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SUMMARY

[. Research Title
Development of Composite Structures by Liquid Molding Process
II. Objectives and Importance of the Research

Development of composites should consider the balanced adjustment among various
factors, including the performance, the production rate, and the cost. The high
performance materials such as aerospace parts require the improvements of property as
a first priority. In other industries, however, composite materials should be cost-
effective, coupled with better properties. Recently, even in the aerospace and defense
industry, the driving force in the composite development is the cost-effectiveness. This
circumstance draws a lot of interests in the development of the new processing
technology. On the other hand, the transportation, construction, and marine industries,
which share 60% of the whole composites market, continuously demand the large
structures. With the conventional processing methods such as autoclaves or hand
lay-ups, it is not possible to manufacture the large structure with lower cost. Therefore,
the purpose of this research is to develop a cost-effective manufacturing method for

composite parts of large scale, complex shapes, and high performance.
II. Contents and Scope of the Research

(1) Structural design and analysis
- Utilization of FEM code (ANSYS)
- Basic design/analysis of cooling tower structure (static/dynamic)
- Design requirements (deflection and natural frequency)

- Determination of stacking sequence and section size of the beam



(2) Mechanical test and property prediction model of 3D composites
- Stiffness prediction based upon the unit cell
- 3D elastic constants
- Stitched and unstitched specimens

- Mechanical property tests

(3) Textile preforming technology
- Stitching mechanism: lock stitching and chain stitching
- Stitching machine design
- Study on the stitching process: stitching fiber, preform shape
- Development of stitching technique on various geometry of

preforms  (thick plates, stiffened panels, T- and H-beams.)

(4) Liguid molding process and prototype fabrication
- Determination of process properties: permeability, resin
viscosity
- Analytic modeling of resin flow and resin cure.
- Mold design: location and number of gates and vents
- Development of SCRIMP process
- Fabrication of U beam and thick plates using SCRIMP

(5) Stress analysis of composite joints
- FEM code: ANSYS
- Otimization of joint geometry: the arrangement of holes, the
distance between holes

- Determination of critical loads for U beam structure

(6) Characterization of composites
- Evaluation of mechanical property degradation due to the
moisture absorption
- Effectiveness of stitching yarns on the flextural and
interlaminar properties

- Effects of layup arrangement of DBLT fabrics on the strength



(7) Remote process control of RTM process
- Development of on-line control algorithm
- 3D resin flow analysis: CVFEM and 3D non-isothermal process
- Test device for process control: simulator and controller

= On-line RTM process control using internet.

IV. Results

(1) Structural design and analysis

The static and dynamic FE analysis has been carried out for the cooling
tower structure. It was confirmed the maximum deflection and the first mode
natural frequency was satisfactory for the structural requirements. The size of
composite beam section was obtained as the equivalent bending stiffness of
steel beams. The selected materials were glass fiber UD fabric and glass fiber

DBLT multiaxial warp knits.

(2) Mechanical test and property prediction model of 3D composites

The mechanical tests have been conducted on the stitched and unstitched
composite samples fabricated with UD and DBLT reinforced epoxy materials.
The property of the stitched sample was inferior or similar level to that of the
unstitched ones. This is due to the resin rich area formed by the stitching
yvarns. 3D properties for DBLT composites have been predicted based upon the
unit cell and the bridging model. The prediction models of elastic constants
and thermal conductivity for the twisted yarn composites have been developed.
The model predictions were compared with the experimental results, showing

fairly good correlations.

(3) Textile preforming technology

Stitching machine was designed with the capability of lock stitching.
Automatic movement of the machine bed has been incorporated to provide the
consistent stitching density. Stitching with various yarns have been examined,
and showed that the twisted Kevlar yarns were the most appropriate. Stitching

methods have been developed for various geometry and size of the preforms such as

_‘]O_



plate stitching (3-20 mm), stitching of stiffened panels, stitching of T- and H-section

beams. For the prototype preforms, J- and U-beams have been stitched.

(4) Liquid molding process and prototype fabrication

Permeability of T800 and DBLT 850 {fabrics has been determined by
measuring the resin advancing distance in the preform under a given time,
and by applying the modified Adams equation. Epoxy resin viscosity and
degree of cure have been quantified. Utilizing CVFEM and the fixed grid
system, mold filling has been analyzed for four different methods. Based upon
this result, the best infiltration method and the resin injection pressure have
been determined. RTM mold was designed for the location and the number of
gates and vents. The resin filling has been checked with optical sensors, and
the fabric recovery and the composite inner temperature have been determined
during the curing process. With the developed SCRIMP process the following
prototypes were manufactured

- U beam: 90 x 170 x 2400 mm

- J beam: 244 x 155 x 20 x 300 mm

- Vehicle driver hatch structure: 790 x 710 x 50 mm

(5) Stress analysis of composite joints

Stress distribution around the holes in the composite plates has been obtained
by FE analysis. Stress concentration factors were calculated for various joint
conditions such as joint geometry, friction coefficients, clamping force between
composites and the washers, multi-pin arrangement. Stress distribution has
also been obtained depending upon the hole arrangements. From the joint

analysis of U beam structures, critical loading condition has been determined.

(6) Characterization of composites

Very little degradation of mechanical properties have been observed under the
moisture absorption. The stitching effect of the composites has been examined
by the flexural test and the interlaminar shear test. With the increment of
stitching density the flexural strength decreases, but the interlaminar strength

increases. The strength of the sample, which involves the stitching in the 0 degree
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yarns of DBLT fabrics dropped greatly. This is because of the yarn separation and

resin rich area around the stitching yarns .

(7) Remote control of RTM process

A numerical simulation program of three dimensional mold filling, void
formation and transportation, and curing process during RTM process was
proposed. This program was also used for the verification of process control
algorithm. Real time control strategies of RTM process are proposed.
Depending on the extent the resin front has reached, the strategies can be
chosen. Through numerical simulations and experiments, the validity of the
proposed scheme is demonstrated. In addition, the control was performed via
network. This network control makes optimal process condition even in the

case of no experience on the process.

V. Applications of the Research

VARTM composite process was applied in manufacturing of the vehicle driver
hatch structures, which require both the structural and bulletproof performance.
This process can be widely applied in other composite parts of armored vehicles.

The applicable composite parts utilizing VARTM process are widespread such as:

- Aerospace industry: integrated stiffened panel, rib, creel of
aircraft fuselage, roof of helicopters

= Construction industry: beam, girder, grid, rebar, deck
structures

- Marine industry: hull structures of boats

Although the stitching demonstrated outstanding performance for the bulletproof
and structural composite parts, future work is required for the determination of
the optimal stitching density. It is also necessary to study the feasibility of
modified lock stitch and the chain stitching in order to reduce the resin rich area

around the stitch yarns.

_12_



The developed code of VARTM process modeling can be modified to simulate
co-injection resin transfer molding (CIRTM). CIRTM involves simultaneous
injection of two or more resins into a single cavity mold and analysis of CIRTM

is more complicate than the ordinary RTM process.
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3 @7 4P REY 7= AAHE A% 3
g, A=At M, A% Fo AWMPHE FH AUA 2FS A% FEE
AFSE BFHoln olsh 2e WESFUoY WP e FREL T AL A%
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o Qe A=} FHFHolof stug F|EY 2214 B
A WFeRE Biol HE 33d EFA side] a5

O A R 2 (OtHl B -

Figll4 B3A5 9 e a7 0 d84.

NP B3A FRE A ZAE hand layup ©Jv} spray up AEHE AFE3)
skt o] A¥Ee 38 YR FXd RAAE AFsld AdA)TIe 3o oF
A /713E(VOCs,  Volatile  Organic  Compounds)S  HAAI7|I22 &

of AT 53, A2 Fol B Ruol g AAAAY Bl AN 44T 7
ASol AAM ole@ APl 27ty AL 4%2—1@ 4RFEs du Yok
BAR AR o F FAL WS FeHe] BR 2 FAL FA @r AW
W "egel g3 s¥¥n gJomz Q%%ﬁ}a% NFHRFY kel ool
o Wyt By

B BANNE $4uF, E2/4% % Aw/sAGRold] HdANM EHA HgHw
NE BAAR AZ7EL G2 Yo] AT S AP D T2 24Y Fol
A Aleid # YE PokrM 9484 44487159 FHS B9 30 1w BY
AE Agstng wo.
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12 Ao =21

AR AR AEY 60% oS AAEE v S4nE, EE/AS, A9/ YR
ofe] AHAlAME BFAE dy FRE ti 297t XEHem Frsla oy V)
Zo] BgA Az Y9 autoclave AFWolut hand layup AIHoZE olHF
WE FERES WE AL Yo Axzdve AL Brssith mgeEba] 2 A iy 5
¥e Aol HFeta Aol 94 Uy FRES mME At Axdr] A A4
F 7les WEslaL o] VeS AA AFo HAE&FozA & Az U AY3st & + U=
At 84 7Veg MEske o Ao R Ay BES O gk

= ] x 710

XEAICH KIAEX 2

- 3D EfA EA o9=2d e ¢ J1REA DB 7+
- W W AR BE V1EAA 2 A4

- =& stitching 8] +35 2 stitching 7l ¢
- B4 AF Uiz BA4A R
L R e R D -

- Ud B AdAEF8 849F AAZ

- RTM &4 si4 2 4A8 34 A 71 W
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13 AHE U He

- stltched/unstltched B4 Az

- FEAdA 9 FEAS dEAE 2 844 34 B3R

- 7IAA A= AE 9, 4F, Hu 2 A, open hole 17, Wl
3 UR Zed = 7844 2 7234

- FX84 ZZIAH(ANSYS) ol &

- ¥AY ARt V1REA/A A E T4 s

- AR, A5 a2 A4 HFEF ¢ 12 AFASF

- & = 24

-H e AF 72 9 X5 AR §d g4aEE 4
4) Textile & AZAH F+=

~ Stitching W7}Y 3 9+ lock stitching % chain stitching

- Az AA/AE A AF A @ gt e

- AR 2EE A g Az A7 AR A9 2 28E 54§
A F2E& ZHE A U ¥ 2gA
F AN AE Ve 39
- 712 BA A% 48 FAA4 A, FARAE A
B3 2d A9 -rx]ﬁﬁ}, FARFE A

BT A gt T et e

3 AA: gate/vent 912 2 g, AF €8 F 317
6) RTM A3 3A XA} tool 7Rt

FINE ¢128l% 283 micro void 717 243}

F4 M8 interactive FX3424] =28 st
- FA Ao algorithm 71 T3 WS Ao
- Internet °]-§& YAFA: AT vloly $54 22O HE



132 22395 d7Ue 2 H9

D 23 AAR $ee)y
- FEY ZZIY (ANSYS) AHEE AAR 29 349 14
- 54 ol A woly FE A

- AAR SEVIF 45 SEATAS € Fad ie = F
- 0% A s 2AE 4 dF S E A A} AR

2) Stitch Z#E A=z
— Stitching M/C bed A4 2 A&
- ZE olF A3t ¢ o]FH stitching®] %3t Fx 74
- A% ZYFE stitching: ¥E =7), U Zlo] ¥ AA
- 84 FF8 ZEE A U ¥ (1.2m)
3 =35 4
Z BAA AE: stitch® = EY 5344 A 5
FAA A& FAFA G 328 AN Y 2
- FAFE WA dol 12m U ¥ ¥
344 2 A2k gate D vent §°
4) ANAF Azx/B7}
SCRIMP #74 /i f2 guzx) A4 34 AF 23
- SCRIMPel 9J& URl 9 57 H%#
- FAE @A A A7 A¥AA BYHH
- AR BdE 2 A3 F EFEA UR &= Wt SA (Ed0 AR
5) 9A2 FAA ] A
- 334 FA/E: CVFEM ©l &, 334 W52 374 a4
FAA 0] BAL {5, void 5
- FAGA L AFAA A2 FA simulator 2 Ao} & server FH

- Aol AR AF: simulation 39 YRl 3ol

!
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133 3xad= 478 2 HY

D ZH9 7= 2A/H4
- ANSYS o] &, &% ¥ 2o o A4 27
- AdFx A3k ¥R AdFx GAEA/A
- U A3 ety 2 A Aol e SHEX Y
- R3S A U 99 critical 8523 24
2) 3D ¥’ stitching 71&70%
- #2844 DBLT 850 A& A&
- & B stitching: g 72A A%
- YAFZ stitching 7]&: 33 7] stiffened panel 7%
-T2 HY ZAF Ax: ES/AF 72
- TP ZY 1 tape AW HF T
3) iy B2A] AN YIS &Y
- R oA 4 5 W AAs, FAYY 28
- =% AA/AAL gate/vent M 2 9H]
- SCRIMP 899 o3 U ¥ Az (Zo] 24m)
- OF A5 FA SFAG A
- B84 H7k void, A, AlE T
4) B3t 54 H7t
- 5ol A% BEA VIAA 54 Hrt

<

- B4 stitching &3 A1 FZAH, 204G A8
- DBLT A& AF¥yd & 2% Pk 0= AF W8 7+

5) AU A4 FHAN S A
- 24 olge] 4R e AU B Ao} on-line Ao}

- %% Ao] daElE 8 void T4, dry spot AA, T AA

- ANZE Ao} 2T A FU27] 2 F7] 9
- 972 RTM 24 Ao A% e ol (4 %9 2D

_25_



211 AZE ZE AR 7)&

EdA gl AMEHE ZEEe F2 239802 A/ iid® deiold. 7P Bl
AHEE = HEle HZ oy A3 22 woven fabric ©lW AE At ol
braided fabric <2  knitted fabric® AF&3t= L2 Ak zzEy o)"| 2%

7 Aol ot o] A7)

thste] vhebsh 3xkel EZE Az
 FASFH 7eY 483} fEo] 14

% % near-net-shape®] 3xl ZEEeo] did 71&d QvF A7|WA 1980

SHHEE Aol ofd Uik JeEe A&FHo g ex .

e 3z =ZEE g 2 A b gasly AP Technology Inc.,
Albany International Techniweave, Fiber Innovations Inc., Hexcel
Composites, Atlantic Research  Corporation, 3TEX £ 207 <GAjolx F
2 3x9Y woven ZE]EolY braided ZHES Axd: vt NASAdME 7
HZ Aoide 283 7AE Adstded, Ax 75 AVE 1.2x18m o]
38mm olFe FAZA 2ElH & & vy 2EH FEe BT 40-2003 0 BAR
Bk oohyE 21 RBodx 283y @& 4 drh @A, NASA ACT (Advanced
Composite Technology) ZE2IaA#A ZF7] Hx FTRE AR o 7]&L AL
stal Sl

D2 A tE gt vt vlma =A AFSIA JAF5H AFE A&
Sia= =714 ¢l A7 2 At o= Three-D Composite Research
Corporation ©lzte  ZAAIEo] 19880l FAHo] 3¢ =ZgZd i3k w9
HFE AES dFd T3 A7//MEe AFEHY. o] ArASL B 238 3%
4 FEY ZEES ArloldA AEFHOE Axslr] st 200999 dFnE 64
¢ FRsRen 3349 ZEE Azgs 2 A6iAg GF %2 4% A9 339
weaving Z|#A, 329  braiding 7]Al, 3x¥ filament winding Z]A), 334
B3 Axrle 2 7AR/EE B4 9rprlen 28 A7 49E Fnsn ok

ERETE
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g WSS strz, olE lEtd EFdA R LEEX
7b Badslan, 898 3 Fox A3z wet £x9 Hmrt wsHDg 3 HH5}
g YilMe A= 2 F3x Zde] "t FE AH¥ e HE, 7P AR
(pot life), H2 o] L&E(glass transition temperature, Tg), FEIFF A
= 5& nsldel 3y, FAAoE AEHE FAEE BX3 FEddiE, BlddXs
B], methacrylate, acrylamate %S¢ W& A& ALy 285 EFA AELR
o7  AMEHE o EA],  bismaleimides, polystyrylpyridines (PSP) S°]
t}. RTME o&EA X219 FQ8 AF3IALE Ciba Geigy, Dow Chemical, Shell
5ol e, HIFe I Ixd}stolA o= AFY A FARR oFA FAE
128 Bismaleimide A+ Ciba-GeigyAl S04 AAbstar
Y

PSPA]= L2 SNPEALR A 7hdat3ict

BHAR BF AedALE Fusts VRA Jied WM 5& g 54
B3 FHES Aojdte Jlgoln HZ S0 F- 24 A ¢ AN B3} TR (e
LE Sl o FTAHAEZFY FEEY WE9 premature crack® LS HAs)
€ A=zt olFoAR ok A® Aold slejMe tdd dasA A4d R ud, 4F
ZstA B Fu) 5o wige] dFAoth AXFdME dEFd AFS BYulel ALst
of gt Jovt dFoAe FFNY 59 55 £x8§ Am o] vHse 1
T A BE 2% AFS 79 A& goh obF HTolMok AT FTd
AA = &3 FF AdAA D RTM 8386l g FHo] o]FojFgezsA ofd o
A o] Hab FokAR Ae AF otk

AtoldAle BRI viE-E Fx]o] AW 54E 2

I = Wig 4379 &
doltt. o9 Atels E3THA Hrleh AA AFAY HES TF AU 23
BB A Ao g MFo] wl¢ T3t AIFEAANE A 309 {3
A8E 71 AF A F4<E 4. FHRY Aee vy, 48, =9
2, Wrld, 5 Fo], BAEFe A9 dEe E¥Foz IYHVEE Bt U
ot mEbA g AR EATEL ol ItA AFS FYste H&sa Utk
TWME AT E-glass/BX3 ZZoxEH AF FHEse 9dF T35 4&TEE
At AR ABE A3t Utk T E BFARY T3 2 FAL 23

o
AHE Al BAAY Al Wig v Ax, o B¢ AA A FE27F ZY) wWEe] 5
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kst digh 98-8 Ao gIATh wepx A RS FUd
T ERAEY A TdEA A5 HBAEA TP ’&% 0 2} & ﬁ?l 9 3
FA et W EE R Ato]o] AHEA Y 175:;10]‘3}. Al 32 AtelAA, AEH
olMES} A BTty AHErige £2F 58 539 F4E 5 Jdo FAAFE
AbolAA g HErlee ZTF2o Vetrotex Saint GauvainAlZl 7HE 5% 7]
Ao PR olxls] FHA UEHR, wFe] PPG 5ol SAHEANA =
S B2{3ta ok g2 H diEside A& T, mzBA Fol JHA
< A3 Jdit HIZole 539 CSIROE TAHLZ EdAEY AWHF
& BAAE #HAgM dydta Jdeon g AUy BAMNEYEES S
ste] F99 WE 2 FX7F BAANSS 2EE fEste JlEee AAAY &4 e
71&ol d Aol

3] KeX

(&3 =2
WA sez @sh 4 Adn FANA F A4S el AFE 49
2, M dANE ZeF Az, B 3 2 A58H 5ol Al

Table 221 N340 A 7H58 & 4304 Bl

733t : Sl
=4 | A7 Ak ‘%7} P ! by | o

g Clo@am | e e

4% (h) s P (GPa)

l Autoclave | 5-10 GF7gf68‘8reg 40 - 120 | 50 - 65 | 350-550 | 40-60
GF Mat

=) - - _ _ _

aq| 78| 18 6-10 1-3 |10-20| 50-70 | 13-18
A3 -

2% | 2-6 Ggoligl(’)rlc 2-3 |45-55| 300-500 | 35-55

Steel 500-1000 200
Alumininm  250-350 70
<note>
1) B+ E-glass, Fabric® # 2, Mat¥ continuous random mat.,
2) 15x15 m Z7] 1003 &A% B4 9d 72ES 43T 2 AL 97 30%
oL T3 AP 4 U Aow J|oH.
3 AAGETLE ARy, F2 9 £4 FY A@8, A AMEE 58 ke A
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Table 2112 24% BFAR AXE AT dxy HFUA LESHIE A
% 2 AAAA pEstaaste A ¥ AL @ € AF SA4s wudgk Ao
th o] FellA HE upe} o] 34T e FUAY AeE A AIYE 48 Ay
A G7HE 50% ol EY 4 e, ol BisiATtE 30% o3 di F
detelet dddE &F, BER -5 9 vt g F2E 2 UE 53 TE=
A A A AIUES AL AN FFeE ALY GrtE A 2E 5 deEE,

?qi

W@ Fx2E RTM A& /e ot

43 4o el FAE WAL A7 10 um WA HHE AR FAANE
FYoR o Pf FIel Jsl fF ABEHY Aol I, ol F¥ FA
A9 BLAD G Gebd IYY R G AN G T WG FED 5
A fEl dF £H L A4 AT 294 AF/b Be ATAE (Sullivan,

Williams, Gutowski, Drummond & Tahir, Larson & Higdon,
Bergelin, Kirsch & Fuchs, Lam, Drummond & Tahir, Keller,
Sangani & Acrivos)dl 98 FFFA. AHF FAEolY random matd] FHA
Age d 3F diore 2 48 Anzry 5344 AF-E Z4ste THE o
3t A7} Adams, Um 2 Lee, Chan, Young 5°l 23] A= it

=8 3 L gAY (FReay, AR, AALLY T)o] od A
o #Aglel ZA F RFE UE F dEd, olF AAA e At A" Ax
wf A Aluitk ol A7IH Al Sy Wil A9 A Ws AFSHA 5T
Aot At Agte]l FjF oz Aue Dol k. A AXAE AHE-st
AW (Control  Volume Method)2 48 A Aog zl
ARE AR AT ALt S EHRHOE @S F

& A3 FAN (Flow Analysis Network) WHol &3 ZZs|Me FHE o
Fa Stk Ag A4S DSCy dielectrometry% olg3te A A3} 4L A
i‘rﬁ}i, OIE 54 3 ?SH“JJr 0474 |3te] ¥FE-S g 4 d4e 3 2

32
L 1
rﬁ‘-‘:
2

ir _
_,VL
i)
£
‘l
2
ol -
Mo
=
1o
N J
B
2
il
f
it
ofo
_\ﬂ oL

o] X
o}
222 A3} 7<%

71€9] gell AT Az} EAe 28, M2 4 A% A3 e dd d7=
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- ghdbsirt. Ao S o83 FElds BE BEIAE AF7|$S Ciba Specialty
Chemicals Inc. o 93} 1990dth Fube]l 7" nirb doh w3k 294 A3rs
% RTM 34% 43l deddE STAAZ7 vi=mg ojdgole] Synergistic
Composite Systems Inc. @ Sunrez Corp. S & 1990dt] Syl Alx
HAo. o] Bfele HAd FArF 5 cmoll 23 AFS WHE F doN JEY PE
e AG=H A8 ZA7F gloh vw sRAAHE B FAZREH AxE JdF

MRS vRo R HE AFY Zolrt 30m oldeolx FAZE < 30mm ool o
2 e gl 5A AsAIE dFe] e Alzdd g A ARt B

[

]
183 Zejzea A2E e 73
olal S} o] 7l&9 EEAHE FolVl Y%
A Fol 2 BAEsE Fulo] digt AESE T Dow Chemical Co,
Industries Inc. Sartomer Co., 3 9 Cray Valley Chemicals,
Spectra Group Ltd., Flexonet Co., Y2 o}x}3] dyl, 4Halssr S 23
&ibs] FR T Qo
1900 del Hz=2 A%E AAY  (Eletron Beams, EB)S 19709 o]%F A
2 BEA BA Azt o zAMe §57 HA FuiH: Ao 27)dE g
TAHLE Qlste F2 FAZE vl gk (30-50 mlolAE A®) B

rok

=] 73 [}
3 \7h Aok ol ¥ B Z& UVASEE
W, 53 Fo QEAZ JAVF FAHE

=z}

o

=
=

ot
i)
op ox
i

)
Aol 7hsd FFddl Aok olEg MAY A3 Ve V=Y AdAs WA vsty
23St AustA 24T 4 A7) it FAL BFAEE Axste 9 ¢
2lsity. o]gd AHow olsted AECL, Aeroplas Corp. Inc. E9 93k i)
B3t 7l A A AxTFe 2SS 53 AR AP A o] FH2 d
ZF 9% @715 "Ha ok A2 AR, X-ray, Gamma ray, °]&%, #HolA F
2 o] &3 FAH3I} Alx"HS nmlZ9  Lockheed Martin  Energy System Co.,
Northwest  Coating Corp. +99 Finmeccanica Co., UNICAMP Co. %9
ozl #F3] A+ Ut

