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A Study on Ply Waviness Behavior of Hat stiffened Co-
bond Composite Structure

Park, Dong Cheol

Department of Materials Engineering
Graduate School of
Korea Maritime and Ocean University

Abstract

Integrated Composite Structure is gradually becoming more complicated and
larger as airframe material develops. One of those processes is co-bond
which is being widely used in fuselage and wing structures for commercial,
military airplane and space craft.

But, ply waviness phenomenon happened to co-bonded structure as side effect
and becomes critical cause for knock down of airframe structure.

In this study, ply waviness phenomenon on hat stiffened co-bond structure
was identified and application of caul plate for alleviating ply waviness was
performed and verified. And, optimum configuration of caul plate and its
parameters for application were studied. Ply waviness phenomenon depending
on bond condition of co-bond process was categorized into 3 types (type I, II
and III) and its effectiveness for optimum configuration and shape of caul
plate was verified.

Eventually, ply waviness on hat stiffened co-bond structure was noticeably
alleviated and improved through the application of caul plate. Caul plate could
help to make co-bond process more stable and would be widely used in a
various type of composite structure.

_iX_

Collection @ kmou



1. A&

11 5gA=

il ]

o

E-3+A) &(Composite  Material)

®
.~0_|
W
3
nj
ﬂ
ol
~

;01_

o
-

il

)

AN Qe 2 nch

o
S

£A7F Qe

;oL

wp
™

T 7HA oY AETE RAA 7] 9l AsE AEE o B 4

FARE
5% 54 7

X
=

s}
=

HE AR R

BN

)
K

X
4
g

)

o] Foj A H,

] E ¥ ~(Matrix)

A - (Fiber) ¢}

o]

1l
<]

il

—

0

_L
o
ToH
B

]

2 o]Fold f, offEE EE i

ol

—_
o

el
ol
T

)
pi
o

=

3
oy

T

)
oF

TR

~

o] Zol

| AGHE AR FRA W 1] AR

3

|

wr

ol

el

NEHo = 2gd

=AM A

Pa%

o = O
fse 7

@8t A

A

el

ALEA 7™

)

Collection @ kmou



Filament Reinforcement Brittle

' I D) High Strength
High Stiffness
Low Density

+ Matrix Resin

Good Shear Properties
Low Density
Fabricability

Increased Damage Tolerance
Increased Toughness
Increased Strength and Stiffness
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Aadd 5 o9lon, dENFES GAT el 20 - 50% FE FAE Y 5 Ao

2007)
Density (ka/m?)
1000 10000
100! - ! :>
|\ s wood /) LIS
NS compasites =7 aluminium steal
& plastics eoncralas titanium
Tensile strength (MPa)
100 1000 10 000
1ol ' ' :
= 1 wood ¢ =/ S light alloys =7
concretes IQ: shael :ﬁ
S 1 plastics AT 1 composites
glass aramid carbon baran

Tensile modulus (MPa)
10 000 100 000 1000 000

1000 ! : ' :)
:Ip]asliCSI:?E\-:IWOUdI:‘J M H =)

concretes  aluminium  titanium sleel
T 1 composites ¢ 4
glass aramid carbon boran

Fig. 1-2 Comparison of different material characteristics (Hexcel, 2013)
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12. FEAYoNA EdAE F&

Fig. 1-3 & o8] 4kg] ZokollA FA Aol W 4dig 7}x Z2a99 8vg) S
Uebd o g FA Az wmE X7 74 4] BopdE AU oE b2
Uehtes & Bl 33 9tk Asa Adgolde B2ald 74 A7 &35 1~ 2
$, M 2 oy EY A9 5~208, vk AdE FFre A=I9T 100 ~ 500 $,
TAHE HE7]E 500 ~ 1000 §, 2|3 $FuIA ] ASelE 3,000 ~ 10,000 § 2

&

slo] AR Ay FRAA FFEFE Y PROE BEE R BB

FAZ B 7G5S Hojor WHAel U@ AUH aTE noh BAWH el

HEE&AY SFde] MEE asta gler oo wE 7] 7Ae AFses A
T = AA7E HAH

Sector Basis USS per kg
Automotive Fuel Saving 1-2

Bus and Truck Payload, Fuel Savings | 5-20
Commercial Aircraft | Payload, Fuel savings 100-500
Military Aircraft Payload. Performance 500-1.000
Spacecraft Payload 3.000-10.000

Fig. 1-3 Cost tradeoffs for weight savings in industrial sectors (Preston. M, 2013)
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AEe o)F FIPL FEERE BHEtY gtk 53], Flyer 371 UF, #HA o
2 wEox d vsty FFr] JAE #ArlE 9 aAVIse] TER I
AHUA FAHUS. 53], 1 2 € 2 2 AAdRelg s & A4S Tl TAE
ga71e miekA @] FPo 1930 Aol Hxe &FwlFE 1A FF7] (Boeing
B247)¢} 1950 @ of Hxo| ¢FnF 7|4 AE7] (Comet)7t MALHUAT. o|F F5&
}E7] 7lEs niR o R Reg FF77F A dHEwEA 1980~ 1990 @ i Boeing
B777 2 Airbus A320 3 & FF7eA BRARF BIARI JA F FRER
AHEE 7] AFER L °o]E EUE FHTol|:= Boeing B787 3 Airbus A350 I &

GBI AL AA FF 50% oL B Af BRARE AFHIe o=t

o2t
ok

23719 &derle AA TF oA Aol F HITe AY] A o2 U
o2 7Ae FAE H&agtstolof A7) WEol FE FA 9 22 Ve AsE

AR wEAe] AT o =L HMAdsS EF AR5y TAe 9

ol &Y ol FHHEARY EFuly FE (FEEFDH vHEHAR

SdAselt. FEFRo] iR wek & 7] Z]Aed del ARgstAl Hal dxlel=

2 AgERY. FRFERL dRvEe F ARE st vEe T,

ToE w2 AE ¢ e AL AHE 7L

Aol @FE7l Ar=A Ao, AU € $o A== ARSHASG. AN
2

Wadol T4 2ot &7l 71A1 9 2= AFskA it (2LE, 2013)

Collection @ kmou



Wright Brothers' first Comet Boeing 787
flight ; Kitty hawk, 1903 15t Aluminum Jetliner CFRP Aircraft
- Wood, Wire & Canvas 1950s 2010s

1900

Boeing 247
First Aluminum Structure
1930s

Boeing 777, Airbus 320
CFRP Primary Structure
1980s ~ 1990s

Fig. 1-4 Airframe history
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Fiben= 7 3tst f2ldfF 43 Z2+2¥ (Glass Fiber Reinforced Plastics)e] ¢l
o9l = &AAdf (Carbon Fiber) W R EM{ (Boron Fiber)e} ZEtxEl S FASH
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of| ZAl(Epoxy), Z&]o2H Z(Polyester), #|&=(Phenolic) 52 T3t 1EA 3HEo|
gax(Carbon), oFehw] =(Aramid) 44+, #2l(Glass), EE(Boron) 4+
A FHAANA e 18R FERAETE P wol g3 F FEREOY 2 A

TEEC AEHa Ao

A 5= 1970 ~ 1980 Adiel Boeing ¥ Airbus A W48 dF7]ol| A Fairing,
Radome, Flap, Elevators ¢ #<& 2 2 F%%E& (Secondary Structures) #|Ztol] +=
AbgEIReH, dig AA A FAS 10% A= vlFS AAMSoL, 1990 dd
HolEwA 1AE/a34e] d2adf &4 Ed3 gEe As A5 A¥l (ATLM:
Automated Tape Laying Machine, AFPM: Automated Fiber Placement Machine)¢} #&-&
Ag7)<o] WAz 374 Bulkhead, Wing Box, Wing Rib ¢ Z& 714 F FxE
(Primary Structures)2 n|fH oz o AL om 74 FAL 20% A= 2A|5HA
o} (Fig. 1-5)

2000 @ o]% 7iEE B787 H A350 % 22 FFIELS FF7] A, A% 71A 9
ol ERAsR A A= 37 7|Ae FARRZA BFAIE A
wto] Bk ole} ol - Fgy) 1A Aol YoiA waMf BEAL e A
sht) o] Boeing AFY] FHAl B787 &7 1A AA FA Y <F 50%E EFARES
AHg3kel AFsta glew, Airbus Ake] A350 FF7lE BRAEIE AA A1A FA
°F 53%5 A A =AUk (FF, 2014)
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an

dozw §Frle TS BIYARE 0% ALY £ wepd o= Holn
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;" Usage of mainly secondary structures

