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A Study on Fatigue Crack Propagation Mechanism
of G FRP in Synthetic Sea Water
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This paper evaluates the fatigue fracture behavior of a chopped strand glass mat/polyester

composite both in air and sea water. Bending fatigue(R=-I) was performed on dry and wet

specimens, that is respectively in air and sea water. Where the pH concentration of sea water was

controlled to 6. 0, 8. 2, 10. 0 and the wet specimens were immersed in the sea waters for 4 months.

Throughout the tests, fatigue cracks both in the dry and wet specimens, tested in the air or sea

water, occurred at the beginning of the cycle, followed by either of two regions: one decreasing

and the other increasing as the crack growth rate increases.
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1. Introduction

Just as in the case of static failure, fatigue

failure mechanisms in fiber reinforced composites

are quite different from those in monolithic,

homogeneous materials such as metals. Fatigue

failure in metals, for example, occurs as a result of

initiation and growth of a principal crack. Fiber

reinforced laminate composites, on the other

hand, can sustain a variety of subcritical damages,

such as matrix fracture, fiber-matrix debonding,

fiber pull-out and fiber crack bridging (Price,

1989 ; Hahn and Lorenzo, 1984). Fatigue crack

propagation mechanism mentioned depends on

the type of composites, the function of the struc­

ture and relevant conditions such as stress and

environment. Under many circumstances,

composites are superior to metals in their fatigue

resistance. However, our present knowledge of the
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fatigue and fatigue damage in composites is in­

complete and more researchs should be required.

Failure of Glass Fiber Reinforced Plastics

(GFRP) in ocean structures such as floating

structures, harbor facilities, yachts and

minesweepers occurs due to the combined action

of service load and sea water, but the study of

their fracture behavior in sea water is unusual

(Kim and Lim, 1997). Therefore, the purpose of

this study is to describe a mode of fatigue crack

growth behavior of GFRP in air and sea water.

We examine laminates made from chopped strand

mat type E-glass, which is used as a common

resin and also polyester resin which has been used

for many years in applications requiring resist­

ance to chemical attack.

2. Experimental Procedure

2.1 Materials
GFRP plates fabricated according to Hand Lay

Up (HLU) (Milewski and Katz, 1987) are used

throughout this investigation. Polyester resin, the

matrix material of G FRP, is vinylester type epoxy

acrylate resin and chopped strand mat (CSM) E­

glass fiber is used as the reinforcement. The
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Table 1 Chemical composition and mechanical

properties of E-glass fiber

(a ) Composition (wt.%)

Si02 Ah03 ~3 1 CaO. MgO Na~ K20 Fe~3 F2

55.2 14.8 7.3 I 22.0 0.3 0.2 OJ OJ

(b) Mechanical properties Cz .S 'C)

Table 2 Designated specimens in specific condition

~t Synthetic sea water
Air

Specimen pH6.0 pH8 .2 pHIO.O

Dry specimen AS60 AS82 ASIO AA

Wet specimen SS60 SS82 SSlO -
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Fig. 2 Dimension of specimen for fatigue test

mine the rate of sea water absorption . The sea

water absorption rate does not change according

to pH concentration of synthetic sea water and

saturated at 0.45wt. % as shown in Fig. I . A more

detailed description of the test procedure is

referred to by ASTM 0 570 (A ST M, 1981) .
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Fig. 1

filaments are surface-treated with an epoxy-com­

patible silane finish by the manufacturer.

During preparing GFRP plates, one surface

mat (SM) is, first, placed on the ground, four

CSM, in turn, laid up and finally one SM put on

the upper surface. This plate is subjected to room

temperature for 24 hours followed by a post cure

2 hours at 120·C. The plate has a final thickness

of 3.2 mm and a fiber content of 30 - 35 (wt.%) .

The chemical properties of E-glass fiber are

shown in Table 1.

2.3 Specimens

The resulting plates are finally machined into

specimens indicated in Fig. 2 by lIS K 7119 (JIS,

1972). In this test, two types of specimens are

used: a dry specimen cured for 2 hours at 50±3·C

before testing, and a wet specimen immersed to be

saturated in synthetic sea water for 4 months. The

sea water absorption rate of the wet specimen is O.
45%.

In this test, we shall designate specimens as in

Table 2 for the test conditions of GFRP.

