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Study on Effect of Moisture Environment on Interfacial

Properties of Fiber Reinforced Composites

Young-Un Kim

University -Research Interdisciplinary Program
of Mechanical Engineering, Graduate School.

Pukyong National University

Abstract

In this study, the change of interfacial properties of fiber reinforced
composites in the moisture environment has been investigated.

Several kinds of composites such as single fiber composites (single fiber
fragmentation test specimens of dog-bone shape), strand composites and
laminated composites were fabricated and tested in varlous moisture
environments such as distilled water and sea water at the room
temperature and at 80 C, respectively. Constituent materials were carbon
and glass fibers for reinforcements and epoxXy resin as a matrx.

The variation of moisture gain induced by immersion and drying after the
immersion in the moisture environment has been correlated with the
interfacial and mechanical properties. The effect of the unit ply thickness,
the fiber orientation of the free surface of laminated composites, and the
immersion time in distilled water on the mechanical properties has also
been investigated.

In the single fiber fragmentation test, the moisture gain after the
immersion in the various moisture environments was negligible at 80 C,

however the weight gain in the sea water were higher than in the distilled




water. The weight gain increased very sharply up to 10 days and then
increased gradually. The moisture gain was not saturated even after 120
days. It was also found that the interfacial shear strength of the specimen
immersed at 80 C decreased with the increasing of the moisture gain, and
that the interfacial shear strength of the specimens immersed for 30, 60,
and 90 days was recovered up to 78 % of the initial value by drying for a
certain pericd at room temperature.

In the strand composites, the moisture gain depended on the immersion
and drying time under the condition of repeating processes of immersion
and drying in both the distilled and the sea water environments. The value
of the moisture gains were affected by the primary immersion time. The
tensile strength of the strand composite materials decreased with the rate
of water absorption. The tensile strength of the carbon fiber composites
was higher than that of the glass fiber composites at all conditions of
immersion time, but there was minor difference of tensile strength for both
types of materials between the distilled water and the sea water.

But tensile strengths in the distilled water were higher than the one in
the sea water through the whole immersion time. It was decreased very
sharply up to 10 days and then decreased gradually with the immersion
time. The recovery rate of the tensile strength of the specimen dried after
the immersion was higher as drying time increased.

The recovery of tensile strength of carbon fiber strand composites was
better than that of glass fiber strand composites under the same condition.
In the case of glass fiber strand composites, the recovery rate of tensile
strength of the specimen immersed for 10 days and dried for 10 days was
lower than that dried for 10 days after 30 and 60 days of immersion.

In the case of carbon fiber strand composites, however, the recovery rate

of tensile strength showed little change under all conditions of repeated




process of immersion and drying.

In the case of laminated composites, it was found that the interlaminar
shear strength and bending strength decreased with the moisture gain.
They were also decreased with the increment of the unit ply thickness
under the same fiber orientation of the free surface through the whole
immersion time.

The fiber orientation of free surface in the laminated composites also
affected the composite strength. The interlaminar shear strength and the
bending strength of carbon and glass fiber fabric laminates was lower

than those of cross-plied laminates with umdirectional prepreg.
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Nomenclature

: Fiber volume fraction (vol.%)
. Fiber weight fraction (wt.%)
: Matnx weight fraction (wt.%)
: Tensile strength of fiber (MPa)
: Tensile strength of matrix (MPa)
. Tensile strength of composite (MPa)
: Density of fiber (g/cm)
. Density of matrix (g/cm)
: Modulus of composite
- Modulus of fiber
. Compensating coefficient
. diameter of fiber ()
* Tensile strain of composite
- Tensile strain of matrix
. Tensile strength of fiber (MPa)
: Fiber and matrix interfacial shear strength (MPa)
- Fiber and matrix interfacial shear stress (MPa)
: Bending strength(MPa)

: Critical fiber length

Aspect ratio

> Mean fiber length
Fix) -

Weibull cumulative failure distribution

: Shape parameter
: Scale parameter
© Water absorption weight {wt.%)

: Specimen weight after water absorption




Wo

R/C
CF
GF
CFRP
GFRP
LSS

DGEBA

NMA
BDMA
SEM

. Specimen weight before water absorption

Gamma function

Resin content of Composite (wt.96)
Carbon Fiber

Glass Fiber

Carbon Fiber Reinforced Plastics
Glass Fiber Reinforced Plastics
Interlaminar Shear Strength (MPa)