AIRBUS

“ m!m\-@—\ﬂfﬂ;

|

“: ;" Primary structures application

+ Main wing

! Fairings +Rudder  +Elevators +Flaps +WetHTPbox |/ +Rearbulkhead  + Center wing box

! Radome +Spoilers 4 VTP box + Dry HTP box + Aierons | +Keel beam + Wing ribs + Fuselage
- + Airbrakes +1G doors | *)nose + Rear unpress. Fuselage

H + Engine

1

1970 - 1980 1980 - 1990 1990 - 2000 2000 - 2013

Z: -
-~
o

S e / et 522
BOEING willi ™
Secondary Partial primary
structures for 757/767 structures for 777

&

Full primary
structures for 787

Fig. 1-5. Evolution composite application at Airbus and Boeing

60 %

* Boeing Commercial B350 KWE L~
@ ® Airbus Commercial 787 e N
8 & Military Aircraft AfFX N
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§ 0% . EUROFIGHTER Next
7'2 agoom & Single Aisle
e M Ras sk
g a B2 v-22
2 30% N
_‘; RAFALE A380
e A-6 Rewing a F-22 L
2 a F-18E/F
g 20% AYF-22
< A320
; L] A321

F-18A A330 777
= 10% a8
g Aam_?;.?nano ‘“3"‘".c.'1m
A L]
F.15A F-16A 767 737
0% } } | L } } } | | )
1975 1980 1985 19%0 1995 2000 2005 2010 2015 2020 2025

Year of Introduction

Fig.
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3 ATL (Automated Tape Laying Machine) 18|32 AFP (Automated Fiber
Placement)®} & 52 ZF Ao #d F g o FF AZ vgo o] 74
& FES AAEE Egto] A (Cutting 2 A5 (Collation) W-&E& AA HAE
A= 71€9 FFdHand Layup) = vlart HA &S 52 =2 ANEE
BE F UAT. Fig. 1-7 oA B wpe} o] & 24 (Hand Layup)®] 7% =

g FAA AZol Jsd WA A At 22 b, A Aol @ w

o
9%
tio

B J

ATL 3 e A5AZ ¥ 4§ Ade Azk 3 At 66 b, A4 HF 2ol

4% Aglo] ofgle wHo] AFP Aule A% ul$ BiH Py REAAE mE
4% $E2 A4Ye £ 4 glov, o % 40 b AA HF T 5 Atk Azels

Dual Head W2lo2 ATL 3} AFP 7|5 EF 43 4 1+ Hybrid Type ¢ Zvl=
M H&H 3 9ok Brent Strong, 2014)
oy g HFAH o A-sIHEE otdgt 71A 7hE ARl AA AW 8o As AA
ZH 4] (Automated Drilling/Fastening System) 2] A Azt FA A5 L 7|&
HHe AAHCE B&H0|a FIHA] E2 AFIZAS 73 F A FHAeH
]
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Throughput— {In-Cycle) Automated

Tape Laying
(ATL)

30Kg/h
ATL constrained by

the degree of double
curvature

Automated Fiber
Placement (AFP) Advances

20Kg/h

Hand Layup
(HLU)

Traditional Automated

7Kg/h Fiber Placement (AFP)

1Kg/h

Complexity of geometry and layup
(degree of double-curvature, etc.)

Fig. 1-7 Summary of production method (Brent Strong, 2014)

ol¢} TlEo] HA A ML 50% oS xAEE WA (Andrew Taylor,
2013)S Eol7] #std F A ol EFA FES T F W A AAHe Fa
A EFA FFo= AFs= WwRie] i A8Ha o 53], 54743 (Co-
cure), A H2 (Co-bond) ¥ o]z = (Secondary Bond) 3 & dA3} AL
ol g3t EFA DdURF S AR AZ AFSA gz A dF ¢ EFsa o
2 o3 Fx=7A A & = A FHAT

oMt e BHA BYRE B¢ AEHOE AR F AN AAS
% 52 27te WARE B YAS shel shube 2@
F2EA A% AR £ A BoR A 0¥ FF/Y FATREG Wi
FEENA shie REOE

of ge AAY &e T AN Aol A% 27 A oA FAG, FARA

ERE R

rlo
e
ol

Qo o3t HFomE HA BFY FE =Folu AAT
(Fastener) A& 2 A& (Sealing) ZHS H43) 3o =9 PSS IR de3lgoz

A A &8 Eola AFRHIES A ¥E 5 UA HJTh
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(12%) Collate Plies
(46%)

Cut Plies

(8%)
Fabrication Cost
Matenials Fasteners
and and
Fabrication Assembly

50% 50%

B787 =& A3B0 F 22 HaA FF7|e] S TA(Fuselage) AZ A
2~E# 7 (Stringer), 23(Spar), <£EZU(Stiffener) T Fx & GIREFES
2Z1(Skin)ell A HF3te] FAAE (Co-cure) AZSAY o] L& HAA REES
e A3t A 7 &5 oFd #d A5 ¢ HFADE(Adhesive FilmE A&

9 HE AN7E FAIHE (Co-bond) W4 © & Bulkhead ¥+ Wing Panel & 2& F

FEEES AT Ak

olFgA Asd FTAHES TIA BE HIAA FFEo AAHL EFFT =d
TEFEEC A el wEM 7] JAE 534 FEES Hd o dds
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H ARra e 37 dAF BEdA FERES FE obdet e FAHOE
o] FolXtt. AHA e F MY FEFEES FAl AATIE 54 A3t (Co-curing),
g Ast A" REe AstEA g o0& FF3 A2 E(Adhesive Film-e
AbgEte] By H2A 7= A A2 (Co-bonding) Z8]lx Z+zb vlg] A3 Azt
FEES AL EES A8t E9 HZAA7]= oA 2 (Secondary Bonding) 34 ©]
At (Thomas Kruse, 2014)

Co-Curing
uncured

N AN N

uncured

Co-Bonding

N

PR A A R R R P B R R P o o B Ao """"-';
R SO, TN 2

Fig. 1-9 Classification of composite bonded joints (Thomas Kruse, 2014)
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PaneDS ATL 3} 22 AFHIT AvE AMEstd AHES FHol H2EE (Adhesive
Fim< € BEZAA B2FE HZAAZ F J13W AFE AX LEFHolH AH3A7 =
A HF TA WAL BI77, BIST 2 A350 I 2o HA &Fr)e Wing Skin, Wing
Box % Bulkhead ¢} #Z2 F F% HE& AZ st WHOZ ZYA o] &5 Tt

53] BYA B787 &F719 A% 16 m A dd F g/ =37 33 2L Wing Box
Panel, Bulkhead & o8] FZEE°] EFA AR FHOZ /MI/AZ=T 9lom
oy 7% U3 REEZ g F g Ha Joh

Fig. 1-10 B787 main wing operation at MHI (Bloomberg BusinessWeek, 2012)

SAHE FHL Agsts 49 712 ABAU PHow sELA REH 27

|

&8 47 ¥ Ast A&Rs § 7)1A18<] A Z(mechanical fastening)g F3l =¥
St W2lol miste] BEF o] A, AFFs 5o AAH A =Y A9 © AE F

Fo=w =9 At

o

stARE, wlg] Astd 2EQA FFo] AIHA 42 Ao HAHI W
¥ o] LEZHoo|BoA AUt olFod o) HF HF FEFANA+ obd Fig 1-11
aFo A BE ukel & Out-of-plane Ply Waviness 7} @At} ol2A A3
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Waviness @S A8 AdA7A=(Tensile strength) 2 =7 =(Compression

Strength) ¢} & E4-& A3tAl7]= ddo] At

Fig. 1-11 Ply waviness on co-bonded panel

A AFE BHL B F7 Aste] HY RIAF FTRHOE TAF F/HAA
s FE AR ok Rilel /e shded o we A AgH 2
Z7b7h zgEnke BHS AT vk FHOEE P B9l Ply Waviness

Al ZE]
A4S AsA 7 AAF o= v A3 A (Uncured PaneDiol] w3 o] AL
2 2 u2 3] 9ste B ALEA ¢= 2o Caul Plate & Egs Rz

A FTE AFE3ATE Caul Plate o A&, =Z7] =D Ao wt 1 &3/ IA
GebAe AAH HE Yol EESH YAE Rl HF AA] FFA AA
AT AE Avo) webd tepstAl HgH1 JE Aol

l

mebA, B AFdA= A HZF FAZA LTAE 4+ &= Ply Waviness off thgt
s AYd =4 BHS FIPstay O 993 WAYEES olE2Hoz s
wordh IEla, AA g TANAM Ply Waviness #4428 2344717 3ty ALgE
A+ Caul Plate o A& Wy 2 Fdxdd g AojHe A4FES T3t FUstn