2.2 Sea water absorption

A synthetic sea water recommended by ASTM

D 1141 (AST M , 1975) is used in th is test with pH

concentration of 6.0, 8.2, 10.0.

The specimens for test of sea water absorption

are machined in the form of a bar 76.2 mID long

by 25.4mm wide by the thickness of the sheet as

made above 0.2mm) . These specimens are soaked

in each synt hetic sea water at room temperature

and weighed at var ious time intervals to deter-

2.4 Test method

A double-edge notched specimen is used in the

bending fat igue test and three specimens are tested

in each conditions. Fatigue testing is performed

on a Repeated Torsion & Bending F at igue

Testing Machine programmed to cycle sinu­

soidally in R = -I at 30Hz .

Crack length is measured using a traveling

microscope positioned in front of the specimen.
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Fig. 4 Relation between hardness of resin and pH

value in synthetic sea water(980N)
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Environmental testing is done using a synthetic

sea water and a Incite-walled chamber is installed

around the testing apparatus for measurements on

the immersed specimens. Fracture surface is

evaluated using both an optical and a scanning

electron microscope (SEM).

2.5 Data analysis
Upon crack initiation at machined notch, the

testing machine is stopped at even time intervals

to record the crack length, a, and the corre­

sponding number of cycles, N. The values of a
are then plotted versus N and a best-fit curve is

drawn. From such a graph, the crack growth rate,

da/ dN, is obtained by measuring the slope of the
curve at various values of a.

In this paper, we use the stress intensity factor,

K, recommended by The Japanese Society of

Materials Science is expressed as (ISMS, 1980),

K=t( ~ )O(jblmi

f(: )=1.98+0.36( : )-2.12(: f+3.42(:r
where (jb is applied bending stress and f (a/w) is

a parameter depending on the specimen and crack

geometries. For R = - I, the Kmill is zero because
the fatigue crack is closed. Therefore, note in this

paper that the stress intensity factor range (LlK)

is LlK= K1IIQX.

3. Test Results and Discussion

3.1 Fatigue life
The S-N curves obtained under air and syn­

thetic sea water with dry and wet specimens are
shown in Fig. 3.

The fatigue limit is not observed in range up to

107 cycles. This is the common feature of GFRP
(Dharan, 1975). Moreover, the fatigue lives of AS

and SS materials are considerably less than that of
AA and the fatigue life of GFRP in synthetic sea

water decreases with the pH concentration in­

crease. This behavior is due to the hardening of

resin in synthetic sea water as pH concentration

increases (Fig. 4) and, in addition, it has been

reported that the glass fibers are rapidly corroded

Fig. 5 Crack length versus number of cyetes.

when the concentration of OH- ranges from pH9.

5 to pHIO.O (Schmitz and Metcalfe, 1966; Ishai,
1975) .
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Fig. 6 Crack length versus number of cycles
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unstable crack growth occurs.

From Fig. 5 it can be seen that the fat igue crack

growth mode of GFRP in synthetic sea water is
not different from the mode in air and the process

of AS82, SS82 is faster than that of AA. There­

fore, it should be moted that the synthetic sea

water promotes rapid progress in the fatigue crack
growth.

Figure 6 shows the a-N curves according to the

pH concentration of synthetic sea water for wet

spec imens . In this figure , it appears that the crack

propagation is fast as the pH concentration

increase. This behavior is due to the hardening of
the resin (Fig. 4) and is caused by degradation of

the interfacia l strength between fiber and resin as

pH concentration increases (K im and Lim, 1992 ;

Kim and Lim, 1997).

Crack growth rate (da/ dN ) as a funct ion of

LlK can be obtained at consecutive positions

Fig. 7 Relation between crack growth rate and stress
intensity factor range of the dry specimen
tested in air

_~ f~ligll~ crack gmwth
noll'h tip direction

Photo 1 Axial cracking along the fiber-matrix
interface in the load direction of dry spec­
imen tested in air(AA)

3.2 Fatigue crack propagation behavior

Three typical a-N curves of AA, AS82 and

S582 obtained under a repeated bending fatigue

test (R = - I) are shown in Fig. 5.

It is difficult to observe the crack acceleration

area before stable crack propagation, as generally

occurs for metals because fatigue crack is

occurred at the beginning of the cycle and rapidly
propagates. Accordingly, if we look at the whole

fat igue crack propagation behavior, the curves

can be divided into two regions : Region I

indicates crack deceleration and Region 2 re­

presents crack reacceleration. It has been known

that these regions occur under a compressive
fatigue process (Kunz and Beaumont, 1975) .

