CF/PEEK tape with
implanted thermocouple

l
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3.5 Accuracy

Before feeding tape into AFP head, the accuracy of the temperature measurements from the
embedded fine thermocouple in the composite tape was evaluated. This evaluation was conducted
in three different environments with different temperatures, using eneketype J thermocouple
for comparison. Both the composite tape and the reference thermocouple were placed in a shared
environment with constant and uniform temperatures. Once thermal equilibrium was reached, the
temperatures were recorded and compaiédw results, demonstrating the proximity of the

measurements, are shown in Tablk
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Different Embedded fine Reference Error(
Conditions thermocouple thermocouple %)

#1 (Freezer) -10.64°C -10.52 °C 1.1%
#2 (Room) 19.42 °C 19.6 °C 0.9%
#3 (Hot plate) 301 °C 305 °C 1.3%

3.6 Results and Repeatability

Figure34 illustrates the results of temperature versus time during tape placement. Experimental
measurements are presented for two samples produced by similar procedure as described in
previoussections and laid under identical process parameters: an HGT flow rate of 60 standard
liters per minute, an HGT temperature of 875°C, and a layup speed of 1 inch per second. The
agreement of the results, particularly in the heating and consolidation segaggests the
repeatability of the method.

400 T T T T - T T — - T T T
— Consolidation region
Tape in contact with roller
T o

350 m = Tape released from roller 2

300
O
>
g 250
© Rapid temperature increase
|
[ due to direct exposure to torch
8 200 - P ha
=
- T

150 | g

Preheated Tape inside AFP head
100
Instance of cutting tape
L 1 1 1 | | |

-10 9 -8 -7 6 -5 B -3 -2 -1
Time (seconds)

o

[ RDGMRWIO GIII ¢ qe | WIOGI Y30 IOV ntORURY G RUNIOGE GOl 21 RUNIO |
¢UT 10T WGV RquT 102 UT U1 1Oof Rd RO ¢ OHYUT RaRY

52



The horizontal axis of the plot represents the time prior to the cutting of the tape. The origin of
the time axis is set at the instant the tape is cut, as this marks the point when the signal is terminated
in the data acquisition system due to the cutththe thermocouple wires. Rige 3.5 illustrates
the positions of the thermocouple junction at various times, corresponding to the previous plot.
For example, at = -5.3 seconds, the thermocouple is at the nip point, where the temperature is

approximately 390°C.

t=-6%
pa— ]

|
Compaction Roller

t=253%8 =
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HGT Nozzle SO

3.7 Conclusion

This paper introduces a method for direct temperature measurement of incoming tape
throughout the entire deposition process, from the moment the tape is preheated inside the AFP
head tothe stage where the deposited tape cools down to room temperature. A fine, long, bare
thermocouple is embedded betweenmacessed tapes, which then undergo an autoclave process
to form a new cohesive tape with a thickness and width similar to thecsged tape. The

accuracy and repeatability were also evaluated to ensure the feasibility of the method.
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96 ¢ Galll LM

Transverse Squeeze Flow of Thermoplastic Composite
Tape during In-situ Consolidation via Automated Fiber
Placement
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4.1 Abstract

Transverse squeezing of thermoplastic composi f

pl acement head is one of the major chall enges
theoretical model for dynamihte¢ oh UWliwviedtmayf &c:
parameter and materi al parameter on defor mat.i

eval uaNewtmoon an squeeze flow-lafw molstcOs i t gp & nt

fferent no simperfpetfeadct pslhiophdang -sBbdDhditioc
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sts. The relationships between deformati on
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co

co

using finite el ement analysis with c¢close agrt
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consolidated widths, respectivel y.p HowmeaVv dri,ont |
effectively capture the trends in the experim
contact development on the variation of the f
Keywords: Squeeze flow model, Pow&aw viscosity, Automated fiber placement, Thermoplastic

composites

4.2 Introduction
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simultaneous deposition and welding of prepre
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The advent of AFP has transformed advanced m
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mod el was employed in -@éiqmeansiooasalof!| mboti oatsi ¢
st rraathe dependent belhiaveanri oy ofl unal atfThennbat w
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Whil e previous experimental studies highlight
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(iii) Accounting for the contribution of exte

of extensional Vi scous stress on materi al def

slippage.

(i v) | ncorporating the effect o f i nti mate col
mat hematically compact i nti mate <contact mo d e |

roughness.

(v) The devel oped models are designed to pre
computational cost. The models are verified w

evaluated against experimental measurements o

4.3 Bulk Squeeze Flow Model

The constitutive equation for stress tensor o

a 7 WxEA®AGA (1)

The first term accounts for the contribution

the viscous stresenBencan . bdhé&dprnteasad ras e[ 1
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strain rate wHI5& ®m9:i s expressed as:
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Considering continuity equation for an incompressible 2D flew — 711, as well as the fact

that— L — in squeeze flow of thin films sand subsequently the powlem viscosity can be

rewritten as:

SS 1- r - —DOG € &€ QOONERHIQ —DYR®I 01 e C )

oA T- i 7 (8)
Hence, the stress tensor can be shown as a fu
substitution of (5) and (8) into (1):
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Subsequently, the balance of stresses can be

neglecting the inertial terms and gravitation
& (10)
T" - TH . .r[ (a) T” . TH _ -r[ (b) (11)

w T w w T w

The viscous deformation of fibeeinforced thermoplastic composite tape as highly anisotropic
fluid is confined to transverse flow as reinforcing fibers restrict the extensional flow along fibers
[147, 148]. Therefore, the process modelling can be streamlined into assessment of the cross
sectional deformation of composite tape as advweensional flow over time as shown in Figure