1 dgde BAs.
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4 &= Ply Waviness @& 43t st HZe 75 A
Aot
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2. X A& &4 (Co-bond)

2.1 Out-of-plane waviness

Out-of-plane  Waviness @72 EdA  grjvlo]E(Laminate) Wel sL3
APlane)oll A WA &= In-plane Waviness A3t 28] o8 @ ZAx A=
Waviness &40 2 Ply Wrinkle =+ Bow-Wave 2% RHFH7|= s} (Lei Wang,

2001)

In-plane Waviness Out-of-plane Waviness

Fig. 2-1 In-plane waviness and out-of-plane waviness in laminates (Lei Wang, 2001)

o]¢} 7+ Waviness SAS B3z gmuo]Eo| 9olA thekd ez ety

hul

o]= Uniform ¥ Non-uniform FejE FEE L oS 2 71x =z Ay F S+ oh

=

(Cimini Jr et al., 1999)

A A2 FAHNAL Waviness d42 A3 A e (Un-cured) AEje

ghjulolE wd ffol 7] A3td (Cured) =EHA7F

af g

AHA BY H2AH=

SAolERE o} Fig. 2-2 o] o3 FH FTolA F= Hump type o= YEIT.

- 16 -
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Uniform: Non-Uniform (graded):

Hump:

ﬂ##

Indentation:

Fig. 2-2 Waviness type (Cimini Jr et al., 1999)

A7]= off Fig. 2-3 A4 o] Z(amplitude; A)

§

Waviness 34 %

Aol(wavelength: & %383 4 9ot

Wave Amplitude
A

Wave Length L

Fig. 2-3 Waviness profile as the ratio of A/L
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2.2. | &3 w73

et o g FFAFAAA e AEHE g AFAEpoxyA @ A
(Thermoset) A= AH&E= A 244 wet ztel7b AT ofef Fig. 2-4 ¢}
22 A3 AtolFo] FE ALHAY. dWrdog 127C (260°F) # 180T (355°F)
2= A Azt o]FofxX 1 sty Fof (Honeycomb Core) 7} & ME=ESA
(Sandwich) T=%¢ 7% 40 ~ 50 psi (Pound per Square Inch), &4zl o7}
Z3E o] A @2 grvle]E (Laminate) ¥#F<] -5 85 ~ 100 psi & LEZHclH
geo] Az W Fol AgHT. SEFHoH JHL oY AIAolF 2=
717 A2 7] Aol g 4 ztA o] by Aol o] FoAAAY =

wol 4% HgHs % Bt

O

+<%(Heat Up)

B

N

rlo
rt

=

olg Fig. 2-4 (@) & (b) oA B+ nlel Zol X9 &3 AHE 7|Fo2 E o
FA A= WAl wet =ZA 3 ZFA AEE FEEFH+E g Phase | Fluid, Phase I Gel 2
Phase I Solid A}ejo]ch.

Phase 1 Fluid AejolXs 257t 45 Fol m2tA A9 H=7t FAHA
ol a1 A 5 (Flowe] dojutr] A &get, Fejv £24 &34l EobAHA 4
S7HE I 8% s A FA9 HE7 JAHS UEd ol F 380l
doludaA EAZLY ZtuwAdfEreS Fal Fejn Aol FUhEOl £AY HEE
TAl EolA| 7] Al&eta BAAH o7 Ayt dge wel H 3= (Degree of Cure)7f
el

AsA wola.

oo
N

o
o

NRARE BT BERAHE ool mE A HEE HA § FoAL
229 A3} (Gellation)7} o] o)A WA T o]ate] 42 32 dojitx ¢on 3z

HESD 727 AL A= AS mobA AT JEEs =3A 7] Az

rlo

(Phase 1T Gel A#))

kA Phase I Solid Aelell A= 7w A 3(Cross Linking) w¥Hg-o] Wik Fz9
U955 FUAZIEA Asd 1A Fgv ZErE 9o AR BE §hgo] AP

o|Foj 2| A Fate A &HH oz AFuESo] Al o] Fojxa Yt}
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200

Phase I ‘Phasell - Phase I11
: ’ : +1
+ 08
g 2
£ z
:’: + 0.6 <
[}
£ g
= -4
g e
& 104
+ 0.2
SOLID
0 ! — — ! 0
0 60 120 180 240 300
Cure time (min)
(@) Typical resin degree of cure evolution during cure
200 - - = 10000
\ Phase | :Phase 1l . Phase I11
\ . B
150 4 + 1000
@ &
= &
= 100 | 110 2z
: w
= . -
50 | 110
. SOLID
0 ; : 4 ; 1
0 60 120 180 240 300

Cure time (min)

(b) Typical resin viscosity evolution during cure

Fig. 2-4 Typical resin evolution
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¥
o
2
4o
o
fo
oM
ot
>~
e
o
-3
o~
oo
n
rlr
2
)
flo
v
oo
A
ml
o
=]
rl {
i
v

A7 o = AE&E d¥oln P & FAUY 18 o' AFS(Fiber bedol

ol& Hlgro 2 whEo]zl Effective stress compaction analogy & X3} 3 ~E Q]
Moz B3ta glujylo]E9] Consolidation A%< o3 o] el 9t} (Davé,
R., Kardos et al., 1987)

e 7S (elastic behavion)= 7 FHA B2 2ZPYOoR FHE HFS50l
FAEFEADE A AdE Hell AeteE A5 7Pl R 9 2E o oF 3ol
7HeiRe oW 1 2 AFom FAHC oA W FrkPressurization FER). o] oA

vz=Eoe]l d¥ FAe fEol AFEW (Flow beging) =& UFHIL 3159

O

]

3| A2 fEol AFHOE ojum H @ #HFo] smzyow

R pul

o
S
o

w5
Vel At Flow). A= HFHoR2Z+ 7l 3Fe dFow ~ZIPCIFI)d o3l
A HFull compaction). o] M3 Ak Fo Ao

asdos A9sFa o
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100%

o
0% LT @

Pressurization Flow begins

100%

0% Lp

Full compaction

Fig. 2-5 Effective stress compaction analogy

Iy

gutdg oz FAHL FHL2 o} Ze F2E /MY ~E® A(Stringer) E+
|

ZE] 2 (Stiffener) ¢} #Ze BAA FFe HAE @ de] FZgol(Peel Ply)E

&3 A v A3 AAHL 4S8 BE ATT Aol 231 Bdo] v F3 FEH =
AZ d F A RF dEIgolE AAT F A= E(Adhesive film)S F-2Ha) A

piLs

u] 733} el 3 (Uncured Web paneD)9] ol 9 X A7t}
&S 93t o]3 ™ E(Release Film), Breather 2

FoHos PE S AFW A

=9 ZPE (Bagging Fim)<S # &3},

-21 -
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ol Z2 A3t HAolA FAHH T T=E HE JE2HA 2=

PA ¢ EA
vehd ot (Fig. 2-7)

5901, 2, 3 o9

Pre-cured
Stiffener

\

Adhesive Film

Uncured Web

/

Release Film Breather Bagging Film

) .
R

Fig. 2-6 Co-bond part & bagging configuration

Pa = Pa1 = Paz = Pa3

733k Al EFA FEol AEHe dEe uE 2ol 23 5 3=

P =F/A

A7l F= 7heliAl= &, A

rlr
(2
a3
2
o
i)

(-)Collection @ kmou

goly e
FEo g AAH fo YA AeEH=dH HAo FEEH= LEZFHoHE
SEZFolE 8 PAl, PA2, PA3 o] ZUsHA

)



Agd 2EFAG e BAA FA wHsnz

we ol At

s AR U = |

3 F & Co-bond ¥ o
BAA7E 247 271 2AAA] e Hjo) vlste O

A3 o)

o] <lsled Pwl, Pw2 8|1 Pw3 o ZZ ALEHE tdEe B}
GFe ol AZ 24 Uelyy 1 Zrjs AUFo R ol o] 2T 4 Ao

PW1 = PW3 > PW2
HE o

rr

TxE 7H1 PWL 3 PW3 & AN T3 ke M

BAA ol Rl FIte] wAstE PW2 & Aud oz ¥ hEs 7HAA fn. (Fig.

