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A Study on the Mechanism of Moisture Absorption with
the Analysis of Physical & Mechanical Properties to the
Fiber Reinforced Super—light Composite

KookJin Kim

Department of Materials Engineering, Graduate School,

Korea Maritime University

Abstract

When FRP(Fiber Reinforced Plastics) is exposed to the
water/moisture environments, the mechanical properties of FRP could
be decreased irreversibly. The major reason for the degradation of
FRP in the moisture environments is that the absorbed water/
moisture make their glass transition temperature lowered, and the
water/ moisture, also, directly influence their debonding or
delamination. As a result, the mechanical properties, such as strength,
stiffness, and thermal resistance properties could be lowed.
Moreover, the degradation rates of the FRP were directly influenced
by the exposed term in the moisture environments, moisture contents
of the FRP. Moisture contents of the FRP relate to temperature,
relative humidity, moisture equilibrium of the environments, exposed
surface area, resin contents and diffusivity of the material. The

decreased strength and stiffness of the material are directly related to



their moisture contents. The focus of this study is to find out the
degradation mechanisms and degradation/ recovery behaviors of FRP in
the moisture environments. 3 steps of moisture absorption mechanisms
were developed in the study. Moreover, moisture absorption and
degradation behaviors of the FRP specimens were monitored
periodically. Fractography and transverse section of FRP specimens
also were observed to find out debonding/delamination of the
specimens by moisture/water absorption. Moreover, diffusion
coefficients of the FRP specimens were deduced to analysis the
absorbed moisture degrees of the FRP by numerical values. It could be
help to material designer/consumer as this study indicated the
minimization methods of FRP in the moisture environments by

moisture absorption mechanisms which were clarified in this study.
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(c) (d)

Fig. 7 Cross—section of glass/epoxy laminate by optical microscopy;
magnification (a) 25x (b) 50x (¢) 100x (d) 200x
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Water Attack

Between Polymer
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Polymer M Polymer Chain

Fig. 8 Assumption of water absorption.
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3.1.2 Al AAZ 2 A

3.1.2.1 AlEA=

AHAAS 913 ol FA] ZEjzd e I ARu 52 AFdE
% (glass, carbon, aramid fiber fabric)ol] HA = HeA] AAS
zh= o FAFAE vE 3 A Amelt. AstAEEA AR = A
TAZE AR Y] drulES oF 60% W 40% AEolth ARE-E
FA et AatA e EA ] wE AR VA AeE e T UL
W, & 43t £xo] AMgEY. wekA 5A &= wel aiEA g

J
A} e H A HEo] tEA A YRl AFe A=
ma BYJARY] Q1F AR BMS8-79, 8-1399l SAlE CytecAte] ]
A/ oNZEA ZEZe ek 8—-168 2 8-276 o SAEo] & Toray
Abel BhaAlf/ ol EHAl ZeZY1E AREEglon, Table 1, Table 2
S} Table 3 °fl ztz+e] A3 545 et

Table 1 Designations of the specimens

Curing Resin

Specimen ID Matrix/Reinforcement Temp. content

(T) (%)

CE/PW/125C curing Epoxy/Carbon fiber 125 36
GE/7781/125C curing Epoxy/Glass fiber 7781 125 36
GE/220/125C curing Epoxy/Glass fiber 220 125 42
GE/7781/177°C curing Epoxy/Glass fiber 7781 177 36
GE/220/177°C curing Epoxy/Glass fiber 220 177 42
CE/PW/177C curing, RC 36% | Epoxy/Carbon fiber 177 36
CE/PW/177C curing, RC 42% | Epoxy/Carbon fiber 177 42

_‘]9_



Table 2 Properties of glass/epoxy prepreg

Glass prepreg
Test Item 125C curing system 177°C curing system
style7781 style220 style7781 style220
Tensile strength(MPa) 530 402 441 401
Tensile modulus(GPa) 23 21 21 19
Comp. strength(MPa) 543 471 462 453
Comp. modulus(GPa) 27 19 26 25
Resin content(%) 36 42 36 42
Gel time(min) 4 4 3 3