Photo I illustrates an SEM fracto graph of AA

material tested in air. This fractograph confirmed

an axial cracking through the fracture surface. It

is found that debonding and delamination is more

developed than splitting.
Consequently, the fatigue crack growth can be

explained in the following way . The crack that

has been initiated at the beginning of this test

grows rapidly under the applied stress and then

visibly slows down because of the axial cracks

such as debonding and delamination which re­

duce the magnitude of the stress field at the crack
tip and cause deceleration of the advancing crack.

Subsequent axial cracking get to the limit and thi s

rea~celerates the fatigue crack growth because the

ligament of the specimen is reduced, and then the
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alonz a-N curves. A typical log-log plot of da/

dN versus L1K for AA materials is shown

schematically in Fig. 7.

These curves have a V-shape that can be

divided into two major regions and confirm the

existence of a transition point where the fatigue

crack growth changes from deceleration to accel­

eration. In this figure, we think that the point

depends on the load because the point shift to

large L1K value as the applied stress increase. On

the other hand, the point is independent of the

environmental condition because the points of SS

materials are located in the same L1K values as

AA materials as shown in Fig. 8.

Figure 9 shows the relation between da/dN
and L1K for SS materials as a,=39.2MPa. It can

be seen that the fatigue crack growth rate in

alkaline sea water is very high because the rate of

SSIO is higher than that of any other specimens

and the transition point is independent of pH
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Fig. 8 Relation between crack growth rate and stress
intensity factor range.
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Fig. 9 Relation between crack growth rate and stress
intensity factor range

concentration in sea water.

3.3 Fatigue crack propagation mechanism
In general, the fatigue crack propagation

behavior for conventional materials can be

divided into three regions (Knott, 1979). The

behavior in region I exhibits a fatigue-threshold

cyclic stress intensity factor range, L1Kth, below

which cracks do not propagate under cyclic stress.

Region 2 represents the stable crack propagation

behavior and in region 3 the fatigue crack growth

rate is higher than that predicted for region 2.

However, in this study we can observe something

remarkable about the crack propagation

behavior, that is, the behavior can be divided into

two regions and confirms the existence of transi­

tion point. From these experimental observations

we can discribe the fatigue crack propagation

process as shown in Fig. 10.

In this figure, (a) is a schematic diagram in

cross section of the specimen and describes its

state before test. The hatched portion on the left

side of the cross section is a prenotch in depth of

3 mm and the right side is a central position of

the specimen. At the beginning of test, the fatigue

crack initiates and propagates from the notch tip

and the crack proceedes with a visible increase in

velocity because the axial cracks, attributed to

elastic buckling of fibers, are very small and few

(a) ~tip cro"'::00< '~r
~ fatigue crack tip

(b)~ I
~ axial crack

(c) ~r---=:::1-+--=-3 I
(d) ~ -r:: =--=ij I

failure

(e) ~r--~__--=-__-=--=_-~

Fig. 10 The situation of fatigue crack growth and
the model for axial cracking
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as shown in (b). Continued cycling produces

many cracks in the axial direction is per­

pendicular to the cross section as shown in (c)

and these cracks constrained the fatigue crack

propagation. After a number of cycles, the axial

cracking get to the limit and this reaccelerate the

fatigue crack growth because the ligament of the

specimen is reduced as shown in (d), and then

complete failure resulted from the unstable fatigue

crack growth as shown in (e).

4. Conclusions

Through this test, we ascertained a particular

mode of fatigue crack propagation for CSM type

E-glass fiber reinforced polyester resin composite

tested in air and synthetic sea water. The fatigue

crack propagation behavior is composed of

deceleration and acceleration processes. The
transition point of fatigue crack propagation

depends on the load, .while the point is

independent of the environmental condition. But

as its pH concentration increases the sea water

promotes axial cracks such as debonding and
delamination and further decelerate and acceler­

ate cracking. Moreover, it is found that the fatigue

life of GFRP in synthetic sea water is

considerably less than its life in air and is de­

creased with increase in pH concentration. This

behavior is due to the hardening of the resin and
is caused by reduction of interfacial strength be­

tween fiber and resin as pH concentration

increases.
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