Autoclave Pressure, Py = Ppy =Pay =Pa3

Pai Pao P

Pre-cured Stiffener

Uncured Panel (prepreg)

Fig. 2-7 Autoclave pressure distribution on co-bonded panel

-23-
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Applied Pressure on Web, Py = Py3z = Py

PW 1 PW2 PWS

Pre-cured Stiffener | 1 |

Uncured Panel (prepreg)

Fig. 2-8 Applied pressure distribution on co-bonded panel

AA REzol FAabolA B Uncured Web panel ol A Pre-cured stiffener 7} izl
FE% FAqAA e FE Aolde AE dg olrb EAEH 1 ¥ AolE
A3 FAH o= Qheo] e PW2 o] A 8w H&E (Stiffener 7} XA ¢S

Wl Frhoge] A f%5Resin Flow)o] ZA 2Asty 12 <213 Ply Waviness
2l

o}l Fig. 2-9 olX: A Fig. 2-7 3 Fig. 2-8 o 7A$s} o] BAAN7} =A%)
B FEodAM Az Fo A FEl o8 Bl Fte] FAR AAAE AS A
BEoA &< & 4 9lon o] wE Ply Waviness dAo] HAstE AL B
ATH.
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Pre-cured Stiffener

Bond Line

Co-bonded Panel

Fig. 2-9 Cross section of co-bonded composite panel

& FejE BY o Fig 2-10 34 2
of wZIAZ R|ol| FHgle] FYUT

©

T,
)
o

Yee, o7l e gkl
doln gteje] shalAh,

-
b N
(T

Pa1 = Paz = Pas

SEAI R, AA BAFA)el I (Web Panel) Afele] sAl % 2HCo-bond) Weoll 2 &FH+=
7y Hejo| HE&HE o4

e B Slol Eeld BAY T sz dA 2
o wob MNE T2 ety

Pwl, Pw2 2% Pw3 gtele mAAsl Azwel o
o]l mAT 5 Atk

ml

TR A27)= okl ot

I:>w1 > PW3 > Pw2

E0|(Step Height) ¢} o]& =" E(Release Film),

tol wAA

ZER7 e @H & & 3
K

goz ity LEFHoE

Pw2 ¢ A=<

Breather % ¥ (Vacuum Bag)9]
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b

rr

st
£57] Yz dudoz R e hgo] AgH.

Sitol AZi=dE o2 v ol Bty LEIHCIE fHol €3

i)

Autoclave Pressure, Py =Py =Py = Py

PM Pﬁ2 P.ﬂG

Fig. 2-10 Autoclave pressure distribution on co-bonded panel

Applied Pressure on Web, P, Py > Py > Py

Pt Pz Puz

Fig. 2-11 Applied pressure distribution on co-bonded panel

EAse] Asuks Al A3 257F Asdel wel A9 H=rF worxa o

o} 42 §Z[Resin Flow)o] @Ast=dl SA H2HCo-bond) oAl Hixo=z
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h=o] 7 e PW2 R oA Percolation flow Aol & 2 5] 714 IA
doyA = o]Z A3t Stress 7 7HE FF =o] FAFcHResin Rich or Pooling)

A3t A ¥ & (Fiber Deformation or Ply Waviness) @48 a4 Ha o=

#9 (Bag side) v} % Zeto| R dFS WA At

d

B

rﬂ

°l& U+ Fig. 2-12 9 #Zo] Azt

Autoclave Constant

Pressure

> Length

Applied
Pressure

P>

- > Length

Fig. 2-12 Pressure gradient on co-bonded interface
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Uepdth #d 39 AE S AstE A @2 3l 9o w497 2E®PA (Stringer) ¢

22 BAA Eme e o ZHd wE iz oty H{He LEIHoR

A FAH2Co-bond) FWel HE&H= qFH Folo] oF AstE HIFA
#A(Web Pane)l ol 91x W& FA o7t dAsH oz 7ha e gbg o)
HEgHE B £ o BEode FA f5d o A4 A ¥F Resin Rich)
ol TAsHA =™ o= Ply Waviness d/d<= xefsts Ze AT &+ Aok

SAAZ AA "ol QoA BAATE w4z Fo= Mg =2 4EHEPDol AH§Eo

FAY FeYclE #de dg F dor AUFeE w2
AR ES 4 F v WHe BAAVE XA ka1 Bagging Material (Release
film, Breather,.) % ©] &3 X9t B w2 4HPIo] H§ Hol AuFo=
e AREREFSE AT 5 FA FAFES VMR o FAE FAY grdolE

Hde 7HAA Ao,

g O dZd Hed B2AA 2 o Felels BAAe Bagging Material ©]
BrEoUE T2 FFo dste] cEZHolE tEo] FUsiAl HE&HA EaHA
Holl meh 2 4Pl FAHI ATA FAFEol P AsA 2 sk
+A%%Resin Rich) #43 Ply Waviness &4o] yeldA ok Fig. 2-12 9
A -2 Cross Section W] siw H9jo £x71 FFHo] e XS B F 9o

ol we} Ply Waviness @70l FRbE o] vebdS &2l & + Stk
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dRtF oz AGAJ] dEHA EFA A= TIALES] S AR gl
o3 o]Fo]AE WA Waviness & 717 B3 REEoAE 7AAHEo] #EHI
A Zgole] b B (delamination)7} Dol H 3dl5 AEHE HFzo=
A Bt o] Foj¥. Wave H52 2 A stsolA I3 EE7F dojur]
A ZFslal w2 Axial stress level ol Al 537} dojuyA =} (UK. Galappaththi , 2013)

Ssls stollA Waviness & 71z H&A Ao n3 o] (Failure Progression)&
T3 2ol BAMET Waviness & 7H H3A] o ¢f=stgo] 7t AW Waviness
9] Z (Amplitude) o] Azt S71stAAl +F <E(Delamination)o] A 3F7] Al &gt} 315 0]
g S7hel wel ¥ Be Fdel TAEr] AlFstal wdol A o ARSI

HFHo g EA Fdol= Buckling ©] ZAst}h. (HM.Hsiao et al., 1996)

AN
(a) Initial State (b} Increasing Wave Amplitude (¢) Delamination Initiation
/ '/, )
AN AN AN
1/ U IZ10L
N \

(c) Delamination Multiplication (d) Delamination Multiplication f) Layer Buckling with
and Growth and Growth slobal Kink Band Formation

Fig. 2-13 Failure progression in IM6G/3501-6 unidirectional composite with graded
waviness under axial compression (H.M.Hsiao et al., 1996)
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=3, e

Waviness & T}

4 A AT
AR, A7t 71 BAQ Ao
F AE S HAA 2o
E4, Waviness & F 3%

HojuA st 71x FE2 9 33 (matrix dominated failure)S f23kc}

H]&ke] Waviness 712 ghujuol E
4 9o, (J.F.Mandell et al., 2003)

PR

~ T1%2 AstA71H,

2] (delamination) 7ol Yojvtr] Al&gket (UK. Galappaththi |

1o
=1

=

-

H}-3F o

Waviness = Ultimate failure stress

ob-&2 Smax Xt} dx e

o2

A wiEE Aol WEFE VRS ENH

o] F WA

S HY AAEHe] ARE 7 S3AA
vz % stollA dFA=7F 50%7HA =4 2
£ Smax (%3 ultimate failure stress)e] 74
T 32 ~ 38% WA 3

2013)

A A=l QojAx= Waviness =0l wet FE A sHKnock-down)7t ZA S718h=
A4S B 4 . AuFes e siFoi A7d F3 E2l(delamination)d o]
HAst=d Hx S B8 @49 A 829 Waviness Zt= (A/L = 0.0NA= 29%
A7t golAH, 11.9°9 ZAxoA = 49% o ZEAS7E dojdnt.  Afade] o3
HAJA A = 89 Waviness Z=olA+=  14%, 11.9°9] ZZoM+= 23%
EAAS 7 yYeldth. dEH =+ Waviness Zt=el F#ASHA 33%9] HA=ASH7F

doldti= d7EHrt B

Collection @ kmou

A w

2lt}. (Stephen Hallett et al.,

2012)
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3. FAAHZ FA <9 Ply waviness

31 43 M

2 AdolAes FAH 2 (Co-bond) &S AH&sto] A Fted EaHHa)®d =A<}

B
B A e HdA dde AEgew A BAs= =2 Ply Waviness @<

2 Agd Agd EFA FR2ELS IF¥7] F FE= (Primary Structure)$-

1
=
T
&
ofh
f
ol
-
B
i
N
2
Nos
o
)
&
(i
fu
>
offt

A% & (Co-bonding) &AS ©] &3t

161.3 mm

Fig. 3-1 Hat stiffener shape and dimension

32 43 A= 2 AHE 74
SAYHATD BAAE 7RFAoE UD Tape Baif B¢A7 4893 3%

Z1A7V A 7FaE AT Break out A4 WAl 52 95} Fabric (PW ; Plain Wave)

AA7E GA ALHAJT = T =HTAHAA 25 FEFHL] H= o) TS
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F Jx Zud R4 (Galvanic Corrosion) WAE £33 ztdkZ(solation ply) o 2 A
TR ERATE A85 WA FE Az A

22y 2Rt A FAFAEE Wi @4 AF UD Tape AAE ulg o=
TAE o AY mpgE Eetold RAFAVE FoAe= AAE ALstis AR
TR B4 HEH0 duid Ry AdIosAe] o9 3 & JhgA
bedrol el Break out @F WA To A4S s . dd2 Ha 16
Eol(plies)oll A Hdl 40 Eheole] ©@&AF UD Tape o2 FAHS 3 oH
FEAow Zgto]l 28 (Ply step)s 7FA L Utk

.

