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SYNOPSIS

The s tre s s  corrosion cracking of model epoxy-glass 0°/90o/0° crossply 

and 0° u n id irec tiona l composites in  aqueous sulphuric acid has been studied. 

Specimens, in  the form of coupons cut from laminates were te s te d  under 

conditions of un iax ial tension a t  constant load, w hilst p a r t ia l ly  immersed 

in  an ac id ic  environment. Two d iffe re n t modes of fa i lu re , which resu lted  in  

frac tu re  were observed. In the "so-called" Mode I fa i lu re , frac tu re  occurred 

w ithin th a t p a rt of the composite immersed in  the acid,-whereas in  Made I I ,  

i t  occurred in  the unimmersed p a rt. Both fa ilu re  modes were observed fo r 

crossply and u n id irec tiona l composites. In unstressed 0°/9Oo/O0 specimens 

a th ird  fa i lu re  mode (Mode H I)  was observed, in  which the damage took the 

form of transverse  and longitudinal cracking of the unimmersed p a rt.

The fa ilu re  mode depended upon the magnitude of the i n i t i a l  applied 

s tra in , the nature of the environment, and the type of environment c e l l .  At 

in i t i a l  applied s tra in s  of g rea ter than about 0.15$ only Mode I fa i lu re  was 

observed. The s im ila r ity  between the tim es-to -fa ilu re  of lam inates with 

those recorded fo r single E-glass f ib re s  showed th a t the re s in  was not 

providing s ig n if ic an t p ro tec tion  from the acid ic  environment. To account fo r 

th is  re s u lt  i t  is  postu lated  th a t the acid rap id ly  permeates these composites 

through environmental microcracks, which form p a ra lle l  to  the axis o f the g lass 

reinforcem ent. in  the 0° p lie s . The formation of these microcracks i s  due to  

a reduction in  the re s in /g la ss  in te r fa c ia l  streng th  in  the presence o f acids. 

Confirmation of th is  phenomenon was obtained from experiments on the transverse  

cracking behaviour of crossply lam inates, immersed in  aqueous acid  and te n s ile  

te s ted  a t constant s t r a in  ra te .
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At i n i t i a l  applied s tra in s  of less than about 0.15$ and depending upon 

the experimental conditions, fa ilu re  was by e ith e r  Mode I or I I .  Mode I I ,  

which occurs in  shorter times than Mode I was observed in  acids (e.g . 

sulphuric acid) giving r is e  to re la tiv e ly  insoluble glass degradation 

products, providing evaporation of moisture from the unimmersed p a rt o f the 

specimen was possib le . The Mode I I  fa ilu re  mechanism has been id e n tif ie d  with 

the tran sp o rt of the aqueous acid  along the glass re s in  in te rface  from the 

immersed to  the unimmersed p a r t  o f the composite. Here p rec ip ita tio n  of the 

less soluble glass degradation products causes a lo ca lised  s tre ss  su ff ic ie n t 

to in i t i a te  and propagate a s tre s s  corrosion crack. At these s tra in s  both 

Mode I and II  fa ilu re s  occur a t times s ig n if ic a n tly  g rea ter than those observed 

fo r g lass f ib re s .

Mode I I I  fa ilu re  is  s im ila rly  a ttr ib u te d  to  the p re c ip ita tio n  of g lass 

degradation products id.thin the composite.

Microscopical examination o f the s tre s s  corrosion frac tu re  surfaces did 

not reveal any morphological d ifferences between Mode I and II  f a i lu re ,  apart 

from the appearance of more c ry s ta llin e  products in  the Mode II  f ra c tu re s .