Diglycidy! Ether of Bisphenol-A
Nadic Methyl Anhydride
Benzyl Dimethyl Amine

Scanning Electronic Microscope
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Tablel The specification of single fiber

. Article Surface ) Mean tensile
Fiber Diameter(zm)
name treatment strength{(GPa)
CF AS4-W-12 sized 726007 3621018
GF E-glass sized 13.12+0.12 1.78£0.08
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2CH,—CH-CH,Cl + HO—OE—O

epichlorohydrin bisphenol A

AN gH A
CH; —CH—-CH;1R—CHz~CH—CHz;-R—H,G—CH —CH,
diglycidyl ether of bisphenol A (DGEBA)

n=40,12,3, -

3

Fig. 2-1 Chemical structure of DGEBA.
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(a) NMA
CH
7\ ah
C——CH, N\
— CH;
(b) BDMA

Fig.2-2 Chemical structure of NMA and BDMA.
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Fig.2 3 Schematic of the single fiber tensile test(unit: mm ).
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Fig. 2 4 Measurement of carbon fiber diameter.
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2.2.2 Fiber fragmentation A] 3%
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2.4 Fragmentation A @

Fragmentation AlHel #]&& 7isted QdstH Hfed 23k 7144
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Fig.2-5 Expenmental set-up for fragmentation test

1. TV Camera 2. TV monitor 3. Loading device
4. XY translation stage 5. Microscope 6. Single

fiber specimen 7. Displacement gauge.
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Fig. 2-6 Schematic representation of the main
macroscopic damage in composites;
(a) Matrix crack (b) Debonding.
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Fig.2-7 Failure probability and single fiber tensile strength.
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Fig. 2 8 Plots of weight gain as a function of immersion

days in the distilled water at 80 C.
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Fig. 2-9 Plots of weight gain as a function of immersion

days in the distilled water at 25 C.
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3.0

Weight gain(%)

0.5 A

0.0

0 20 40 60 80 100 120 140

Fig. 2-10 Plots of weight gain as a function of immersion

days in the sea water at 80T.
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(a) (b)

Fig.2-11 SEM photographs of surface of fragmentation specimen
after the immersion of 150 days in the distilled and sea

water at 80 C; (a) distilled water X 1000 (b) distilled water

X000 (c) sea water X 1000 (d) sea water X 5000.
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Fig. 2-12 Photographs of CF fragments as a function of

immersion days in the distilled water at 80 C;

(a) 0 day (b) 10 davs (c) 30 days (d) 90 days.
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(b)

(c)

Fig.2-13 Photographs of GF fragments as a function of

immersion days in the distilled water at 80 C;

(a)0 day (b)10 days (c)30 days (d)90 days.
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Fig. 2-14 Piots of weight gain as a function of immersion time in

distilled water at 80C and as a function of drying

days after the immersion of a certain period at room

temperature.
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Fig. 2-15 Plots of interfacial shear strength as a function

of immersion days in distilled water at 80 T

and drying days after the immersion of a certaun

period at room temperature.
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Fig.2-16 Plots of weight gain as a function of aspect ratio of fiber

fragment for carbon fiber/epoxy matrix immersed

from O day to 120 days in distilled water at 80 TC.
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Fig. 2-17 Plots of failure probability as a function of aspect ratio of
fiber fragment for carbon fiber/epoxy matrix immersed for

0, 30, 60, 90 days in distilled water at 80 T and dried for

6( days at room temperature.
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Strand tensite specimen

Fig.3-1 Making procedures of strand tensile specimen.
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Fig. 3-2 Schematic of the strand tensile specimen.
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Fig. 3-3 Weight gain of strand as a function of immersion

days in the distilled water and sea water at 80 C.
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Weight gain (wt. %)

—eo— after 10days immersed
--O— after 30days immersed
—w— after 60days immersed
—¢— immersed for 120days
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Immersion and drying days
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Fig.3-4 Weight gain of carbon fiber strand as a function of

immersion days in distilled water at 8 C and drying

days at room temperature.
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Fig.3-5 Weight gain of carbon fiber strand as a function of
immersion days in sea water at 80 C and drying days

at room temperature.
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Fig.3-6 Weight gain of glass fiber strand as a function of
immersion days in distilled water at 80 C and drying

days at room temperature.
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Fig. 3-7 Weight gain of glass fiber strand as a function of

immersion days in sea water at 80 C and drying

days at room temperature.
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Fig. 3-8 Tensile strength of carbon and glass fiber strand as

water at 80 C.

