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In this paper we investigate the stress corrosion cracking (SCC) mechanism and the properties 

of the corrosion fracture surface of glass fiber reinforced plastics (GFRP) produced by hand 

lay-up (HLU) in synthetic sea water. The test material is a G F R P  with vinylester type epoxy 

acrylate resin (an unsaturated polyester) as the matrix and chopped strand mat (CSM) type 

E-glass fiber as the reinforcement. The slow strain rate test (SSRT) was performed on dry and 

wet specimens in air and sea water. Here the pH concentration of synthetic sea water was 

controlled to 6.0, 8.2 and 10.0, and the strain rates varied from 1 x 10-4(sec -~) to 1 x 10 -7 

(sec-1). The results confirm the fact that in wet specimens tested at a particular strain rate, 

evidence of SCC such as co-planar, mirror and hackle zone appear. Moreover, stress corrosion 

of GFRP in sea water was characterised by flat fracture surfaces with only small amounts of 

fiber pull-out. 
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I. Introduction 

Glass fiber reinforced plastic (GFRP) compos- 

ites are extensively used with engineering mate- 

rials in ocean engineering applications such as 

ships, harbor facilities and floating structures. 

GFRP must survive in the environment to which 

they are subjected at least as well as the conven- 

tional engineering materials they replace. The 

conditions are often severe, frequently combining 

stress and sea water. 

In most envi ronments  G F R P  is reasonably  

inert, especially when the component is not sub- 

jected 1:o service loads. Recently, however, it has 

been shown that even in an aqueous environment 

in the presence of a sustained load, stress corro- 

sion cracking (SCC) can occur (Aveston, Kelly 

and Sillwood, 1980). Therefore, it is expected 

that failures of GFRP will occur by SCC in sea 
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water, but SCC behavior of GFRP :in sea water 

has not been studied extensively. 

The present work is concerned primarily with 

the effects of pH concentration in sea water on 

stress corrosion, and is based on the slow strain 

rate test (SSRT) of GFRP plates. In particular, 

we investigate the SCC mechanisms and the 

properties of corrosion fracture surfaces of GFRP 

in sea water. 

2. Experimental Procedure 

2.1 Materials 
The GFRP plates produced by hand lay-up 

(HLU)(Milewski and Katz, 1987) were used 

throughout this investigation. This process was 

one of the first developed following the perfection 

and utilization of polyester resins. In the prepara- 

tion of GFRP,  two surface mats (SM) and four 

chopped strand mats (CSM) were used as the 

reinforcement, while the matrix was composed of 

vinylester type epoxy acrylate resin, an unsaturat- 

ed polyester. The filaments were surface treated 
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with an epoxy-compat ib le  si lane finish by the 

manufacturer.  Any  bubbles and voids were 

el iminated by rol l ing out. This  plate was al lowed 

to sit at room tempera ture  for 24 hours ,  foll- 

owed by a post  cure  o f  2 hours  at 120(~ 

The plate had a final thickness o f  3.2(mm) and 

a fiber content  o f  30~35(wt .%).  

T h e  chemica l  c o m p o s i t i o n  and m e c h a n i c a l  

properties of  E-glass fiber are shown in Table  

1. 

Table 1 Chemical composition and mechanical 

properties of E-glass fiber. 

SiO2 A1203 B203 CaO,MgO Na20 K20 Fe20~ F~ 

55.2 14.8 7.3 _ 22.0 0.3 0.2 0.3 0.3 

(a) Composition(wt.%) 

Filament tensile Strand tensile Coefficient of Young's 

strength strength thermal expansion modulus 

(KgJmm z) (Kgf/mm 2) (10 ~/~ ) (Kg~/mm 2) 

370 225 5.0 7700 

(b) Mechanical properties(25~ 

2.2 Sea water absorption 

Synthetic sea water recommended  by A S T M  D 

1141 was used in this test wi th  pH concent ra-  

tions of  6.0, 8.2 and 10.0. 

The specimens for testing sea water absorpt ion 
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Fig. 2 Dimens ion  of  specimen for SSRT(JIS K 7054). 

were machined in the form of a bar 76.2(mm) 

long by 25.4(mm) wide, with the same sheet 

thickness as prepared above(3.2mm). The  speci- 

mens were soaked in each synthetic sea water 

sample at room temperature and weighed at vari- 

ous time intervals to determine the rate o f  sea 

water absorption.  The  sea water absorpt ion rate 

was not affected by pH concentrat ion in synthetic 

sea water ,  and  the  ra te  for  s a t u r a t i o n  is 0. 