A QA FY WERE 52 2 39 e®, FA9 7Y ¢, 549
= 9 BaE, 249 AF 38 5L 5 4 dud, o 34 wrEe 4% ¥4 3
of AAsHe Aol B B4 2 AASY A wAGn T & Aok A% 9 4P =

! 4305 5F Aol &2 FRRoRA 2EARe



A (FAAAN, A A, BAAF, pressure transducer )9 - FHE A
B2 =88 7|goln gtk UM e F2E uig Y A 5FHo=
251S HIo| g FHo] ot BFA 4F EUHH LR
L3 AF7 o 27 @Al . o] rlee 2dE Tle, AXTls,
, Aol 71 ol ik ARrt FAld FEHojok stRE AN F&
wgo] g@F5E Fofolu)
% AlAM9} data acquisition systemS ol&3dldd 53 EUHHH FH WHF
AE7VE 713 know-how?t €38 A¥ AA3 duzdsd HE %
/AR Al2HS AT 5 JdEH, olF ol&3td FAY HH3, xFES, At
grldoz AL & Utk TH M5 A& Aol AsfMe 7 I A
A ARl ~Hle] o] HRF RopEAH HAX=FS HIFH 2 interface
, Al 71, AY fAA s 5o F5 viee]l 85T Utk B AF BA/MA
Z A2"e a4 A=A 2UHE Jed A3 HFH3 dargsS expert
systemo]gte Jdez E AF7r 2E Folm (AFMLY  Qualitative  Proc.
Automation, Aerospace Serv. & Control ALS] Composite Processing
Control system), WX = 7]Z2ZA A7rt PR ok §F I BHA=
Alzdle ZA Wy 54, 33 B4, AF Ao software 2 AF FvIVE FY A=A
o EAEHA =HAT, 98 Az Ax"e FAH BA/AAE A softwaredt ¥ W
S4/488 BA(EFhHE dHYe=z 3t  hardware¢} softwareE ¥E|Fo

Jo Hl X

o orlr o 4
o 2

fllo

l N -
re
o
o
off
re
—
il
z
oft
lo
bl
ol
Lo
£
0%
ofl
&

NOWE bboox
y rlr o ok

i

2L

2

9

[«

o
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A3 AT = e B A

3.1 Textile Z2|& M= 7|=

EHAR A% s 9xig @A
e R stn . dwd ze=
= A3 B3 FF BF g 7}
e Aol AE ZHFL FiglllddA Re AXAR A4t dAsHe F59
AN st Az o 239 2 33¢d FERE FERIAG dF B9, VEY
weaving, knitting, braidingg XW 574 W& HAart @A Hds FAEY
273 AL o2 AZHY] gFd H#
= BdAsE visle] =X vny FH ¥
A

olgtm ¥t} #HA, Aol /AL BN

moro
i

g

71 dAstE Fxoly FAEow x|

= %
3291 2 ZelFel g tha =& v Tl Ee A Ao FHF Aol

Two-dimensional textile preforms

Weaving Knitting Braiding
l l I I
Biaxial Triaxial Weft knit Warp knit Circular  Flat  Figured
(a)

Three—-dimensional textile preforms

l I l |

Braiding Weaving Stitching Knitting
l | ] I | l
4-step 2-step  Solid Angel- Orthogonal Lock Chain Multi-axial
interlock stitching stitching warp knit
Square Circular
Cartesian Cylindrical
(b)
Fig3.1.1 Manufacturing techniques and textile preforms for (a)
two-dimensional preforms and (b) three—dimensional preforms,

respectively.
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3.1.1 2%+ Textile 328 %

7}. Weave

Weave L& F HE o9 HA{r7t A2 O Wgoz wxste AxHe=
zqel Zol W HH{E AAHwarp), F I HRFE YA (filling F2
weft)&t  3td. Fig3.12% diE A A (orthogonal) weave FHES R
Aolth. Weave ZE|&E2 s} oz F Wge B axng & 5 Jov FAAY
B4 480 x23, JFAY8S & o 2] 41 AAde] U] g 28 5
FAE 4P 71 Be] AMgdET Wi, By AY 540 ¥u HARIFFeE I
of Holpgke] JIAA FAo] AstHEe ©ie] Aok ¢¥#, 35 (triaxial) woven
zEF 2L Agde A AEZ A/ MR 60° 4=2 wastr] wEel AHw

weaveol Hlste] Alw Aol A WY A S0l IR EHh

= Hi== J};ﬂ
=== =] ]
== e ] = —
s s
fad 133 fod
41 = e Filling
=1l L iwem
IE'K E§ . .
== =
: 41l
i
: 1T}
: HE =
= L. Irterbced
feging
Fig.3.1.2 Examples of woven fabric
patterns:  (a) plain  weave; (b) twill weave;
(c) four-harness satin; (d) eight—-harness
satin.
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. B#ol= (Braid)

Bol=e A o e AR7t ol wAstAA AxHE FERAY Fo] F 9
v HEB¥ BHyol=

o 7lstetd "ol Fig3.1.39 yehd gtk A WA AL F AR/ A
= 272 ¥Holy Fig313be 1/1 ¥RE-FTRE 7HAY Fig3.1.3(c)

+ regular BEo]l=e] Holtgd Hi{rl BAE A W HAig2 FAR

triaxial B#loj=2}al ot A wiGold & F dxo] Ho

AFoe triaxial braid® AHE 5 vk o] RA w1

BEstA BolFr] 9 Aoln, AA BEFARR AMEHE Hio

o] A9 gl FFo|th

E iy fuis

Fig.3.1.3 Geometric  configuration of (a) regular or plain
braid; (b) diamond or basket braid; (¢) triaxial braid.

o}. U E(knit)

HE 7x= FZ(oop)E olF& ol 54U e At AH7t JPsH=
Wako] gl weft YEQ warp UEEZ FEHHAT Weft UEJGAE Fig.3.1.4(a)d
A He kel o] FX HGUt T 4 S owelt WFoR JAyHY Fxe o e
weft Aol sty FAAT Weft YEE Z Wgoas wgo] ZF dojur|yr Zo]
WFoze da AdHd HIygs = A
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Fig.3.1.4 Knitted  fabrics: (a)  weft  knit
structure; (b) warp knit structure.

31.2 3axY Textile =&

7}. Weave

o/

31 weave FERE 239 weaves} FZ e {ASHY AARHwarp)Zt oE

=Y SrHweft) s #EFI9 FA WFoz wjddoE ol thEtvh 3D weave E
Z& dd(nterlace)H = F4, wrEFHE Wy, Zo] wWe=z ASiHe] AHMo=R

M EE=6n-laid) dF F59 wet o) 3t 715 g4 7Y ol
gt #x2 d4e FHE EFARY 1EFH EAAE Udd dHils & & Uth
o] o] ™A stuffer F

Fig.3155 W3x%3&< 3D weaveE HAFT Y+
= W filler 2 90% B3 AH wld2 B 4 A3 warp weaver AfrE
ol Jef F& FA WFoz JdF/AFANI= 98¢ st Yk

F1g.3.1.5 () A Hg = = WA filler =°] warp weaver & UZH
= Ay 2 M WA filler &©°] warp weaver £ Q45 o] I =¥ FA W3ko
A&ste AZdEEe FxRolth Fig. 315 (v A filler ¥
A FA WFeR warp A7 €3S 12U1E AW #E
315 (o= Fig3l1l5 b 2ol warp weaver/} A F
U g& He Aoz AFIte Aot o] A 71A FXE Hlust
T2 TTT 720 vleeq AFF ez IFE FYE HolW LTL —?&—‘E R Fx
o Hlgle HWo =y loopZt 7FE g8 AARYI dHE: HA FAE
holding8tal §17] W&o F3HEaE] JAd o Fsitta & 5 Ut

==

b

Ol

2 stuffer =L A
3

= &Y. Fig.

(e}
AE

!

o
‘:l*:‘
l'_‘lF
-
b
9
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O filler (weft)

= guffer (straight warp)

S warp weaver

()

Fig3.15 Schematic pictures of (a) layer-to-layer
angle-interlock (LTL); (b) through-the-thickness
angle-interlock (TTT); (c) orthogonal interlock
(ORT).

L} Bgol=

3 B 101 EE] 8 = oY ARVt FHLE MR AdAA dAZE 7=

Z YR+ track®} columno] 7IE, AZ22 FF oA 4

=49 (4-step) BElo)FH AR 2= HH Aol

= 1“ ”%ﬂ Sk EHZW Wow 7o 2w AR AAr mARE 2w
(2-step) EBolgo] Aot 47 B o] machine bed7} Aol e} Az}
B A7 e 938 Bygolse EBY LRES TE 4 dx AzHE ByojEe
solid )2 F2E&E A o]&Hr} oje} Zo] HlwH 4—2011 Autd o9k W o4gk B
Fold 9ol maypole FEe] BHaow 71&S o]fdd 3349 solid BHo|=E A
2% 5 ok
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ot YE (knit)

a8 Feo YE ZE £ FAWEgeR 71 5 FX dAE Fe= AL g7
HAMWK, multiaxial warp knit)elthk. o] ZgZEe  Fig3l6o4 Re uie}
2ol 0°, 90° 2 09 AT E JIAE AHEol 54 WF HHE dAFg B F=Eot
AR wjlgzt &4, 71E+= non-woven®t £ Aw F7F, AF TFHF Sl o o
T O F2E IS F Utk o] TYPF Y F FHL2 weave TERGE BE AFY =
of §17] wiEol A3} AF EFAE S 212 A4E F oy dibFo g HfF
F7F 457) A= AFHEE Hdo] Atk Fig. 3178 tUE74HE AEo] AZEHe W
£ B3 Md= ot

E ol Jj

Fig3.16 Multiaxial warp Fig3.1.7 Multiaxial warp
knit fabric. knitting process.

t}. Needled Z 2] &

& 53 339 TEL ohu HEHA Fele TART AH7 9
Zol7] W&o 25D textile ZTHE ojgtnx I} (Fig.3.1.8). 7 Lut3gl

A z271EL 2] H(stitching) 2 YEHAHA(needle-punching)elty. 2HA 7]&L
5 2749 A% TAF oY F F3W AL T 4P vis w5 oot AAE 2
71E NEEA S FAHeR 34 F2E UE F Yo vhs BFd gE A3
4 24 AXo] L olgtrl= ARt &
o eete] PHoz MIY HFSS 2
& giolth AHEHE uiEe F2

=

Y

o o
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AE=% Hofln o] W

barb BE}E 7HAP] VA WFOZ parbo] of ‘ﬂ“‘%kﬂ el dolM offE BA
g Ly
Aot A 5 A7) dFol HF ZeF] FA

Aoz Az & = JHs DEAY £95
AFE ARES] miEdl ZAIE S0l A4 ARET HolAw wEAd #Ad o3td
ZejFol P £l doke de] sl

Fig.3.1.8 Stitched preform.

3.2 Stitchingdll 2lst Z=2|=E H=7|=

3.2.1 Stitching 7]

)

A 7 2EA F), 2HA AR H57] 2 2EA Feold. 2EA FHEE lock

2 chain stitch’} Q+&=4dH, Fig3.2.104 X+ nkel o] lock stitch
o Afde wWgwel zZElEFY FACdAM sedH Jd'E AS  (balanced)®t X
(unbalanced)dl A= A7F Aok viFel ¥Wel 2+ ¥H= bobbin thread
Y} needle threado] ZAlve= Aol zZtzt g2 A$<Ad, modified stitch L
%= ¥oh Balanced stitch®l A9, 7FedH Arle vFeE o 8 sl A
2 4 U3, 71 & FA= bobbin thread Y needle threado] ZAzZle ol
A7) wiEe] THA Z loopE BASS Fx FH} A (resin rich area) ©] A
Age et olegd +2 #Aoh Ade EFAFI} 5 LA 2 o 3] g 9
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A sl mhgo] AJAEE Aol " ¢ Q7] Wi A% "Wl Y adE &

wetx, BAge AMEEs ZElES stitching e A-%ode ol#d Ry

loopE ¥A3A &EF 7] 93t bobbin thread Y needle threado] ZA¥]
o} 2E] 33l modified lock stitch7} E#Aolgks deix slot.

Needle thread

Bobbin thread
(a)

(b)

(c)

Fig.3.2.1 Stitch  type: (a) balanced lock  stitch;
(b) unbalanced lock stitch; and (c) chain
stitch.

Balanced  lock  stitch®}  unbalanced  lock  stitch© 39 71 A ol
bobbin thread Y needle threadol Z#le HAHE AA3I] =HH3std AESE F
$l=  ¥kdol  chain  stitch® ZA$dle  stitching 7177F 9271 "iE9] lock
stitch 7]1Al¢= Y=t Lock stitch® machine bed?] oliy} foA FFEH=
bobbin thread Y needle thread?7} 2Q3}7] wWFo] o] E¢9 FHA3IF timing
o m& AFAEA st A loop7t A7le FElojE=E o] E9o AE&E dojd F
7} ®l= WAl chain stitche bobbingdlX FHHe dol dax 97 #WEol
ZIFEEcEE O EEtn B § g & F 7R Aol AFdor v FHU
lock stitch®] HAH$dle =Z7|7F vl & =ZFHEZS stitching® @ machine bed
ol A% A dFstEolof sta YAE viEe $Fo] WA WA o|FojA= FH

M

S



¢l HW stitchingo] AgH dd. 1y, chain stitch?] Ao Aol 3 F
HelXe I Hoz AsAZ dart 1 5H3ZQ head FAX ) s 3343
o2 ool JhEItrg BT 3xUdd deE A= ZYEA ostitchings & ¢
Atte Aol Ath. a2 chain stitche A3t FAWgEo2 ago] rlsiA| A
%71 WFo thaA =53 pFRoly stitch® S Fopdrid wmAyorz B
A A7HA Aol ZEA AEF FUE &} &)

3.2.2 Stitching A4l AA 2 A%

Stitching 71AlE =% machine bed FESZ T4
lock stitch’} 7}53l%E  bobbin thread® AT ¢ ¢
machine bede WEFY ZFZE stitching® 75T 4 Y52 HF bed7t ofd

YEE bedZ2 2ASAT =R 5 Holv 12m A 24 7Med ZEEY FH
T o] ZoJo} AgHo] Ut} Zoli= machine bede] AAlC] 23] ALY &Y
FHE AMgshs Adde ZAold g A2 Qi voF Z 12mE HAE AH&3te
3% stitchings 1802 st A& 4 gonz Ho 9 e FL
24m olty. 7]€9 stitching 7/Ale ¥Wad gk F79 ZEES Ao n=z
o FA flov AL ZelES stitching = Aol wiEso] FAWIEoz 44

2
g:)
X

xe)Fo]l FA olfFHd nhso] FujA & vk wEAM, HAE JANME
5o} stitchingo] & ¥ dojupd s xEdlA 7b4 A QR 9
g o] w visg st TEF HYd WS BARsie] AWMy 1
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o F3Z stitching ©] 92Y
2o T FIGoEN © @9 i ANE 7Y 5 o o] A
7162 stitching €5 @%7} PH DB 94 B uw WS YAAAW

7 AEHA A sA H = el =
ol We A2+ Yo
Stitching 2 ¢ ol A 7} %3%& W9 stitching ‘?4 = ZEY oF &£&
AfAow #Heo] gt o8 olF &£xeo AL %11*401 w2} stitching 3
Le7t AR 7] w7 4?414 olF &x Aoz w§ Fasth JIEY VAeAE
EFdoletal she AAIVE A3 3A %S s Hol glojA ZyFol AF olFo]
7hest AR, 2 FAZE AR FAVE S HE ol =88 FAEE =
AEE olF® F gtk BEA, & AmdNe ZoF oldd FEwd ohyzt 7Y
s FQ83 7] wFo olys o8 7}x WS 37#3F machine bedE AATY I

o,
£ o af rr
A

A

o

kg

e, f

b

2

lo

f

1o,

L g

i

=

[0

H

e

N

olr

£

~
oL, &l
>

r[o

o o2 3% MY

Jo

N,
> 2

o L] &'3 ul
X
_&Q
r

ro, N
24
a5
=
fal
2
52
flo
0%
fu}
S il
=
>

_40_



27F Uk

Fig.322%¥ machine bed %o ®ist AA THE B Aolth. M/C bede
zZEFe] Aviel A3 wet 9 HIE F 5 USRS BAC gRo dgoen &
AL APE 95t Al 3& 5 FEAZ AT Head F9 vbso] JuHd =8
ate] ZEoA o]FHUS u) bedel ZHo] WEoldo] eI EH step REE FE
st whEe] BsheEsd ASAAT "ol WIoZE limit 2HAE FHst AFH
do|gtg olFo] duEW AFoE olF
o8 7 screw I o AT E == AT F WHFY o)FS AY £
o) & BAV gleng FAYd 9es stgoy =5 FiF AYE st a8
Z 43 olFdx RHE A8 4 Aok Machine bed HE& ©lFol 7hEdt=E ul
o H}%E sl o =yl AAstE ) A= ZHAY BEE A Fo] H=

A=

?
o
o
X
k1
Jhu
ol
8
;l
)
(@}
O,
19
Hq
OE
o
o
oby
rlo
B r

S

L oo — =l
@] L |

. o, ——

I

1550

A
& Pico INDUSTRIAL €0., LTD. lhhf‘ YXd‘Lmun
N N I B 3 3 (57
e STITCHING M/C i
e | e T b [ Aeeme | dpreed
= (2|8 ]
3 1 1 I

Fig.3.2.2 Machine bed lay out.
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Fig.3.2.32 AFE  stitching 7149 3l=%9 machine bed Xo]n 2z}
7} stitching 3t EFS BoFn Aok 7149 Add Hole Aze vty e
&&= Aot 7153 ol9} 4% E machine bedE A5 o]&sle Alo] Aol

(b)

Fig. 323 AA¥ stitching 71419 =59} machine
bed F-olA ZHse BF
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323 AxAF &9

(o] R84

Stitching A-%2A roving AFS AMESHA "W o8 A9 M7t 24 FH
A 7ol bobbin} needle®] 43t &Fol i Mz EE 5 Aok olFA
™ bobbin®} needle®] machine bed 3ollA ME TUA F o JoopE  ©]
A EAY dFET loopE ©o]FA Hol stitchinge] ¢AHA ¥ A9 U

du i o

webd, $4 stitching 85 g slge] HEE @A Fig 324004 mel A
7 2L twisted yarmng AMg3n Yok BEFAEf T E L stitching F W 2
ool & AL twist AFolM twist(md) A=} AHY FTFHoIHh Twist A
= 19lo] ?4_01‘/}‘” W] meE S my Fe Z mdo] o md AxE @9 2ol
T (A D) mY 2 FARY HE S gy Z mYdS 2ol Agsted, dE &

el

fo N
o]
2
o
&)
13

dojtt AA AR loopE FAFde S 9V . WFeF twist =7}
3}‘5 bobbini} needlee] wHd ) O]U] wmAR Afdd s loop7t BHAE S

TS EAEE YT o mYgo] 4% AR WFEE F4 A5V o8E 5 Ao
AL THs @ ARl JdME gaxdRE o2 Ahd wstd Aol w31 A7
A &7l wEo| stitching yamOoZ AMR3y] d=5u. S84 ARG dAie
AEe daAdfrel st Tou oM FASEA FIAME stitching SH717F o)
=3

¥ o> 12 KB 2
(o3

l:l

Fi1g.3.2.4 Twisted varn.

2 dFdAE stitching AHEA FIdHFY 824378 FHEsPou FANE
HeE of ZEF YR vuhde ol wy] mio] i &dol Hxdtd A1E3E7)
% sttt FEl e Afde & F W9 A$ stitchingo]l 7Fsstdey A&
ARESHAl HE mtE R Qg Ad sbeado] i) ool Bﬂﬂlﬁ}%‘\ﬂr ALt A
C'J%O] Z7] wjFo) stitching 82 AZsigor =gl ZHy)d wat AFE A
#7182 24Y "arst g &, T Zo] 0mm olAe] HA HHUt ZIE

$rWL~mio

Lo
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T o B mpRFo] ¢ A G o] #ES o R viE FHES e Zo)
AXA Bt wepM ZEE9 FAVE FAY AFE FL AHE AT 97t

gy dIF-E9] stitching vFsS Zo] Wgko g Zo] U dojr ZIAE F7
g W Hf{7E o] F EE AUEH Z A~ 2 s I g
Foll o] & R A49E & de Fd #7119 HAFE 2393 Aol 71 nEgs)
B AFddE A8 AFe = 400 tiyo] 37tES FAME A (1/3)%
AHESI e, o AL ZYEY ASe o

AbESte vbEe #H7IE ul$- oodstA A9 4 gle, A3 stitching vl
€ 20mm °]4d AR #EFT £ JAEE AFHYY] Wi 6 g upse Zolr}
ol AR&SHA] XSt 54 vlERA AA oyl 9dmm FEY Ao nwiEY F
32 1bmm HE AL AMESIALE FAL ZEe Afde wEe H7E ¢ 2
AL AHESIHTE 1 ol e vts #E A AR ZER A5 HEF Yo ) npEol
29 T AF BeAY] qEelth a2y BYed F2 uEL AAR ZEd wye
Fe7l o BFASE 4Y A £A g% AGgoz A FHo] s EAE

Z

(J
4t
mu ¥ ki

Ho
=)
td
il
i
2
=
FU{
o
it
J

£ 82 & 0o R

-4
%
tlo

d

2 dTdME b

g o §5% = il
Ha A 3y HEg e FHe AW AFE gk dHW 2 7xEE FR
el He H 2 T @ v Fx gz H33 stiffener’b YASHE 712 =g
Folth

S Hy ZElEe FE AE AFREQddU, FAE 3-bmm, Z7]E 500x500mm
ANHeR A& ZEdA 2ElA e HAUEE gAY BFAF] B4R 43
To Fosdt A ZIE o]l$L 93l picture ZHYL FHLIATE Fig.
2 < 2 Egs B AeE FE4dH FAEY W ds EyR

T AE Aol picture | Yol Picture Z# ol ZAAA Ae Aol ol&8 =g
ddd A7)o) picture T Po] nAHHI HA olFHE AL o TP Polth =Y
< AVE vheuR2 23y A & AR 5 9oy, 2EA stax she ZEE
A717F g Aede 2 duig =g de Age Aol WAFT. "k, 7t

[ |
.
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53 @ zd9d9 Are AYsnA st 2T AN 2712 0 olng e 2
79 ZeEL 283 W A WS Mgt ZAYY ArE AF npolo} e

HAZES sidstarh

B dFoMe 244 TPl 945 Woeg AHE tabd oEFA S HGE X
o7 HAdste ARREAT Fog e o dF A uAHE THdF FJZ4S o] FHA
AnsHA AAs)or st} Holoh 8 A gowd 2E]A lineo] AR &A =
3 2 drx BEgds] A7) dgiEolth Picture TH YT dFd #E 1A= A
< ZFY FA 28 3A ¥V gl MR A & AMgEE FEI A¥ES
ZE F Utk 9 ZEZY FAZ AduEtx Arivh & Asde A7 Srbstes
picture Z# S BWAFE dZF /S o Bol AT eyt ok old 4¢ Fos
of & AL FI BAFE £ AEste AF o] 2EA npso] BAFdE FE
Me vkl Aol doluA] FxE dof gtk F, 3 9 2E|Ao] ¥4A HW
o] 44 A ntE 1 ARE FAste Aol AEAL dAHTE 2 B 94

B3 AAHHF T,

Fig.3.2.5 Stitching of thin plate.

