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Abstract

Composite materials are emerging as candidate materials for the industrial
areas especially for the aerospace business due to the long fatigue life, their
significant increase in elastic modulus and strength compared to conventional
materials.

Especially, composites are expanding a using on transportation vehicles
like automobiles, ships, and air crafts etc. The main factor of this expanding
is high specific strength. It accords with object requiring high quality and
efficient of energy. But manufacturing of element that was made of
composite requires many raw materials and high tooling cost for special
process, so we needs a reduction of these costs to make best efficient.
There are various process to fabricate the composites parts, such as
autoclave process, RTM and SRIM, etc. These processes is not only cost
so much for the metallic tools and the various equipments such as a hot
press, an autoclave or a curing oven, but also to be very limited to their
shape and size of the composites parts.

VaRTM (Vacuum assisted Resin Transfer Molding) process is introduced
as the new process that can improve these problems as above. VaRTM
process 1s adaptable enough for the aerospace industry because it can
achieve the same or superior fiber volume fraction compared with
autoclave process.

This study is conducted to show as follows.

1. The development of the processing method of VaRTM

2. The possibility with the evaluation of the properties of three kinds of
candidates for high temperature resin which is using the composite part
of air craft, will be used for this process to manufacture the composites
parts of RIB boat with comparing the properties of hand lay—up process.
3. The evaluation of the physical properties and mechanical properties
between VaRTM process and hand lay—up process

4. The adaption of the fabrication of RIB boat by using of VaRTM

process.



In this experiment, we contrast strength between VaRTM and hand
lay—up process. VaRTM process offers high quality the same as
autoclave products, and applies with low cost like hand lay—up process.
So, VaRTM process can practically apply for CFRP hull part of RIB boat.
VaRTM process can offer high quality and low cost. This paper shows that
VaRTM process is one of the most suitable processes for composite part

of CFRP boat.
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MesKm. Fael iy Laminate

C) In case of honeycomb panel

Fig. 2—3 Schematic diagram of VaRTM process in detail
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gk o] o A=W, Fig 2-5% &

(1) Apply gel coat on molding.
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(2) Apply gel coat on mold's surface as 0.02 mm ~ 0.05 mm and dry them
during 4 hrs on 20TC.

(3) Apply polyethylene spiral tube on its part to keeping vacuum

condition.
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(4) Apply spray adhesive on the edge part and install polyethylene

spiral tube.

(5) Apply carbon fiber on the mold which was applied gel coat.
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(7) Apply peel fly for keeping vacuum and releasing mold.
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(8) Application peel ply.

(9) Install resin flow ( breather flow, resin distribution medium).
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(10) Install resin flow tube ( resin flow line).

(11) Install polyethylene resin tube.
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(13) Install resin infusion line.
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L%

(15) Apply vacuum bag film and sealant tape.
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(17) Mixed resin and hardening agent .
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(18) Infusion resin after checking vacuum condition.

(19) View of resin infusion.
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F 2.

(20) View of resin infusion to the mold.

(21) view of mold after hardening by VaRTM process
Fig. 2—5 VaRTM working processor
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2.5 VaRTM A& &4

VaRTMA

(Styrene
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30

T8 VaRTM A& i A %9 d=dolgdoly Spray methodE
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FolA A= o

A 22 A

Fo M AR St A AP ORIE BRER 292

2] oA AFEE I Qo Table 104 thekst Hofo] £ 8 58 HolFE

o).

Table 1 Application of VaRTM process in various fields

Sector

Application

Marine

Hulls, decks, and hatches of yachts, hulls and decks of

recreational boats

Transportation

Roof and floor of refrigerated container, automotive

exterior body panels, train fronts

Aerospace Rudder of small aircraft

Industrial

Fan blades, part for fish counting unit, toilet bowl, oil

separator

Energy

Solar cell housings, wind turbine blade, electrical

insulation materials

Inter structure |Lighting columns, bridge deck

Military

Hull of composite armored vehicle,
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Fig. 2—6 Laminating process

_33_



Fig. 2—7 Laminating process finished

Fig. 2—8 Resin infusion after lamination
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3.2 A5t Alx
E Aol Abgd Aae

el Al (B 9-3) 9 T4

A& Table 3—-1% Zom 1§ FA& nf

AfFB 9-83)F A& 33

%o

Table 3—1 Properties of each resin.
H 34 C6 E I
Compressive| 1 11y\p, - 248MPa
strength
Compressive| 5 oop, - 5.9GPa
modulus
Flexure - 132MPa 124MPa
strength
Flexure 4.8GPa 3.3GPa 4.7GPa
modulus
Tensile 74MPa 75MPa 46MPa
strength
Tensile M6CP4 9.9GPa 4.7GPa
modulus
) . 220~250 cps 200 cps 100 cps
Viscosity @50T @110°C @110°C
el time 9.5~ Ahr 30 min 6.3 min@
@195C @180°C 177°C
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ATl AgE AR AT B4 Table 3—23 o] A& st

Table 3—2 Lay—up orientations for each laminate.