Although g lass f ib re  frac tu re  is  the ultim ate fa ilu re  mechanism, in  these 

composites, s tre s s  corrosion of the f ib re  m atrix in te rface  was found to  be a 

necessary precursor.
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CHAPTER 1 INTRODUCTION .AND LITERATURE REVIEW



1 .1 .  INTRODUCTION

The phenomenon exhib ited  by many m a te ria ls , whereby accelera ted  

fa i lu re  occurs because o f a sy n e rg is tic  e ffe c t between a s tre s s  and a 

chemical environment, i s  o ften  re fe rred  to  as "S tress C orrosion","S tress 

Corrosion Cracking" or "Environmental S tress  Corrosion". Since th is  type 

of f a i lu re  can occur a t  low s tre s se s , some m ate ria ls  cannot be used in  

c e r ta in  environmental cond itions. The s tre s s  may e ith e r  be ex te rn a lly  

app lied , or a r is e  in te rn a lly  as fo r  example, the  thermal s tre s se s  in  

lam inates produced on cooling from an elevated  curing tem perature, o r the  

s tre sse s  generated by the cold working of a m etal.

The s tre s s  corrosion  cracking o f m etals and in  p a r t ic u la r ,  a lloys 

which are e sp ec ia lly  prone to  th is  phenomenon, has been stud ied  fo r  many 

years. However the complex nature  of the  process has made i t  d i f f i c u l t  

to  e luc ida te  the physical and chemical mechanisms involved. Possib le  

mechanisms include hydrogen em brittlem ent and in te rg ran u la r cracking (1 ).

The term "S ta tic  Fatigue" has been used to  describe the  time 

•dependent f a i lu re  of inorganic g la sse s . Once i t  was recognised th a t  i t  

was a s tre s s  a ss is te d  chemical process, and th a t  water was one of the  

most ac tive  environments, " S ta tic  Fatigue" was retermed "S tre ss  Corrosion". 

As w ith m etals the mechanism has not ye t been p o s it iv e ly  id e n tif ie d .

Of the polymeric m a te ria ls , polyethylene i s  ra th e r  prone to  s tre s s  

corrosion cracking in  a number of environments, of which the  detergen ts
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are the most ac tiv e  (2 ,3 ). However i t s  re s is tan c e  has been found to  be 

dependent upon the  degree of c ry s ta l l in i ty ,  and morphology of the c r y s ta l l i t e s  

in  the polymer. F a ilu re  i s  believed to  be in i t ia te d  in  the in te r - s p h e ru li t ic  

reg ions. Thus to ta l ly  r e s is ta n t  grades can be obtained by increasing  the  

degree of polym erisation and narrowing the molecular weight d is tr ib u t io n .

Both r e s u l t  in  a g rea te r  number o f in te r - s p h e ru li t ic  polymer chains.

Considering the  d iv e rs ity  o f m ateria ls  in  which s tre s s  co rrosion  i s  

found, i t  i s  perhaps in d ica tiv e  o f the complex mechanisms occurring , th a t  

no sing le  theory can explain th is  phenomenon. I t s  ex istence in  GRP i s  e a s ily  

understandable in  terms o f the lim ited  s tre s s  corrosion  re s is ta n c e  o f the  

g lass reinforcem ent, together w ith the  perm eability  o f the m atrix  re s in s .
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1.2 . THE ' STRESS ‘ CORROSION' CRACKING OF GRP

The sim plest method of evaluating the  chemical re s is ta n c e  of a 

m ateria l i s  to  immerse i t  in  p o te n tia lly  aggressive media, and monitor 

changes in  i t s  physical and mechanical p ro p e rtie s . This type of t e s t  i s  

known as an immersion t e s t  and has been extensively  used in  evaluating the  

chemical re s is tan c e  of g lass  re in fo rced  p la s t ic s  (fo r example, see 

references 4 ,5 ,6 ) . For economic and p ra c tic a l reasons i t  i s  necessary to  

use accelera ted  te s tin g  a t  e levated tem peratures. The r e s u l ts  o f these 

te s ts  are  u su a lly  expressed as a percentage re te n tio n  of the  o rig in a l 

p ro p e r tie s . Table 1.1 shows the r e s u l ts  of such a t e s t  on- lam inates 

f a b r ic a t e d  u s in g  a-general purpose (orthophthalic) , an iso p h th a lic  and 

CJL bisphenol MAM po lyeste r fo r  the  m atrix  re s in . The b e tte r  chemical 

re s is ta n c e  of the bisphenol "A" po lyeste r r e s in  i s  re f le c te d  in  the  good 

acid  and a lk a li  re s is ta n c e  of the  lam inates. The volume f ra c tio n  of re s in  

and the e ffec tiveness of the  b a rr ie r  re s in s  as gel coats have a lso  been 

stud ied , and the  following general conclusions on the  re s is ta n c e  o f GRP 

to  aqueous environments have been reached.