ARG ZAFL A7 0mm oFozA AL

& Bnk oplEt 7tE, AR =7
7b 1300mm AE2A Blnz fFPelrt =¥ o] =

el 2% 20mm
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AE Fi1 AASIAT Machine bed 9ol #A#E ZEES o|FAl717] sl =
2% 1488 ZH IS A3 machine bedo] A4t & ZTEL YL =
g ol FEeta o] ZF Yol machine bed Aol - o]FL A Do} do] W
Fo] olds AT 1AL EEF F Edol A (fabric)s T2 o] M3} ZEES 2
o] 2¥std nAAZTE 2EAL F £ Az syde Wy ZEE o] 110
48] HAoh He] AZL =ZElE 4 d AA didle e, 2 olfE 7HE, Al
B EE WYPoR AEAS T Hav } A7 WFoltt. aAgstE WHE Mo Y
(rod)& 3 =

[e]
H4e 3 Y FKo= %%6}71 | ol oA nystozn Aol Wake
e @ W AG3 AHF APl HEE FHd. M F8% AL
2 BT 2EAS s Wi ZeEs zd Y %
Aol stk A, 184 gdeozA FYdd dxE 2EAS & 4 Uk
2EAS 34 2 xZglEo] ¥ A= machine bed?] ZAVIE 2
Fo F3 Za, dole zEE Holo| F ujyt Hojof gt F, B AFNA % =
9 7% 1300x2600 mm ¢ =77} FHojok dmE A43s] Atk A, bobbin
A FFHE 2L bobbing =77} xasuqq Fqonz W Fo HAFE AHEA
%, TN & ZEES A & uix= bobbing AF nAS|of sh=d]|, o]
A Al AFARY £o] HEE e A=7E Holoksta machine bedol] 9
3 aiEol e o Ak Fig3262 2HA FYgo] 95¥ FAL W By xZdE
(o]

Foz & 3
ol$3 machine bedol WAL Tadel ZlE F B ve A2
J
=

_%
Kl

Fig.3.2.6 Stitched thick plate preform.
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Fig.3.27 T-section beam and its dimension.
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(a) (b)

(c) (d)

Fig.3.2.8 Stitching sequence for T-section beam.

Fig.329% H-section Yoz Aztd =ZgjE3y @i AV|E RS Aoty ARE
3t 22E FEL DBLTS0°)H, B (web) H99 ZdA (flange) HFY7F wh}
= AAHAAMY BAL st FHzZ 3gr 52 WY FAY FAY AEE g
Fig. 32102 o] ®W& AZFstr] Y3k 2gd &5 A93 a8o =24, T-section

5

TR AR IS 5 vk 4 dAld g 34 Aee o 2o

ol

“115 10

A

¥

45

A

150

v

Fi1g.3.2.9 H-section beam and its dimension.
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(a) T-9 A 2L wyoz APy Azt & Aol st2z2 T-
WoHTE A4 Bt 9 AEE 3t A4 R9E TIeE Axd
H vy 98 2gAEy #hls)] B2 3 Yo XA

(b) o]&} o
7 283E 2a 97
A4%d 3% WS 2

iin)
o
i 1
o
=
[
B
il
9
S
g
lo
>
o
ol
o
o
X
=)
Ho
o
i
)
D)

(a) (b)

(c)

Fig.3.2.10 Stitching sequence for H-section beam.

H-%¥ 34 5 29X 2471 1 Qe Ffoe dFs77t €42 &3 yRE7HA
2E]A3717F oj"th ol ALdE lock stitch FE)R T} chain stitch &
H7F E2 f{-238
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2h ATz LYF

she FA7F dAges A%dE Fejolth AAR TV 7RI ok FARRE T2}
AR FxJAY, Ao wEA sied FYE cut-out ¥t window TEEE
AFEE 4 9lTh Fig3211 (b)e o] FxEY HA ZAVIE K Aolul AREd =
2 £ ZE& DBLTS0°]th

Fig.32.11 (a)& stiffened panel$ld] n»i=e] H3a 1 & Aoz RF}
)=

(a)

Fig.3.2.11 (a) Stiffened panel preform; (b) preform size.

7 Aol W 2F ALE ge 2o (Fig3212).

(a) Stiffener 9ol AM:-2 DBLTE Ad3stn FF3th I3 (DE =
W o7le 32 MEE wdE stiffener ¥ Wt Aol tES ¢
T At

(b) A o2 Hsle WS 2elHg) o o ZF A do| WIE sty
AXE P33 =TT

(c) Wi RES A3t SAHNS o FelE udsty dHoz
ZHAA Aol ¥ E F AEolA 2EA 3

# i
(d) 2~E]3 g5d i & ol stiffener A4}
(e) (@A (d) 71Ae #AE& wkEste] Zolzb 2 stiffener®s 2

L



oz Atk 73 At 2§ vt (pane)€ FHIS)
32 fe t2 2 AR s d 9 stiffenerg $XA1Z
(f) 999 stiffener FEZSS njagt 9o s & ~ElH 53,

(2) % Slo) =E)gste] A
(h) stiffener T FE] 07 B AZse] PAY F F4Ael ola

o] 2¥ Rt

(a) (b)

(c) (d)

(e) (f)

(2) (h)

Fig.3.2.12 Stitching sequence for integrated stiffened panel.
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SRARE o)FoR FXES HHss AL A3 o e, Agse AaE
e 84 FAl(cdement)d]l Ve $¥E FHeRA AME ARY &4 AV
(dimension)7} & Q7 X 233to AAFAE gy Jold. 7= &4
AM 7} F8F AL AMEAEC g 718 B, o] BN ZFelA] ko
AY A BE 5 QA o B doMe B AN Adstns ste o 72
o AHEHE EAse 72 BEAXE FaluA 3.

AHEE Ase FEdR 99U EdA (G-UD), #+84d+s 9E823A (G-DBLT)
ROEAAR HE (C-PW) Butelth o7)AM, ¥ BRAE Figl.l7d Role o
¥ (multiaxial warp knit)o] T FHF2AM & B HHFTE knitting T

rok

M9

¢

<)

=749

Aol T80 AME3F T TR A ZE [0/45/90/-4512] AASu]lEdS JlAx 4
e Feg olFolzl DBLT 805 AM&stitt €24+t BHLe CF-6638% AH&3)
At AT (F)FAMA AFoln, SaAH HALe KPI AFEo|th

T =1
AAE WA FolA Bole Hf 2ol glm HF WFol T TE o
8 2oz ofold Yy WRe] FAL BAARES 4YT W = A
ks Rl itk Wl FFe 4f wWFS 74X DBLT 29
2% 749 P Qed, DBLTY Ade oo wgoz 447t W
J = o

e

Aol gYe A A AN 4 olgel HasEthe Polth FHoht F
1 A% mALeE Dol ot tE4H
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ARE-soF Blal knittingS 9% Af Atelo]l Fxbe] Hasty] wjEo] A
7b B3 S viste ta "olzltke AHojth. T knitting ARE WS-
AMEStal F2 FEldl2E ARE AMEsheT knitting ¥ AAF AH
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syt dojud nkz dell sle 9yskE dhokel 4L Ads HoAA HER

AAHozE Mf Alolel 2zl o WelAA Wrh & A% thi el YHse o
AT M ThE Atols] WHBE e3ld WolAJ Hmz A Aol o He
2 ugd 5 g web, BEd Fxeoz tEARS WAsE AsdE A

fe]
=
[¢]

o oX

samples WIS Bl AR 53 & Il ok

B A7 e BFA 28 540 wel 2 AMgste o574 %0 %
At dE B9, ¥ FREY Afole FE W HAFE o]Fo] T800
2 AMgsla, SWAS eslE E% s 2 DBLT FHE AMgsigd. A =
HE Fejol oiste] Fx A dagh 7| EAS 271 A7 test matrixE 0}
of AElstAct 2ExE AU} 2EH A 2 AHoR IAA FEHINLH "°1 K
F (0=) 2 F W3 (90%) ZFd distyd Algstdt. &4, B4& AHEse 45
T warp AR 2 fll AF B APHE FoEE AFS SAL ofde] % 1
24zt W 2 F & B39 warp 2 fill 1S gty

N' o

—

g:im N

Test matrix for mechanical property

ABEF 2 AP
Al Ry = 23 | Hole o
R % wx | Aw | 55 | oy e aas
02 | 0% | 0= [ 90%= | 0% 0= 0= 0=
W F \%Y F W W W W
unstitched 7 7 7 7 8 8 - - 42
G-UD
stitched - - - - - 8 - - 8
unstitched 5 5 5 5 5 6 4 3 38
C-PW
stitched 8 4 3 15
unstitched 6 - 6 - - 6 4 - 22
DBLT
stitched - - - - - - 4 - 4
unstitched - - - - - - - 3 3
UD/DBLT
stitched - - - - - - - 3 3
UE74Ae @9 % (DBLT«] 73 oﬂ% 47) Fo] shte] F& o|FEE 47} Fo

€
Afelez 72 BAAIAE A Qv F, EIARE WEoAW ©] knitting



Are AFARTOE 2 F5E JIAA 9o weld, ojg @9 2oz FAH FA
+ BHAEY FANT 54 FFAIEE oY @9 L &N E 2EH Tl
Jd93lth Fig. 3312 2EX® zZglZo »&HS He AAH, Fig3249 R A
A9 picture ZH Y-S AMEste] 2B AsATE 2ER wjE Mol dFHow HoIg)
3 2EH dnvl #93e 2 $ vk 28 dxE 36 stitches/cm®, 2E]H 7
AL 5xTmm Hl 7]4, SmmE 2EH F %Folid Tmme 2EA HHorh
g3 Adae AL 29 475 A8stdth Figld32e 28xd =g Zd £ F
Yot WEQd RTM A3Rol ste] Aa A1d Ha wgolt

F1g.3.3.1 Stitched preform for the test sample.

Fig.3.3.2 Stitched composite panel.
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%/‘Wﬂa *}%0}04 2mm91 E£22 AEs Ay

Fig. 333 AZAE A)H i

Fig.334 Q13 A&8~7] 2 data aquisition system.
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HSAIFL ASTM D34108 #Hwsted Fig. 3359 e d49d, o= 3

25 mm2 Gy ARAY Auiel Y

Z BEAEQ AdeE Z3 AlH Z
ol 3 & FAsAY. A1d XFE TRl A4S

AHEStATE EEAAEL 2EFAA o0 TGl F&s Ao Fig.

O
SAE7IE Y 13mm £52 A8
J 1A
336 IITRI AF& A3 h=AE =

a. Longitudinal b. Transverse
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o} "y AGAE (In-plane shear test)
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333 712 E4A AP

2 ZAoMe Ztzte) A7 g AAANE, =AY, A
"]3-@4% 3889} Table 3.3.1& 7zt A|8H g_\,} e g oksl

rﬂ
N

Table 3.3.1 Summary of basic material properties

- 23 9 H}8k 7} o EFA A S
2R\ A== oIl o © c I e AT A4 H
AR 143+ (degree) (MPa) (GPa) E o]
0 1142 42.4 0.269
G-UD
90 52.6 12.76 -
J A G-DBLT 0 309.0 17.47 0.295
Warp 528 b3.7 0.064
C-PW
Fill 461 56.6 -
0 927 438 -
UD
90 1488 1162 -
4 = DBLT 0 442 18.80 -
Warp 391 497 -
C-PW
Fill 387 50.9 -
UD 0 101.4 5.35 -
Huld e
C-PW W 116.7 3.90
FHAG DBLT 0 469 - -

7} w8+ UD A4

AR 0% WEkd o0 £ shA FHEZ AYEHJGT A2 AE gAY

2 Fig. 333% Zov Instron 5567(3ton)d] <& £F 2mme] {EZ A

FEAE. ZE A A B 737 H3td AJEH FEEH 1200 2EHA

ACIA(CAS) F-&A3tYtt. 53] 0% W3el A$ ZoFuls Falr] st F+ =

2EZAANAE RFsHY. Table 3325 0% W3k ozt Ay gholH,
Table 33.32 90% *¥3akol digt A3} glo|o.
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Table 3.3.2 0= "3k AAAY Ao

Specimen Width Thickness Max. Load Strength Modulus Poisson’s
No (mm) (mm) (kgf) (MPa) (GPa) ratio
0 15.723 2.879 5419 1179 43.474 0.283
02 15.357 2.884 4865 1078 45.299 0.294
03 15.770 2.872 5340 1161 39.019 0.278
04 15.753 2.881 5234 1133 36.686 0.251
05 15.730 2.878 5163 1121 44503 0.275
06 15.630 2.900 5451 1184 45.465 0.231
07 15.643 2.877 5726 1249 42.143 0.267

AVE. 15.658 2.882 5314 1142.7 42408 0.269

St. Dev. 0.143 0.009 268.0 40.160 3.673 0.023

COV(%) 0.914 0.328 5.044 3.514 8.661 8.699

Table 3.3.3 90 gk <1AA Y A}

Specimen Width Thickness Max. Load Strength Modulus
No (mm) (mm) (kgf) (MPa) (GPa)
01 25.210 2.936 4457 59.034 12.655
02 25.103 2.975 404.8 53.372 12.222
03 25.160 2.963 3715 49.896 12.356
04 25.013 2.909 4154 56.200 12.803
05 24.927 2.850 391.1 54.047 13.254
06 24.870 2.963 4075 54.361 12.378
07 25.007 2.874 348.9 47.693 13.528
AVE. 25.041 2.924 390.9 52.595 12757
St. Dev. 0.123 0.048 24.546 3.167 0.536
COV(2%) 0.491 1.653 6.280 6.021 4201

_62_



400
— Longitudinal
49 — Transverse /
g Zf
& -
>
7Y
w
&
2]
L 8 ‘ L ;
-20000 -10000 0 10000 20000 30000 40000
Strain{pe)
Fig. 3317 0% W3 94 ¢4-935 F4.
70
— Transverse
60
50 _ _
g
= 40
2
@ 30 L
&» /
20 R
10 ]
¢} L 1
0 1000 2000 3000 4000 5000
Strain(pe)
Fig. 3318 0% W% U4 S3-188 F4.

@ 414

ANGANRTY FAeA 0= s 9% Wk sl
1.5mm¢]
T371 98t 1200 2EHAA R (CAS)E AH Fdol R AHE-€ A
o] A& Fig. 335%

Instron  5567(3ton)

Fule] o3 B

Zom AgAde

_63_.

e g

Table 334 ¥

A=A S F3P3lSTt
NgsAn, BEE
o]

Table 335¢ #



Table 3.34 0% Weke] 4=A18 A}

Specimen Width Thickness  Max. Load Strength Modulus
No (mm) (mm) (kgf) (MPa) (GPa)
01 10.007 2.834 2969 1026.7 41.257
02 9.893 2.833 2166 757.9 Failed
03 9.987 2.846 2754 950.3 43.962
04 9.960 2.861 2573 885.5 46.421
05 9.997 2.878 2396 816.7 50.316
06 10.007 2.866 2972 1016.3 41.768
07 9.983 2.842 2989 1033.1 38.873

AVE. 9.976 2.851 2688 926.65 43.766

St. Dev. 0.040 0.017 322.9 109.702 4.104

COV (%) 0.400 0.603 12.010 11.838 9.377

Table 3.35 90%= W3 45418 A7

Specimen Width Thickness  Max. Load Strength Modulus
No (mm) (mm) (kgf) (MPa) (GPa)
01 24.997 2.831 1007 139.5 12.109
02 25.090 2.826 1108 1534 10.498
03 25.060 2.867 1236 168.9 15472
04 24.827 2.870 928 128.6 8.333
05 25130 2.837 1070 146.7 12.933
06 25.113 2.866 1103 150.8 11.688
07 25.087 2.841 1117 153.7 10.333
AVE. 25.043 2.849 1081 148.8 11.624
St. Dev. 0.105 0.019 96.211 12.616 2.256
COV(%) 0.418 0.659 8.898 8.478 19.405
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o grolth
Table 3.36 ATA|E A=

Specimen Width Thickness Max. Load Strength Modulus
No (mm) (mm) (kgD) (MPa) (GPa)
01 11.500 2.874 292.8 86.881 4.980
02 11.420 2.870 335.6 100.418 5171
03 11.420 2.857 3314 99.612 5.140
04 11.490 2.826 3454 104.320 5714
05 11.470 2.849 363.9 109.210 5.230
06 11.530 2.868 329.2 97.631 5.395
07 11.540 2.862 3774 112.063 6.068
08 11.410 2.852 3353 101.050 5.078
AVE. 11473 2.857 338.875 101.368 5.347
St. Dev. 0.051 0.015 25.210 7677 0.369
COV(%) 0.446 0.538 7.439 7.571 6.896
100
—— Shear
80
/D—(? 60 S R [
=
% /
£ a0 | :
%)
20 H
0 Il
0 50000 100000 150000
Strain(ye)
Fig. 3321 A9 &9 &8 -¥HFE J4.

. #2]4 % DBLT A&
(1) AFAE

G-DBLT9 <S1#ZAEE& ASTM D30392 #H=z3e] Instron 4206 A2
T 2mme &£ 2 F35HTt. Table 3378 Alg ZAPE RAFL ZFAH
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SERlE ZA) Hatel AW 39

Table 3.3.7 AAZAE A3}

o

L
-+

=
=

A AE B2

Specimen Width

(mm)

Thickness

(mm

)

(kgf)

Max. Load

Strength

(MPa)

Modulus

(GPa)

ratio

Poisson’s

247
247
249
25.0
246
24.8

4.47
4.09
3.93
4.07
4.15
414

3032
3361
3365
3495
3230
3056

269.2
326.8
3376
337.2
310.8
291.9

17.206
17.686
18.191
17.638
16.492
17.803

0.301
0.261
0.302
0.297
0.269
0.304

AVE.

24.8

414

3256

309.3

17.466

0.295

St. Dev.

0.148

0.180

184.87

27.363

0.587

0.013

COV(%)

0.60

4.35

5.68

8.85

3.36

4.35

2) =414
3

e
S o

ASTM

D3410=

e L
T35ttt Table 3.3.8&
o}

of ZEIACIAE FHeAT.

Table 3.3.8 &=A18 A%

ANFY FAF A3
F=AY Aol 7

o)
=2

o

7]

o]
=y

Specimen
No

Width

(mm)

Thickness

(mm)

Max. Load

(kgf)

Strength

(MPa)

Modulus

(GPa)

01
02
03
04
05
06

25.05
25.01
2511
24.85
2475
24.94

4.04
4.06
412
4.00
4.05
4.01

4658
4234
4568
4848
4477
4517

451.41
409.44
432.60
478.26
437.94
442.50

17.946
17.622
18.839
20.655
18.716
18.991

AVE.

24.95

405

4550

442.03

18.795

St. Dev.

0.133

0.043

203.50

22.67

1.059

COV(%)

0.54

1.06

4.47

5128

5632

3) T A

< ASTM
Y39
A

3

=

D2344S
AHoz

SELRS

2% 1.3mme

o) Azol}.
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Table 3.39 &%

AdA g 23

Specimen Width Thickness Max. Load Strength

No (mm) (mm) (kgf) (MPa)

01 418 407 101.2 43.8

02 4.22 4.02 985 429

03 4.14 4.08 109.3 47.6

04 4.24 3.89 1055 47.0

05 4.09 4.01 102.6 46.0

06 4.24 3.99 116.0 50.4

AVE. 4.186 4,012 106.9 46.9

St. Dev 0.060 0.067 6.33 2.8

COV(%) 1.43 1.67 6.00 5.33

ERLENEEN I
(1 AZAE

B2AE BH U QAR A9 0% WEH 0 W)

0=
8501 AwlojA Rt

gsl7] #std Al Sl 25 2EHQ
Table 33102 0= 3] wigk ZAajoln], Table 33112 90% WFe A
ojt}.
Table 3310 0% W3 AFAIE A7
Specimen Width Thickness Max. Load Strength Modulus Poisson’s
No (mm) (mm) (kgf) (MPa) (GPa) ratio
01 2555 2.93 4201 549.8 52.16 0.061
02 25.55 2.97 4246 5494 4843 0.060
03 25.45 2.91 3868 511.9 58.49 0.081
04 2543 3.01 3839 492.7 54.20 0.054
05 25.55 2.98 4147 5344 55.15 0.063
AVE. 2551 2.96 4060 5277 53.68 0.064
St. Dev. 0.060 0.037 192.26 24.892 3.722 0.010
COV(2) 0.236 1.254 4735 4717 6.932 16.226
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Table 3.3.11 SIAANE A=

Specimen Width Thickness  Max. Load Strength Modulus Poisson’s
No (mm) (mm) (kgf) (MPa) (GPa) ratio
01 25.27 2.74 3338 4725 46.04 0.017
02 25.59 2.84 3102 419.1 66.60 0.060
03 25.57 2.76 3462 4804 60.42 0.046
04 25.54 2.88 3371 449.9 43.55 0.028
05 25.58 2.78 3493 431.0 66.43 0.071
AVE. 25.51 2.80 3353 460.6 56.62 0.044
St. Dev. 0.138 0.055 154.24 26.396 11.113 0.022
COV(%) 0.540 1.960 4.600 5.731 19.627 49.929
B00 ey o 500
500 -
400 -
400 - —
a ©
s %300
gsoo— %
A 200
wzoo; f n
100 ] 100
S000 2000 0 lét;ob'édgb 6000 5000 114 1216 Sor o aeon” roee evn o0
Strainfue} Strain[ue)
a. 0 43k b. 0% w3k
Fig. 3322 ¥ 9% 29 48 solxe) 8- a3g T4

(2) &&HAE

$EA1ELE ASTM  D33108  #Fx3sled  Instron 5567 AnldlA BT
1.5mm¢ &x2 FYPsAct A4S SH3 7] fst AE TG ZE# AR
E F&st4rty. Table 33129 132 2t 0=9F 90 W3kel] tigh 452138 2
Foj},



Table 3.3.12 0% W&k =A1E A3

Specimen Width Thickness  Max. Load Strength Modulus

No (mm) (mm) (kgf) (MPa) (GPa)

01 10.05 3.03 1245 400.79 52.861

02 9.91 3.02 1086 355.59 54.350

03 9.93 3.01 1108 363.88 47.551

0 9.89 3.03 1285 420.40 45.4563

05 9.67 3.04 1235 412.44 48.222

AVE. 9.89 3.03 1192 390.62 49.687
St. Dev. 0.137 0.011 88.76 29.18 3.757
COV(%) 1.38 0.38 7.45 7.47 7.56

Table 3.3.13 90% W& 4=5A1H A
Specimen Width Thickness  Max. Load Strength Modulus

No (mm) (mm) (kgf) (MPa) (GPa)

0 9.91 2.88 1312 451.1 45.092

02 9.83 2.89 976 3375 52,741

03 9.94 2.88 1197 410.6 50.947

04 9.99 2.89 1049 356.1 47.889

05 9.66 2.89 1083 380.7 58.038
AVE. 9.87 2.88 1124 387.2 50.941
St. Dev. 0.128 0.006 132.16 45.025 4.928
COV (%) 1.299 0.216 11.763 11.629 9.674
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a. 0= b. 90% ek
Fig. 3323 4% 22 48 slolxe 28-ddE T4,
(3) AGAH
HAGEAEL ASTM D53798 %3] Instron 5567 AvlelAd Y 2mm
o $E2 FYHUAT P S0 Al 2 5 2EAAACIAE AW S

2239t} Table 3.3.145 A@A3 o Azjolt),

Table 3.3.14 AGAH 23

Specimen Width Thickness Max. Load Strength Modulus
No (mm) (mm) (kgf) (MPa) (GPa)
01 11.67 297 409.6 115.74 3.692
02 11.74 2.99 403.9 11271 3.582
03 11.49 2.94 411.8 119.60 3.493
04 11.66 2.98 391.4 110.48 3.759
05 11.61 2.96 388.5 110.80 3.451

AVE. 11.63 297 401.05 113.87 3.595
St. Dev. 0.093 0.021 10.60 3.829 0.130
COV(%) 0.799 0.694 2.642 3.363 3.611
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Table 3.3.15 Summary of material strength test results

A S =3

ANEE5H ANHEF (MPa) = 7+
unstitched 271 o Tha
DBLT stitched 198 27% Fs
Hole ¢1#& 202
- unstitched 0f L
CPW stitched 278 8% Ha
womr el e
Mot titched 363
unsttcne o/ =
_ =7
C-PW stitched 384 6% <7t
FHAg '
~ unstitched 53.1 of Tha
C-PW stitched 51.7 0 Fa
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7}. Open hole IFAAE A d
Open hole AAZE A1FL& ASTM D57662 H=Z3te] Instron 4206 #
HZ 29 2mme £=2 JYsch DBLT FEdf9k g2 H3 A7l s
Zyzy Algstgen o dde g3 ok

(1) DBLT #alAd%

Table 3.3.16 Unstitched open hole Q1A4 = A1d A3}

Specimen Width Thickness Max. Load Diameter Strength
No (mm) (mm) (kgf) (mm) (MPa)
01 36.73 2.86 2971 6.31 277
02 36.72 2.83 2904 6.32 274
03 36.83 2.84 2871 6.32 270
04 36.95 2.84 2809 6.32 263
AVE. 36.81 2.84 2839 6.32 270.8
St. Dev. 0.105 0.014 67.51 0.005 6.120
COV(%) 0.29 0.49 2.337 0.079 2.260