L/T Test methods Orientation

UNT (Un—notched Tensile)
UNC (Un—notched Compression)

1 Short beam shear (0/90) 107
Flexural
2 In—plane shear (+45/=45) 107

Ol

2 Aol ARgE A9 WS Table 3-33% oW ASTM 14E& A&
ATk,

"_

Table 3—3 Test methods and test standards.

Standard Test method Designation
UNT (Un—notched Tensile)!D D3039
ASTM UNC (Un—notched compression)12)13) D3410
Short beam shear, flexurall4)15) D790
In—plane shearl6 D3518
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3.3 Al AL

7. 5 A}

e AL ok AF W NDI(C—scan) AAME Fig. 3—13 £ ZA=

Fastel AW AW FAFE Helsgirh. C-Scan BAE A7) AAAE
vle) Apel el oo AL Folwa 4E S

Al Cutting= st el B di Afo]=E o] g3t C—Scan
AHE 8l e, Fig. 3—2% 7 #499] C—scan AAF 435 Yerd
Qo AAALGE #d BE AFo] gl & & UAAT

Fig. 3—1 C—scan equipment
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il

(a) H 34 (b) C 6 (c) EII

Fig. 3—2 Results of NDI for composites laminates.

L}, DSC AA}

Fig. 3—3% 70| Mettler ToledoAFe] DSCR22 Al x4
TFAof] g3l AeoA 300C 7HA] 3 10C Y & &%

Wi

2

2

1 ol
M

X

~

i

>~

>

Fig. 3—3 NDI(C—scan) differential scanning calorimeter
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Table 3—4% 7F A9 Agr 2 At 283 FEldo] 25 e
o1t
Table 3—4 Degree of cure and Tg of each resin.
Resin Initial Curing Curing time Degrge of Tg
name temperature | temperature curing
176C 2h 0.99 171°C
H34 50T
1767C 30min 0.98 176°TC
176C 3h 0.66 163TC
EIl 121°C
1767C 6h 0.84 189TC
176°C 2h 0.99 1717C
C6 121°C [ . i
1767C 30min 0.98 176TC
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Table 3—5 Mechanical properties of composites laminates fabricated by

VaRTM with high temperature resins.(UNT,UNC)
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of thgt H& AFH In plane shear =9}

Table 3—6° 3F/F2 <A 5l
= d2rdHE v Hrkst d3E YERY S

Short beam FEE

.

Table 3—6 Mechanical properties of composites laminates fabricated by
VaRTM with high temperature resins.(In plane shear, short beam

shear)

Short beam
. ‘ Test In plane shear shear
Resin Fabric temp. Strength Modulus
(MPa) (GPa) Strength (MPa)

Carbon R? 191 13.9 58

1134 A\ 193 - 62

Class R’{ 200 16.0 57

70T 204 - 57

Carbon R? 248 7.9 58

CE 70T 211 - 51

Glass R? 184 8.0 55

70C 155 53

Carbon R? 226 14.4 67

Bl 70T 2505 - 68

Glass RT 180 15.3 65

70T 206 - 64

A H34 748 A5, 24T Feldae vl 744 SAAE U
Bl 919 ™ In plane shear®4 &2 7
& T AU

HA Aol 'AhdFe F214/4 In plane shear % Short beam
shear?] zolE B™ F8/X 57} In plane shear® 3% ¢F 5% A el
™, Short beam shear® % ©&2{7F oF 2% 4% =A et ok
= 70CY AS, 584452 In plane

FA o] 5 dojd 7heAdo]l L
sheard ¥ BrA2AF9 TART ok 5% AE, ©AHF2 Short beam
sheard =+ F8lAdF9 24 B2 ¢F 9% A% 53 5A4S e Q)
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Table 3—=7° 3F7F2 X tist H& AFH Flexural & 2
AR A2z vla F71sk dijoly Af &/5S FH7Is 435 y