1. The chemical re s is tan ce  of a lam inate decreases as the  volume 

fra c tio n  of g lass increases.

2. A re s in  r ic h  ou ter lay e r , which is  normally re fe rre d  to  as a 

gel coa t, s ig n if ic a n tly  improves the  chemical re s is ta n c e  of the  

lam inate.

3. The large  reduction in  the mechanical p ro p e rtie s , which i s  observed 

in  aqueous m ineral ac id s, i s  p rim arily  caused by chemical a tta c k  of

the g lass f ib re  reinforcem ent. Resin degradation i s  norm ally lim ited .
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™°3
5%

H2so4

25%

HC1

151

NaOH 

5%

h2°

Bisphenol-A P o lyester 

F lexural Modulusa 71 72 59 55 71

Young1 s Modulusa 81 94 81 79 59

Isoph tha lic  P o lyester 

Flexural Modulus 52 44 49 Two^ 65

Young*s Modulus 67 70 65 Weeks 45

General Purpose P o lyester 

Flexural Modulus 51 68 55 One 57

Young* s Modulus 96
i

86 74 Week 59

a Shown as % re te n tio n  

3 Time to  d is in te g ra tio n

TABLE 1.1 The d e te rio ra tio n  o f  p ro p e rtie s  o f 50/50 re s in /g la s s  **C* 

glass v e il  overlay lam inates immersed fo r  1 month a t  99°C. 

Data taken from reference 4.
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4. The po lyeste r r e s in  is  prone to  b l is te r in g  in  a lk a lin e  environments 

which o ften  re s u l ts  in  complete d is in te g ra tio n  of the lam inate 

(see Table 1 .1 ) .

The general c r it ic ism  of the  immersion t e s t  i s  th a t  i t  does no t take 

in to  account the e f fe c t  o f ex te rn a lly  applied  s tre s se s , and th e re fo re  does 

not r e a l i s t i c a l ly  model the  environmental conditions (7 ,8 ). The use o f 

elevated tem peratures to  produce accelera ted  re s u l ts  has been c r i t ic i s e d  by 

Dewimille e t  a l  (9 ,10). They concluded, from a study of the  damage 

produced in  lam inates immersed in  water a t  various tem peratures, th a t  hot 

water d id  no t simply acce le ra te  lower tem perature mechanisms. The use of 

stren g th  re te n tio n  da ta  fo r  p red ic tin g  the  long term behaviour o f lam inates 

has a lso  been questioned by Aveston e t  a l  (11). They observed, as M etcalfe 

and Schmitz (12) had prev iously , th a t  E -glass f ib re s  immersed in  w ater, 

re ta in ed  most of th e i r  s tren g th  u n t i l  f in a l  f a i lu r e .  Hence the  

ex trapo la tion  of sho rt term t e s t  r e s u l ts  w ill  p red ic t longer f a i lu r e  tim es 

than found in  p ra c tic e .

Rawe (13) a lso  c r i t ic i s e d  the  immersion t e s t  because of i t s  f a i lu r e  to  

take in to  account the e ffe c t o f ex te rn a lly  applied s tre s s e s . Experiments 

where p o ly este r or epoxy-glass lam inates were exposed sim ultaneously to  an 

applied s tre s s  and an aqueous environment,c le a r ly  demonstrated the  

existence of a sy n e rg is tic  e f fe c t .  From the e ffe c t of various environments 

upon the creep r a te  of a g lass re in fo rced  anhydride cured-bisphenol "A" 

epoxy lam inates, he c la s s if ie d  the  environments according to  th e i r  p o ss ib le  

corrosion  mechanisms as follow s.
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1. "Non-aqueous liq u id s  which do no t chem ically a tta c k  the  lam inate.”