TZ2E2 T8 A= Toray Aol 12738 (180C) ANFAFAZE FE a4 F
g Zy 1 Carbon UD Tape (Toray P2352W-19) ¢} Carbon Fabric (Toray FL76673G-
37K a8y FEldS =ZgxZdga (Toray, FGF-108 29M)7F  ArE-= o =ESH
FHAom A Astd BAAe w A3t #dS FAIFASZ] 95t HRAAHE

A 2g 2(Adhesive Film)©.2 3M A}e] 128 AF555M ZEo] AL85 )

T2 Hat)d BAA= 12 Fhole] +x& (Structural Plies) ©4d =2 UD Tape 3
Fabric ©] &7 A&xo] 9+d UD Tape AAE A&Z &40 (ATLM) £ A3
% 5om Fabric A4 2 F24% AAE 2<% (Hand Layup) 02 2 &5t
AA AF Fx+= ofd Table 3-1 34 ZTh

dz
]I.?{_f
2
8}
e
rlo

ofy

40 =gtolel ®&4 Af UD Tape &2 A5 F5AH (ATLM)-=
AHgEte] HFAYo] o] RN & FH| AEHE FEdF Fehole &4 (Hand
layup) &2 FIHAG. EFA #IL o Table 3-2 9 2 AHZF 725 7/HAL
ATH.
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Table 3-1 Ply stacking for hat stiffener

Sequence | Orientation Material

10 0/90 Glass Fabric
20 45 Carbon UD Tape
30 90 Carbon UD Tape
40 Carbon UD Tape
50 Carbon UD Tape
60 Carbon UD Tape
70 Carbon UD Tape
80 Carbon UD Tape
90 Carbon UD Tape
100 90 Carbon UD Tape
110 45 Carbon UD Tape
120 0/90 Carbon Fabric
130 0/90 Carbon Fabric

Table 3-2 Ply stacking for web panel

Collection @ kmou

Ply # Material | Orientation | Ply# Material | Orientation
1 GFRP 0/90 22 UD Tape 45
2 UD Tape 23 UD Tape
3 UD Tape 24 UD Tape
4 UD Tape 25 UD Tape “
5 UD Tape 26 UD Tape
B UD Tape 27 UD Tape “
7 UD Tape 28 UD Tape
8 UD Tape 29 UD Tape =0
9 UD Tape 30 UD Tape a5
10 UD Tape 31 UD Tape
11 UD Tape 32 UD Tape “
12 UD Tape 33 UD Tape
13 UD Tape 34 UD Tape
14 UD Tape 35 UD Tape
15 UD Tape 36 UD Tape “
16 uD Tape 37 UD Tape
17 uD Tape 38 UD Tape 45
18 uD Tape 39 UD Tape 90
19 uD Tape 40 UD Tape 45
20 uD Tape 41 UD Tape H
21 UD Tape A2 GFRP 0/90




3.3 AlH A1z

AA mAHaDE BAAE AS A&sted 239 B2 AFHTAHE o] &3t
HI A3 S g 2SS Fxo 2A AT sk AHsixl =719 AA|(Charge)E
FH|3t), =z 1 A ¥ A8 (HDF; Hot Drape Forming machine)S AF&3}e] <F 70C

e=oA ARt Q" FAe wEY FHoz FPd FAHH (Co-bond) TS

e

sl HHAAHS o@dogRE RIS Ko FAIE THS FAso ¢
1A=

(Base)oll Z=z}o](Peel Ply)E 2 &3t}

BAY BAACdAM d¥d¥E F UD Tape Zg}o] (Cap Ply)ot Fabric && o] Foi3l

[

Wrap Ply Atele] w1 Fxbs A7 gk FXA (Filler) 7} AH&EHEH ol =EA)
4 o™ UD Tape ¥ ZefolE Holx A4 F§ Static
Die & o|&3lyq 4= AFste] A=bel= Stamping W X+ Pultrusion Y&

3 AEAY PHoz AHh (Fig 3-2)

Y3 UD Tape &2 o] Foix

2
o

NANVE Al 28 4= 9l Break Out € WASHy] st dl/9)y mpgzE
#Ho|= Fiber Glass 9 Carbon Fabric & A &3t HAS A 2 39 A¢gs

#25t1 F& oEFdoln Ak L AF ol WA AANE YL FATL

FABRIC —.

% _~—— FABRIC
FILLER “\

BASE PLY —— . \— FABRIC

' FLLER (x2) DETAL A

HAT SECTION
ISOMETRIC VIEW

Fig. 3-2 Hat stiffener configuration
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B34 Bde 25 FAH (ATLM, Automated Tape Laying Machine)S A}-g&3}o
A3

3 FHF HEWol= Fiber Glass Z&telE &3 5 Z=AH(compaction)z &

tof Z2o] Apolol] WA= o] Q= 712E AARH

ol

N
o2
ol

$A AZ ThEE BAAE FAEE FAE flste] vy "o BEetolE AAT
F H2ZE (Adhesive film, 3M AF555)& #-83}3L LPS (Laser Projection System) ZE+=
Locating Jig 59 X&7& AH&3te] W A3} Fefo] H3hAl #Ad 9] HE3 92
FAZITE A AFE BAA HFee A3t F
BAAZE E3He 2SS AT F A=EF /95 4" 238 357 95ty {FE
(Tube) FEY AF I3WE HXI. FHO= 182 E (Release
film), Breather 3 F¥W FES A&t A #d3 I3 7]do] o]Fojd

=2 A3 AP,

)
o
kg
)
2

(]
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(1) Layup Web Panel

(7) Autoclave Cure (8) Cured co-bonded panel

Fig. 3-3 Co-bond process flow
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ZHE FES 0EIHo|NE og3lel R AH Frlol weh me/mst ol
ARAANA AT RES AY @AAAY. eEZdolm A3 A 6 am o
B ogkE @ A4 S60mmHg ool WEiEe @ M At gud

7R AN £ 2C 9 52 180C 2574 Azl F 2 Az A3

60C ©oldte] RxolA ¢HS SHd] AASGL LEZHCIERE di FES
we)a.
200 7
Hold 120 minute (minimum) at 180 = 5.5°%C
(180) P —— 6
: Pressure= 5.8~ 6.8 atm
150 ;
I
]
[
]
w 100 !
= !
T 1 p
gy (55) i Below 60°C, 3
g-“-’ : : release pressure v
0 40 | : and remove part ! @ E
I o
f I
f I
! |
I |
0 L {0
|
@ |
ﬁ . 250 :
o o |
a T - I
= g Apply 560 mmHg minimum to vacuum bag. |
R T o e -
@
=

Fig. 3-4 Cure cycle
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34. 49 23

A A" B a3l AEe dd st dd dHe dAngd H
BIFA(Stiffener) £ @ Ff o4 ddo] @dAYst= Waviness & A5t o
E B 3 w99 F, D £ Waviness o Eololn L & Zoj& yehdt) (Fig. 3-

16 7919 @S Slste] ofg Table 3-3 3 & FS AUtk

Table 3-3 Waviness measurement

No, | Pyeount | | D mm) | L (mm)
(WEB)
#1 24 468 0.76 5.08
# 18 252 025 2 81
# 24 468 076 178
#4 18 362 025 127
#5 24 468 028 178
#6 16 313 051 254
#7 22 429 0.76 254
#8 22 429 0.51 3.30
#9 26 506 0.76 2.29
#10 18 3.52 0.51 3.56
#11 24 4 68 0.76 3.56
#¥12 26 5.06 0.76 279
#13 16 3.13 0.51 4.32
#14 26 5.06 076 457
#15 22 429 076 457
#16 18 352 076 483