Table 3 Properties of carbon/epoxy prepreg

Carbon prepreg

125C curing

177C curing system

Test Item system
Plain weave Plain weave Plain weave
Tensile strength(MPa) 855 1981 1827
Tensile modulus(GPa) 66 134 128
Comp. strength(MPa) 579 2015 1927
Comp. modulus(GPa) 55 144 139
Resin content(%) 36 36 42
Gel time(min) 4 4 4
A7) N@A g AEe] 7FEL A FHAS BAAY BAAG 1
AR TR, 7 wAel delA FARATEA glo] 2 Aol
Holx= 125C 3§ olZEA gz 19 177C ZH3§ o ZFA Zg =
A2 Slch mH STl BT AolH Hels] s 2} Lol
g 2o] e FA TGl 35%9 4292 oEA ZPzPE HEs)
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Fig. 9 The real shape and control panel of the used autoclave for laminate

and sandwich panel process.

Table 4o& & Ao A}83¥ SEZHolB AA AYLS YEIQ

o,

Table 4 The specification of the autoclave that used in this

experiment

Item

Specification

Purpose of Use

Manufacture of composite

Electric power

440V x 80KW

External shape of tank

0.9m x 1.8m(inner)/2.1m x 4.8m(outer)

Use pressure 28MPa
Inner temperature RT ~ 260T
Inner rotating fan 440V x 80kW

Electric heater

3C x 440V x 80kW

Air compressor

15HP x 1028 L /hr

Vacuum pump

1 HP x 1.75KW




Below 52 T Release pressure and remove part
Temperature 1

Hold 90 minutes min. at 127 £ 5T
127TC \
Heatuprate: 0.5 -4 T/min.
551
0
Pressure 6
(MPa) 2 5.7to 7 MPa
0 .
J Timg ——
entvacuum bag when pressure reaches 2ZMPa

Fig. 10 Autoclave cure cycle for CE125 and GE125 panels.

Hold 15 to 60 minutes Below 52C Release

at88 £5C pressure and remove part
Temperature
1777T Hold 90 minutes min. at 177 + 5 T
v
88T / Heat up rate: 0.5 ~ 4 CT/min.

0

Pressure 6

1.4 to 2.8 MPa 5.7 to 7 MPa

Time —»
Apply heat after full

pressurization of autoclave
~ Vent vacuum bag when pressure reaches 2MPa

Fig. 11 Autoclave cure cycle for CE177 andGE177
panels.
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Fig. 12 Lay—up for laminate specimen.

Table 59 A]3 -8 laminate panneld A Z}8}7] 3t Zgxd 19

$32 wAS

Table 5 Staking requirements for testing, laminate properties

Test Item BMS8-79 BMS8—-139 BMS8—-168 BMS8—-276
Material type glass/epoxy glass/epoxy carbon/epoxy carbon/epoxy
Curing Temp 127°C i 127C 177C
Tensile strength 10 10 14 14

Flexural and

Interlaminar shear 14 14 14 14
strength

V379 of ML= WYrFES 3T} Fig. 149 (a)=
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(¢)
Fig. 14 Shapes of the manufactured specimens; (a)Tensile specimen for

(¢c) 1ILSS
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carbon

specimen for

Tensile
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specimen for glass laminate (d) ILSS specimen for carbon laminate.

laminate

glass

3.1.2.4 nj=t3] A%

B

o
Wi
il

3}7]

F3b ge i AT wy olng A

NEEREREE

AAE AASkIT

OEE

5o

_CH

G

Wi
il

TR

ek 27,4

2

ol Agtel 9

E[l_

0] S uH
Ae

=
T

ol

=
=

o

5

C—scans AF&

Fatt. Fig. 159

5]