Table 3.3.17 Stitched open hole 1AZE A& A3}

Specimen Width Thickness Max. Load Diameter Strength
No (mm) (mm) (kgf) (mm) (MPa)
01 36.75 2717 1909 6.32 184.15
02 36.78 275 2033 6.33 19712
03 36.78 2.80 2095 6.32 199.72
04 36.81 2.80 2229 6.33 212.36
AVE. 36.78 278 2067 6.33 198.34
St. Dev. 0.025 0.023 133.10 0.006 1157
COV (%) 0.067 0.834 6.441 0.091 5.832
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(2) g2 F2(C-PW)

Table 3.3.18 Unstitched open hole QAR % A& Az}

Specimen Width Thickness  Max. Load Diameter Strength
No (mm) (mm) (kgl) (mm) (MPa)

01 36.76 2.80 3224 6.32 307.18

02 36.69 2.80 3284 6.31 313.10

03 36.71 2.80 2924 6.30 279.00

04 36.80 2.80 3244 6.30 308.75
AVE. 36.74 2.80 3169 6.31 302.01
St. Dev. 0.049 0.002 165.23 0.010 15,539
COV (%) 0.134 0.060 5214 0.152 5.145

Table 3.3.19 Stitched open hole Q1A 4% A& A3}

Specimen Width Thickness Max. Load Diameter Strength
No (mm) (mm) (kgf) (mm) (MPa)

01 36.51 2.77 2457 6.30 238.00

02 36.77 2.79 3095 6.31 295.54

03 36.79 2.77 2877 6.30 279.86

04 36.77 2.77 3116 6.32 300.05
AVE. 36.71 2.78 2836 6.31 27761
St. Dev. 0.134 0.011 305.89 0.010 28.256
COV(%) 0.366 0.404 10.598 0.152 10.178
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Wl R AT Al

Holg ZAx Alge ASTM D953E  Fxsle] Instron 4206 &vlolA]

1.3mm&E F33Htt. UD/DBLTSF &4 HZF Mfo thste] 4z Ajdstgon,

e R EET S

(1) UD/DBLT

Table 3.3.20 Unstitched A8 A3}

Specimen Thickness Diameter Strength
No (mm) {mm) (MPa)
01 2.78 6.34 335.7
02 2.85 6.35 443.1
03 2.87 6.34 428.8
AVE. 2.83 6.34 4025
St. Dev. 0.049 0.008 58.32
COV(%) 1.735 0.121 14.488

Table 3.3.21 Stitched A8 23}

Specimen Thickness Diameter Strength
No (mm) (mm) (MPa)
01 2.84 6.34 411.6
02 2.85 6.35 435.5
03 2.78 6.34 367.1
AVE. 2.82 6.34 404.7
St. Dev. 0.041 0.003 34.7
COV(%) 1.451 0.053 8.575
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(2) C-PW

Table 3.3.22 Unstitched A8 A7}

Specimen Thickness Diameter Strength
No (mm) {mm) (MPa)
01 2.75 6.30 374.6
02 2.73 6.32 350.8
03 2.93 6.30 362.9
AVE. 2.80 6.31 362.8
St. Dev. 0.108 0.010 119
COV(%) 3.853 0.153 11.281
Table 3.3.23 Stitched A8 23
Specimen Thickness Diameter Strength
No (mm) (mm) (MPa)
01 2.88 6.33 398.9
02 2.72 6.30 367.3
03 2.85 6.30 386.1
AVE, 2.82 6.31 348.1
St. Dev. 0.085 0.013 15.92
COV(%) 3.019 0.213 4145
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S ASTM D23449) A3} Instron 4206 AvZ ET
Aok 8 9wdr AF9 w4 B2 Af sl zhz
o}

(1) 24+ UD

Table 3.3.24 Unstitched &3t AG¢4 = A8 23}

Specimen Width Thickness Max. Load Strength
No (mm) (mm) (kgf) (MPa)
01 6.42 6.66 368 63.32
02 6.35 6.63 362 63.34
03 6.30 6.66 350 61.27
04 6.55 6.66 374 63.06
05 6.41 6.63 356 61.07
06 6.51 6.65 384 65.28
07 6.36 6.65 355 61.75
08 6.51 6.61 374 63.98
AVE. 6.43 6.65 365.4 62.88
St. Dev. 0.089 0.021 11.62 1.441
COV(%) 1.388 0.315 3.181 2.291

Table 3.3.25 Stitched &3+ FGH3 = AP 234

Specimen Width Thickness Max. Load Strength

No (mm) (mm) (kg (MPa)

01 6.44 6.45 338 59.80

02 6.51 6.63 . 345 53.72

03 6.56 6.63 341 57.71

04 6.36 6.60 346 60.64

05 6.44 6.66 328 56.57

06 6.38 6.59 328 57.42

07 6.47 6.66 330 56.40

08 6.35 6.65 321 56.04
AVE. 6.44 6.61 3346 57.88
St. Dev. 0.075 0.068 9.133 1.709
COV (%) 1.157 1.034 2.729 2.952
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Table 3.3.26 Unstitched 3t A9A = A8 23

Specimen Width Thickness Max. Load Strength
No (mm) (mm) (kgf) (MPa)

01 6.38 6.58 316 55.29

02 6.41 6.59 311 54.04

03 6.49 6.60 304 52.21

04 6.37 6.60 301 52.59
05 6.42 6.61 306 52.97
06 6.47 6.56 299 51.79
AVE. 6.47 6.59 306.2 53.15

St. Dev. 0.046 0.017 6.369 1.301
COV(%) 0.719 0.263 2.080 2.448

Table 3.3.27 Stitched &%t 94 % A@ A1}

Specimen Width Thickness Max. Load Strength
No (mm) (mm) (kgf) (MPa)
01 6.46 6.65 301 51.62
02 6.38 6.67 314 54.27
03 6.42 6.34 296 51.02
04 6.40 6.67 299 51.47
05 6.44 6.70 304 51.71
06 6.40 6.64 289 50.01
07 6.37 6.70 310 53.43
08 6.47 6.65 291 49,76
AVE. 6.42 6.67 300.5 51.66
St. Dev. 0.038 0.023 8.701 1547
COV (%) 0.587 0.351 2.896 2.995
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b. Stitched G-UD
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Water Absorption (wt%)
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Table 33282 F% A AZAE Aiolw, Fig. 3334=
A ool
Table 3328 §F & 1A €3

Specimen Width Thickness  Max. Load Strength

No (mm) (mm) (kgf) (MPa)

01 15.033 3.440 1285 243.633

02 15.037 3.520 1298 240.501

03 14.983 3.357 1171 228.337

04 15.023 3.380 1113 214.955

05 15.000 3.717 1381 242,932

06 14.997 3.750 1564 272.739

07 15.040 3613 1340 241.816

AVE. 15.016 3.540 1307.43 240.709

St. Dev. 0.023 0.158 146.805 17.594

COV(%) 0.150% 4.472% 11.229% 7.309%
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Fig. 3334 9AAE A - 52 AlA 7

(2) 0.45% F5&

Table 33292 ¥+ F AP AHAelw, Fig. 3336 <
o Al FAfojrt.
Table 3329 &% ¥ AFA Y
Specimen Width Thickness Max. Load Strength
No (mm) (mm) (kgf) (MPa)
01 15.100 3.337 1395 271.532
02 15.113 3.297 1302 256.278
03 15.063 3.377 1248 240.625
04 15.063 3.303 1421 280.064
05 14.783 3.580 1384 256.458
06 15.047 3.553 1313 240.838
07 15.057 3.220 1408 234.809
AVE, 15.032 3.381 1353.00 261.515
St. Dev. 0.112 0.136 65.320 17.814
COV(%) 0.748% 4.011% 4.828% 6.812%
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Fig. 3335 1AAIE A - 3o AjH A4

2. 4%AE

HEAF2 ASTM  D3410s  Zxstd AGAFEHR T3 vy 2
13mme] Hx2 £ A}

(1) 0% 58
Table 33302 &% A AEAE Adolny, Fig. 3336 F=AF A - %

BIRER Pl

Table 3330 5 d =AY A

Specimen Width Thickness  Max. Load Strength
No (mm) (mm) (kgfy (MPa)
01 9.970 3.550 1337.0 370.462
02 9.9950 3.360 1295.0 378.356
03 10.020 3.460 1460.0 412,995
04 9.960 3.530 1306.0 364.288
05 9.980 3.340 1221.0 359.232
06 10.030 3.450 1530.0 433.618

AVE, 9.992 3.448 1358.167 386.492

St. Dev. 0.028 0.086 114.779 29.942

COV(%) 0.279% 2.484% 8.451% 7.747%
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(2) 045% F5€&

Table 33.31&
o} AlE ol

Elolt
oy

Table 3331 5 & ¢4=418 Ay

d

F ¢EAY Asolv, Fig. 33372

Specimen Width Thickness Max. Load Strength
No (mm) (mm) (kgf) (MPa)
01 10.120 3.540 1288.0 352.589
02 10.180 3.560 1374.0 371.813
03 10.170 3.810 1438.0 363.956
04 10.190 3.670 1490.0 390.735
05 10.180 3.720 1363.0 352.973
06 10.150 3.740 1122.0 289.862

AVE. 10.165 3.673 1345.833 353.655

St. Dev. 0.026 0.106 129.470 34.298

COV (%) 0.255% 2.879% 9.620% 9.698%
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ol 27 A A9
S A2 ASTM D234 Fxdte QA =3 93 Auox 29
Immd %E2  AAAYeW, F5E& 045%c] oisiAW AWEHAG  Table
3332 A1Y dFolH, Fig 33382 A1 A - F9 AH dgo|th
Table 3332 ¥5 F $7 A< A¥ 23
Specimen Width Thickness Max. Load Strength
No (mm) (mm) (kgf) (MPa)
01 11.760 6.470 611 59.065
02 11.820 6.550 612 58.142
03 11.990 6.500 631 59.552
04 12.010 6.500 505 47581
05 12.190 6.480 624 58.104
AVE. 11.954 6.500 596.6 56.489
St. Dev. 0.170 0.031 51.887 5.018
COV (%) 1.423% 0.474% 8.697 8.883%
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3.3.6 Stitch ®7r83} A3

Gl M E ©Ed] stitch w50 w2 ZiAA Edusivt nREdd. oy
stitcholl &3k Z-F B 1 544 AFHE A o9 Aol FiH7] Wil
stitch Feju A e 71A8 £4947F 124 JehdA] &det 59

735

DBLT A9 A¢ I 5424 AFthE Aol Fzte] Ax, HIFIAS
symmetric &70] W& gornz 1 FiE u ada & 4 vt ayE=E
B oM E symmetric o] w3t DBLT Azl didlA  stitch I
B A5 ) stitching &35 A% A s ok

+45%
a) DBLT [0/-45/90/45] a) YBHA QI Stitching

c) 0 &$ Stitching

Fig. 3.3.39 DBLT #Z 4. Fig. 3.3.40 Stitch 4.

7. AlE Az

(1) DBLT Symmetric
Fig. 3.3.399] a)= DBLT(Double Bias Longitudinal  Transverse)
o] HZEME HAEH 2geA Be viel Zo] I AARE symmetric £319|
A FS¥EY AW oW S He] AFslvgtx vt Aotk & Aol
& DBLTS  symmetric ZZA& wEA717] 98k [+45/90/-45/014]
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(2

(3)

DBLTE 5 AZele [0/-45/90/+45)ss & Z&3td Tt

45y

DBLTS| A% 9ol dF9Hs Hfchdrtele] Fzbo] & AMgeldh dejmz
Fig. 33399 WS 02 BAY T A4 B0 453 4 Ak B AT
£ A el UG Fol7] A%t 09 FH 2L regular typelZ HF5
e

Stitch ¥4
Stitch= Fig. 33409 a)9t b)ol ued A3 Zol A HF FAR
loope] HAXsh=  IWrHA wya W] loopel AAEE  modified  lock
stitch WHoeZ s 4 Aty =3k ddbF el stitch ¥WHolgtxn 3sloe}ts Fig.
33409 a9}t o9 o] regular typel® AZEHAL A stitch  lined
Aol wet Vd 5 Ao

Al Case

# dFAe stitch &35 B2 & Ygd § 2}»‘:—_ 73 AN¥Y =3 A
AES Fsted 24z stitch SEtelES 43 wlmstgoh. Table 3.3.
cased] W3t g ZHoltl A tabledl] A {— npel go] nE A5
st AZ JH & regular® $Y3}al stitch 2ol 10mmE 4 Th

Table 3.3.33 A& Case

Lay-up . Stitched Stitched .
Case Stitch type . Nose Point
type length(mm) distance(mm)
RE05 5 Between
RE10 General hole & hole
REl Qih ] Regular 10 Stitch hole
Modified 10
RE10_m
lock Random
RE10_0 0° fiber

(1) Stitch ¥x & a3}

RE059} RE109] 7% stitch Zoly 10mmE TYstAYF  stitch  line
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(2)

(3)

(4)

(1)

Atolo] 1A 5mmet 10mmE 2A st stitch WS 2314}

Stitch dgjo] @& 73}
RE10#} REI0 m® 7% Fig. 33409 a)% by} 2ol 9wz et
modified lock stitch8 8|2 FE-5¢ o)

Stitch Y=o} W& a3}
RE10Z REI10.09 7% Fig. 33409 a9} o)} =2o] stitch lineo] 0
[e]

T AR Aol BE 0% A4 9o 9x3=2 39

3
st R} Stitch Rl SAF &9 A
© nose?| A= FR3 ety @t RE0SS)
RE109] 7%= nosed XS stitch hole Akolo] i, REIO_he] A%
& stitch hole $jol Tt}

HIWR stitch EAE BHoh & 28 5 de #8 A
£ = Asigith. AEe ()5 GAbAke] DBLTS 0% S5 A%
d  DBLT80S A3l [0/-45/90/+45)5s2)  regular FEl=  AZdgch 2
F Az Aol dig stitchE ¥ ©& RTM(Resin Transfer Molding)3s}
Ak :

::1‘
ofj
N
)
v
>,
@ H
o
Ty

=8 AE

BYAFEL ASTM D790E F=x3sle, Fig. 33413 7L oz AAL
AzstATh. A" AE7lE  Instron 5567(3ton)  ARIE ARIga, EBF
26mme EE2 AlPS AYPsYrh Table 33345 3 A¥ FAFolw, Fig.
3342« A8 ¥ A|H Ao}
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19

26

125

Fig. 3.341 #3 A8 g4

Table 3.334 53 A3 2%

Case REO05 RE10 RE10_h RE10_m RE10_0
Proper Fn En Fm Eg Fm Ep Fr Es Fnm Es
—ties (MPa) | (GPa) | (MPa) | (GPa) | (MPa) | (GPa) | (MPa) | (GPa) | (MPa) | (GPa)
1 543 191 507 186 548 185 489 17.0 447 164
2 | 547 189 512 18.3 540 185 553 186 465 16.0
No. | 3 | 491 175 520 187 528 179 546 18.3 465 16.7
41 523 18.7 557 188 515 176 511 16.7 462 16.4
5| b4 19.2 528 19.1 518 17.7 450 16.1 465 172
AVE. 524 18.7 525 187 530 18.0 510 17.3 461 16.5
SD 22.8 0.7 19.7 0.3 13.8 0.4 42.2 1.1 7.6 0.4
COV(%) | 44 36 3.7 15 2.6 2.4 8.3 6.2 1.7 2.6

Fig. 3342 A& &
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2 X¥S ASTM D2344 Short-beam TestE FZ3gn, A|H I

Fig. 3343% 2o 3 A AP Afd= 3 A¥F wAA
InstronA}®]  Universal  Tester 5567(3ton)E&  AF&3dd.  Alge £
Imm¢ &52 23Rt Table 3335 AldZAdHoly, Fig. 334+ Al

% AJ® Aot

LI o

| Y
! !
24
(ke
49
Fig. 3343 53 Ad A1d AlH 4

Table 3335 53 A& AlE A3

Case REO5 RE10 RE10_h RE10_m RE10_0

Properties Sas Sa3 Sos Sas Sz
[MPa] [MPal [MPa] [MPa] [MPal

1 487 59.2 56.2 57.7 57.0
2 52.2 56.4 55.2 56.1 51.4
No 3 494 574 49.2 56.1 56.9
4 56.3 578 b8.9 975 53.2
5 57.7 H6.1 555 55.1 55.2
AVE. 529 574 55.0 56.5 56.8
SD 4.0 1.2 36 1.1 2.6
COV(%) 76 2.1 6.5 1.9 47
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e} Az 2

(1) Stitch ¥xo] ©}& 73}

800 40 80
=3 Strength[ MPa] & Strength[MPa]
~a— Modulus [GPa]
600 30 60
5 I
& 400 — 203 5 40
& £ &»
200 10 20
0 0 0
REO5 RE10
Fig. 3345 53 A8 2% - Fig. 3346 53 Ad Ay A3}
Fig. 33459 ZAdolr HWH F3F 33 HeEe A stitch Y=9e FHAI
o2 YEth ol F8 $3 AuolAel shale g Polyael 1ot g

b

2
SolA Ay wEo|t}h Fig. 3
g w8 AP F 93 R=E FHd 93 0%

Fig. 33463 o] ZF3F A &8 e AS stitch =7t dogoezm o
RE109] Z=7} o] =& AL & 2= o}
(2) Stitch Fejo] & &x}
Fig. 33473 489 Aol BY F3 &8 FeH S Ad 88 A=A
o 71AH 4L stitch Fefoe 78T AS & F Ak



800 40 80
3 Strength[MPa} £ Strength[MPa]
-Modulus[GPal
600 - 60 I
g 3 g
§ 400 ° s 40 - —
» £ n
200 20 —
0 0 .
RE10 RE10_m
Fig. 3347 38 A3 Z3x. Fig. 3348 &7 g A8 23
(3) Stitch line YAl @& Fa3}
800 40 80
23 Strength{ MPa]) B Strength[MPa]
s Modulus [GPa]
600 - 30
B S 3
£ 400 3§
& £ »

200 |

RE10 RE10_0

Fig. 3349 53 A3 27

Fig. 33499 AxolA R stitch line Xl ot F3 28 Aeldrle
1A Bl Wslehe AS ¢ & Atk 0% AH §)dl stitchdt RE10_09 7
FAol @A vEtgtEd, ol §d 28 AHdAY F dyr=st A"

= A#e gdelw, RE10.09] 4% 0% HH Yol stitch FozH 0%
E SR WiEelt a8y 23k A9 38 A AF BERL

=
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© ks Fol vl g7l57] "ol BlEol

Fig. 3.353(b)ollA XHE ule} go] AHE Alo] 7

Fig. 3353(a)dlA Rozts, 2gA AHfe AFoz <3}
)

2

Mmoo ko A
o ol =
0 T

& FEAXME DA & RdAdME AF 22U ° 2A AU
ole]d ~ElA AHd g3 85 o Bo] doz sty Ao ¢
g AR S0l Astd Wl oy, 2EA AdFol g EMels 48T

Aozol BEate B 2F S U 4T F 5 Jcky 2ok
Resin rich area Fiber breakage

Resin rich area / Tmm

(a)

(b)

Fig. 3.3.53 Various damage types in the stitched composites: (a)
resin rich area and fiber breakage; (b) fiber bundle separation.

Fig. 3354= W& ZgF (T80 47 & 2HA & AYH, 0= 0T A
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# wlgel FHALR Hol Yge 2 dFo2el needle st
bobbin Af7F Wbe Riol T F¢ R 91 Ark o ANE s
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Aol 4 ' Aol ol needle A9} bobbin Aol ZAe g w2t A
HE AoRA EE}EQ FAZ FAAAE o] A3E g Aotk o7 Hols
loop 9l A& ARHEHS 7|Fo] ofye} npse] #FL AFE AGAIEA F

AR RIS —"'i— B A ool

Fig. 3.3.54 Stitched  preform of  unidirectional MWK showing
the loop formation under the balanced lock stitching.
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F QEdH, F A8 EXNS
A== AHo 3t ¥nE e A 5)

A lock stitchd A% ZdZ 79 =9
Azolt e mHd A7)

i
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0
)

18

O
HU
{40

A A&l szt opet 2AAlg
H7pb 4 4 doh

BERo] A7l loopdl 3% 9
13 = Ast EA= loop A0

7Fedk 3 W & F UEE FE modified lock stitch BFEolA AT S

Atk o] modified lock stitch 3ElE  needle
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D
tand = =D /h

(a) (b)

Fig.34.1 Geometry of a twisted yarn: (a)

1/3 yarn; (b)parametric relationship.

Fig.3.4.2 Coordinate system of an infinitesimal

element for twisted yarn composites.

B Aed o3 gA3AS 1] 93l Figl34.1l(a)e AR o dRE 9 o
Fig.34.29} 22 wja Zol9 Afrids na3th o AR7ige A HWEAY
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B3 Byl wdso] gl

= 4
d WE BEIdAQAsz AT £ doem=z 3 WA (transverse isotropy)ol

o
o

N
)
of
oo

| VE,  -w/E, —v/E, 0 0 0
"v12/En VE, —Vi/Ey 0 0 0
v/l —vE, VE, 0 0 0

0

1= 0 0 VG, 0
0 0 0 0 UG, 0
G (3.4.1)
0 0 0 0 0 UG,
A7N, FAASE) B Y BAARGE AL sfae] g FAL Aa)
o AR £A SHCTVY AL & Utk Fig3d2el EAG vlz¥flA A
EAE xy 22 EASL 2B AXAS 12302 EAHE o T HEA 79 WP

2
aq g o 2atyoy 20504 209y
A BB B 288 2BB

2 2 2
M= "1 72 73 27973 23N N7,

Arn By B3 BorstByry BrstByy By +Bon
na % M BTG BT et (3.4.2)
by by afy wBtaf, afiraf aqrytay |

714 a, B, vi= H&o]dZ(direction cosine)S. 24 the Ao 2 Ed 4 rh

o = cos(l,x) ; Qy = cos(l, y) ; as = cos(l, z)
By =cos2,x) ; By =cos(2,y) ; B3 =cos(2,z)

71 =c0s(3,%) ; y5 =cos(3,¥) ; y3 =cos(3,2) (3.4.3)

AEA 1-239 % 32 x%F7 A7oz o AR W @R ThgH o] ©
&3 9o,
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ay =cosf ; ay =-—sinfsing ; ay =sinfdcosg
By =sin@ ; py =cosfsing ; py = —cos@cosg¢

7= 0 3V = cos ¢ 53 = sin ¢ (3.4.4)

uebd FHFA 1-2-39] g ESAE rode] Wid A (compliance) 3 &

_/_‘[:
9l 234D [Ske & Ao g3kl xyzRTA [$]02 WBA,

[S1=[TT[SIT] (3.45)

A71A, [T £ [T]e AR Holth. 9 AL 7 azol datd AMsa b5 2ol
Fa .