ERf 2l

=

Table 3—7 Mechanical properties of composites laminates fabricated by

VaRTM with high temperature resins. (Flexural, volume)

Flexural
Resin Fabric |Test temp.| Strength Modulus Vi (%)
(MPa) (GPa)
Carbon |— 5L 646 26 66.67
1134 70C 658 -
| RT 599 2.9 66.02
£1ass 70°C 560 — '
RT 674 6.0
o Carbon 70C 697 — 62.37
| RT 599 3.6 6262
S 70C 541 - '
RT 704 5.9
. Carbon ~0°C 790 — 64.98
| RT 664 3.8 6504
£1ass 70C 591 - '

HA A2 gadfet A

AH7F o 9% = =A vERGal 9l
FAo EAMEr dojd TtsA o)

Flexural %% o 1 °F 1
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A¢ faAdFEY okl.68)7F FH 2]t

AA Ao A AR FEAFE Flexural 259 Apol& B
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volume H3429]
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Comparision of mechanical strength
Reinforcement : Carbon fabric
Test temperature : Room temp

| OH3  mCce  OEI

900 841841
800
— 71 704
S 700 E 6a6.874
o
= 600
E 500 | 470 455460
D 400 -
L 248
2 300 191 g 220
o 200 |
100 | %8 58 67
0 o |
UNT UNC In plane shear  Short beam Flexural
shear
Mechanical test
Comparision of mechanical strength
Reinforcement : Carbon fabric
Test temperature : 70 °C
OH 34 WmC6 OE Il
00 o
681 097720
o 700 78 I
600
2 | 06,7042
= 500
O 400 |
L 2!
£ 300 10621122
n 200
100 | 6 51 68
0 T |
UNT UNC In plane shear Short beam Flexural
shear

Mechanical test

(a) Carbon fiber + H 34, C 6 and E 1I
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600

500

400

300

Strength(Mpa)

200

100

Comparision of mechanical strength
Reinforcement : Glass fabric
Test temperature : Room temp

OH 34 BEC6 Oe

UNT UNC In plane shear Short beam Flexural
shear

Mechanical test

700

600

Strength(Mpa)
S
o

200

100

UNT UNC In plane  Short beam Flexural
shear shear

Mechanical test

(b) Glass fiber + H 34, C 6 and E II
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Comparision of modulus
Reinforcement : Carbon fabric
Test temperture : Room temp

OH34EC6OE

. 60 54
g 50 F[ 1 48
= 40 |
= 30
s 20| 859289 13'97914'4 =5 5 59
0 [ 1 N =
UNT UNC In plane Flexural
shear
Modulus

Comparision of modulus
Reinforcement : Glass fibric
Test temperature : Room temp

EH34ECo6OE I

o5 22 51 23

’8 20
a B
= 16 153
= 15
2 10 ¢ 8
© -l 4251 42 293638
5
. [ ] i |
UNT UNC In plane shear Flexural
Modulus

Fig. 3—4 Comparison of strength for laminates at room temperature

and high temperature (70C).
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Fig. 4—1 Structure of carbon fiber.
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CFRP GFRP  Aluminum  Steel

Fig. 4—2 Comparison of specific strength.
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b CFRP GFRP Aluminum Steel

Fig. 4—3 Comparison of specific modulus.

| I I'
0 )

CFRP GFRP Aluminum Btesl

Fig. 4—4 Comparison of specific density.
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CFRP QGFRP  Aluminum  Btesl

Fig. 4—5 Comparison of specific thermal expansion.
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4.3 71AA 574 7}

4.3.1 Q1AAE

EN
i,
-

DX

Laminate©] th3t 14AHE Eye size 5mmE 2
o] & A Fato] H34 o Z Ao $3ste] ASTM D638 el uwh
3 ol IM=gol]], VaRTMS 382 7} 5719 AlHE A=
g 1.2mme 5% Fig. 4-73 2o] AdE 3o, A
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o
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o
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o
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of
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ol
ol
32
Wi =
—
M

>
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oot
BN
oY

24 = Table 4—1 ¥ ).
AFANH S AAste] JAZAE W A ASFE Artets WS U
pan=

Tensile stress/tensile strength

0'[9 1]73)(/14 .......................... 4_1
dj:Pj /A ......................... 4_2