= 9]
o) 2
g

oJTh.19) 2 Ao A

241

s

S}
)=

]

}\]11‘

A—scan(=rA2H&) 3}

e Aew,
o Tl

20
a4\ =

-

3l C—scan

A1

°l

o eh

<

)

Amel W Agko] A%

T
T

B—scan(¢HH ) ol A

WMoz Yeh) AFHA 1o

s

3

—scan oA+

R

3k C

&

Hl wrste] A}

T
T

_25_



Fig. 15 The shape of C—scan.
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Fig. 16 The result of NDT.
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Fig. 17 Water bath used at immersing composite specimens.
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Fig. 18 Water absorption behaviors of the specimens.
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(b) GE/7781/125C curing
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(a) CE/PW/125C curing

Fig. 19 Moisture absorption behaviors of the specimens.
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Table 6 Diffusion coefficient & the used data of the specimens

Diffusion Coefficient

4.92925E-7
5.97687E-8

2.26343E-8

5.20852E-7

6.09585E-8

2.70926E-8

Specimen ID

Epoxy/Carbon PW type 125C curing (807C)

Epoxy/Carbon PW type 125C curing (607C)

Epoxy/Carbon PW type 125C curing (25C)

Epoxy/Glass 7781 type 125C curing (807TC)

Epoxy/Glass 7781 type 125C curing (60C)

Epoxy/Glass 7781 type 125C curing (25C)
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Cross-linking of linear polymer chain
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Fig. 30 Cross—linking reaction of linear polymer chain and multi
functional chain.
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Fig. 33 Schematic diagram of ILLS test.
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Fig.
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(b) Immersed for 7 days

(a) Immersed for 0 days

(d) Dried for 4 days
Fig. 39 SEM photos of fractured specimens. (GE/PW/125C curing)
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(a) Before immersion (b) after immersion 30 days

(c) after immersion 50 days (d) after immersion 100 days

Fig. 41 Optical microscope photos in the cross section of GE/7781/125T
Curing specimen.
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(a) The Crack in the resin (b) The crack in the interface

(2.5% moisture rate) (2.5% moist_ure rate)

(c) The delammatlon between

the fiber & the resin

(4% moisture rate)

Fig. 42 Cracks and their propergations in CE/PW/125C curing

specimen.
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Fig. 439 Z FE&TE F71¥E 7139 3o dis dehl A
(a)~(DE ZFF 1 7139 Hol7t dak Wolds & &+ i, 1 ¥
B w5 Aol

2r

% AAAAE= 0.1367F4 Wsla)
o

7}o} sk “H @Egﬂo]o‘j %’—Hd

Fig. 43 Pit dimension growth according to water
absorption ratio; (a) 0.128mm at 0% (b) 0.130mm at
0.11% (c¢) 0.132mm at 0.22% (d) 0.136mm at 1.0% ,
specimen prepared by hand layup process with polyester

resin/glass roving/glass mat.
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Fig. 44 Water content behaviors of glass/ epoxy 7781 type in

distilled/ sea water environment.
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4 - —5—GE/220/125°C Curing(Sea water)
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Fig. 45 Water content behaviors of glass/ epoxy 220 type in
distilled/ sea water environment.
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Table 8 Diffusion coefficient & used data of the specimens in
sea water environment

Specimen Dx
Epoxy/Glass 7781 125C curing 3.203920E—7
Epoxy/Glass 220 125C curing 2.86722E—7
Epoxy/Glass 7781 177C curing 9.698E—-9
Epoxy/Glass 220 177C curing 2.23911E-8

Fig. 46, 47 YelHAtt F 7FA typed 1HFoA HU3A 125Co)
A 7dstE Al AT 177 Co A AstE Al B

e As & Adu o] A¥es "HeodAE B UMY vEAT
Z ztololl o3k 1 AEe] HolEtar Az = Atk HE3 o= g g
BET/ gl o7t Apol= QIS A el FF/ FAkY] £ Ao
7F QAR g vlolE B g e EAASE ATol= AA d¥Fe VA

A e YERWaL 3l
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Fig. 46 Inter laminar shear strength of 7781
type specimens behaviors in sea water.
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Fig. 47 Inter laminar sheer strength of 220 type
specimens behaviors in sea water
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Fig. 49 Accumulated moisture in radom, AIRBUS 330.