Sl ] = Sl l COS4 9 + S22 Sin4 0+ (2S12 + S66)C052 95in2 0
S12 = (Sl 1+ 522 - S66)c052 05in2 Hsin2 ¢+ S]2(COS4 o+ sin4 ) sin2 ¢
+(8) 0052 0+ Sy, sin2 &) cos2 i
Sy =811 sin4 95in4 ¢ +(2815 + Sgg) sin2 95in2 ¢(cos2 Hsin2 ¢+ cos2 )]
+S859 (cos4 Hsin4 o+ cos4 P + (283 + S44)0052 9cos2 ¢sin2 ¢
SH3 =18 1 sin4 0 +28;, cos2 6?sin2 0+ 8y,(1+ cos4 0)—Sy4 0052 )
- S66 sin4 o] 0052 (/ﬁsin2 o+ (SIZ sin2 g+ S23 0052 9)(cos4 o+ sin4 ?)
S' = 4[S. ’49 28 '40 Syn(1 49 28 20
44 = HSpsin 0 —285sin 0+ Sys(1+cos F)— 25,5 cos
+S¢e 0052 «S?Sin2 ] cos2 ¢sin2 P+ (Sy4 cos2 0+ Sgg sin2 ) 0052 2¢
' 2,.2, 2 2 2 (3.4.6)
S55 =4S — 2815 +Syy)cos Fsin” fcos” g+ S cos 2@cos ¢

+(Sg45in” 0 + Sggcos” B)sin” ¢

i

A7lM EEHA ¢ o2 Qa4 25 0 ol

H
flo
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TN Sz
—D—

Fig.3.4.3 Schematic of volume averaging method for

twisted yarn composites.
Aol HEE s 6719 A9 ARl deH o] T
Sy, =8, cos 0+, sin* 0+ (28, +S,,)cos’ Asin® &
1 .
S5 =875 :E[(Sn +S,, =S, )cos’ @sin® 6
+8,,(2cos’ O+sin® §) + S, sin’ 6]
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Sy, =85 :%[3S” sin® @+ (25, + S, )sin’ O(1+3cos’ 0)
+3S, (1+cos* @) +(2S,, +S,,)cos’ 8
Sy =83 :%[S” sin* @ +S,,(1+cos* 6)

+28,, sin” 63 + cos’ )
+6S,, cos’ 8-S, cos” @ -S,, sin* 0]

S ———%[(S11 —-28,)sin* @+ S,,(1+cos* 0)
+(S,, —2S5,)cos* 8 + S, sin’ O(1 + cos’ O)]
a a l .
S& =8¢ :E[(S” ~-28, +S,,)sin’ 20 (3.4.8)

+S,,sin’ @+ S, (cos’ 20 + cos’ 6}]

FARE DIF RPARS PRHE B35 54S BFw Y
FE BAASFE et Lol T & Atk

a a a
Exe =1/S)y 5 Ep, =1/8y 5 E, =1/S3;

a a a
Gy =1/S4y 3 Gz =1/855 5 Gy =1/Sgg

a a a ,.a a ,,a
_ . _ . =S5 /1 (3.4.9

o B A

EdARe 7E BEAXE 47 AsMde 9Hd EFAE AHS ARl o
AlAAZY oA Fosliof & HL HFeo FFo] doUA F=F st AF EX7L
7hedk g ddsA ARElEE slof 3ok B ApolA Agd fEldfe Estont
A #Zolw Table 3.4.16] zF £H) st 71EHQ A5 E AF3tAT)

Yarn®] FEAJlAM 1/0& 17199 Afolx, 12 £ 1/32 Z4z 27t ¢ 37t
o ARE FAAM B Aoltt 07Zz5 v AA 7T 073 z@gez # AolH, 385
£ @9 AXF 383 Swgomw I Aotk FAE AEA (KBR 1729, == 33hHE
A3t
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Table 3.4.1 Characteristics of E-glass yarns

Yarn Description

Filament Dia. (um)

Tex (g/1000m)

ECH 37 1/0 0.7Z
ECH 37 1/2 385
ECH 37 1/3 38S

11

136.8
273.6
4104

EgAE AW AzE fstel, fU4RE 2uds Bol AR AP FUA
A Foz Hddstd FAE o 4mm Ao =S sgon, gelgy sdws

T AAE 37 dFd 21 FAE FASAY B34S BB S 260x180x
23mm Gk BtARY Af Aduie dayer FFsdod A 4 HAGE
4 ASTM D3039, ASTM D3410 Procedure B, ASTM D53799] oJsle] HAjs}
Aok BAAAT 2 Xopgu) H L 2EYQ AolAZ o] &5t
Fig344 (a) ¥ (b)+¥ ECH 37 1/2 385 2 ECH 37 1/3 385 A#E=

d AYH 27t e hEe] AR FHAM MR omd AL B F 9tk
Fig.345 (a) ¥ (e &4 Afd g BdAge] as 1w Aotk 27id 2 A
7Fgel AR M2 FAA eS8 4 Qa, AR dd g 2 s il Alolea g
FA = YA o]FoHSS ¢ F

(a) ECH 37 1/2 3.8S

(b) ECH 37 1/3 3.8S

Fig.3.44 SEM micrographs of twisted yarn composites.

- 106 -



(c) ECH 37 1/3 3.85

Fig.3.45 SEM micrographs of composites cross—section.
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P EAEY g Ae ndds 2 AFAFHu8o
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XZ HAxtolt) ol HA xE 05 WE, yv 0% Wakoln,
N8 =5 2EHQ AR/t AlHo R



B o]e&stAY Ao 9] o] AHY wewT Wi dojgd A9 gabgoz v W
F&S FHs9T
Table 342 Summary of input data for the model prediction
Yarn Twist Vi Material Mechanical
Type Angle (%) atena Property
Beol E = 72 GPa
1/0 0 636 G955 G = 295 GPa
Fiber - 092
1/2 7° 60.0 V=0
1/3 10° 61.4 Eoox E =5 GPa
POXY 1 v = 035
Table 3.4.3 Experimental results of twisted yarn composites
1/0 1/2 1/3
) Ext 452 (1.63) 40.1 (1.84) 41.4 (2.45)
Tensile modulus (GPa)
Eun 16.07 (0.83) 14.26 (0.75) 14.99 (0.90)
. Fu 1191 (101) 1199 (83.6) 1070 (445)
Tensile strength (MPa)
Fu 46.4 (4.46) 415 (56.23) 376 (658)
(%) € 0.30 (0.04) 0.30 (0.04) 0.26 (0.05)
Poisson's ratio Vyy 0.283 (0.01) 0.287 (0.0D) 0.296 (0.02)
Compressive modulus Exc 471 (2.49) 46.2 (3.30) 445 (850)
(GPa) Eye 1342 (1.08) 13.89 (1.31) 17.48 (1.63)
Compressive strength Fre 1299 (68.8) 907 (77.2) 908 (68.4)
(MPa) Fye 164.8 (558) 152.3 (16.0) 140.9 (10.3)
(%) Eye 3.43 (0.58) 1.80 (0.66) 0.91 (0.15)
Shear modulus (GPa) Gxy 531 (0.55) 5.60 (0.61) 6.27 (0.58)
Shear strength (GPa) S 109.7 (7.42) 101.5 (5.32) 82.4 (8.10)
Ultimate shear strain (%) Viy 11.8 0.61) 9.10 (2.49) 4778 (0.86)
Table 343°04 BW 0% %3 A g©AdA S 2 BAZE(Fu)e A9

dads B 39, A



129 A7 1/39) ZAeng mdde Amrt Fd® Bata gAASTE e
L olft= Table 2014 Yehd oz 1/2¢] AfAlAulgo] &7 mFolrx skAgt
n Zhze) Wste] o gAs wst mwd 2y Mot ¥ AR BFARE
Fig. 34404 HEx met Zo] angleply BIAEI fA8I0R 2 5 de
TF ERARE AR A=t 0zoM Bod5E gAAS vt e 2 do

v
WA angle-ply AR AeE 2 vt vlad geksitasy 9 AR
A%, Tsai-Wu sh&del]l o3 A Bda9} angleply ZFAE wmsta, H+
AL S7be] ME AR ie gAS AT 284 39 g, AR ngde
2 9% Bx Fae AASAASY i v o FHs7) wiEol] Table 3.4.30)
A EE W2 139 AFFETE 1/2¢) vE) wel Aade B & Ao 28y, A9
mdel Ae 129 WFA=IE AF mdd A e 109 BSEG 24 dekey
2 ool 1/2 BARS 9% sE @ gl 10 Mo 17% 3E =97 Witk
Aol mdol slod Z1he] M BehEd F&HE 943 JRo] Ao mYol
S 9T FeRlEd HEHE AFSE Arng vy fie s Wy ge] Fun
= 7 At Y A By AdRs Us A =Y de 38 AR o g
doju7] wjFol AFZ=E a3 B
Fig. 3462 Adf W= A stge] A8 9o & HdfF Az &40
BT FAs HA A, 109 AsE F3EAA Ad A ATS Reld, E dH9
e TEC] Zhhs] AwA vldd AgS BAY 74, 9 v A& 1/27)
7P 'R 130 7B REE B & ok wEAM, 9 AEr 2e &AE RAY
0= AF AT AH 5480 AuAA 2o ot mz Hf nd Axd wE w4
Aot 2 W7t T2 24 GAY ¥ AR BFARY d9F BgAE Hoh 90
A HAFEN B A FEFwE FaTE B F Ao TS0y F9l
= m Zho] Wste] tid AFE A gL o

Fig. 3472 Aw F Wde= dF 3
AQH, A BFARYD 12 2 1/39 AUt mAdd A%
3463 vas) £ o, m) Z wigd g% Y= I A= % @ =
G S Wst HWe Ane AL ¢ F Atk 0= 4F AT ESE BEA
F7tell @} Fradte AFE Bolu o Avie ZEHEA WY Wd deEz JRHA
T AU = F A W= 4F GHAFEDE 29Tl FHEFE gi )
ke Hl 2 olfre 1Y Zol AASFE AR ZErt 0% 7k A7) Rt ¢
5 AEFD ZBedlls didos ng ZAxrt F7hed Fadke A% Bt
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Fig. 3.4.6 Tenstle stress—strain response for  twisted
E-glass/epoxy specimens of O-degree fiber orientation.
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Fig. 3.47 Tensile stress—strain response for twisted
E-glass/epoxy specimens of 90-degree fiber orientation.
Fig. 348 0% % 0% ¢4E3FA4Y $P-98E FHS 2 AAH, 0%
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Fig. 3.4.8 Compressive stress—strain response for  twisted

specimens of 0- and 90-degree fiber orientations.
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Fig. 3.4.9 Shear  stress-strain response for  twisted

specimens.
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St A AT GAST BdS o] gdld £ HH BEFARY dAASF 9L
Atk AE S5 AMSE AARY JAH B4 2 BgAge 718HEE 99 dolH
Table 3429 Qokstgon, &A4 o= ZAAEZ Table 3440 FYsigo 2
2o ostd ¥ Hf EFARe Fuma ohg FA e BAAFE Q=T 5

[ 3 e) 2=
VTS & 5 A

i

=

Table 3.4.4 Model predictions of twisted yarn composites

Yarn type
Property 1/0 1/2 1/3
Exx (GPa) 47.6 42.1 40.3
Eyy (GPa) 14.7 135 14.0
E.. (GPa) 14.7 135 14.0
Gy. (GPa) 5.90 541 5.60
G.x (GPa) 6.58 6.07 6.34
Gxy (GPa) 6.58 6.07 6.34
Vy, 0.247 0.248 0.244
Vox 0.083 0.088 0.096
Vyy 0.267 0.275 0.276

AHot Azt wake] Ao e BAASE AR B o=H 1 9oy 2893}

© Hhe} Zol mel et ShEsE AR 4%

7} 0mel M AAmE ZAo] ware] BAAZLs) 7ATS & 2 Ak 109 SH= Ayulak
ERARE 5T 5 oy, GUSHAIE Table 341004 BE wieh 2o] ofgte] mg)

PEeE AHSY AP AP BPAR HstE BYAI} R
[

—_

w
A =
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Twisting Angle (degree)

Fig. 3410 Variation of Young's modulus and shear moduli
of twisted glass/epoxy composites as a function of the

twisting angle.
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B HAME spun AF EBEFAE xR 2dS 7Y E-AVHAHY
(thermal-electrical analogy)®} A3 BAHE FHE&3dd AASIILeH, o =
do] 848 323517 5t md =X AYAE AMZ HustAY.

A= 2de] Zer S84S5 2dd rlaiA e sjsiety 33 29 bt
2 3%t F, Fig341l F Fig342% ndsid, vlagsd AT
X'-y"-z'e ZE FZEASAN A QAE guiek RIAEE 53 o x'EL AS 2
o] wrgkolm A FHEA L £=3 9 W3urE Eold Qo) @l pALAS

, GAEE ke oS3 %E‘r.

ky, 0 0
[k”] — 0 k22 O
0 0 ky (34.11)

A7 kn# kpt W BEFdAgge Zo) weg W X Wk GHERO|H,
micromechanics?] . 2 2E AL =]
A BlAx Afe dAEEE 33 go] Tzt

(k] =[TNK ][ 1] (34.12)
o} 7)1 A,
cosf sinfcosf sinfsing
[7] =| —sinf cosfcos¢p cosfsing (34.13)
0 — sing coS ¢
dAx AL Ysted A-H7)SAMH  (thermal- electrical analogy)S E=¢
s, 8482 R=L/KAZ FEAHH, 97|14 L# A 27 @] d2HE g9

st aRFolth Fig. 3@t gM¥e 5937 A disse d37zE e
& ges @igel dofun fEdel A2 BRsn HUolz
AR, ARe Fig. 3(b)olA B niel o] Agz wAso] Yoz 2 & 3
oovBaAAR, y 3 8 2 B JAEE Yz vdsel dow B & Yok
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Serial Connection (q,)

(a) (b)

Hig. 3.4.11 Schematic of thermal-electrical analogy: (a)
multi-layer construction of yarn segments; and (b)

serial and parallel connections.

Fig. 3412 Averaging method of thermal conductivity.

g Aol HBE ddH 3, viaase] 4 AFES AA pich Holo widod
Bshd  (Fig. 344) & A
vEbd 5 it

% 2YAR Yol WY IAEE (W TE Hox

11 /Qﬁdgb
— (3.4.14)
k 21 . k.
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1 _i 2
T = o /O k,d¢ (34.15)

HAF:Hog A (34129 A (3414 2 2 (3415)EF EW ¥ AHAH EIAEY
a4 = s Hez FAY.

k., = ki1c080 + koysind
1 (3.4.16)

vy zz

oolth. 2 (3416)o2HH £ A

mdol g3 A5ty sty dAEE AFS Yt AHAZE St g3
AlZl oxi- PAN spunid#& A3E 7o) ol 43¢ FAR weE A 33 ¥
FA F4L s Fig. 34132 A4 AR FAFH 4FE AT 2¥E
Bl Aotk Fig. 34.14% CAHRFES &, spun ARFE RBQ Aoy F rsigo] m<l
G Aok mY e 22°2 SAANL, BFAS H4F AFHELS o 50%H

A9E
. B3AE A9 dAEEE ASTM E-1225-879 oA3t FAHUT. B2H3H
ANA, A@AR Z]EAE @ FHE vaste] EAEEE AMEgon JIEAHL
2 2dga 28 STS 304% AHE-3H T

Table 345= 4 AR dA=EEE 89
4 Ag AHE vad Aol do] B &
F Aoy T e 15%9 x5 HHth
vheh ol spun AfE A% Afde @9 @
PRI ok AolE Mol FolTa AztHETt

Zolil, Table 3462 &9
T d3Fe A & XS
olfE Fig. 3414904 & & 3l
F2 wigko] dAstA] 7] Wi

r

o% Kl
o

i ofr ome v
o

- 117 -



(a) (b)

Fig. 34.13 (a) Insert mold with twisted yarn; (b) RTM mold.

Fig. 3.4.14 SEM micrograph of a twisted spun yarn.

Table 3.45 Thermal conductivity of fiber and matrix

Material Thermal Conductivity
Carbonized oxi-PAN kp = 3.4 W/m-K
spun yarn kep= 0.34 W/m-K
Epoxy resin kp = 0.1 W/m-K

Table 3.4.6 Comparison of the model prediction and test results

Thernixa'] Prediction Experimental
conductivity
ke (W/m-K) 1.563 154
kyy = Kz (W/m—K) 0.28 0.33
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3, Spun AF HRAEY AR it mYzte JFS FAstrl Y A
A (parametric  study)E F33st¥9Th Fig. 3415 1 A4S HS Aoezm =
Yol F7te W ZHolwtdgk dAEEE FAsAw EE dArrE Fvhsted, 2
o ARl mYze] Zrhgel Wt Hfvt E RPoR NI ol
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Fig. 3.4.15 Variation of thermal conductivity of spun yarn as a

function of twist angle.
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Aletar, HIE4d fA9 A A  (continuity equation, 235103 £EFH WA
(momentum equation)9] WHH Fe <A Darcy 2 (21352)& o] &3td 2](353)¢F &L

3
Q
T A4 (quasi-steady state) A 5] AL 42 5 k.

V., =0 (35.1)
y (35.2)
P P
yta—5 = 0
X, X, (35.3)

2
XN
X
rE
i
rir

e 2ol e B

Vo: Darcian Velocity
[K] : Permeability Tensor

a : Degree of anisotropy(=Ks/Ki)

P : Pressure

X1,X2 © Axis of Principal Flow Direction
b : Viscosity of Resin

21(353)2  Eld¥(elliptic  type)o R Aoz AAZA  (boundary
coudition)¥H-& QR 2 3} 2L olze} o)

F Y4 F:P=P at X12 +X22 = Ro2 (3.5.4)

A AW P =0 at Re(xi x2,t) (35.5)

Darcy 4 (2] 352)oM9] FAEE(v)e FFTAFS FAT o) B3t 713 (pore)
= 5 28 /p3E gelw dAAz o34 o2 A FAZE (BRY] &%,
apparent velocity)©= 713X (g, porosity)E& 1#lste] dA3stodor 3t walbx =1 AR
AR FASEE(v)E ol 2o] Fo| "

- _ax, v
v, =—L =2

Toadt e, (35.6)
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L

shell
g3kl 7%

el 5A
SR ERER
o]-&3te] Darcy $55 dR3To 2N 71

1:11

BAZA 354
Ole olg JHEFH( vP)E ARSI

(] 355< 3

21(35.2)E
stk Darcy 29 4] (356)% o]&,

SEA

R A Wi 2RV S8 248 5 Atk 99 ¥ A5 uE o R Adamsy)
AN T3] A AR ey 2ok 3AA7E 584 (sotropic, a= Ky/Ki=1)¥
B5el FHRA AFE Lee U4 Adams® AFAE o] gdtd AARZY 4 dow vEHy
(anisotropic, a=1)¥ 7%+ i 2 AP 7HHS F3lo] ZAF & Fsla o] &
ol-&sta] TG AFE AAT 4 Avh HEWHI 2 Y YRS Bt AupiH
21(4 353) 2 AA 20& AP,

1 _t
% gk x/ = xa', X,=xa’ (35.7)
,_P-F
o wadsh T 0 pp (35.8)
Fp 2P
A Al X g (35.9)
'2 12
X1 X2 _ 2
, 1 1 /?0
AA 27 FAFYE L=1 a5 2 (3.5.10)
22 AAw P=0  a R, (x!.x}.1) (35.11)

A AelM AW WAL qtge] EE38 (normalization)®  Laplace 2] )
2 QY. ole 4¥ 1 FYFE 5 vsHAY HAKKIEY 74 #E5S
By FUTE 53 584 MR fARETeR HIE AL gud Aupgg A
of Xt} @3 FHZ XNFHAAY FHT o] BdFolng Am HXANME o
A3l A ofgge] Boermz HY o] fold BY HEA (Elliptical
coordinates, Fig.35.2) (EnE A &sA

=Lsinh&sing (35.12)

Xy =Lcoshé&cosy (35.13)
1 L

L=Ry(a?-a?)? (3.5.14)
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Fig.35.2 €4 &% A.

oA7)N L& 517 ehelel 23 Adolth g 44 g e ¢ B s FY 49
BT 2 AFH T2 YT B A vEdEA(2359) 2 AAZEDA
35.10, 3511)& obdlgh 2o AHHY,

5P 3P
+ =0
FE? on’® (35.15)
E=¢, = 1+ \/cT
p’ =1 at ’ Vi-a (35.16)
o' =0 at A& L) (35.17)
el &2 Al M 9] Darcy £5&
7 - KAP oo _KaP 1 ](/.gaﬁf;””a;)
# L(cosh? £-cos? )2 (35.18)

MR L & sk n Rge g9l dEelth 54 AFA(flow front)d FEE
EWS FHE o8t EEHH o AE

o
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- odE L d
v, =L(cosh® & —cos? 7, )2 (/5%“”—;1&) (35.19)

o5 (families of the
Ak werd 1y
Jormz A(3518)

KAP 1

& 1 —
ul (cosh? & —cos? p)? (6 - &) (35.20)

(3519) 2 HB5LH200E ol&3W FHTHoz olefel e e mEWFPA = A
Axde 25 5 ok

&: a 1 ]
dp  1-a (& -&)(cosh® & —cos® ) (3.5.21)
K AP
G=& al / gu Rl (35.22)

mepx] HFH o 2(35.21),35.22)9 e

FE ) = (&, - &) o) nh(2§f) eng] cos ﬂ(if—fo) +[Cosh(2§0)—8cosh(2§f)]

+§o _gf_ a a K,AP

= = t
i 1-a’ e ok (3523)

(352305 ©]&3te Adamsyt AEd F3}A ASF 2R AFL e Brh
BA AP Fdd A wE 33 Rat), Rew 999 adl

(4 3524, 3525)0& ol&3td %, & 2 WA (3523 HEsd A7y
F@=%1, n=1/2), F@E=%p =008 T T Azt w2 FREFHS I3
y=me.x FElS] Ao2 curve fitting @vF oF WHIAIIY exrl HAxr HE
Z1€7l(meg) R o AAICh ol FR 71EVIE o]§, ABHH)CZREH Kig
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243, aGK/KDEFH KB 2430

&, = sinh™ H" — = sinh™| p, ——1)2
(35.24)

be = cOSIY { } [ (1-a) 2} (35.25)

— KAP( a )
P euRE\1 - a (3.5.26)
Aol & (4] 3523w A T gEel d4FY A HE s Aot AT
AA 5H Fde F9 $FHol Alktel w} Wshe A9t EEelER oF 1HT
Ve FHZ S Y Favt o AR 24 3AZE AAE FA48 A FHe
ofgfje} Fom B AFdre oty A& o83ld FAF AFE ZAsA

F(.m=(& - Sgo) 229&/) +§7f] _ cos n(é;f —&) N [cosh(2¢,) ; cosh(2& )]

&£-¢ _ a o K '
+ = ( inlet ~ P Slow front )dt
4 -« 1 o EuR] 0

(35.27)

Fig.3.5.3¢ Aol ZHE3 Ad Mg 2L A4 Fu] Apzle] FoA Utk 2
AFdME 4 B A9 UY ¥l 7B Hi ZAZ 2ole 2F (FEAR T800
UD 9wk Af 24+ DBLTS0 MWK t&72#)e] =ZglEd disld 543
t}. Fig.354¢ A3t A74E BW TR0 UD® DBLTSS0 25 AH AFHEo
7htel ek A f5 £x7F =8 A, O] 2N R4 dAa ?:5:}% Ns
T olfE A Atele] Fzteol AR zﬂ*—‘l% o] F7Istd Folx /T AF
wolth. 183 o]E2 TWAol ohd M HEY W wet FAG AT @ l E‘r

J < P ol AHAEo] AxE o
oty agx L AR AFEANE &
Az 8 W unit cello] AF Al &4
AXE Holn, 3 FAHS YA Ad ¢ HFS & o 3
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UD fabric Carman-Kozeny
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Fig.35.4 F34 A 34 243 (DBLT850, T80 UD).
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olejel 2o Ass AU weq BF Y A4 weh Ae AFgo] Weldes
33 A5E A AT e Qo] o A9 B8o] Al

—62 1_ 3
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4x%0.047 vf,

K,/K, =019
(35.28)

~DBLT 850 : K, =9.92(6.5x10°)2(0.907 —v,)'* m®> K,/K,=027 (3590

A7 Be¥ A= T AYY A2 FY Azte] v ZEE pot lifert 3
FA7F Bt AE ZAME £33 Ay T8 o FA] FA(FA KBR1729, A
sHAl KBHI1089, wigt FAH FA:A3A=100:9008 AA3ALt. FA /%5 s

T2 A=} "e3I=F parallel plate type  viscometer(Brookfield) &
&8 HAEE FAHFAG(Fig355). 54 AHE Bd F=3F gEA FAE F
At BIAE EF F ol 93 HE wsl} 5x3be] AuW oF 28] AR
(Fig.355a)= old FAeold of 1047 A= Pot lifeE FHRT & Y& Aoz
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g AEse ¥4 A8 teAs Fssided, A A 228 AN ® EYEHY
A" (Fig3hs & o83t 3 HFo Fs wste] o A wIE A
(Fig.35N8tAch. 573 AfelA B npeh o] Hgte] &3 Ao AT RIS
Btk fEAdRe A9 AL 152 BE Ax @S RIS, $AbEe] £ A
ACHY A$+% 02-05 BE ASv Aoyt u=z Ad A4 1‘1%?—:} F Uds A
o7 Agdth mabd Sz 3 9§58 #AY F e A AME HEst

W 3o st A = NS Aoz dddn

T4 g % =g E

AEste IR, 58 U 4 3 JY9S 458 5 JoW ¥ A BT
gate ® vent®] 9, FA FY9

AT 2ol A A dHol Azt wet HE A
AahAl "ok Al §3 ARV f3 a4 A Fgo] #HEH
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A2 FA% AZ Volume of Fluid (VOF) 71%S 83t vl meshES A4 A8}
@ote 57] MEd, 2 Apojrs CVFEMel 7123 239 siAS 33t ote)
g 84l A 2 {5 Agd AR 7PH(Volume of Fluid or Flow Analysis
Network)ell tjste] 213] 71<3tAch
A MEE t3d Az /P8 5 ded, 934 gl fEugae g
A FAGENA AMEEE Navier-Stokes W82 thalel Darcy 4 (2} 352)& A}
&%ttt Darcy W&ol dnjsle AL, 32 45 Fo ¢Eol HAE(viscous force)
3 BEe o)F =, A TEiA #AES BT 5 dE 3 Reynolds 9 502
g = e Aotk 18ln A& HigEAoln e fAZ /R A2 33
ol FAZ Ae FX BFA WAE Bl Aurte A5 MY 4L Darcy &
(o]

P
T
=5 A g A BEA digstd 9¢ 5 ok

lo >

o

LS|

H (3.5.30)
HHAE 7] 98 2ad AAZAL g o] 29 £ g
Injection Gate: P = P, (1) (35.31)
Mold Wall: %ii =0 (35.32)
FlowFront: P =0 (35.33)

A714 P Azke] #43 FARHolx, n &
™, 2] 3532 FFYHE FME AFolFol ¢l I el&

(4 3530 A =B (A 3531 - 3533 FE&dod dojo FA FgdA9
g 2XE 2% &4 R e 43 wRloly XA wylez A3Y 5 e
AL EE 3 #4 o] Bol AlgHEY. FX&)A WHOZE finite difference
method(FDM), boundary element method(BEM), finite element method (FEM) %°]
<dl, f&ddo] Azt we} WaElE moving boundary problemolAlE AdlAo 2 3
Aol golstal &&o] & CVFEM (control volume based finite element method)e] g
gl 220]31 Atk CVFEMAAE 54T M o ARHE Mz A dd] dist
o AZ- mesh® AT o7l ¢lE fixed grid system©] g7 2o]3 A}t §3 &

AL A4 A} A4 9] weak formulation (2135.34)& E3] 41& A7)3T).