O “ : ultimate tensile strength [MPal

Prax © maximum load prior to failure [N]

O ; : tensile stress at i—th data point [MPa]
Pt load at i—th data point [N]

A ' initial cross—sectional area

Tensile chord modulus of elasticity

Eepora= d///f

Evpora - tensile chord modulus of elasticity [Gpal
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7 (@ : difference applied tensile stress between the two strain

points, [MPa]

7 & . difference strain between the two strain points
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Table 4—1 Condition of tensile test and dimension of specimen

Specimen

Carbon fiber
Resin H34

Stacking direction

[0/90]

Test specification

ASTM D638

Test temperature

Room temperature, dry

Test speed

1.2 mm/min

=
_""-—-g-
I _——'-'-'-'-'-_ l
| ;
= i N
Unit : mm T W WO L LO R
Hand lay—up
specimens 4.5 6.4 1 19.0 135.0 183.0 75.0
VaRTM
specimens 3.0 6.4 | 19.0 135.0 183.0 75.0
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Fig. 4—6 The shape of tensile specimens

Fig. 4—7 Apparatus of tensile test machine
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L

4.3.2 =21
Laminate©]| tfj 3t

ASTM D 695¢] w&} Fig.
o

ol A& ¥Fskgle

Jc‘gmp :PmaX/A ..........................

compressive strength [MPa]

Jcamp .
Ppax - maximum compressive load [N]
A the original minimum cross—sectional area

complGPal =stress/strain
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Table 4—2 Condition of compression test and dimension of specimen

. Carbon fiber
Specimen | poi " H34

Stacking direction

[0/90]

Test specation

ASTM D695

Test temperature

Room temperature, dry

Test speed

1.2 mm/min

sy

- G
Ly
Unit : mm T W WO G LO R
Hand lay—up
specimens 4.5 12.7 ] 19.0 38.1 79.4 38.1
VaRTM
specimens 3.0 12.7] 19.0 38.1 79.4 38.1
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W o

Fig. 4=8 The shape of specimens.

Fig. 4—9 Apparatus of compression test machine
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4.3.3 Interlaminar shear test

Interlaminar shear strength® A&AH Y} 22 W o7
ASTM D 2344°] w2} Fig. 4—103 o] A|AS 7Fasts o Fig. 4-11
3} o] AdE ettt

Short—beam testE AA]sta, of#e] S2)eo] wa} interlaminar shear

strengthEs 7 4 vt AdxA 9 A¥dHA X4+ Table 4—3.3 Lt}
Fsbs=0.75 - Pm /(b - h) weeeeeeeeeieiei 4—4
Fshs : short—beam strength [MPa]
Pm: max load observed during the test [N]

b : measured specimen width [mm]

h : measured specimen thickness [mm]
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Table 4—3. Condition of short—beam test and dimension of specimen

svodmen | G2,
Stacking direction [0/90]
Test specification ASTM D2344
Test temperature Room temperature, dry
Test speed 1.2 mm/min

P
K clm edi /i—\_\_\_\_

Wi
v}
{
i
i
-
=

* |

Unit : mm T W LO
Hand lay—up
specimens 4.5 6.3 98.0
VaRTM
specimens 3.0 6.3 98.0
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Fig. 4=10 The shape of specimens.

Fig. 4—11 Apparatus of short—beam test.
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(W= W5)100

RC =

RC : resin solid content, [%]
W; : weight of specimen, [g]

W. : weight of carbon fiber except resin, [g]
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45 4943 4 v

4.5.1 AZAH
feoldd, VaRTM 4= ol&ato] Azd Ao At ddes
=793 A= Table 4-49F Zom dreoldedor A#g AlAL oF
1029 @& s e sl
gk S Fig. 4—12¢14 ¢} o] d=golq] oz AA3 Al
Auk shrel o]27) Aol whelzh stk ol Asdold B o AF
3 Aol VaRTM T Aoz AZs AART =7+ A4 w7 oksiots 7
g RolETh. olest FER v]Folnol VaRTM ZAA 48 Aol 288
t AFYol FAY MARIAGE Ao St Fow A HoE A
Zhel )
Table 4—4 Result of tensile test
Specimen Hand lay—up VaRTM
Strength Modulus Strength Modulus
Ho- (MPa) (GPa) (MPa) (GPa)
1 275 35 326 54
2 303 37 338 59
3 292 33 340 57
4 287 33 323 58
5 285 33 335 o4
Average 289 35 332 56