. |

Fig. 50 Moisture inspection in Nose Radome by

A8AF equipment, Div. of Aqua Measure Inst. Co.
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Fig. 51 Debonding area between honeycomb and skin,

we can see the color change on the area.
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Table 9 Identification of honeycomb panels

cure temp.
Panel ID skin material . skin plies
(C)
GE/7781/125TC | glass style 7781/epoxy resin 125 2
GE/220/125C glass style 220/epoxy resin 125 3
GE/7781/177C | glass style 7781/epoxy resin 177 2
GE/220/177°C glass style 220/epoxy resin 177 3

Table 10 Properties of fiberglass honeycomb core

Test item Value

Density (kg/m") 123

Ribbon Shear strength(MPa) 3.592
direction Shear modulus(MPa) 144.7
Warp Shear strength(MPa) 3.019

direction Shear modulus(MPa) 137.5
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Fig. 55 Honeycomb sandwich panels.

Fig. 56 Specimens for flatwise tension test.
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Fig. 57 Sealing of honeycomb sandwich specimen

using AC tech. AC302 sealants.
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Fig. 58 Flatwise tension specimen edge sealed using

ingress coupons are pictured;

Diffusion

maskant.

moisture ingress samples were treated

direct

identically.
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Fig. 60 Preparation of flatwise tension specimen and final test block

for flatwise tension test.
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Fig. 61 Conditioning of specimens in environmental humidity chamber at
85% humidity & 80TC.
7}7) ASTM C297 A wel APER o,

United Calibration AF9] 1A & 7] (A SFM30)S AF_3te] 433}
ytebH el EAS HYI9ete] FAade] e 9 Aol EAS

77t AFE SUAARE

srech. 7 APEde] el 37 o) ge] AR FHHA A
FEE A usgel s-oR\ Aeldl ol + g ug
AR AGE AP ARL Fig. 6200 terioi
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Fig. 62 Flatwise tensile testing and United SFM30

universal testing M/C, 15tons capasity.
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Fig. 63 Decreasing FWT ratio of 8 types of specimens with
immersion time.
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1.1 ——GESTT81/125C no-hole, sealing
= GE/220/125C no-hole, sealing
1.0 == GE/TT3A17TC no-hole, sealing
——GES220/177C no-hole, sealing

1.0

0.9

0.9

0.8

Decreasing ratio of FWT

0.8

0.7

0.7

0.6

Fig. 64 Decreasing FWT ratio of no—hole specimens with
immersion time.
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—W—GE/220A177C hole, sealing

Decreasing Ratio of FWT

0 L 10 15 20
Immersion Time (Weeks)

Fig. 65 Decreasing FWT ratio of hole specimens with
immersion time.
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Fig. 66 Decreasing FWT ratio of 125C curing type hole &

no—hole specimens with immersion time.
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—+— GE/TT81/125C no-hole, sealing

% GEATTEIA126C no-hole, sealing, dry
—8— GE/7781/125C hole, sealing
B GESTTEA12EC hole, sealing, dry
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Decreasing Ratio of FWT
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Fig. 68 Decreasing FWT ratio of 125C Curing type hole
& no—hole specimens by immersion/ dry process.
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Fig. 70 Fractography of debonded bondline surfaces of the FWT
specimen for; (a) 0 day immersion (b) 4 weeks immersion (c) 8
weeks immersion (d) 16 weeks immersion.