4 3. Fibermatrix mixture is theoretically treated as a macroscopically homogeneous fluid with

equivalent rheological properties.
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edges of tape, the conditions on top and bott
fluid and solid wall | Imatyerhfaaz®ee deso sc &lel ed f ect

interfacial boundary conditions can be cl assi

4.4  Boundary Condition: No-Slip

Power Law Fluid
Theshop condition enforces zero tangenti al fl
t wdbi mensi onal squeezing fl ow wh>10 )l acragre baes peesctt
as sheaursefd oaw amsul t i [l494601 el ¢ ma s U c & tsg d opensctofnyd,i tti
' imits elongational flow, and shear fl ow domi
Equation (9) takes the form of:
” ” \p .r[ r T[p

LIRS ar o T (12)
With this, the implementation of Equation (11a) yields the following relation:

rn . T (1:
o7 TG

Forgiaven position on x axis (assessing parame:’

constant by Il ubrication theory), |l etdés reshap
(C: A OW (1

Wher e Gndendt aesd s——. One function that satisfies the differential equation

(14) is:
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With this, and given the symmetry ftonm,i ttihoen af

shear rate can be expressed as:

(1

By integration of shear -srlatpe cvwintdéltoi eoisnp e ctdhies or

wi || be:
. . S (1
€
6 1 o Py s 2
E pal w
For an arbitrary time in process, the contin
rectangul ar control vol ume wi tamdi ttghe®iht2n.g hd x tf
Therefore, the inlet volumetric flow rate (ra
outl et volumetric flow rate:
T m GEpTN , Q
Q Qw — .7 = ‘
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Hence, tlhgeapdiesnsui e given by:
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—. qa - - Qw
W CE C

By integrating Equation (19) with respect to

G T @ —-h), the pressure distribution can be

a ¢ p 1Q (2¢




Gi ven, t hatthe magnitude of downward force per unit &bxs length can be

calculated by integration of stress across width:

, . ca c¢ p Q ) 0
., QW - - — Qs —
d _ € ¢ C& q ¥R T (21)

Due to incompressibility of fluid anidextensibility along fibers, the crosgctional area remains

constant. Therefore:
Q 0 QY (2:

The0 and’Q are initial width andnitial height, respectivelyDifferentiationwith respect to time

yields:

W m (2
Or

‘0 0 UQU (2-

Hence, by substituting (24) and (22) in (21), force per unit of depth can also be expressed as:

, cdt ¢ p 0NQ 0 QO 0 (2!
d € C C¢& cL 2 0 sc

Or cammipéified to:

dcépb,, : (21
€ ¢ &
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By raising both mides to the power of 1/

a ¢ p ... — . Q0 (2
¥ 7 Q S
d € C € v v Qo
The integration of byptél dsdes with respect to
a € 2
R0 7Q06 T Py —oqu (
C £
wi dth at |l ocation z acr

Wh e b ds the width at the time af, or ,
Fi gd4d)e.

Compaction Roller

Laminate
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The | ayup velocitw i3FQao nBsottahnts iadneds eogfu a(l2s8) ¢ :

t he equation takes the form of:
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Therefore, using Equation (29), thebywikdntohwionfg t
the |l oading functiaoms(lasfstumeidd ¢ oxb etelgaom:itsit @am) .

O fa (3¢

WheiOes t ot al ¢ o m@asctcioonns oflardcaet iaonrnd | engt h. | n t

along whole consolidation IeHg—t_ha,ndthae cll eofste ds i

solution can be expressed for final width of
s « ~-¢¢ o .

v Oa w 0 Q 0 (31)

9 Non-uniform Aacross»

A rigorous, physicdbased analysis of the distribution of force per unit lengthalong the
consolidation lengthd( is challenging in the conteFP of TPCsdue to the coupled interacting
domains governed by different physical principles. While the compaction roller can be considered
an elastic solid body, the incoming molten tape behaves almost like a viscous orthotropic fluid,
which raises doubts about apiplg theoretical pressure distribution for Hertzian contact between
elastic cylindrical and flat bodies. Moreover, the laminate on which the incoming tape is
consolidated, acting as a foundation, may exhibit cermpiscoelastic properties due to the local
exposure to temperatures ranging from above the melting point to below the glass transition
temperature from top surface to deep layers. This fact also conflicts with the assumption of a
perfectly rigid substraten squeezing of incoming tape used in consolidation models in the past.
Despite the complexity involved in determination of compressive stress distribution across the
consolidation length, one reasonable distribution functiom torcapture nofuniformity of load

with a central maximum and boundary minimum value, is the Gaussian curve, which can be

defined as:

na n Q BOLININ ¢ (B8 (3
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Wh e me and "Qare constants that can be calculated for given compaction force and
consolidation lengthCo mpar i son of the gaussian function

perf or medl1l6lbly fzZdhrout He | ongi tudi nal pressure di

Fi g45(el eft) may show the feasibility of the a]
function constanfes: | etds define the ratio
Qr] rl§7 o — ( 3:
n ns
The constant dictates the intensity of compre

rel ease poi Me.qukRdrs itrost3d@mn deo,r t hdd (dwerfug . dasii ot

informati onXx anhéecadesti artd by mani pul ating Equ

¢ 110 (3

Also, based on definition of compaction force as integratiohawfross consolidation length:
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q (3!
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Which leads to determination of constgnt :
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For demonstr at i djacrosstlength isglioted fi®i b3ud 6= M, 6,mrh,
and"@3% in Figured 5(right).
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With the presented function fgrdistribution,thd eft si de of (29) turns i

expression:
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Fon -(integration over tot al l engt h of con
l,&(‘)%vll‘:, and therefore, final width of tape
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