3.4.1. Waviness pattern
AA AHe G ME dA o]2F HjAFdA FEA™ Waviness Fabric type <]
hump elel 28 929 Semi-hump FElS Holxw gtk e 78I o4
21 BAAS 2o FxE0] A8d 799 48 HA #2> FH%de 72 Aol
- 38 -
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e Ag ¢ folsh BAFY ol Aste] ¢4 Ax L FA fF @ wa
Ax 8 FAY Aol B xejdch

A AeE RNAE AHAD Mol BUP FYOE Astel AT FA
guldelErt F4Ee B 5 gow, 1 ol BgA AeHA @e RRoAE
# 9o] ¥z Breather ¢ $& JHHOT we o] wlo] Hggol me
grpdow o FAL A9 gupelEst FHEEL H @ & Atk dA AF
SQE uhsh 2ol BAATL AW RISk HEHA g ¥ A

nep) oM TRAOE W Fgo] AHHL WA

obgd NG FHIMY HuHez U
BFAsA 54 AF Wl AAL ol BEA B Hfol FFL v

et 2Rl 4o WA (Ply Waviness & ZashA B¢ #UAT 5 Yk

of7lo| A dojrli= Waviness HE|E ofg]l Fig. 3-5 olA<e} o] Type 1 o]zt

Edge of Stiffener

\ D (= Waviness
Depth)

Waved surface

Original surface
L (= Waviness

Length
Web Panel Surface ength)

Fig. 3-5 Ply waviness pattern (Type D)
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3.4.2. Waviness measurement
Waviness o] (&

3.29 mm (1.27 ~ 5.08 mm) %k

< &5 =

< &7 =

< %8 =
Fig. 3-6. Ply waviness (Type D)
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2 AgoAes A A3 Afd 28 BAAe} AsEA gL #de o] 83ty
FAHATAES FPFoZ A HEF Ad EAYS= Ply Waviness @44 ##s AT
AA HzZ 27 wEt H2 AAEe] A

zpolol eola A ZE(Resin Flow)o] H1i

oE gk vk washd o) gy
ot oo me} FHok A (Resin Rich)

@243} Ply Waviness #74-2 Z#gs & + AU

I
T
o

12 Fefolz o) Foldl BaMAY BAY HAAG HY 40 Fetol VAHFE
THE BYA Bae AAT F98 B APIAE 2 AE4HA e B
w97k BAAZ AHeE RART JUHCE 9A} o Bepdn FAL O

F7 A= Type | Ply Waviness Pattern o] @Ai3to] &<l 1 om, Waviness 0]+&

1

H+ 0.61 mm (0.25 ~ 0.76 mm)e] e, Zol= B+ 329 mm (1.27 ~ 5.08 mm)

HoE2 Yehde FAT 5 AU
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4. CPAHE TAIHZ FA A9 Ply waviness

41 A9 N8

S ARolA Gl nkel o] FAFEFFTAANA LTAHEHE Ply Waviness &
o]7] $13ted Caul plate 7I'dS 283l @] Ply Waviness o v X= FFdS

=
selal A YT

REA

off

dutxm o CP (Caul Plate)= LEZF#H ol A3t Al HZF9 Tooling ¥ wa= EW
==

(Tool side) o] opbd WithZ ®wH (Bag side)d] F71Ho g2 BEAA == I+
o] g3ty EHFOE A #YsHA dHS AGsTE ot o]E T3 FF<2] Bag
side of wjizele WS A FF =2 wet AT F Jde @A = W FHE

=4 Ply Waviness @4& ¢43tA7|a & ZHAY S d&3siA 938 + e
RS 7HAI ok wbde)] FriFR o g X FFE A Feof st F7EAQl 2y ol

o wxol gk,

oX

ko
-1
)

-
.

ojf

B AFolMes 6 712 =AY RAA(Hat Stiffenens M2 o2 F7 (1.52 mm &
2.54 mmE wHEolzl Caul Plate & o]-&dke] EgA A 9o HE&std FAIHA
(Co-bond) FHo= AsARIL F7tdoz BAFL Caul Plate Aol 3HAS
zAdste] 91X AFlem A O FFEE S5t B A F S Foo dHS
A/ goz2x AEZ 2 F72 Caul Plate 3-8 % B7ZAet Caul Plate 7H
A2 ztolo] wE P&FAF Ply Waviness Bel S 432 u A 39T

Caul Plate & ©&&4#F= Wizl FF3o dBF As Hols FHA3F 5o
g% 54 Aol mE IF¥FEE =c17] #skel Carbon Fiber Tooling Prepreg
(Cytec, Cyform 777)& Ab&3te] AZetF o, HAA FA <} 5L FA<Q 2.54 mm
2w} ZAe FA¢ 152 mm F EFS AT

A A el

o

A 552 te Fig 4-13 Zt.
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6 HAT STIFFENERS

Caul Plates (1 .524mm & 2 540mm
thick')

-*”" STANDARD FLAT BAJ e

Fig. 4-1 Test scope
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42. 48 A5 2 ANH 74

EAFHHAD) BAAE I sAHH 4 433 sLskA UD Tape 3 PW Fabric
B} 2 A

=

_[Qr
Argsle] A A3 A Zs9 T (Table 4-1)

234 B fFeds BAAE Aol UG A3 w4 2 A3 Pgs

Table 4-1 Ply stacking for hat stiffener

Seqguence | Orientation Material

10 0/90 Glass Fabric

20 45 Carbon UD Tape
30 a0 Carbon UD Tape
40 Carbon UD Tape
50 Carbon UD Tape
B0 Carbon UD Tape
70 Carbon UD Tape
80 Carbon UD Tape
S0 Carbon UD Tape
100 Carbon UD Tape
110 Carbon UD Tape
120 Carbon Fabric
130 Carbon Fabric

22 BAAe} A FAHIAEH= dde @4 HdF UD Tape AAE Hig o=
Hol lom A upgE Fepolo] EAAVE FAAE HAAE ALstales AW
AR SdA7E L=l ZAuty B2 ARaFogAe] AT @ 5& ThEA

oA ¢] Break out @4 WA 5 A4&S A ok #@2 16 Ftol(plies)s

e
&M% UD Tape 02 FHHYOM 1 AF7x @ 5333 Table 4-2 9 2ok,

N
o oox
Mmoo

e

FARAZ FREY F8 A= S HFH LS Toray Akl 12738 (180TC)

NEANFA 7L S @A AF Zglzg 1 Carbon UD Tape (Toray P2352W-19) <}

Carbon Fabric (Toray FL76673G-37K) 18|31 F8ldf =g =# 1 (Toray, FGF-108
- 44 -
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tlo

29M)7F  AFEEIATE =S FrMFez A AIgE HBAAL} v A #d
A A2 7] 9 ste] H2A A A2 E(Adhesive Film e & 3M Aol 118 AF555M
FEo] AHEFHAL

Table 4-2 Ply stacking for web panel

Sequence Orientation Material
10 FiberGlass
20 Tape, carbon
30 Tape, carbon
40 Tape, carbon
50 Tape, carbon
60 Tape, carbon
70 Tape, carbon
80 Tape, carbon
an Tape, carbon
100 Tape, carbon
110 Tape, carbon
120 Tape, carbon
130 Tape, carbon
140 Tape, carbon
150 Tape, carbon
160 Tape, carbon
170 Tape, carbon

4.3. N=E AF

ofge} Zo] FBAIHR FA AHELS Ao AFHA AF} ZEL Fig. 4-3
Fabrication Flow ¢} zt}.