a function of immersion days in the distilled and sea
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Fig.3-9 Tensile strength of fiber strand as a function of

fiber weight fraction.
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Tensile strength(GPa)
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—®&—— immersed for 120 days
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Fig.3-10 Tensile strength of CF strand as a function of

immersion days in distilled water at 80 °C and

drying time after the immersion of certain periods

at room temperature.
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Fig.3-11 Tensile strength of GF strand as a function of immersion

days in distilled water at 80 C and drying days after

the immersion of certain periods at room temperature.
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(a) (b)

(c) (d)

Fig.3-12 SEM photographs of the fracture of the CF strand

composites:(a)0 day immersed (b}5 days immersed

(c)10 days immersed (d)60 days immersed.
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(c) (d)

Fig.3-13 SEM photographs of the fracture surfaces of the GF
strand composites; (a)0 day immersed (b)o days immersed

(c)10 days immersed (d)60 days immersed.
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Fig.3-14 SEM photographs of the fracture surfaces CF strand composites

immersed for 60 days in sea water ; (a)60 days (b)10 days dried
{(c)10 days dried and 10 days immersed (d)10 days dried, 10
days immersed and 10 days dried.
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(a) (b) .

(c) (d)

Fig.3-15 SEM photographs of the fracture surfaces GF strand
composites immersed for 60 days in sea water; {(a) 60 days
(b) 10 days dried (¢) 10 days dried and 10 days immersed
(d) 10 days dried, 10 days immersed and 10 days drned.
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Fig.4-1 Chemical structure of several epoxy resin

(aepi - bis type

(b) ring type (c) novolak type

(d) multifunction type.
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Table 4-2 Fiber Orientation of Free Surface in the Laminates

Fiber orientation of free

) Number of
Laminated type surface : Unit ol
0° %0° nit ply
[0/90]ss A A’ 12
[02/90:]3s B B’ 6
[03/903]2s C C’ 4
CF fabric D 20
GF fabric E 26

- 93 -




(a) (b)

Fig.4-2 Two type specimens with different fiber

orientation of the free surface;(a) 90° (b)Q°
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Fig.4-3 Shapes and dimensions of the test specimen;

(a) Bending test specimen  (b) Interlaminar

shear test specimen.
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(a)

(c)

Fig.4-4 Stress distribution of the transverse section
by bending load in the laminated composites;

(a) Three point bending test (b) Vertical stress

(¢) Interlaminar shear stress (d) Interlaminar
shearfracture.
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Table 4-3-2 unit plyd] F747F & A F7<9 A1gA 9 fabrice = A%}
¥ CF 2 GFA2HY $¢ ¥ d29S ol &3t 548 4% AA &H
o AHE Q% Foltf BE AlPHdA M AH FHEL S Ao] U
o] Bl%g gESL YERIH

Table 4-3 Fiber volume fraction of each type laminates

Laminated form Fiber volume fraction(%)
[0/90]es 547106
{02/902]5s 54607
[02/903]25 53.8+06
CF fabric 56.7+0.4
GF fabric 59.3+0.2
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Fig. 4-5% 80 T FH ol HAAA Ao Adel wE AlgH %8 F
o WztE W2 vepd Aot

S8 %S GF fabric> CF fabric> [03/90s]s> [02/90:03> [0/90]es®] &
71 &M2 YEelow GF fabric Al@HS 90¥Y #A § 22%, CF fabric
18%2 % F5%& vehl AUtk

Cross 228 &42MF 723 BEAHEA (05901, [02/90:]3s, [0/90)se] 25
ol ¢ 1.3 %E2A AZ27] Ao)= AA ASdH.