2. ’’Liquids which can be seen to  a tta c k  the  lam inate chem ically .”

3. ’’Aqueous liq u id s  th a t  apparently  do not chem ically a tta c k  the lam inate."

He gave no example of the  f i r s t  category. For category two he chose 

toluene as an example. Immersion te s tin g  fo r  1000 hours p red ic ted  a s l ig h t  

s tren g th  lo s s . However the simultaneous app lica tion  of a load (1/3 u ltim ate  

f ra c tu re  s tre s s )  produced to ta l  f a i lu re  in  600 hours. D ilu te  aqueous acids 

and a lk a lie s , which were included in  category th ree  were a lso  responsib le  fo r  

fa i lu re s  which could not be p red ic ted  from immersion t e s t s .  Figure 1.1 shows 

the  environmental creep o f a lam inate immersed in  d i lu te  ac id . The i n i t i a l  

creep r a te  was found to  be independent of the  applied load, but a f te r  an 

induction period , which was dependent upon the  applied  load, i t  increased 

rap id ly , and fa i lu re  o f the  specimen o ften  followed. The r e s u l ts  in  Figure 1.1 

are  sim ila r to  those of Hogg, Hull and Spencer (14) fo r  po lyeste r lam inates. 

Whereas these  authors id e n tif ie d  d if fe re n t stages in  th e  p rocess, Rawe was 

unable to  d iscrim inate  between the  d if fe re n t  p a r ts . He did  however make 

prelim inary attem pts to  f i t  power functions of time to  the  r e s u l ts  fo r  creep 

in  a i r ,  water and d i lu te  ac id . Surprising ly  he made no comment on th e  type 

of fra c tu re s  observed. I t  is  now recognized th a t  s t r e s s  co rrosion  f ra c tu re s  

are  d is t in c t iv e  in  th a t  they appear to  be of a b r i t t l e  na tu re , w ith  very  

l i t t l e  f ib re  p u ll-o u t. This is  in  co n tras t to  the te n s i le  f a i lu r e  of a 

lam inate which produces a b rushlike  fra c tu re . Judd (6) observed th a t  

b r i t t l e  te n s ile  fa i lu re s  occurred in  glass-epoxy lam inates a f te r  immersion 

in  bo iling  water fo r 72 hours. Bott and Barker (15) a lso  commented on the 

b r i t t l e  na tu re  of fra c tu re s  in  filam ent wound g lass po lyeste r p ip es , which

-7 -
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Figure 1.1 Environmental creep te s ts  o f an anhydride cured bisphenol-A 

epoxy lam inates in  acid  (pH=5). Taken from reference  13.
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Figure 1.2 Comparison between environmental s tre s s /ru p tu re  and damage in  

a i r .  Taken from reference 7. Note references r e f e r  to  

o rig in a l paper.
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had been immersed in  -water a t  various tem peratures.

Oswitch (16) applied th e  sy n e rg is tic  e f fe c t  between the  s tre s s  and 

the environment to  ob tain  the  e ffe c ts  o f accelera ted  ageing, in  a s im ila r 

manner to  the  elevated  tem perature immersion t e s t .  However, he proposed to  

use the  r e s u l ts  to  p red ic t chemical ra th e r  than s tre s s  corrosion  re s is ta n c e . 

He f u l ly  appreciated th a t  chemical a tta c k  could proceed more ra p id ly  in  

s tre ssed  lam inates, and commented th a t  the lam inates which survived th is  

t e s t  would be expected to  show good serv ice  l i f e .