_70_



Hand lay—up VaRTM

Fig. 4—12 The shape of fractured specimens
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Table 4—5 Result of compressive test

Specimen Hand lay—up VaRTM

P Strength Modulus Strength Modulus
Ho- (MPa) (GPa) (MPa) (GPa)
1 541 55 597 49
2 530 57 602 49
3 493 52 652 62
4 499 48 591 52
5 5140 52 610 49

Average 514 53 610 52
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Hand lay—up VaRTM

Fig. 4—13 The shape of fractured specimens.
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4.5.3 Interlaminar shear test

Interlaminar shear test®] ZA3}E Table 4—6.°] Yl S™ Fig. 4—-14.
oA I #H AAS HolF3 vk, Interlaminar shear testolA %=
VaRTMO 2 A|Zgh Also] oF 14% 3 545 Holn], drgo|gdoer
Azrgt AlFdHA  delamination®]  ©&%  F3sA yErda Qv
Interlaminar shear strength”} tensile, compressive strength Xt} 2

o= HHAMETE 7HA = oAl o Aew wAln

Table 4—6 Result of interlaminar shear test

Specimen Hand lay—up VaRTM
no. (MPa) (MPa)
1 52 61
2 48 o7
3 46 55
4 45 60
5 49 60
Average 48 59
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Hand lay—up VaRTM

. 4—14 The shape of tested specimens.

=4 5

ol A =dolq] Al VaRTM

7hal Al =
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Fig. 4—15 Measuring of resin volume

Table 4—7 Resin contents of specimen

Resin content VaRTM Hand lay—up
1 36.4% 48.7%
2 37.2% 50.1%
3 36.7% 48.3%
Average 36.7% 49.0%
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sk ¥ QIFAAHS v A FZE Fig. 4—16°1A4 RojFa 9l
Al Ry A7 d5 dAstel glom,

VaRTM AlBelAE $47 Afol #2402 gojglon Aoy AH
22 % &t oL

A= A7 AESHA EF ol (Full out) HASE
VaRTM &7dlA AF7F d5 dAste] ds=H, 529 A7 43

B8 Aed 998 molErh

VaRTM A]Ho] @x=goly

A's
>,
o

Hand lay—up (X1000) VaRTM (X1000)
Fig. 4—16 Micrographs of tested specimens.
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Fig. 4—17 Surface of specimens
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Fig. 4—18 VaRTM (smooth specimen) Temp.: 22T

VaRTH 2%
| 2aya+ Svo0
\

o
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Fig. 4—19 VaRTM (notched specimen) Temp.: 22T
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Fig. 4—21 Hand lay—up (notched specimen) Temp.: 22T

Effect of immersion time on specimen weight

1.2
= 1
= __/::— ——\/a(Sea water)
??Ir-l s , ' W
o /—/“ —a— \/a(Fresh water)
208 / —— Ha(Sea water)
© //y —— Hal Fresh water)
Z0.4
E) 0.2

0 10 20 30
Immersion timeldays)

Fig. 4—22 Effect of immersion time on smooth specimen weight
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Effect of immersion time on specimen weight (notched)
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Fig. 4—23 Effect of immersion time on notched specimen weight
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Fig. 4—25 Hand lay—up specimens
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Table 4—8 Tensile strength

kinds Notched
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(MPa) specimen
Methods (MPa)
VaRTM 550 320
Hand lay—up 470 290
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Effect of immersion time on tensile strength
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Fig. 4—26 Effect of immersion time on tensile strength

(in case of smooth specimen)
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Effect of immersion time on tensile strength(notched)
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Fig. 4—27 Effect of immersion time on tensile strength(notched)
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Fig.5—1 Scheme of rib boat

_90_



5.2 Al 43 % Rib boat A%}
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Fig. 5—3 Preparation of rib boat mold
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Fig. 5—4 Finished preparation of rib boat mold
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2. Apply carbon fiber.
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4. Complete six ply lay—up.

_96_



5. Installation of resin flow n sealant tape.

6. Completion vacuum bag
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7. resin flow

8. Resin infusion
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9. Complete resin infusion

10. Removing vacuum bag after curing.
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11. Removing the part from the mold.

Fig. 5—6 Fabrication for rib boat hull
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Fig. 5—=7 Finished view of rib boat

Fig.5—8 Finished view of original rib boat

- 102 -



Fig. 5=9 Sea trial test
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