L
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mWV tpdV = m V( VP}JV 0

(35.34)
o714 w ¥ weight functionol®, R & $X=2 AYAE odola, V & Hyolr},
4 3534F Adstel e 4Y REE ol&] 2 WO FAEEE AN, TR
TA SEVE FF AEL AT, £A4 AP g AN ARE GG vt o
A st REE AN HYe Fito 51 A A4S SRS 9.
(1) 34 29 F43)
lﬂi 2 °4-?°ﬂ

M= 2741 aH

(35.35)

A71M Ae 93, 5L local 23Hd HAAA A2 HAAE A 9L E=3o )

BAFAS FEAEAN S (=K/u)g Rgsid waedsln, BEAED divergence

theorem< o] & 3la] o] Aglsld
[,SVw-VPyda = [5G VPywar = _{S—wdf

71N T'e 99 Aoz, nE AA FAshs wgweoln 0P/on

(35.36)

o AA 7

e gE otk 4 3536004 8% Ao SOP/0ng penalty WS g3t/ 93t

o] o33 7o} natural boundary condition®. Z v} 4 At}

Sa—P = s(P P)
on

4714 5P 4 d8F AN TR Agolth 4 35368 & ALY
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FES7] W Zzte] azel Ae¥ 5+ Uk

J, S.(Vw-VPydA, + [ 5, Pwdl, = [ s Pwdr, (3538)

A7 ol HA ev= 22E yepdd 4= P9l weight function wE Z-& shape

function®.Z ZAME 4 Ao}

N, N,
Pi(x,»)=Y Plyi(x,y),  wi(x,p)=» wiyi(x,y)
J=1

/=1

(3.5.39)

A7 N 2zda 889 2a0m, P e e 2aa j A9 gz, Vis &
49] Jocal shape function®]i, Wiz o g j AA oA weight constante]t}. 18]31
P, )z} w'(x, )& 742t gaoir] 9428 2 weight Ztolth

4 353800 4 35302 wigetel AW WAL o9 weight constant Wil T}
o wEsjolsing ase) ARG 4o spFuy B dew 2o

NE
Saron 2w,
= (35.40)
. (3(//8 al//j 6[//6 5;//7 e e
L= ! L - dA ; dl_‘
4, Le 8 o oOx + & oy )dd, + .[ S WA (3.5.41)
B = L widA, + ¢[ s.Pyidr, (35.42)

Zkzhel a4 tiste] Lol PH3 MEE st global A AP k5 HEE v
S, global 4 #BEF 35 HHZ wEolxl A3 Axds 9 4F 42 23
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FAZ AAAE 99 Fe

4 o
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Table 351 84 F7F 2 A4 #4%

CASE 8 FHAIZE (min) Gate ¥ Vent 4*
1 29 Point gate 1
Closed Mold 2 2.6 Line gate 1
3 4.3 Point gate 2
Open . Mold 4 15 Line gate 2

4@ 82& open mold WAo® AP wiEel o] W I A AL
FPstAact. MY AL 5 @E 0.7 PasZ AA3AIL, FA FAYL open
mold ®¥21¢} SCRIMP 374 544 A3¢e FUdgez FE3r] e F 9
o 7% AFES 1YY diridrRg e 097ite s AASAY. EHA AFE U
(Ki=K>=  127x10"  m%,  Stitched DBLT (K=  3.18x10" Ko=
562x10" m? ak% AHEEHASL Al 47hA) case(Fig35.9)¢ tiE slAS 53
stk Foldl 4 BHFAT 91 R F gDl i@ a4 A, F9 A 0
gt FH A7t %%% ZpolE Holm, FA Az FHolA Case 27 7HF upEd3 A
©2 fgso] o Aoz AAE 4YL ARt

ﬁ

=,

Table 352 a4 7% 9 A3 A3

Case #AFAAZE (min) Gate 2] Vent
1 152 Point 2
2 31.9 Line 2
3 Short shot Line 1
4 96.5 Line 1

Point gate 1

§

Fig.35.13 X352 ¢ (case 1).
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Line gate 2
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Fig.35.14 A& ¥ (case 2).
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Y ogd dAZle @5 9 3D B34 £4A A5 29 Y

2 LwelE WS 85 steel W P2 Bl S BHA W 9H

A7 1 29,
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A6 ATNEHAGANA FHT AT VAR

o=l A dojubar gl A AE BA AFME F i3 S HUE 293}
d oe 2o
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SUMMARY

[. Title of the research
Development of online liquid molding control technology using internet
II. Purpose and necessity of the research

In case of liguid molding process, complete wet-out of the preform may
become difficult for various reasons. Mold and process design can be improved
using available numerical tools. These simulation tools aid in determining proper
locations of injection ports and vents. However, there are other factors that need
to be considered in the practical situation and these situations cannot be
predicted a prior so that real time process control is required. In addition,
employing the network control system in liquid molding, the process can be
performed without any knowledge about the process, only the control server
needs experts.

M. The contents and scope of the research

Firstly, an analysis of resin transfer molding (RTM) process is required.
This numerical analysis code analyze mold filling process, formation and
transportation of voids, and curing process.

Secondly, a real time RTM control strategy to prevent unfavorable effects is
needed. Through numerical simulations and experiments, the validity of the
proposed scheme has to be demonstrated.

Lastly, the control has to be performed through network so that a distant

communication program is required.



IV. The research results and summary

A numerical simulation program of three dimensional mold filling, void
formation and transportation, and curing process during RTM process was
proposed. And this program was used for verification of process control
algorithm.

Real time RTM control strategies of RTM process are proposed. Depending
on the extent the resin front has reached, the strategies would be chosen.
Through numerical simulations and experiments, the validity of the proposed
scheme 1s demonstrated.

In addition, the control was performed via network. This network control
makes optimal process condition possible despite having no knowledge about the

process.

V. Possible applicability of the research

The developed code would be modified to simulate Co-injection resin transfer
molding(CIRTM). CIRTM involves simultaneous injection of two or more resins
into a single cavity mold and analysis of CIRTM is more complicated than
ordinary RTM process. And online control resim can be applied to various

processes so additional studies are required.
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3.1. RTM 2A 2| sH4f

3.1.1. Macro—void

Dry spot®] /43 ol&& sidsteid #29 {58 olvet F719 fex sjas)o}
gt 219 Au) AL wgkEA 49 A% A2 Darcy’s lawRBE S5
=2

Darcy’s law 7K Vp (1
[y
Az wra . V -0 =0 (2)
2 (D 25 d9shd oS 2e An) 2S4S S A

A71M U % WE, u e A4 A5, K& fiber preform®] $3}& A4 (permeability)©]
Holt}y. agx &HA r& FRAE g}

oj9} @] 38 Wiy F7le 4EHA EHRE udsteol stuw Au) WAL FEA
frAlel A4 A3 Darcy’s law, o] 71A9] A WAgAozRE g A (D &
-

*sA FAY A& BHy 38/';(1 +v - (=0 4)
O]/\o]' 7]}]] }?)]'EH ‘%}Pﬁé} X p:paRT (5)
4 @9 G)F AW st ge 4g Qe
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(6)

4 (62 sk gs3 2o

1 op K 2 21
RT ot " BT Vvip+ (Vp)Pl=0 (7)

T

A7 RE 71A Aoy T &% 183 shEA av 3718 9rigith $19 A (D&
o33 2L scale analysisE E3l 4 (9)9} o] 7hegsidATh

pV’p = O(—p = )

L2
9
scale analysis : (Vp)= O(L‘Azg‘)‘j 8
2
et e
simplified equation %% — %pVQp =0 9

3.1.2. Micro—-void

RTMOA AHEHE 222 vl Badds vA 725
1514 3o AF thd ApolAte]e] F=, channelZ2E 371 22
ol of FE FRA Ase AF o dxRY AR wvh vE AR
o &A=& el channeld] ®lE] 443 A= FARE capillary  pressure ¥
=t A A §F52 AR g iR R £33 AFe capillary
o

pressure®] z}olof] Fk

O

FA9 &5t & A% A= channeld] ¥ 534 ALz A& HF oL »p
oz w=2A ZEY (Fig.3.lla). Channel2 ®W27A o]%3 /%5 A

channel¥ F#43 Oh& #% Admy A =4A HdF b dFoz FU)7 2
o B2 FA] 27t @3E doe dH thE E 9] capillary pressure®
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ol F2 8314 channel £ 77} 234 =} (Fig. 31.1 b)

(a) High resin velocity. (b) Low resin velocity.

Fig. 3.1.1 Void formation within and between fiber tows.
Channel §Fe} 4] £%, uce a3 o] ZAMETH

d2
ue=—Fj cf% (10)

Fi o= shape factor, do® channeld] 33t &, p,& 29 Hxolt} %{% ke i

(pressure gradient)°] =2 Darcy’s lawell W50} BSk-& W), F., d22 channelol X 9] &
HA AFE Jepdthal & § ok 1A C= channelS, 3H8 2 K= 34 A48 4
A%ty Channel®] #-2 opdk iR AG3F Aol vls] vl 222 channelo A2
capillary pressure®] G 3}= FA|E 4 Qv 7R 3o

Channeloll A 5 Addo] Af ohde] FHd Hul, I; (Fig312 FX)E o]&3]

AZE, At B T A UDFH o] AR

ﬂd
N
L
e

dz g
Fy 2L (11)

A7NN e e Aejelnz by Puie Qs FAEGT 7HY

rob

=
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0 50 6290,
9000 oSl 4°
o 096 2%

Fig. 3.1.2 Flow front of resin in the channel.

AR A, dp7 ol 27 gEo) Ae ol g2 9] capillary pressures A33] &}

(Fig.3). Shape factor, F, ;& A3t capillary pressure& Yebd 5 dth

F ycosb
P, p= =S (12)
T
vy A9 ®H A (surface tension)ol™ & HZZ (contact angle)olth. AR T A+#
S Vel Y, "l ce 2AS A (capillarity) & VEFATE A S th YR 41 &

5 ure 953 2o

_d_ d7 ( dp })C,T)

Fig. 3.1.3 Flow front of resin within a tow.
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! P /N dP/dn
Aty T=— z 14+ el (1— ) (14)
b r dr dP { dP/dn °8 P /lr
ET 0 dn

4 (1498 4 AD2 |, Al Ay /AL 5 B 4 (15)9 o] Hok

Aty r _ Fe ¢ [ cT/l [1_ dP/dnﬂ

At F d,2 dP/d; P/l
[ KT /dn c,T/T (15)

&, HAALHA capillary forced W2 AYHE TP $9  capillary number
© O3 2o [19).

Ca=*2
4 (16)
ol v AAIFS  $x  EX(macroscopic  resin  velocity)olth. A=

capillary numbere A#¢ A Abolo] HEzZbo] axE uH3 Aoz g3
[20].

Ca = ,uv0
7 €os 17
FAe) WE £EE Darcy’s law® Fale] ANHQ e pulsl AvAY,

K dP

H dn (18)

A 123 4 a7, 4 189F 2 15 WA A Ay /Ay £ e 2o

capillary number®] &2 ol =)
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AtIT,T — FK,Cd(z' 1—- K F;‘T I og 1+C_a*d717
N, . Fod| Cd dl K F,

N Feo For Foop K dy, lre 335 A9 A2 733 22)35 e Aol
5743 ZejFol A capillary number7t @838tthd, #Ao F5F9k &

i & iL
Jm %

%L‘:} A hE Ul R oRolAe %5 Ade &% ZolE YEh+=
micro-void®] A AT E A 4 ok 99 ZA 3+ micro-void $-8Scapillary
number?te] <=2 e Chen [8]%} Rhohatgi [33]¢] A& Aol x|}

%3 vie}l 2ol micro-voide AF o oEo MAEHE tow voidet BPZZE
of A== channel voidd % 7FA WHFE FEIY. Micro-voidd £/ Z7)
= AZHE 53 AArE 5 ok

W1 Ay /A o> 1

Channelol| X & ddo] o e olF3li= A2, channelol X % Addo] I BES
sHste dH Z2ye AEe Ay olth Ay, o9 =3l 2217} channel®] &

ta 2o, Af b JeAM e 5 Ade A A 1)AAM Ay g, E 4
Aty o9k 12 vhRolA & 4 )

At[ c=" l’ {l—i- CT/ ( dP/dnJ}
T> 2
5 d>dP| " dP/dn P/l

" 4 odn (20)

2

Ho

Tow void®] @9 A= |, & W43 2t} (Fig. 3.1.4).

I, =1, -1,

(21)

Tow void®] aspect ratio h,/l,© 2PHo 5 AA oo gt}
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Fig. 3.1.5 Air void in a channel.
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micro-voide= AAAHZA &=

By

5= 21

@2 AF F AAHEHE microvoidd HY J5E fiber preform® ®A) 7

_18_

%, Aty &Y channell Al f-5



25
z;;:} el

AR At 39 channel & 3y

< O AF G AR ] = Ny B w9 AF G
?'5}3}. 33 o] micro-void &, N5 AlZtdld] 4

_I]NC

y

At b C

N, =11, (

Ior

N, =1, | Sty |y
v AT At - T
I .C

y

ol M3} gol, At Cob T 22} channelsh 44 Th-g

A== micro-void Ao &3 FE Aol

QoA 8r8l wmle} o] channel void¥
Aol met $9 ARG wEAY =94 olF
A WA ALe oS3 o] FoF

op
A\ =S

i, =F i

v r

ol A channel® WA & void &
gtol] wa} #keke U1 4 uoh

aa—(tp+v-(¢ﬁv)+DV2¢=S'

_19_

A o
el F53 A719 micro-voidE HFEE of, @9 AF F

Ze1e 549§

ol A A E = channel void, 4 T

A7 micro-voide2]
micro-void2] 7§
3 channel®] &+ N & 29314 &

e er THgRTh

At

T < 1

a, o0
At

Bl S|

Aty (25)

o wet olsd F don,

§-tl. Channel void®] o] #3l
(26)
(27)

9 channel voidd] 2% =

—

]_‘gf T MQ_L}, g:]'

(28)



q71M, D &4t Aol

Channel void®] £x+ F¢Y +£x9 £x9
ot 59 A9 4 %9 channel voidd] £%9] 1)
FA £x9 52 Yepdo. £ 32 &
Y5 Fig. 3160 Jehido ARE 5 o
t}. Channel voide H3o] A& —’FE 9,11 ) W FE2 ol5d = Yok

uz]
=
e 35t 538 97 54 S5

AdAs AAES A= A= 71AHA
Z Ve = slip factorgl £, ©A] 3£
of @& slip factor®channel voidd] %%x9]
2aHdAe 2 (30)9] Zdo] A=A

(critical resin velocity), Uy erical S 712 0.2 Aoldt g R o] H o ﬁr.crirical) A, k=
AN H-G3] dg5ojo} g}

0 If ur < ur,critical
F, w .
CI lfur > ur,critical (29>
Loa ”V
() §
H ~ U, critical )
u ur. tical

' critical u, u,

(30)

(b) Exponential relation.

Fig. 3.1.6 Relation between the micro-void velocity and the resin velocity.

T
o

Micro-void7} A& W&} %53t dry spotd] &34 A, F71o) A %

_20_



or

212 channel void2XE Os]a =279 ke maElsjol k. 2 (90N FAA F)
il

o A WA AL AFES Frhetd tg3 o] WSt

op K oo mBT

ot Ly pV'p . (31)
A7 me oS 4 (32)F T A

0« / @, *nds (at the boundary of macro-voids)  (32)
S

Micro-void®] #%<9 RAHAN ¥ axg ydod, 4} FEHoew A
micro-void®] %%, ug, 7t ¥l WFoz dsxer Ik (Fig. 31.7). FHOR AT
micro-void®] &+ FA% F719 A=l micro-voidd] A7k ARG Tl ¥AE

Aolt},

u p—gradient

Fig. 3.1.7 Effect of Buovancy on a Micro-void.

A i W $4 fEE B34 914 el §EolEE Darcy's lawd o3
o] R & ok A4 T WRe) Fug Asrr ARt AR W, A6 o
o] 2 2 HAf b channeld] $#4 AS9) wz 78 & o
u _ Ktow
tow channel
Kchannel (33)
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Tow void® 423} channel®] 42 ¢g€e Zdsitta B £ gJovz tow void
= el o3 & oz EHA channel2 WAz = Utk wA Uzt olF 9 tow
void®] ZL7|e Af thiel AAd o] AP VoidE: FI oz spFTE void
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(35)
3.1.3. ¥lE 34
719 A8 Aol vl vl Fomg Frio 4= % BH RYPLe FeHpPgog
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resin : QSprcer +p7’cpr (’U -V 7;): ¢V : krv ﬂ+ ¢hv(]} _ ]:)—l— ¢G (37)

fiber i (1= @pye, o = (1= §)V - kyV Ty = gh, (T~ 7)) (39)
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m = (k +ka™(1 - a)" ”
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. Control volume finite element method (CVFEM)

8 T3 AL 5 Ado] Bdglol olssle AHEZ, A d9& AKHLR
B8] 913 A S e R dn) AAHE AlEold TR O e 1% AR
(fixed grid system)®A*] Control Volume Finite Element Method (CVFEM)S AH&3}l Rt
[20724]. CVFEM2 At 9495 /3719 HoE element® et 7} element®] =413
element AAY FAES dZFo2A AX G498 Al F37019 control volumel & 1}
ot Fig. 319 4713 elementE AHE3 253 ALt G Holm, Fig. 319 £
AN Edold 2P AFE-E control surfaceZ W rol - APAA elementE YERE A 0]
=3

Node

Element Border

Control Surface

Control Volume

(b) 3-dimensional calculation domain

Fig.3.1.9 Discretization of calculation domain into elements. and control volumes.
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Z}zbel  control volume2 FR|9] FAE(fill fraction), foll & 371x WF=E
T8 (Fig.3.1.10a). 92 control volumeo] FAE 753z A$  (f=1), 1
control volume2 <A HF% o2 FEHT Control volumeo] X7} A3
o UA &g (1=0), F7I Tor% FHer FEREY FEAHoE A FAHE
control volume?] 7% (0<f<1), =A< F719 AAS FI3 FFo=z z75HH,
e Ad d9goz pRIHAY. 224 control volumeolA+¥  control  surface®
T FAY fFF(mass flux)ol 71=5H0, o8 AF FFo] HID net mass flux
E ol&ste] o A DAl(time step)d] fE AXZC F%F

¢

volume®| 7%, 7} 1744 F71etAY 07b%] #ZAasd #5 Ad Oé’g% %01‘/} FA]
TE& FYolvt T frF FdFel &sA Huh uIAE 37 993 FA 999
control volumeX fo] ¥} we} T ggoz W gyl o]F o] Hduse uie}

=

3
°], numerical diffusion® 7] 93} control surface®E EF}se= Ak
B E e AL olyr, AA3] Agtd =

\ actual flow front

‘O numerical flow front
I:] empty region (f=0)
“ flow front region (0<f<l1)

main flow region (f=1)

(a) 2.5-dimensional problems

Flow front nodes

Actual flow front

Dry region (air)
Flow-front region (resin & air)

Impregnated region (resin)

(b) 3-dimensional problems

Fig. 3.1.10 Determination of the flow front in fixed grid method.

21 (3)3 2 (9E Z+zHe] control volumed] thdte] BE3IA oh&3 2}
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—L 1 oV,

7 atd.Q [ Vpnds

(45)

L [_Lan +1"Vf op,
V

dQ = ‘[_ @Vpa -nds
V, ot p, ot S u,

(46)

2 (45)9F A (46)e A7 £ 93 2y Gdo] #3F control volumed] wWI A
B ¥y Aeltt, CVeE  control volumes, CSE  control surface® YER®, n
2 control surface®] ¥4 W E (normal vector)o]t}.

T2 3| Age] FAF] dojA, A 45} A (46)¢] transient term= TS

n n-1
1 0V, _ 1|V, =V;
v, a v

n-1 n- n n—
-V, ap, 1=V pa-pl”
p. O p

47)

AR nd AA AR 9AE, n12 " AR GAE Y te AP FE(time

n
increment)S  YERW, o]  minimal discretization error7}§iEE  FESI]

oo Gy,

3.15. X314 A%

7F. 22k S

oo ge Y oA TEB WF A AN SRSt FAY 45 2 FY

34 293 AR=E Aksg.
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(e) Degree of cure distribution at the end of mold filling

Fig. 3.1.11 A52} front pannel 849 2 &9 RTM 234 s A3}

. 3k A

TEUE #5359 379 AL 3l macro-void He E71e 4= EFE A EY
ol 3ttt ol AlEY ol d9e RTML 2 wEold B3l Qg AFe ZAz
wolty. w2 EI}A  AS(permeability)E  7F¥ uniformd  preform  $jo] HPL
gk Fol 28 Ao A9 F52 3x93F g Hu FFE HPLY 9% £ BEJ &
Ak, HEE 9% o A8 Ut
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® Gate.
B vent
- HPL
| Prefor

Fig. 3.1.12 Configuration of mold and preform.

atol wiEo] mAEle] Fri7b 2E dry

HPL#} preforms £33l $£A9 &%
= Fdo] AP e} ¢EHY, dry spotgl

spote] A HAY. Dry spotle] Z7]

Aol T FA O EF ZUISE SAE B Yyt EZ wauzich 2 Wy o
Al = -WlE(packing and bleeding)# AL AH F3 URE 9AHd Fz =
AEA Ao}

AAle]l FAeA HPLH preforme] 534 A5 (permeability)e] =}o]2 A
i QI8 F717F ZE dry spote] FAHE Aol #AEHATH Wyl olyel dry
spottl®]  F719] A%3FQ packing and bleedingdA5E  AAd & RIgHE= Ax
oltt. ¥y A%HQ packing and bleeding@ 8-S AX Fo] FHE ZAFHE
d 2ele A7He 5 ddo] WE B v des A7tRg R 27 gE
B73-F dry spote] F7I7F A3 W UsLA] B3 Adeola 3ol Bt

Flow Front Shape Pressure

(a) t=2.4 sec
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(b) t=23.3 sec

Flow Front Shape
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Flow Front Shape Pressure
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(d) t=1550 sec

Flow Front Shape Pressure
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Flow Front Shape Pressure

(f) t=4320 sec

Flow Front Shape Pressure

(g) t=9960 sec

Fig. 3.1.13 Resin flow considering the compression of air in the dry spots.