B dgod fabric #5389 AF cross A58 AF AH EF ol vx
3 gre Al E Evstn v FF&0 AA Aol U AL prepregZt
Agolgts F2H B2 Q& unidirection®E A ZE cross AF o bl
) T B HOE voidE Wl Zx vl WiEoldtn 4@, 9w
cross 433 EfAne A F& §589 a7t A veuA g A
& AR AA gl A9 ey e HH2EM matrix A AF A
ole] ABe] F HHUAS atolrt #7] wiEo] vtebd dxetn Az
EoFEE A EreA e FYd R %l 7Hd 82 GF fabric 4

AholA 48 F5%l 712 AD Ae AR £ ARelN £EY
g

o3

H AlAe M 53] 109 o] Hol &
el Zobol met A&HoR ¥ FEF o
= A

Bh)
i
Ay
Mo
OEN
N
mlm

0L 7= HA Al

- 102 -




weldh olo] wale] HE FE Bave A7ty 8 FFEAM ¥R A}
=7 gt or AR FEoE BEAE AFAINAY AF4 glass sizing
agent®] 7}=¥38l, fiber break, debonding ol &ls] EgAQzne 714" A4
g g3 AstA 7

53 HgAs JFRe FEo g4k 9 2gEe 2xe 9 dUFx
o ofstd zA9HH 4g F97|ddAYg FRe S5 U7l F

o EFEY 4wz g4En 2349 g3t Sxe AEHe =Z7)
=, 71, FAY F5d wo g2 o)A £ AR, FE HolE
of st ¥ B3 Aue AW AdAL, JFAE T VIAH AEAES
71}

- 103 -




2.5

2.0 ~
= 1.5 4
=
c
‘T
D 401
=
2
©
=
05 - ” o [0y
~ | Qe [02/902]as
———9-——=  [03/90z)2s
. — —-—---  CF fabric
] — & —  Gr fabric
T T ' I I
: 20 a0 60 80 100

Immersion days

Fig.4-5 Water gains of each type laminates as a function of immersion

days in distilled water at 80 C.
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Table4-4 Degraded rates of each type laminates after immersion of

90 days in distilled water at 80 C

Bending strength(MPa)

Specimens _ ) After 90 days Degraded rate
Before immersion

immersion (%)
A 1046 819 219
B 986 784 215
C 918 738 19.6
D 722 538 25.9
E 360 271 24.3
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Fig.4-6 Bending strengths of each type laminates with the free

surface fiber orentation of 0° as a function of immersion

days in the distilled water at 80 C.

- 106 -




Fig. 4-7& el widkzte] 907 o dadF AlFAedA HA Azte 3
Bl W FHAARE el W3E vekd ok A AT A ZAH
A'>B'>CT AgHe &A2 F3 A% gol A JetRin, AF 299 HF
o wjdFzbo] 07 Q1 AFHERT A HA FUAM EF 254 A HERT
AFE 2% A F 10974 58 FE #e daso 3x
PANAE FAago] FPEsT. Table 4-58 #42He] Al A Ui FHA
A 902 A 79 293 = #e AskE vehd Aoldh

Table 4-5 Degraded rates of each type laminates after immersion

for 90 days in distilled water at 80 T

Bending strength(MPa)

Specimens Before After 90 days Degraded
immersion immersion rate(%)
A’ 914 774 15.3
B’ 882 725 17.8
C’ 872 705 19.2
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Fig. 4-7 Bending strengths of each type laminates with the free
surface fiber orientation of 90° as a function of

immersion days in the distilled water at 80 C.
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(a)

(b)

Fig. 4-8 Microphotographs of fractured transverse section of
A and A’ specimen after bending test;(a) 0 day (b)
30 days (c) 60 days (d) 90 days.
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(a)

(b)

(d)

Fig. 4-9 Microphotographs of fractured transverse section of
B and B’ specimen after bending test;(a) 0 day (b)
30 days (c) 60 days (d) 90 days.
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(a)

(b)

(c)

(d)
C C

Fig. 4-10 Microphotographs of fractured transverse section of
C and C' specimen after bending test;{(a) 0 day (b)
30 days (c) 60 days (d) 90 days.
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(a)

(b)

(c)

D E

Fig. 4-11 Microphotographs of fractured transverse section of
D and E specimen after bending test; {(a) 0 day (b)
30 days (c) 60 days (d) 90 days.

- 116 -




o]Ate HWES A unidirectional prepreg® A A H cross A3 A HE
AggHe Aeel ujskzte)l 00 ¥ A% 90" Y AerRG A H-F B
FaReh o 5o ¥ EF 45TdAA unt plyd] FAL} AESTE

S ztm AR Azhe) Ao wE FAEE fabric FEHo] R} AA

5
gl .