1 27k 152 mm & 2.54 mm 72 Caul Plate & Carbon Fiber Tooling Prepreg
E AR&st] A AFRH

(2) 150cm Zolo] mAEHat) BAA 2 /AE A3 [ AFSIL o] = 45 cm Lol =
Hebste] 24z 370 F 6709 BAAE e

- 45 -
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(3) & Tool ¢l 16 Zeto]2] UD Tape & Z°] 168 cm & 60 cm Z7|2 3
2% (Hand layup)dte] Web Panel & wH=t},

(4) 2Z¥ Web Panel 1o wlg] Ad 22y 1A 6 Mok + MY & 7
(1.52 mm & 2.54 mm) € 7}7 Caul Plate & 9|2 A 7ith. of#f Fig. 4-2 o wa}
B7A e}t Caul Plate Abe]9] z+AS 051, 1.02, 1.52 & 2.03 mm 2 =43}
AA AN

5) BAA UFol= Tube Bag & ZH&3}aL Zx| Wol Release film, Breather %
Bagging film & A}-&3}o] Bagging < ghth

6) 2 3 &Y FAHH FBLIH LY B3 Aol 2ol wE LEFHOIE
ABAZIY. eEZHolB AZ A 6 atm o LEZFHoE ¢¥€ 9w Hx
560mmHg °]&el JFdd<S 7tet] A3 ¢ AEF AN &3 2T 9
£52 180C 257HA ZsA H 2 A fA% & gAY, AR
257} 60C ©lte] 222 el S EZHolHE du BES Bzl

(7) Fig. 3-8 Test Specimen Configuration ol we} FTAHZ RES Husia
Ao S 7hgdnt 3 5 24 #Edo

560
mm

I - HAT Stiffener

] :Tube Bag

== Cut section for micro-inspection

[ : Free Caul Plate (1.524 mm thick) 3 : Caul Plate (1.524 mm thick)
[ : Free Caul Plate (2 540 mm thick) I - Caul Plate (2. 540 mm thick)

Fig. 4-2 Test specimen configuration
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(5) Bagging (6) Cured Part

Fig. 4-3 Fabrication flow
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44. 49 A¥
4.4.1 Case I (2.54 mm 57 CP A2)

A3t BE dHS el 3 Ad 254 mm FA Caul Plate & A83 A o}y
Fig. 4-4 ¢} Fig. 4-5 oA & Ply Waviness Pattern (Type D& YeEljET)
BRAe FYF FAZS 7} CP(Caul Plate)ol o8] @23 ¢tgo] #HLd 9
BAA7E A48 F29 Caul Plate 7} &8 29 A9 FYT A d
JEAA EH BA3Ae} Caul Plate Ako]e] HA] o3 TAYgE H A w

Aggo] et FA 5l o3 FAATAGT Ply Waviness T3-S <1

oot

fr

Fo

)
Sl
2
s

rlo
2
v
o

ol
¥
%0
kv

Edge of Stiffener

\ D {(=Waviness Depth)

Waved surface

Original surface

Y

==

L (= Waviness Length)
Web Panel Surface

Fig. 4-4 Ply waviness pattern (Type I

16} Caul Plate 7} 28%d Fo= L3¢ JFxAe /AR

_1_?__
TA Aol FAH= Wl BAASH Caul Plate Abole 3HAo] #AH Hol=

g Pl webA £A ol 5t

el =2
SlE=d Fig. 4-5 oMok o] A or daidfw HdA Ao wiste] e
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jata)
b
W
W
flo
n:
T
ole
rfo
bt
i
N
)
)
m
L

ZE (Adhesive Fim)e] A7} WA AR =

e e —
2.0 mm

Fig. 4-5 Ply waviness image (Type II)

254 mm F7¢ Caul Plate & AF8 3 AlHO|A A 18 FH& A ¢ @S

Aulgt F Ply Waviness & 574 &% 3l Table 4-3 3 2 S Atk

rJ

BAA € @3 CP Atelo] 3H4 (F 79 Akel9] Gap)ol 57+&<3F Ply Waviness
o EFolD) & Yol (L) #eol Frtete AFs & & don w¢ w2 FHAAE
ZFA 2 9SS &9l 4 Ak Ply Waviness %Hol= H# 022 mm (0.00 ~ 0.41
mm)¢] #g, dole H 1.37 mm (0.00 ~ 2.31 mm) S Holi Ut}

o] 7)o A Caul Plate A& 3= 797} Caul Plate & ALt & A vl

Ply Waviness @7< @AstAl ¢stAZ 4 1o, Ply Waviness #ol9 HolE& A
MAAZ 7 des AT
E3], Fig. 4-6 3 4-7 A B+ uvie} o] BZFA|} Caul Plate Akele] 2+4A (Caul
Plate Gap)e] &% Ply Waviness 9 Eo|7} =olA 1 Yol7l § YoxS A
Aedl, ol FAHR B FolA BAATE =43 F19 Caul Plate 7} 943 F9

hul

=]
n
Apolel kAol FF TXF A fAACAM Aoz w2 qb¥o] A&H= FVt
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o AA7] wiEo & E7A Caul Plate 7} 1A FLoA H& wes= g€ 1
Aol kA oA W= b el Zpolzt ¢ AAZ] wjE] o] XelA FF F7HE Ply
Waviness @45 & 4 Uth
Table 4-3 Waviness measurement (Case 1)
Caul
Location C?:E:n?]ap thickness t (mm) D (mm) | L (mm)
(mm)
1 0.76 254 313 0.20 1.47
2 1.02 254 313 0.20 0.61
3 1.68 254 313 0.28 1.85
4 0.51 2.54 313 013 064
5 216 2.54 313 0.33 2.26
G 0.00 254 313 0.00 0.00
7 074 254 313 0.18 1.50
8 1.02 254 3.13 0.18 1.78
g 1.02 254 313 0.25 1.73
10 1.07 254 313 0.36 218
11 1.57 254 313 0.38 224
12 1.22 254 313 0.28 1.27
13 0.36 254 313 0.15 0.99
14 074 254 313 0.18 1.19
15 218 254 313 041 229
16 2.39 254 313 0.33 231
17 0.00 254 313 0.00 0.00
18 0.36 254 313 0.10 0.33

- 50 -



0.450
0.400 *
* /
0350 *
/ PN
= 0300
E . / * y = 0.1473x + 0.0651
£ 0250 + R? = 07361
o / + D (mm)
L 0200 + %
fa / +
0150 #
/
0.100 / *
0.050
0.000 T T T T T 1
0.000 0.500 1.000 1.500 2,000 2500 3.000
Caul Gap (mm)
Fig. 4-6 Correlation between caul plate gap and waviness depth
3.000
2500
+ % \
. 2000 y = 0.9472x + 0.381
[S +
E b 4 R2 = 07387
% 1500 * 4 L (mm)
=
a
= * *
-
1.000 +
* .
0.500
+
'0000 T T T T T 1
0.000 0500 1000 1500 2.000 2500 3.000

Caul Gap (mm)
Fig. 4-7 Correlation between caul plate gap and waviness length
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44.2 Case I 1.52 mm 57 CP Al&)

wAAe T Bk gke 152 mm A9 Caul Plate & 83 Aol A3}

4z
=1
lo
e
2
filo
ot
o
e
mh g

¥} Fig. 3-b =& Fig. 4-8, 4-9 ¢} & Ply Waviness Pattern
(Type 1 =& D& Yehfed 244 B gke F4¢ Caul Plate 7} #8d

Plate Atololl &A= Aol EAets FolodAAe A2 2 qtgo] Hay o
wet PR7MA 2 A FE o3k AT @4 Ply Waviness @4 &l &
At

BAA7E 289 F919 Caul Plate 7} 288 F9= wAleAwr 272 Caul
Plate 77 Zfold w& & E 49 Aol dojuta o wep AR 4
of < Hid o] Hide B A} Caul Plate Abo]e] zHAo] FAH
Bej= Breather ¢} #& Bagging Material o] Hz2 ZHg uwz S9HHA
4215 7]17F o e FRAeE W IS AL o] FEeoAe AdHor X
e gfgo] AL Holl mtA FA fEol o5ty Wl Filo] FARE AYA = FA

st Aol FUAREH BREAAR Fig 49 olMet gol AuHoes wads
s

ot
ttlo

a3

rlr

d

BgAe FAe Hsted we AT L e wge

Filme A2 AYA = A4S B 5 9t}

Edge of Stiffener

\ D (= Waviness Depth)= D,

D,

Waved surface

/ ! 1 Original surface
L (= Waviness Length)

Web Panel Surface
Fig. 4-8 Ply waviness pattern (Type I

r Y
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Fig. 4-9 Ply waviness image (Type I

1.52 mm 579 Caul Plate & A &3 A|Ho|A HAA 17 Y= A

er
_}L
ot
o
e}
gt
o

vl 3k F Ply Waviness @42 S4/32slod Table 4-4 9F 22 S AU

Ply Waviness =ol+= ¢ 0.28 mm (0.18 ~ 0.43 mm)o] #<, Zo]+= H¢ 1.81 mm
0.86 ~ 3.10 mm) #t& YUYEtHAT HA AR B} L3 FA 2.54 mm Caul
Plate & A &3 7S] w5t Ply Waviness 7} © AlstAl UEFEA 9 Caul Plate &
2 83kA] ke 79 XU Ply Waviness 7} @4 943t HASS < & & glon
Ply Waviness ©] o] & Hold lojx A MAHUSS & + Atk

m

R=IAS o3} Caul Plate Atelel 7+

N
r
e
do
>
o
Lo
»)
o
2
o
olN
L
ot
&
Jfu
9
<

Waviness © &olD)2} Wol(L) Fkol Z7iete A%e HAAW Fujxow orel Case
| g AT Hale okg ARAAE RAFHE