Fig. 31.13014 9% f% Ade agdA A veld ZAA o] A9 F7)
BAAW, FeAdde =Y FHERIE I REo]l 17y, AL BEo AFY
(vacuum pressure)s YERATH  Fig. 3.1.13@)9N4 A7} preform WH
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g EolE ASE & & A3, 0),©9AM F717F 23 oL dry spotie] F717F
Hol F7le fEe] Assles AL B S Juh Dry spotdle FUlE (DA
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t}. Micro-void® A 2 o]

of
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Axe @ AARES FF G
Rolq ¥e RRow R5E B}

ot
)

A

Flow Front Shape Channel Void

(a) t=45 sec

Flow Front Shape Channel Void

(b) t=12.0 sec

Flow Front Shape Channel Void

(c) t=19.9 sec
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Flow Front Shape Channel Void
(d) t=285 sec

S u"w

Flow Front Shape Channel Void
(e) t=37.7 sec

Flow Front Shape Channel Void
(f) t=54.8 sec

Fig. 3.1.14 Mass fraction of micro-void during impregnation.
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32. RTM =3 #lo] ¢2|E g & A4S
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o Q0] 93] £ FFol WP @A olFoiHE B3I Ak

RTME8AAM ol3g =844
(permeability)8] n@to g E
T EE FHE AFE A B
e AR AY BEel F

ofAl= Aot

P BYFe) BRUYOR A% Al FH ol Aol oF Aojshe PUS
Ak B FHAA A FUTS ¥/ BETE TP @A vl A0 3
Hog AHS ] g FuolAw A B &% 5L " 28 5 gt Aoju B
AFNAE BH7 FA) AN $4 4B PP ol B FUT dPe =
oS B0 race-track A3t 5 /1A B Gl dste] ol A T & A=
2 37) Askel ¥ FA WAL SN S FAske] of Askst TN &
A #% A 5L MRIHEE stgoh 2t ogd Aole FF WA £A FAT
FA FE AT Azr B A FYTY 4P 2PVORE FF A2 Aot Wik
o 79 FA 2709 Aol At A Ak ol @@ Alole] FAS R e
Ae 2719 FY79 @ 2ol Rz FYTE A 2 FAolM dry-spot S 4
4 ARE gASA Bz FYTE 4THEE st Aoyt WastAl Ak ALY Aol
AERE AFH) Astel £A AN B AFW 4P T 43 PG

Aol Y 1S 33 FH 2719 o]F oA AoZH, F2 FUTY 48 2HZ FA
5 A9 Aol & & v 7AA o]FoAE Aojolnh. HA| AN v =3
AR Aol HstE AL FE FF U AF du FAFY FIE At
race-track H3% TOE X7 435" AR} d2A HE dviIdn oI B¢ #F
Aol g7t 453 FE2FE BojuA "t o] Aojddde A g8 7F A
@3 3] A T dF FF ADdS viaste] old w2t A FUT] 4Hs =2
st 58 A8 "ok A& £0l, 3R /F Aol A" {5 ADEd HAd 3

_35_



o] &4

Mold filling start

Flow front
detecting

Front front
Comparison
with predicted

Corrected
inlet pressure

pressure

Fig. 321 Aol W 1o o3 A

=

HES FhE ATt AEG g AL
%9 F97 el
ZEeF] vehd g elo.

Oio]

S ZUMAIIEE S} Fig. 3218 Alo] vy

Actual flow front Predicted flow front

Low permeobili’r{zone \High permeability zone

s:vent e sensor

+ i gate

Fig. 322 Ao 4y
A d5

ICREREE

9 Fig. 322 Ao} vy
v FAHNOZ &3 {5 A A8
o] & Addol AXE 533 At =9 A)7He] 2]
@o] X E dF & 5
3 Darcy’s lawol 98 §%9 £r&
preform®] F#-& AFE ANT 5 A "o ol wEl 1 FUFY GEHe =
o g 5 AdH A4 ¥4 §F5 Agy o= 04‘%7}53 Aottt 9 19
A 39 ol 29 Fa3 Arle FYFANAY 2 FY 4HE Yehe Ao
A T8 G FE TH AR naE 5 FY ol 8PS vehih

I &8 L QA 94 78

Foll A= AolAt AA $84FLE 7 @

t}2 Fig. 3.2.32 Ao} 1y
ATE 7H AdH dnl dAZE o] A1z

E
b
up—%
2
(o]

_36_



o E3hg ASE AHAES sHarh old) wel o281 F4 AW A T 439} §F
Aue @A Helom, o2 el A4 4B fiber preformd] oldF FUl o
£ RERG B34 A47h e RRo| EATS 34 & 5 WA HL ol wet shew
FA7 29 42 £ f% A9e AojsAn

{Actual flow)

(Predicted flow) Resin front
- R becomes more
desirably

pressure 1 prju re
T— Comparison.
M

Guessed
low permeability zone

pressure Uncontrolled flow front

Fig. 32.3 Ao} ¥y 19 Alof .

AAAE F3AAMY FE59 AAE FHFHoz AYsle @FEFsAT. HA G
A DAl 282% Wi race-track E37F UEE st o olE 9 L&
o ek 7Y 53R Agxs =4 39 ﬂl&o}%t‘r(mg 32.4a). o5 Fig. 32
I Aol AFolr}. Fig. 3.24boA d&8 FEAHAGA = race-track &7 ¢l
2 Ao HHYG 5 ADS 7H71A HAT A F3AA AolE A %-8— %
REZS fEdde]l FAMA HASH(Fig. 324c) AAAE 3 Ades F54
9] B33} M oh(Fig. 3.2.4d).

,b.lE

rs; % fo

S oqr g8 orr (B ol

- 37 -



o3 - - N NI
\'-. \\_ AN N NS
N U A N
qz N T R Lo
v, =03 VAT SR
' S AN
LINE T e o oo o o e e ooate Y a y
X N =N
vent s B ;7/}:” ? o N \§ kN
- s, iy \,\‘ \ |
<> Sensor E§ W Zi= NN =
¢ * —race-tracking ”x-,\i\ Bttt ::‘\§ 1& ifxél
P P2 P3 *

(a) Mold setup (b) Predicted flow front pattern

LOC [
h
S
e
e
e |
e e
e

e s -
P 4»’::'_:»’ _'r,f';«
s o e T T /;/
N e 7
SR T
o B H f:if.‘(/f@\ A 2 /) 86117
3 #i 8.3 E
x

(c) Without control

Fig. 3.24 3% Wl race-tracke] U+ 7259 Alof.

32 radial flowol] W3k Aojzx AL o] Fig. 32ba%t o] FUT

S HE Jga AME AAAZD T AdE stk

_38_



il

_39_

6.2 gggg
Line2 it :.i'-‘é;‘_!:.\
et L v, =03 o " ; AL
. g
o a [ _ M SO AT TATAA
; : —race—tracking I 3.8 w3 %)
PG P3 x
(a) Mold setup .
(b) Predicted flow front pattern
33 , )Llr
Rl ]
b \,\~ .
RN
w3 k\:\\‘\\\‘\\
'.'\\:' .\\
».\\\\,."‘\\\\\ 3
ik \\\\\.’\\. \\\
ARANSERRR AR
E“S\‘\‘\\\\"\\ \\ R
R ‘\\\\\\ '\
RN
i Uy e
[ 8.3 B3 ¥ &2
(c) Without control (d) With control
Fig. 325 938 f%ol v Aoi.
Ao} W 2
o] Y 2= ¥ =3 F7) 3¢ FA FAFEZHEH 9 2, solid insertd
< HEFL H T F&37] A Ao2EN, {5 Ado] X FHFAA Hof
d7e 48 2HE2 A FEATS

ol & % §E TRHAA o] Foi A Aofoltt,




AE FA 5l FHY Aol §F AGS 24 T 5 9L AvlE §5 Aol
g el Bz FATE AAG ANTL dry-sporg BAT A BE FYFE o
galel 23] Qe FU1E AAG 5 YA Bk Fig. 3268 ole)d AolE s =4

9 ¥

T Aol solid insert® Ad ¥ F Ao H{xo] A=
HAG 2 o] B9 FATe ¢4F AojwnogE oF AAY F
a o

AMZE dry-spot& ZASHA HWE Hx FUATE AEstd T

2
r

Mold filling

Flow front
reaches vent

Dryspot
formation

Auxiliary gate
operated

e :gate e:vent o:aux.gate o:sensor

Fig. 326 Ao} W 29 Ao 4.

e B dry spot 9 AFES T AH ANE AHAR 74 T 5 Ak A
of W 2 dry spotel 4 FbsAel & PRl MY 1AL AN AT A ®



FU7E AR dry spote] FAD A mE FYTE Do) dry spotS 10
5 st Aold. ui/fe] A% dry-spot2 solid insertd] FH F2 WE F9 11
WD o ASTE @48 we A spie WA do o Fig 3278

ry-spotd] A4 AXZE FAdr] Yt Fig. 3.2.7a% £& dAo FFd F3A4

N KON

[oR

A5E BFsl REAA 39 FRRYS AdekGrh Fig 327004 #9 @ 5 3
Sol WE FuoA BARRT ol dy-spote] AAE FAHe 3% & Ase
B g,

e :gate e:vent o:qQux.gate o:sensor

(@) FRe Jlstety 34

- 41 -



Aol WR 28 AFII] A8t £ APo] FPHYTE FHA FYFYG HES 93
Sl Aot Bz F97, aga AAME Fig. 32.8a9 ol Axdo 29 45< A
et HEe4oh Fig. 3.2.8bollA race-trackel]l 93] WlES] x|y} WA o)
o TV 28 R 23 A HAoy B FTE AL R] ¢35 27)9 279 A
ooz olF AA F 4 oA Aok o] Aol REFYTE ALY A4S 2 o
= 715 AAY & Jrh(Fig. 3.2.8¢0).

v

(a) Mold setup

_»

[ Afr is trapped 1

(b) Without control

T

Trdpped air is being eliminated
by using auxliary gates and vents

(c) With control

Fig. 328 Ao g 200 23 Ajo].

_42_



RTM ¥4 Aolg 93 Fig. 3299 22 34 FAE AFste d¥< st 4
Aol A" F3L Fig. 3.28a% 2tk I¥olAM resin reservoires FAE A3
3 on FAA Y HEE [T PEE o] fdte] AxE At FAY Aode FA F
H<S solenoid valveE o83 FUTE NAE=E At Eg JHIUS o]&F A
oE 93] AA WHol wE Ao HHE Qdeyoz AFH server AFHAA e
£33 FA AA o AdFE client AFHE AN AFZE g3 oo @& FA A o

E A dasier AWayy e gy g 34 FXNE Aot 7|4
2184 A A= SG-2BC (Kodenshi AUK, http://www.kodenshiauk.com)
A X E QJIEEON ZelEd £x)71 g E ] Fhol uie} We] Fgo] gt
= ZAsEAY A9 fF AdDg Hord 4 UrhFig. 32.10). ©F Fig. 3211
378 Aol A¥e A7z T AoE A && A, race-track T ¥ 3
T Ado] vento] WA =gdted F8 I dry-spote] A HUALo W FH ]
W72l F717F e g whA e Eata 73 oy 34 Alolg ¥ A BxE

=

o L Jo rlo flr o
AN i

CCD camera

Server

oases
Tson0s

Vacuum pump Controller

_43_



(a) Without control (b) With control

O :initial gates @ : auxiliary gates e : vents
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SUMMARY

I. Title of the research

Structural analysis and design of multi-axial warp knitted thick composite

beams

IT. Purpose and necessity of the research

The low through thickness mechanical properties of two dimensional composites have
restricted their applications in many light weight structures used to support out-of-plane
loads. The related problem with these composites is they suffer extensive damage by
delamination cracking because of their low interlaminar fracture resistance. The stitching
process isunique in that the stitched perform is not an integral structure because the
through-the-thickness yarn is inserted into traditional two dimensional perform as a
secondary process following lay-up. Despite this difference, stitched laminate processes
greatly improved translaminar properties which are comparable with Three dimensional
composites produced by weaving. The purpose of this research is to establish the skills
of structural analysis of large structures consisting of composite beam incorporating
stitching effect and to set guidelines for the design of large structures consisting of

composite beam by using the obtained skills.

II. The contents and scope of the research

In order to achieve the objective of this research, various aspectsof study were
conducted to understand the effect of stitching on analysis and design. Micromechanical
models were developed to study the effect of stitching on mechanical behavior of the
composites, The sectional shape and dimensions of beams having equivalent rigidities to
those of replacing conventional material beams were obtained using genetic algorithm. A
novel theory on open section thick composite beams was developed which incorporated

secondary warping. Structural analysis based on predetermined dimensions was conducted



using finite element method on the entire structures in order to check the requirements of
structural tolerances. Effects of various parameters associated with mechanically fastened
joints composite beams were investigated. The optimal way to fasten the beam elements

was also investigated

IV. The research results and summary

The elastic properties were predicted incorporating effect of stitching. The sectional
dimensions and optimal lay-up for the thickmulti-axial warp knitted thick composite
beams. The open section thick composite theory was developed which is crucial for thick
beam design. Static and dynamic analysis was conducted on entire beam structures to
show the integrity and stability of structures. The stress concentration factors were
obtainedfor multi-pin and single pin mechanically fastened joints to conclude that the
double column arrangementwas most effective way to join the beams. Based on the

developed analytical skills, the detail design of the structures was conducted.

V. Possible applicability of the research

The results of this research can be applied to any design and analysis of primary

structures made of composite materials with stitching.
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Table 3.2.1 Mechanical properties of T800 MWK fabric composites

Thickness Thickness
(3mm) (6mm)
Property stitching | stitching | stitching
un-stitched| spacing spacing spacing
(Gmm) | (Gmm) | (5mm)
Tensile longitudinal modulus (E;, GPa) 42.6 38.6 39.7 39.4
Tensile transverse modulus (Ez, GPa) 11.6 13.8 12.0 11.1
Tensile normal modulus (E3;, GPa) 10.8 - - 13.5
Compressive longitudinal modulus (Ei, GPa) 42.7 41.2 42.3 41.0
Compressive transverse modulus (Ez, GPa) 11.0 13.9 12.6 13.0
In-plane shear modulus (G2, GPa) 5.0 5.5 5.1 5.0
Out-of-plane shear modulus (G3, GPa) 4.5 - - -
Major Poisson’s ratio {vi2) 0.28 0.23 0.25 0.25
Tensile longitudinal strength (Fz;, MPa) 850.7 750.9 825.3 824.8
Tensile transverse strength (F,, MPa) 45.1 49.2 44.3 44.4
Tensile normal strength (Fs;, MPa) 11.2 - - 21.6
Compressive longitudinal strength (F;, MPa) 451 425 350 420
Compressive transverse strength (F, MPa) 119.9 130.3 128.2 118.1
In-plane shear strength (Fs, MPa) 38.1 38.2 44.2 42.0
Out-of-plane shear strength (F5, MPa) 53.9 - - -
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Table 3.2.2 Mechanical properties of DBLT MWK fabric composites
Thickness Thickness
(3mm) {(6mm)
Property stitching | stitching | stitching
un-stitched| spacing spacing spacing
(3mm) (5bmmy) {5mm)
Tensile longitudinal modulus (Ey, GPa) 16.8 19.3 18.1 17.5
Tensile transverse modulus (E,, GPa) 16.8 21.4 19.8 18.3
Tensile normal modulus (E.;, GPa) 11.7 - - 14.4
Compressive longitudinal modulus (E., GPa) 19.7 21.3 20.5 20.3
Compressive transverse modulus (E,, GPa) 19.7 23.8 22.7 21.5
Out-of-plane shear modulus (G, GPa) 3.5 - - -
Out-of-plane shear modulus (G,., GPa) 3.4 - - -
Major Poisson’s ratio (Vi) 0.32 0.29 0.31 0.32
Tensile longitudinal strength (Fx, MPa) 257.3 276.5 265.7 257.7
Tensile transverse strength (F,, MPa) 257.3 318.9 299.9 287.4
Tensile normal strength (F., MPa) 12.8 - - 23.1
Compressive longitudinal strength (F., MPa) 212 208 204 203
Compressive transverse strength (F,, MPa) 271 288 282 283
Out-of-plane shear strength (Fr, MPa) 66.3 - - -
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Fig.3.2.6 Strain-stress curve for T800 longitudinal direction
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Fig.3.2.7 Strain-stress curve for T800 transverse direction.
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Fig.3.2.8 Strain-stress curve for DBLT&50 longitudinal direction
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Fig.3.2.9 Strain-stress curve for DBLT850 transverse direction.
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A9

@9l

EdE &9 Ao 37 X, Y, z9 2~elA AdH(stitching yarn)2] 373 4238 o

3 ol 7T & Ynk.
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1

insertion yarn® AWM ZE(w)

H A

43

=
=
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w,=X—d,
w,=Y—d,

(3.3.1.b)

(3.3.1.0)

VA(XE+YH—d)/2

Y
(Z—2d)/4
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(3.3.1.d)
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ol Hxlz 29 x, y, ¥0 &  s¥& 27} warp, weft, bias insertion yarn¥
A ARE 7telg geba] @9 A W] Zt yarne] GRHA(S)F FI( Ve ot
=3 2t}

S.=(F +w/t=DF (3.32.a)
Sy=(§ +w,/t=DF (3.32)
S.,= (—jf— + w.lt— 1) (3.3.2.c)
S,= Z” & (3.32.d)
Vix = SxX (3,333)
Vy=S,Y (3.3.3.b)
Viiﬁ__- 2519\/ X2+ Yz (3.3.3.(:)
V,=2S.Y (3.3.3.d)
V.,=2S(Z—2d,) (3.3.3.e)

T3k fiber packing fraction(k) A  fiber volume faction® yarn® %

Mg olgste] T 2ol Ag 5 Atk

__insertion yarn %9 fiber volume _ ¢/Ve = Vo
insertion yamn® volume V; (3.34)

ANM v, Vo, Vo Vi 2b2t 9] Ao A4 AHg, v9 Ao 23, 263 4o
9, W RARHe) 9 o)

1z

332 B#s} 7L B 2=

3D BEIAse EAELE d5sh7] st Hast 7iW(averaging technique)E
o] &% & Ut} ol H Ht & HAIZ IS o] &3t a9 FxY EHES 9
S8 4 A %I‘jr. , AAWE  (compliance matrix) [S]¢F A=
(stiffness matrix)[C]®] =% HFA AN AANAZAZY HELE 77 Fo2HH
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W AH PP o] &3 HMIAYPPS o] &I Th olnf HH9 BAR o]Fo B
2 5 EFgolmz AHY EAY EBAXE o)&
BRE A o] o] &3l &9 A AAS AXreTh

9% o

£ b

- Effective stiffness matrix for infinitesimal segment

[Ch1= 27 (C,. 1, +,IC,

- Effective compliance matrix for infinitesimal segment

. . 1o
1S 1=1C2. 1" [S]=;j0 [S"1dy

333 B2ely rd

o

5% B4

Bridging 292 Z M. Huangl[l-7]0] A¢ts melzx ol BAASL 717
Aol gzt A3 AV} At AFEY, GHF EFAEY EAS =T & U

v vlA9Es gdolt, B =R e o233 bridging E¥E & e B
2l e Rz Hsie], 39 972E HAE MWK 2@Aad td 24 o33
2 g
A @9 Ao A $8e oy 2y
1 4 i S m e io.ﬁ m

o= vl 24050 ) v, 0" = 2v 0l o, 0 (3.35)

ZIA Aol &gt 5o e g
m_ 1 & ;i w1 ;i s
o= b Um0 = o, 2 v, A o (3.3.6)

2(336)% LY vpro] 2| gL P},

o Al Al Ail A%ﬁ ...... A% Afl]‘é
U‘ymy _ 1 A%l A%G Aél A%B ...... 421 A_ZB
: vy : : : D s : :
Ty Ay o A Ay o Al Al - A
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Mo g Mo g
SRt Al (3.4.14)

wat Zbzbe] MG ae] AL A Moo S nAHNnE = o ST A
T Atk wEkd 2(338)2 t-g3 o] HeHr)

A i ] M ; i 7 f
o=2via ot 2Aad o (339)

Moo U Y il
":{121”3‘ @t Rua “} d (3310.2)
I - TV SR
":{,;”’f“J“Tfl;”’fA “} o  (33.10b)

w3 (34129 A(B39AM, "ol Wl Felshw ke gk

M i 7 M
G:%Z”?A 6f=%fz_, fA a o
1 &L i}{M P i U, Y }‘1
_{ vy Z:lva “ zzlvfa + v, ,Z\ fA a 4 (3.3.10.0)

A BEG o2 Fa9) W) ooty thew 2ol BT
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vfe ‘o, e “*Zvisfz o +v,S" o

I

HMg NHME

va a d+v,8" ¢"= S (3.311)

21(3.39), (331002 23311 st @9 A9 AAHE( S dis) A,
e 2o

M sz z{ Mo z+ M Az z}‘l
— i i Ym i o
1§10f @ Zurat ) A a
Ym m [ Y i i M, P v M i i i -1
+ o, S {lzlva a} lzlvfa +7fZ§IUfA ai o
P ol i Uy m ; [
SZ{Zlva at =S vy A a}
1= f 1=
M A
{Zlv;’a +T vy A a] (3.3.12)
1= 5 i=

of W el BAWY, e AH WP wek FAAE WBVY, 7 g G H%
A, CplH AA AEA, Coz WBste], es) 2ol T,

=L Sy A
v, 2477 Co (3.3.13)

C = T, Cy T. (3.3.14)

ek, 2331227 o9 Ao fa4PFLe 7+ 74 A8 d49948 ( §F sMH#

23 AAE (V) v,) 1T, bridging FA( ANl 3 AL & 5 Ak o, v,
v B9 Ao JEete pxE Fi 4e 4 itk wEbx, 2 AR bridging B2
( ADE ZAAshd, &9 4o RARPA( S T 5 AT, oJZRE @) Ao B4
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Fig.3.3.4 Out of plane transverse tensile modulus(E.,) as a
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Table 3.3.1 Predicted material properties of DBLT850

Thickness : 3mm Thickness : 6mm
Property Stitching | Stitching | Stitching | Stitching | Stitching | Stitching
spacing spacing spacing spacing spacing spacing
3mm Hbmm 10mm 3mm 5mm 10mm
Tensile longitudinal 20.26 19.90 19.03
modulus (19.3) (18.1) 19.8 1942 (175) 1871
Tensile transverse 21.15 20.78 19.65
modulus (21.4) (19.8) 2047 1989 (18.3) 1944
out of plane tensile 10.00
modulus 11.13 10.71 10.38 10.34 (14.4) 9.74
inplane shear 6.05 6.09 6.12 6.05 6.13 6.19
modulus
out of plane shear
4.09 3.98 3.89 3.82 3.75 3.68
modulus
Major poisson’s 0.33 0.34 0.38
ratio 0.29) 031) 036 036 (0.32) 039

( ) Experimental results
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Qo= (Qu + Qo — 4Q4g)mn® + Qyy (m* +1*) (3.4.4)
Q_13 = Qsm’ = Qpn” (3.4.5)
Qm = Qum’n + Quumn® — (Q,, + 2Qss ymn (m? —n?) (3.4.6)
Qo= Qun* +2(Qyy + 2Qys ) m*n® + Qoym® (3.47)
Qoz = Quan® + Qpym? (3.4.8)
Q= Qs (3.4.9)
@y = Qumn? — Qoo®*n + (Qyy + 2Qss )y (m? —n?) (3.4.10)
Q—36 = (Q13— Gh3)mn (34.11)
Qua = Qum® + Q5n’ (3.4.12)
Qus = (Qs5— Quy)mn (3.4.13)
Q—BS = Quym’ + Qun’ (3.4.14)
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Tsn = Vss Q44 + 7’an45 = O
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2@12 Q13Q23 - Q122Q33 — Q132Q22

=@t 2t (3.4.28)
(2 Cs3 — o3

Co= Q_m 4 (o Q3 O — @QEE_Q£+ QiQQB (s — Q13Q22Zj:; (3.4.29)

Q22 Q33 - Q232

Coo = Qs + QQ_”@Q—SL;Q—%Q@A_ O’ @ (3.4.30)

Qo Qo — Os”
- 2
Gz = Qps — == (3.4.31)
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A ZdA4E B2 F 712 e HEY H3dL FoAT 5 vk AAE, F
HAE¥ (primary warping)®} ¥ ®WA=E FA4 B3 HED  (thickness
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y-z BA A dslsla, 9 Zo] wakl xFo2E WkelA

FE AEYS dehith W P42 b el dalAE MEY shEol 4839
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X
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St. Venant Torque

Fig. 3.4.2 Primary warping of a flat plate cross—section.
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HPez 2A3d B3AR WY A W 29dd vEde] A& AW ol A&
st BlIEY 31F2 St. Venant ¥ (7))9) Restrained A% (7)2.2 o] 1T &
Atk WA e ool A&eE HAA vEY dFF2 St Venant A (7))9 Restrained
AE (TS FF #o2 n8d 5 don, ool 4 39609 #AE &3 =H4A

Wel Zuol Rgsts AA MEY T ABRBAAL 4 396D Uehd = k8]

7= oM (34.32)
ox
T— T+ 17 =1 —M (3.4.33)
ox
e, AA vEH #AE A tUSd 2ol Y 4 Uk
T=K,0 (z)+ K6, (2) = K0 () = T (34.34)

o
F9, MEY ol9e At AFe gony WY ¢/(z)AEL A (343994

e

T
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M(z) =Ky (x)+ K30, (x) (3.4.35)

Y

¢, (x) =— f (z) (3.4.36)
Aol Ag A (3430 o tdstel sk AA WEY HF U@ MEY W]
e Ag ohedt 2ol derd 5 ¢

T =00 (z)— K0 (z) (3.4.37)
A71A, f= o33 2ol TdH o] At}

KQr
B= Ky~ -

(3.4.38)

wepd, MEY o
9 5 e, oo ta mRggAel sl e Lol EdHe] 2

ofy
2
=

St BEY WY 4 (34378 wEY ¥ st g
18]

O(x)= —Z— + G + Gsinh (z/6) + Geosh (x/6) (3.4.39)

AZIM, G, G, GE vlEdS olH, olEe W Yaetd AAzdo 2R pale X

K
§ = 4 1T
ﬁ (3.4.40)

geba, BIEY WY o) N sle The 2ol e & Y

6(z)= % lz/6 — sinh (z/6) + —C—Q;Z—.};l%—;—l—cosh (x/6—1)] (3.4.41)

AN, p=l6)e F2AY AFEA, A5 (Decay Parameter) 2 F &0 7477 ¢
IS & F UE FEZ o]gHT}H[9)
&, A (344D A (3436) o WYsd, WEY dFo] w=

2Nl

rir
2
2,



FALY FY 71271 BF 4L thed Pol XY & ek

wy (z) = ?f‘;%[a:/é—sinh (x/5)+%cosh (@/f—1)] (3442)

aela, g AdskE Prb Agste A (V=P M=—P(-z)), ¥-¥9 BA
= ,

= AA8YE HoEREH Mg AR ¢/ (z)T ThEH 2ol e 5 o,

6. (0) =14 (z) - £U=z) (3443
55 55

A 24 (3443)% -9 AA wz=e FgPEH ddsta, o
7 pExAS 18I, F8 5o wae nEY AAAAR 2ste ]

of et A e thew 2ol yerd 4 .

oy Lo
X
ot O

0(z) = Plﬂ‘s ?5 [ “5?72/? + cothp - cosh (¢/5—1) — sinh (z/6)]  (3.4.44)
55

)

Ao o

o

Ao AAPF A3 Al (34.31) 2RE 2y 2o

¥ 1o

o
.