0|7 & fabric A ¥ #H | continuos fiber® A &= o] gloy 1 F2A4 dHF
Lo} M2 F&£e1 AojA AREL dFFAE =7 71807 4 E 1A

7 goenmg AaHor sFEy HARFo]l YA continuos fiberE H7FE
B3

283 unit plye] FAZ AAR G FGAE AR AN & UK
o] ILSS7}t #tobd o2 H delamination @4el HA WA Ho| TR
grol WA veEpdT Azso

£, cross AFE APH FoAA AFaEe A wiFgel 907 ¢ A5

0" Algd v B FARE QL FE AL L+ AYEd, ol A
FEUel BR7E 00" 2 wTY APHS FY AWT 9 $F % AFoz
ste] A wWel unit ply7t A FHAHR AR Z W] unit ply

A7 7b AR 7] fiolabi AEoe] Mo

gl AR EZSRE HA AIZEY] A w2t £ F79 $7FE matrix
mut obueh MR S Abolsl AR unit ply Afolel Awel Aztrh WAy
FAeSs & 5 Ak oo wak transverse crack, A2l pullout %
delamination @402 o1&l #F38 ZFert 743t 17 % delamination @40l

g = dere vy 4.

- 117 -




34 3 AGAE

Fig.4-12% ## Ajzte) ZAxte] wE& wjgfzio]l 07 A AF AFAF
fabric A1@Ae] 7+ A7} E gk WskE JERE Zlolth

mE AgHed A F 10U 7A &7 ASAE Fol F33] Hasivst
T oolFole EabdE AR JdehdD unit plys] FAC AS5E H3 A
9t gkel F& 2 4 Qu CF fabric AIZHD)2 A A @R HE7te
T AR E=E dER R
Table 4-6& Z+ A& Hol
2 ek goloh ol A
23 ASPE Ak a4 ved 28 ¢ & At

OO A
e o 4 9o

38

pas

ol 0 HA Fo ¢ AdAE gy W
2 gty

Table 4-6 Degraded rates of interlaminar shear strength by

water absorption

ILSS(MPa)
Specimen Before After 90 days Degraded
immersion immersion rate(%)
A 61.0 50.9 16.6
B 58.5 46.1 21.2
C 46.0 373 18.9
D 60.2 48.8 19.9
E 349 25.5 26.9
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Fig.4-12 Interlaminar shear strength of each type laminates with
the free surface fiber orientation of (" as a function of

immersion days in the distilled water at 80 C.
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Fig. 4 138 2o wgzto] 90" 4 A% AQde ASBE el W
sh2 UEbd Foldh Al A A prielA ASB>C AgHe £ du
% ol B dehdo AWW 2E 0074 A9 2R @9 pBagol A
0 2 ol FHEE @ubstdth Table 4-7¢ zhzhe] A @Ml olA @A A
B W7 Fe) AuE el WsE Uy Zold

Table 4-7 Degraded rates of interlaminar shear strength by

water absorption

ILSS(MPa)
Specimens Before After 90 days Degraded
immersion immersion rate(2s)
A’ 49.1 399 18.7
B’ 420 358 14.8
C’ 392 33.0 15.8
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Fig.4-13 Interlaminar shear strengths of each type laminates
with the free surface fiber orientation of 90° as a

function of immersion days in the distilled water

at 80 T.
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(a)

(c)

A A’

Fig. 4-14 Microphotographs of fractured transverse section of
A and A’specimen after interlaminar shear test;

(a) 0 day (b)30 days (c) 60 days (d) 90 days.
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kst AR s

(b)

B B’

Fig.4-15 Microphotographs of fractured transverse section of
B and B’ specimen after interlaminar shear test.

(a) 0 day (b) 30 days (c¢) 60 days (d) 90 days.
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(a)

(b)

{(c)

(d)
C C’

Fig. 4-16 Microphotographs of fractured transverse section of
C and C’ specimen after interlaminar shear test;

(a) 0 day (b) 30 days (c) 60 days (d) 90 days.
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T e AR 1ttty

D E

Fig. 4-17 Microphotographs of fractured transverse section of
D and E specimen after interlaminar shear test;

(a) 0 day (b) 30 days (c) 60 days (d) 90 days.
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