45(wt.%) as shown Fig. 1. A more detailed 

descript ion of  the test procedure is given by 

A S T M  D 570. 

2.3 Specimens 

The resulting sheets were finally machined into 

specimens having the dimensions indicated in 

Fig. 2 by J1S K 7054. In this test, two types of  

specimens were used: one is a dry specimen which 

was cured for 2 hours at 50•176  before test, 

while the wet specimen was immersed so as to be 

saturated in synthetic sea water for 4 months. The 

sea water absorpt ion rate of  the wet specimen was 

0.45(wt.%). 

In this test, each specimen was named as in 

Table  2 to dist inguish the test condi t ions  of  

G F R P .  In this table, the A A  condi t ion  means that 

the specimen held in air and tested in air, AS 

means that the specimen was held in air and 

tested in synthetic sea water, and SS means that 

the specimen was immersed and tested in syn- 

thetic sea water. 

Table 2 The name of  specimens tested in each 

condit ion�9 

pH concentration of synthetic 
,ironment sea water used in this test Air 

Specimen ~ pH6.0 pH8.2 pill0.0 

Dry specimen AS60 AS82 AS10 AA 

Wet spcimen SS60 SS82 SS10 

2.4 Test method 

The slow strain rate tests were carried out in air 

and synthetic sea water conditions.  The  strain 

rates varied from 1 • 10-4(sec -I) to I • 10-7(sec-l). 

However ,  the sea water was circulated to prevent 

stagnation, and its pH concentrat ion was mea- 

sured every 12 hours to ensure that it remain 

constant. 
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The f 'ractography of  all specimens fractured in 

air and synthetic sea water was investigated to 

understand microstructures and SCC mechanisms 

of  GFP,  P in sea water. 

3. Resul ts  and Discuss ion  

3.1 Mechanical  properties 
A typical example of  the load-displacement  

curves ,obtained from SSRT is shown in Fig. 3, 

in which the strain rate is 1 x 10-6(see 1). Fo r  the 

A A  case, it is found that the load-displacement  

curve is, approximate ly  linear at first, and that its 

curve shows small  ductile behavior  immediately 

before maximum load (Pmax). The  sudden drop  of  

the curve no longer occurs once its load reaches P m a x .  

We believe that this behavior  preceding Prnax 

is due to a nonl inear  re la t ionship between fiber 

and resin because of  the plasticity of  the resin. 

Fo r  the: AS82 and SS82 cases, however,  ductile 

behavior  is less than that of  the A A  case, and the 

deter iorat ion of  mechanical  properties such as 

maximum load, displacement and fracture strain 

energy (defined as an area under the curve up to 

the Pmn~) occurs. 

Figure 4 shows the load-displacement  curves 

according to the pH concentra t ion  for wet speci- 

mens. It can be seen that ducti le behavior  and 

mechanical  properties decrease with pH concen- 

tration. 

Consequently,  we can describe the var ia t ion in 

properties from the hardness measurement  results 

of  the resin according to test environments  as 

shown in Fig. 5. F rom this figure, we suspect that 

the ductile behavior  before fracture of  G F R P  is 
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Fig. 3 Load-displacemen! curves(pH8.2, I • 10%ec ~). 

control led by the extent of  the hardening of  the 

resin in synthetic sea water. In general, it has been 

reported that aromat ic  groups, in either dihydric 

a lcohol  or  acid component ,  promoted increased 

stiffness and hardness (Dudgeon,  1987). Fur ther  

study is required in order to understand the 

hardening of  resin in synthetic sea water. We can 

also expect that the loss of  interfacial bond 

strength occurs at fiber-resin interface. This  is due 

to the discrepancy of  contract ion between fiber 

and resin, which causes a deter iorat ion of  the 

mechanical  propert ies o f  G F R P  in synthetic sea 

water. 

3.2 The properties of fracture surface 
G F R P  compos i t e s  can fail in many  different  

ways, and both the specific definit ion of  failure 

and the failure mode  depend on the type of  

composite ,  the function of  the structure, and rele- 

vant  condi t ions  such as stress and environment .  

The  basis for the SCC process in G F R P  is the 
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Fig. 6 SEM photographs of co-planar and stress corro- 

sion fiber fracture surface. 

In this paper, we have examined the fracto- 

graphs of G F R P  tested in each condition on SCC. 