Fig. 71 No-—sealing honeycomb specimen. Absorbed water exist

in the honeycomb cell. (after 4 weeks in water at 80TC)
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.65 B CE/PWM25°C Curing
505 GE/F7811M25°C Curing
g B CE/220/125°C Curing
A GEFTB1NTTCCuring
& GE220177°C Curing
CEPWHMTTC Curing(R.26%)

297 " CEPWHTTC Curing(R.425%)

Diffusion coeffident (10" mm?sec)
e

.14

o L2

Fig. 72 Diffusion coefficient bar graphs of the specimens.
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7 —&— CE/PW/125°C Curing

—8— GE/7781/125°C Curing 5.95

Diffusion coeffident (10" mm?sec)

0 20 40 60 80 100

Moisture temperature("C)

Fig. 73 Changes of diffusion coefficient with various
temperatures.
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GETT81/125%C Curing(Distilled water)
6.85 5 GEF781/125°C Curing(Sea water)
B GE220M25%°C Curing(Distilled water)
| CER220M25°C Curing(Sea water)

5.95

1 -

Diffusion coeffident (10" mm?sac)

0 =

Fig. 74 Diffusion coefficient of the specimens in the
distilled/ sea water.
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O GETT8TTC Curing

B GE/7781/125°C Curing

Diffusion coefficient (10"mm2sec )

Fig. 75 Change of diffusion coefficient with resin
type of the specimen.
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CE/PWM7TC Curing(R-42%)

" CE/PW/TTC Curing(R 36%)

297

3.81

0 1 2 3 4

Diffusion coefficient (10-"mm?Zsec!)

Fig. 76 Change of diffusion coefficient with
resin content of the specimens.
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¥ GE/TT81/125°C Curing

B CE/PW/125°C Curing

Diffusion coefficient (10" mm2sec)

Fig. 77 Change of diffusion coefficient with
reinforcement of the specimens.
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Fig. 78] CFRPA¥<¢l Carbon/Epoxy 125C curing, Carbon/Epoxy
177C curing(R.35%), Carbon/Epoxy 177°C curing(R.42%) | A
el ztzte] FabATY FH5A1AE ILSS e AsS UEhRlieh 19
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)
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Fig. 78 ILSS ratio & diffusion coefficient of the specimens.
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dolgt grh. e ol Ee HAARA Edoly ¥ 2A EHY 5
A2 Aojoltt. frE] ol 2= (Tg) ofdfellA &4 A Fejo]l A
MAZ] A2 freldeolH, feldolx ol qe AN = AL

2o AL zh=t FEldol &0 A= Young's and shear modulus$}
Hld, 33 Alg(coefficient of expansion), FdA4=(dielectric

constant) & W< =4 AdAo] 343 WLt Fig. 79+ o8 Tg
q

o 2eold Aol FRRAS Ve A9

A Young's and
shear modulus

lllllllllllllllllllll
.

Range
of
Glass Transition

Specific heat capacity
Expansivity ”
Dielectric permittivity

Enthalpy
Yolumn

s, A >

Ternperature

Glags Transition Temperature

Fig. 79 Relation of physical properties with Tg.

3.4.1.2 DSC(Differential Scanning Calorimeter)el] ¢]3+ SHEA]

DSCE= Amedst Vjeeds 248 2EIRIP0R JhdsiuA
o] = =4l &7 =°it 4% Aol(heat flux, dY/dt)E AE2E9
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AEel AR Fde & Al 9a9 Hole AR WA me
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3.4.1.3 DMA(Dynamic Mechanical Analysis)®l] 2¢l3F S5EA
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Fig. 81 Typical thermogram of TA 983DMA.
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HE glass/epoxy laminate (7 2~3mm)E 10 mm x 30 mm =
3kl A ZFetH o, DSC(Differential scanning calorimeter) 7 -9

Yz AY A FAVF FEHAE st BRAATE 2EA
4= AgtE FAE AlHoRr AMgEon Fig. 829 830 YERAR
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