L u
o

te R
r e

2

_
w, (x): ](11](33_[(123 _ P(lx 2 ) + ](45
’ AES 1{33 KE)S

0(z) (3.4.45)

A7V, Agee & 2ol Yerd 5 Sirh

K K,
_ _ (3.4.46)
Rk KKy

AES = ]ﬁ1f(22K33 (1
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Table 3.4.1 Mechanical properties of S-Glass Epoxy

- Parameter - :
En(Longltudma] Modulus) 43 GPa
Ex(Transverse Modulus) 8.9 GPa

Gh2(In-Plane Shear Modulus) 45 GPa

Vi2(Poisson’s Ration) 0.27

oA A A8 fTaes TxIA TFEa9e ANSYS 708 AMgsdn

S 9% 24% 8-FH Solid 46 LayerS4E Agsgon, Z 3246709 %
249 4110709 ALMEAS AMSEe] mdy 2 S ST Fig 2. 11
S A F3 24 2dy 2 09 IS Jehfa gk

F-,a.-.x:

flo

|
Fig. 3.4.5 Meshed shapes of thick Walled composite channel

beam and geometry of beam cross—section.
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9 2347k B7hvgich
A AHS FAPPL ey 2ok

Minimize F(XO

Subject to g{(X) <0 =1,k

Xi<X<XY i=1,m

AVIA F(X)E HAFY 7150 He BERgsoln g(X)e ¥ei Agxdoz 44
T AAE JepdY X= Aol Fo A= Steel channel beam(125%65)
I Bl xZ3 ySo tig 7 A4 Aolg HAgete AN WER A AolE
Hagtohe EPAE channel beam® ©W X455 ZAAsy] H3 448 FAL¢ndS
S ARRst 47FA] FolW FZ([0/45/90/-45),, [04)n, [9041n, [0/90/0/90))E Zte A59
EdAs B ol HHSE st Ao A8 BFAEe] E4L Table 331

I 2t}

B
T
=

=

XU

Table 3.5.1 Material properties

Generic Glass/Epoxy Pre-preg

— Elastic moduli{ GPa)—-

Tensile Modulus 43
Compressive Modulus 89
In-Plane Shear Modulus 45

EAE Kol @ FRE Fig. 3513 o] 4 plye HAFE 7ETZRE st 3
o HAH3 3 Al HAAMESE B Webe] Zol(H), Flange?l Z%(B), 1831 H
o FAWBE 2ANFE AFATh 4 g7z HAHs ZAC hd 3 7HA A9
AAss o 2

7h xFol g 33 A xol Has)
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(E]x)c — (Elx)s ]2

Minimize [ (ETY.
Subject to (EI), = (EL),
(G). = (G]),
H > %’B
H = 10¢
H B, t>=10

. ySoll gk 53 A Aol H43)
(EL), — (EIy)S]2

Minimize [ (Ely)s
Subject to (EL). = (EL),
(Gh. = (G))
0> %B
H = 10¢
H B, t>10

O ¥EY A Ao] Has)

(Gh. — (GD, 12

Minimize [ Gh.
Subject to (El)., = (EL),
(EL). = (EL)
H > %B
H = 10t
H, B, t >0
o714, EIL : xZ 3 7

gk 58
EL @ ySo] gt 58 244
GJ - HEE AA
Cc : composite

s ' steel
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Fig. 351 Cross section of the laminated composite channel beam.

AT TR A7) FAatold dig HA3I} ZRE R YEhltlen ojn Ao
Gy AgE olgste A @S Adstth

Minimize [ (EIX)EE;) (EL). IE

Table 352 The results of composite beam rigitities after conducting the

optimization(GA) for the minimization of error of EI. between steel and composite

beams
%
EL(Nmr) EL(Nmnr) GJ(Nmr) [HxBxt(mm)]
Steel 7.94x10° 1.35x10° 3.69x10° 125x65%8
[0/45/90/-45], 8.45x10° 1.52x10° 5.01x10° 210x110x13
[04)n 8.06x10° 4.35x10° 1.562x10" 133x119%25
[904], 7.94x10° 1.54x10°8 1.84x10° 241x133%24
[0/90/0/90]. 8.01x10° 2.39x10° 1.19x10° 168x114%22
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doyEel g 29 44 Ao] Haah

Table

3.9.3 The

(EL),

— (EL),

Minimize [ (

results

of

. )

composite beam rigitities

after conducting the

optimization(GA) for the minimization of error of EI, between steel and composite

beams
EL(Nmr) EL(Nmr) G J(Nmr) A
o v SN [H x Bxt(mm)]
Steel 7.94x10° 1.35%10° 3.69x10° 125x65%8
[0/45/90/-45], 1.33x10° 1.36x10" 5.66x10° 264x106x%13
{040 1.44x10° 1.36x10° 751x10° 201x81x20
{9041, 1.01x10° 1.37x10° 1.64x10° 274x127%22
[0/90/0/901, 1.45%10° 1.36x10° 8.91x10° 236x93x20
ot ¥E" A o] Ha3)
.. . (G.])C - (G-])S 2

Minimize [ GD. ]

Table 354 The results of composite beam rigitities after conducting the

optimization(GA) for the minimization of error of (J between steel and composite

beams
2|
EL(Nm) EL(Nmr) G J(Nnr) [Hx Bx tomm]

Steel 7.94x10° 1.35%10° 3.69x10° 125x65%8
[0/45/90/~ 451, 1.87x10° 3.15x10° 3.69%10° 297x148x11
[04)a 3.65x10° 6.18x10° 3.69x10° 279x141x13
[9041n 8.59x10° 1.47x108 497x10° 283x144%15
[0/90/0/90], 1.04x10° 1.69x10° 3.70x10° 216x108%15
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Table 3.6.1 Effective parameters in single—pin loaded MWK

composite laminate

Effective Parameter Value
Friction Coefficient 1=0, 0.2, 0.5
Stacking Sequence UD, MWK, Hybrid(D),dD)
Clamping Force pressure=0, 21MPa
E/D ratio 2, b, 10
W/D ratio 2, 5,10
L/D ratio 20

Table 3.6.2 Number of holes and loading conditions for DBLT MWK

Composite laminate

T Numb f Hol Load
e
yp amber of Hole Condition
Single row n=1,234 (1xn)
Single column n=1,2,3,4(nx1)
Double row n=24,6 (2xn/2) Tension
Conpression
Double column n=2,46 (n/2x2) Shear
Pattern A n=5,7
Pattern B n=5,7
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Table 3.7.2 A2 715182
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casel(Z3+2 3d)

d=20mm
e=50mm, p=60mm
v=s=80mm

0

d=20mm
e=40mm, p=80mm
v=s=80mm

d=20mm
e=p=40mm
v=5=40/3mm

case2(Z7r4 15d)

d=20mm
e=p=40mm,
v=20mm, s=30mm

casel(Z 7+ 3d)

d=20mm
e=50mm, p=60mm
v=50mm, s=80mm

d=20mm
e=40mm, p=80mm
v=40mm, s=80mm

d=20mm
e=p=40/3mm
w=s=40/3mm

case2(&7+4

d=20mm
e=25mm, p=30mm
w=25mm, s=30mm
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SUMMARY

I. Title of the research

Development of 3 Dimensional Composite Beam Structure with Liquid

molding process

II. Purpose and necessity of the research

The market for the composite materials is getting large all over the
industrial fields and the various products of composite material are used
where high effectiveness is mainly required. Specially, structural integration
of 3-dimensional composites provides the lightweight of the products and
reduce of unit cost. 3D composites also have an excellent property in the
thickness direction due to the 3-dimensional fiber architectures. The current
manufacturing method such as autoclave and hand lay-up processes have
the limitation in manufacturing the composite parts with complex shapes
and large scales. In the case of public transportation and bridge, lightweight
and high performance of structure is indispensable with regard to the
energy saving and safety. Therefore, the purpose of this research is to
develop processing technology with reduced production cost and to

manufacture the integrated composites structures of large scale.
M. The contents and scope of the research

The basic design of skin structure of the vehicle has been carried out. The
J beam structure was also analyzed in the first yvear in order to consolidate
the fundamental processing technology of 3D composites. Design work,
physical property test and bulletproof test for a driver hatch of the ground
vehicle were carried out in the second year and the last year. In the 3rd
year, the first article was produced and evaluated in terms of processing

and structural criteria.



IV. The research results and summary

Measurement  of the fiber volume fraction of the ] beam resulted in
Vi=47%, which exceeded our research target (45 %).

The results of the basic mechanical property test showed that the stiffness
average value of tension and compression were 52.5 MPa, which was higher
than our target, 52.0 MPa. In the production of first article of a driver
hatch, the liquid molding process reduced the unit cost by 50% or more.
The quality analysis for the product showed that the fiber volume fraction
was 5096, which exceeded our target (45%), and the void content was 1.2 %

which 1s also satisfactory for the structural application.

V. Possible applicability of the research

VARTM is a viable manufacturing method for the driver hatch in integrated
shape, which requires both the structural function and bulletproof
performance, simultaneously. It can also reduce the production cost more
than 50% compared to the traditional fabrication methods. Under the high
potential of practical use of composites in the field of ground weapons,
VARTM is expected to be utilized in the fabrication of complex and
large-scaled composite parts.
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AZAEL S2-Glass/Polyestere] AARE. AARA @ Fopt vE =337
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Table 322 Aejstet. 2+ AlHe &4
£F, AP AN AY Y-
700 T ]
[} ——: ]
s00 535 ST .
[|--x--5 o ]
T s 3
400 £ —:
300 —
2005— —
100 | ‘
O-I|II!JIIIllllllllll[llllllli ]

0 110* 210 310 410* 510*  610*
strain (ue)
Fig. 3210 $¢-¥¥8 & A= (AFAF).

Fig. 329 14A14

DER A

_18_




Table. 322 AAAF A3}
w1 5 23 Sz o)A} 7Y \PAZS]
Amd s AE ye A S | Aol sk A&7 = (Mpa) 147 Eohgn) s
(mm) (mm) (kgf) Yield Ulimate {Gpa)
No.l1 25.471 2.377 3909 2275 633.2 224 0.019
No.2 25.470 2.358 - - - 235 0079 (A48 &9
No.3 25.528 2.453 4093 249.3 640.9 245 0.070
No.4 25.505 2.229 3824 221.1 659.7 245 0.067
No.b 25513 2.136 3583 234.0 644.9 24.5 0.035
No.6 25.519 2.355 4103 232.3 669.4 23.0 0.039
ot 233.0 649.6 23.7 0.052
XEHA 105 14.7
B-Basis 1971 599.6
RC. (%) 27 .61 - Avj
k=i 2.05
ly. thick.
Rae 0.594
(mm)
strain(T)&stress curve(1000-3000ue)
80 —— —
~ B No. 1 7]
B Noz Pt
X No. 2 A
St Nos )9 ]
_ 60 coo NG % :
[ P N
. o p
2 r ]
= 50 | .
» C ]
e F ]
w a0 .
20 : PR DU ST T | N I 1 N N 1 L Lo :
1000 1500 2000 2500 3000
strain [ue]
Fig. 3211 $8-¥3E A=(AF34 AL
g tEAE - 00 g
0° W3k tE=:AlEe  S2-Glass/Polyester?] =7t 9@ kE=AAgE 7] 9
gk Aot mgh, AFAIHY viasly] ¢ste] 270e] AlHCA EoE ulE SN

ASTM D3410M-95%

_19_



+30° w
+45* g 8
- 8o
i

i 2002 | 85 30 2
150
M

180 4M2 L

/ @

]

-,
%
&
(=8
_Ne
\ AX0.25 a0 BHP sH

RaCICHE]

[

3
(#/]0.08]B]
4%1.5

P

AN TGRS ALEE o] &l mWHEE 3 e, MM bondE o] 43 o
EQ

H ¥
i Gauge Length7} 8mm ¢ UD € Argslguh o "9k =23 e ASTM D
3410¢] method B AlZXTE Argslgch A@7)o] (EFAAS A BEH5S

Fig. 3.2.13°] Yehygich.

|

=

Fig. 3213 0" W3k ¢t&=A8 A9,

_20...



= At

stressi1(MPa)

Aol Robgel whel, gEABe SRt WA FANE P
Ay AR

LERA ST

wlelM 2 4]
0° W ¢4EAY AFE Table 3239 FYstank 7
=2 <l

50 [ ——— —— 50
_6,_1 /’
a2 L
o+ 7 . n
--3 i 0
--%--4 Vs e r
sof| 1% g}54$4{ //"/ég :
B0l &-p T h / 1 = 50
[ ¢ = / /s o S0
J& S o E
s AP AE-Ed =
-0 ﬁf? {/ ° . T 100}
//ﬁ»' o // 4
R A h4
; ,r&/ ] 4
150 F 2 5 % # N ® sof
&5 . ]
e [
o ¥ 9 ] [
-200': o e -1 -200
b )/(,’ /
Y1) I R AU SR ST R S 250
-118  -8000 -6000 -4000  -2000 0 200¢ -114
straintfue]
: o) =] = 0
Fig. 3215 §8-H3IE A= (0" ¥

-21 -

Tow g
JEE Fig.
A1
L

D s v S S S B S A B SRR S B B B R B B BN B B

[|——7

-8
©—9
--%--10

b1

e 42

T TS S S SN Y S S SN T S S SO

P B S

-8000 -6000 -4000 -2000

strainifue]

¢ AR,

0

200(¢



Table 3.2.3 0V sk

dFAE A3

A | |l ah | e | (G PR o
No.l 24.993 3172 1593 1972 30.9
No.2 25.011 3.054 918 1179 135 H5-9 53
No.3 25.024 3.009 1666 217.2 20.8
No.4 24.920 3.140 1884 236.3 34.1
No.5 25.008 3.065 1461 187.0 225
No.6 25.056 3.067 1205 1539 20.0
No.7 25.018 3.158 1219 151.4 26.3 0.117
No.8 25.037 3.122 1529 192.0 26.4 0.146
No.9 25.058 2.688 920 134.1 215 9 59 59
No.10 25.020 3.103 1427 180.4 22.6

No.11 25.037 2.938 1181 1575 154

No.12 25.066 3.122 906 1136 39 LR
Ry 185.9 215 0.132

U 29.0

B-Basis 114.7

R.C.(%) 28.432 A
9% 2.042

et | s

stress1{MPa)
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GAIY A= Table 3240 AYsidryr 72+ AAe ¥ A¥E HMEE  Fig
322090 YERAAT =g AWAAge AlRelyl g $9-1HyYE HAEE Fig
3.2.2190 JER ST
Fig. 3219 0" W& A9A A syjne,
Table 324 0" Wak ATAg A
Al 1d8 A} = Z28) bos Pl Al raae AT
e T Y | G | v om0
No:l 11.660 2.900 283.7 49.0 82.3 4.2
No.Z 11.385 2.730 262.2 470 82.8 3.7
No.3 11.685 2.943 253.6 52.6 724 4.2
11.715 2.767 270.4 51.0 81.9 45
11.715 2.957 250.9 52.1 71.0 41
11.735 2.933 2935 50.8 83.7 4.3
11.530 2.970 297.0 545 85.1 4.1
11515 3.090 295.8 517 81.6 43
11.430 3.060 283.4 529 80.9 45
11.180 2.803 2454 56.6 76.8 42
11.540 2.843 268.4 54.6 80.3 4.1
No.12 1 11.590 3.093 299.3 52.0 819 4.2
52.1 80.1 42
26 44
46.4 703
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FARE AGAIFL  S2-Glass/Polyesterd] AE7RE 2 AGFAHLS =337
A Aldolth. AEgAd = AEEe ASTM D5379M-93L #5438t FAWE
AGAE Al g2 Fig. 32229 2ok A4S 2F87) Yste]l AHe] 4R
of AFEXE ol&ste] XWAIAE 3 S, MM bondE o]&3dte F & 2Eg Aol
AE +5°2 FAATY. AGsE S Fobgel] wEl, AE =3 BRYRE R 2
A=l Tz HA Uitk Tk Beld R9E Fig 32234 Exo] saA Wl
AU FALE AGAE A3 Table 32500 APstgar, 2 AJHe] $8-wF
' A&EE Fig. 32259 Jehfigdch x=3, dad34L Addsr] 93 S8-4gE A
T

Fig. 3223 573 AdA|A o=,

Table 325 F7AEF MdA g A

s A=A AT Yy B alF FEAUAE EaRe e g W1
{mm) {mm) (kgaf) (Mpa) (Gpa)
11.440 3.367 247.3 63.0 3.72
11.795 3.407 246.5 60.2 4.03
11.435 3.490 261.5 64.3 3.66
11.665 3.437 2481 60.7 3.64
12.065 3.443 233.2 55.1 3.28
11.385 3.437 244.6 61.3 3.42
60.8 3.6
32
B-Basis 512
= R.C. (%) 33.772
g5 1.98
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B AP Y HA7] 2RE A A5 woy BEE FAH7] AT Aotk

E 2 . 53 BrbskEe] A4S A
st7] 9sted AEY 4F Fo tEYE FASAC ZzZdae [(245)(0/90)Ins
°F AZSHIL BEE 634 mm A Hi-Lok#} Collarg AH&siAth. A|H 9
width margin  (Ww/d)& 60 ©°]i, edge margin (e/d) & 30 ojtf. gx
EEZ e Al 2A g weAolAE FAeh £ ZAEA P A

= 53 A9
ATE AgEA i, Aol g Re)E Aok AR AN aPer ngse 5
o RopkATh A7 2AEANS F2F 2H5S Fig. 32270 Ueh Ao

Fig. 3227 @4 7AX7] ZE A3y A4,
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Fo A ZEE s HAstA T g3 s)
Aol 3)83tgTt. Fig. 3.2.28¢) wtajw
269 Agstgon z A#Hel FF-H9

jasy

Mt ol

Fig. 3.228 @A AR 7| ZQE AH gy

Table 326 YA 7] ZAE g 47 ( GI-Gl, Protrude)

s A]L@Laaltr»ﬂ] o2 | s | 2e47 | Ao8s m
{(mm) (mm) (mm) {mm) (mm) (kgf) (Mpa)
Nol 37988 | 4961 | 4847 | 4904 6.34 2355.0 3714
No2 | 38258 | 4925 | 4983 | 4954 6.34 2323.4 362.7
No3 | 38006 | 4978 | 4827 | 4902 6.34 23573 3719
Nod | 38120 | 4964 | 4846 | 4.905 6.34 20056 3509
No5 | 37.992 | 4901 | 4861 | 4881 6.34 2384.4 37738
No6 | 38378 | 4985 | 4501 | 4743 6.34 22353 3645
A 366.5
RIS 9.4

B-Basis 338.2

R.CA%) 31.503
= 2.003
norminal
ply thick. 0.610
{mm)
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zo Yuyz Ry TZHzeloE [(245)(0/90/90/0)ns
¢l Hi-Lok¥ collarg& AF&3Htt. AJHY

o]31, edge margin (e/d) 2 4.0 oJt}.
"13101] HA oA E B ALY ZAEADAME 5
HLE /‘}%O}ﬂ B, AEe] | BE Aste AUl ZAA oo 1
& otk A E vl Z2AEAES A3 248 Fig. 3.2.3000 Ve AT

Fig. 3230 @d4A7] 2JEAF A9,
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E 4

A 93 ¥ =(Gl-Gl, CSK).

slES Uil el 2QAEAHE BE RN &Ryl dAsAY. dasls A
o =eshd EEVL AAE] B35 FAl 3AsIAE Fig. 32310 $3E=E Yepgq
o ZRJAEANY Ade Table 3279 Ayt 2+ AR d5-HY A5E Fig. 3232
of Jepfi ok
Table 327 GYHA7] ZJAEAY Ax}
AE s AEYEl (AE E S AT | 2ERA | HUEE | doRgs Ao
(mm) (mm) (mm) {mm) (kgf) (Mpa)
No.1 38.144 9.672 4.843 6.34 1930.2 308.2
No:2 38.124 9916 4961 6.34 21476 334.8
No.3 38.306 9.883 4967 6.34 2049.7 319.2
No4 38.282 9.755 4917 6.34 2006.7 3156
No5 38.174 9.897 4994 6.34 2040.3 316.0
No.6 38.142 9.331 47765 6.34 2024.2 328.6
Bt 3204
g FH=E 97
B-Basis 291.3
R.C.(%) 31.503
et 2.003
Iy thick.
DY Le 0613
(mm)
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FA = T OSAANE, ER/AS Au/se
wope] AANNE WY TEE e Gedel Iy dn FEY AAE 9
F2EY 3455 L Fe NAxel AT aPsy Juh gy YA dES
A A A¥s] s g v1Ee 231 HHET olyeg T WIS Z L WIto
Ht 339 A RPFEY A Agel Basth B AT BxE Gl o
F 349 BRA A 2 AW AR Bae] ARATE 2FF AATRE U
g8 U-Y =g F2E Azoldh AwME W& o3 2
- AR 2 Yasl tx J1RAA 2 A, 0 9d AS 2 A5 24
- 3D B34 @99 % Al 2 BEAdAS
- Textile X ¥&E A ZAW] (stitching machine) A2 @ J371& A2
- o 4P71% (SCRIMPE 2 5748 ¥4 4IAT
- Z2F5 A 2 W (U, T @aAAF A
-0 Aay =84
- B3A 54 2 px2AY EMYEE/EIEAE, FRAEAE, $AAR)

- RTM 34 Ao} ® A7) Ao]
2. A7 Ay A}
7 B3 (A841eh 5 AEEE
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