Plate 7} H&® R9olx 285 o] zol7} EASa o|gh FA L Aol Yt
248 ®9ol AsAE gEe Aolrh AA WAEr] wWEoR 53 Py Waviness
wol(D)7} 1 F AFE HA
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Table 4-4 Waviness measurement (Case II)

Caul
. Caul Ga .
Location o P thickness t (mm) D (mm) | D1 (mm) | D2 (mm) | AD (mm) | L (mm)
(mm)
1 1.17 1.52 313 0.28 0.28 0.00 0.28 1.60
2 1.14 1.52 313 0.28 0.28 0.00 0.28 1.09
3 1.96 1.52 313 0.30 0.28 0.00 0.28 1.98
4 0.58 1.52 313 0.33 0.33 0.00 0.33 1.24
5 1.88 1.52 313 0.30 0.30 0.13 0.18 2.44
[ 0.36 1.52 313 0.36 0.36 0.00 0.36 1.47
7 1.09 1.52 313 0.23 0.23 0.08 015 257
8 213 1.52 313 0.43 0.43 0.08 0.36 2.46
9 1.02 1.52 313 0.28 0.28 0.00 0.28 1.60
10 1.02 1.52 313 0.23 0.23 013 010 1.45
11 1.60 1.52 313 023 0.23 0.23 0.00 1.83
12 0.51 1.52 313 0.28 0.28 0.00 0.28 0.99
13 0.91 1.52 313 0.23 0.23 0.18 0.05 2.82
14 1.78 1.52 313 0.36 0.36 0.20 015 1.78
15 2.29 1.52 313 0.30 0.30 0.15 015 3.10
16 013 1.52 3.13 0.23 0.23 0.00 023 1.45
17 0.00 1.52 313 018 0.18 0.00 0.18 0.86
0.500
0450
+
0.400
* S
g 0330 N : y = 0.0437x + 02336
E __._,'_J_____———-'
~ 0300 % *4 * Rz = 0.2417
£
o 0.250 * D (mm)
T = *ee +
= 0.200
o *
01350
0.100
0.050
0.000 T T T T ]
0.000 0.500 1.000 1.500 2.000 2.500

Caul Gap (mm)

Fig. 4-10 Correlation between caul gap and waviness depth
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3.000 *
*
E 2500 *
£ / y = 0.6435x + 10675
£ 2000 . RZ = 04673
E / * . * Limm)
= + ¢
_*
1.000 - *
L 2
0.500
'D'D'DD T T T T 1
0.000 0.500 1.000 1.500 2.000 2,500
Caul Gap (mm)
Fig. 4-11 Correlation between caul gap and waviness length
4.5. 89

B AfodMe sAHETAE ¢33 A BTSSPy Waviness 84S E017] 918l
Yutg o2 ALEE= Caul Plate & EAA 7|2 FAE 28 A& BAASY

Caul Plate Ato]o] tA& =d/2 &3 H I 9Fd= =<l sk

6 Mo =3 ®BZAHat Stiffenen & AZ o2 T4 (1.52 mm & 2.54 mmE 713
Caul Plate & ©]&3dtd EgA #dl fo] BAFAjel Caul Plate Atole] HAS Aol &
Fol &3t FAIHZ (Co-bond) FHLZ AHIAA AZ T FAHI do
o9HS dd/dEste] Ply Waviness ) 2 F71E& &4 £43Th Caul Plate &
3% 44 (Carbon fiber)ete] 433 A4 zolE HAs) s17] $ske] Carbon Fiber
Tooling Prepreg (Cytec, Cyform 777)& At&3te] A&t om, BAA FAL} 5L
FA 254 mm B Btk gk 60% FAR 152 mm F FRE ARSI B9
Caul Plate Ato]¢] 7122 0.0 mm ~ 2.39 mm ¢ thk3dt o= xolE Fo] 33}
2§k

o2l

l

i‘l
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Caul Plat & AREFOREA HA AAWNAS ¥ zo|7p AR FolE |2
Qlste] WA= Ply Waviness @4to] =ZA /MAgS ##S 4+ At AL Caul
Plate ¢ F7ol w2} Ply Waviness @7¢o] Th2A AR =W A 5L
FARA 254 mm o] CP & AR&3F A% Waviness =ol= H+ 0.22 mm (0.00 ~ 0.41

o)

mm)e] #&, Zole B 1.37 mm (0.00 ~ 231 mm) FHES ISy BAA B
gFre FAIQ 1.52 mm ¢ CP & AF&3F 7% Waviness Eol= H+ 0.28 mm (0.18 ~
0.43 mm)e] #<, Zole H 1.81 mm (0.86 ~ 3.10 mm) &2 FHd & 5 AU
o]& Caul Plate & R7FAj9} L3 FAHAE AETo2ZA HAAHAA Hop L3
otdo] HE B 4 Q7] WRroZ AsH)

CP ¢ FAo wal A2 tt2 Ply Waviness Pattern o] YelygE=d 254 mm F7
CP 9] A% Type II Ply Waviness Pattern, Z18]3 1.52 mm CP oA += Type I 3} III Ply

Waviness Pattern o] 2AH S 213ty on, BAA & w3 CP Aleo]9] % (F 29
Aol 9] Gap)el F7Fg<4= Ply Waviness 9 =ol(D)¢} wlol(L) #kel F7ighe & &

e

T AMed, 53 BAAL sd3@} FAE 7k Caul Plate A& Al © %

FHaBAE = 7 AATH
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5. 48

A D AR A1%o] AN FE7) A6 AR EA BIAE WES ol
Bgee] Agol FuHy o Bgetw tjye] TzEol A Hol ook A

TEES AFsr] A g FAHEC A AEHA dn. 53 FAHA (Co-

an

bond) 72| 7% B787 Main Wing Panel, Pressure Deck, Bulk Head & X< B787 %

ool 2 A350 &&71e F Fx=d A &M Foi=Eo] 7o 9l

ol

~
>
o
o
ofr
>
i)
L

B AZgAHE 2AY HBHAA FERE FANA FAYS= Ply
Waviness &Ato] thdt €<¢lS FH3t1 Caul Plate 80 2 IAFALS A4S =3
[e3]

glstdon a3 22 AE8S < F UM

D A Azt A=d 2AE BAAer FEEA 4e dde o)&3d FAHA
FAANA BAA £ o Fo "2 AW A= Ply Waviness 8782
2 ol wel Al7kAl FEl (Type I 1 & D) 2 &2 = glow, #H2 A
el Hz 2ol weEt A= vE JE7F YEhd

(2) 254 mm FAY EAHa)E HAANE A FAHFZATAANA= BRAA7L
AgH A e Hd R97F BAA H8E FLRY o A4 Yebhdes Type
[ Ply Waviness Pattern o] ®AIs}H, Waviness =] (== Zo)= Hi 0.61
mm (0.25 ~ 0.76 mm)e] &, dol= W+t 3.29 mm (1.27 ~ 5.08 mm) #&

3 BAA7 FEEA e FBLol Caul Plate & AL£% o2 4] Ply Waviness

o] MAES BES 4 don, RAAe 5L 254 mm FAL Caul
Plate & ol&st= A-F Hz2 #de FA7F 443 Type II Ply Waviness
Pattern o] #AJ= 1 Waviness o]+ ¥+ 0.22 mm (0.00 ~ 0.41 mm)e] k<,

Zolt %7 1.37 mm (0.00 ~ 2.31 mm) ¢ ol Ljehut
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4) BZAART gke 152 mm FA 9 Caul Plate & o] 8% 7% Type | 2 I Ply

Waviness Pattern ©] e, Waviness =ol&= H+ 0.28 mm (0.18 ~ 0.43

mm)e] <, Zol= W 1.81 mm (0.86 ~ 3.10 mm) S IS F dgeH
B7ZA 9L Caul Plate k] kAol F71&4% Ply Waviness ®o] % A7}

o|\

4R e sk

[*]

1743 2ol SAHE FAoAM LAskE Ply Waviness @42 Caul Plate 282
2 4 e Caul Plate o 333 #& = wet A AL 2 F

AT

oft
ol
==

CER
2 g

=

oo
e
o

s
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