From the result, we could not observe evidence of 

SCC for the AA and AS cases. However, it was 

observed that SCC occurred in G F R P  (SS) at a 

particular condition. This implies that the occur- 

rence of SCC depends on the amount of sea water 

absorbed before the test. Figure 8 illustrates a 

series of scanning electron microscope (SEM) 

fractographs of  glass fibers, ascertaining the prob- 

ability of SCC. It can be seen that SCC is apt to 

occur as pH concentration increases in synthetic 

sea water. The region of SCC failure obtained 

from the SSRT is shown in Table 3. 

Fig. 7 SEM photographs of fiber pull-out and fiber 

fracture surface. 

degradation of glass fibers by the environment. If 

stressed glass fibers are exposed to any solution 

they suffer a SCC process, and the special types of 

fracture surface in glass fibers will appear. 

A typical fiber fracture surface from SCC is 

shown in Fig. 6(a) and the mirror(A) and hackle 

zone(B) are observed on the fracture surface. The 

mirror zone is the initiating point of the SCC for 

the glass fiber> and the hackle zone produces the 

rough region, which shows the crack orientation. 

When this type of fiber fracture occurs, the cracks 

sweep into the surrounding matrix and the co- 

planar is produced as shown in Fig. 6(b). For the 

non-SCC, however, the stress is intensified in the 

flaws that exist on the surface of glass fibers, and 

when the stress exceeds the fi'acture strength of  the 

fibers, the rough fracture surface of the fiber 

appears. Fracture surfaces of this type are caused 

by an unstable fracture as shown in Fig. 7(a). 

This causes a number of fibers to pull-out as 

shown in Fig. 7(b), because the weak spot on the 

fiber is not necessarily co-planar with the matrix 

crack. 

Table 3 The situation of SCC occurrence of glass 
fiber in synthetic sea water. 

Dry spec imen Wet  spec imen  
Strain rate 

AS60 AS82 AS10 SS60 SS82 SS10 

] ,X~ ~,0 4{SOC 1) X X X X X X 

1 x l0 S(sec ~) X X X X X 

1 • I0 6(sec a) X X X X A O 

l x l 0  7(sec ~) X X X A O O 

O :  SCC A :  quasi-SCC X :  non-SCC 

3.3 SCC mechanisms of GFRP in synthetic 

sea water 

The SCC of G F R P  in sea water results from 

the flow of sea water into its components. Sea 

water absorption by G F R P  seems to occur by two 

processes: one is a resin, the other an interface 

between fiber and resin. The former can be ex- 

plained by Fick's law, but the amount of sea 

water generally absorbed by resin is quite small 

(Bonniau and Bunsell, 1981). Sea water absorp- 

tion by G F R P  seems to occur mostly through the 

interface between fiber and resin. 

Sea water flows in the weak interface with high 

speed by a capillary phenomenon. At the inter- 

face, sea water decreases the interracial bond 

strength and is absorbed on the fiber. For the 

lowest strain rate, sea water is sufficiently 

absorbed at the G F R P  through the fiber-resin 

interface, and chemical attack of the fiber pro- 

ceeds for a fairly long-time. Eventually, stress 

corrosion cracks form under the combined influ- 
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Fig. 8 SEM photographs of fiber fracture ~urface for AA and SS materials. 

ence of  stress and sea water, and if the crack tip 

stress is sufficient, a fracture radiates to the resin. 

Therefore,  fiber fracture occurs at the point of  

environmental  attack, and this produces the char- 

acteris~fic fiat fracture surfaces associated with 

SCC in G F R P  as shown in Fig. 6(b). 

In general, the most striking feature of  SCC is 

the planar  nature of  the fracture surf'aces, and 

fiber fracture surfaces that undergo SCC failure 

show the mirror,  mist and hackle: regions as 

shown in Fig. 6(a). These features, however,  are 

not  frequently, observed. In this study, it was 

found that SCC occurs easily in G F R P  as the pH 

concentra t ion of  synthetic sea water increases. 

This implies that chemical  attack of  the reinforc- 

ing fiber is increased with pH concentra t ion of  

synthetic sea water, and this is based on the fact 

that glass fibers are rapidly corroded when the 
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sea water absorption of G F R P  through the fiber- 

resin interface is increased. 

(4) The CSM type E-glass/polyester composite 

tested under particular conditions shows evidence 

of  SCC such as co-planar,  mirror and hackle 

zone. 
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