For a large  number o f m etals and a lloys,- a s t re s s  corrosion  l im it  below 

which f ra c tu re  does not occur, has been id e n tif ie d . S im ilarly  a lim itin g  

s t r a in  fo r  GRP has been p o stu la ted . C ollins (17) repo rted  th a t  s t r a in  

corrosion f a i lu re  of g lass-p o ly es te r pipe d id  not occur a t  applied  s tra in s  

of le s s  than 0.3%. But he a lso  s ta te d  th a t  "No system atic study of the 

e f fe c t  of s t r a in  lev e l on l i f e - to - f a i lu r e  has been c a rr ied  o u t."  However 

o ther workers have c a rried  out more system atic stud ies and found strong 

evidence fo r  such a l im it .

Aveston and Sillwood (18) measured the  crack v e lo c ity  as a function  of 

i t s  s tre s s  in te n s ity  fo r  u n id ire c tio n a l p o ly es te r-g la ss  lam inates, in  a 

d ire c tio n  normal to  the  reinforcem ent, w h ilst immersed in  aqueous su lphuric  

acid . They a ttr ib u te d  the  dev ia tion  from l in e a r i ty  to  be in d ic a tiv e  of a 

s tre s s  corrosion  l im it.  Jones e t  a l  (19) have a lso  observed a s tr e s s  

corrosion l im it ,  fo r  p o ly este r-g la ss  coupons te s te d  in  4-point bend and 

u n iax ia l tension . Roberts (7) postu la ted  th a t the environment p rim arily
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en te rs a lam inate through cracks in  the  re s in . I f  r e s in  cracking is  

avoided then  s tre s s  corrosion  f a i lu re  would req u ire  very  long immersion 

tim es. His r e s u l ts  a re  given in  Figure 1 .2 , where the  f a i lu r e  of chopped 

strand  m att re in fo rced  po lyeste r lam inates in  times of up to  10 hours 

only occurs when the applied  s tre s s  i s  su f f ic ie n t  to  cause m icrocracking o f 

the  re s in . Carswell and Roberts (20) and Barker, B aird-Snith  and Jones (21) 

have suggested th a t  environmental microcracks can form, in  which case the  

r e s u l ts  fo r  re s in  cracking in  Figure 1.2 would be a t  lower s tre s s e s . I f

re s in  cracking was p rim arily  responsib le  fo r  the  s tr e s s  corrosion  f a i lu r e s ,  

then more f le x ib le  m atrix  re s in s  could be expected to  enhance the  s tre s s  

corrosion re s is ta n c e  of the lam inate. Hogg and H ill (22) have inv estig a ted  

the  e ffe c t o f re s in  f l e x ib i l i t y  using filam ent wound po lyeste r p ipe te s te d  

in  d iam etrica l compression. They found th a t  the  more f le x ib le  re s in s  

could be superio r to  the b r i t t l e  chem ically r e s is ta n t  re s in s . This they  

a ttr ib u te d  to  the  mechanism of s tre s s  corrosion  crack propagation. In the  

more b r i t t l e  re s in s ,  the  crack p en etra tes  the  r e s in  between ind iv idual 

f ib re s  and allowed th e  acid  access to  the  g lass f ib re s  a t  th e  crack  t ip .  

However, w ith f le x ib le  re s in s , p la s t ic  flow a t  the  crack t ip  p revents the  

exposure of the  f ib re  w ith the r e s u l t  th a t  the  corrodent must d iffu se  

through the  re s in  to  cause s tre s s  corrosion  of the next f ib re .  With 

increasing ly  f le x ib le  re s in s  o f lower c ro ss lin k -d en sity , the  d iffu s io n  

of the corrodent becomes more rap id , w ith  the  r e s u l t  th a t  th ere  i s  an optimum 

re s in  f l e x ib i l i t y  fo r  maximum s tre s s  corrosion  re s is ta n c e .

Wiederhom and Bolz (23) found th a t  whereas soda-1ime g lasses  had a 

s tre s s  corrosion l im it ,  E -glass and s i l ic a  g lass did n o t. T herefore, since
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m atrix re s in s  do no t provide an impermeable b a rr ie r  to  aqueous environments, 

i t  is  d i f f ic u l t  to  conceive a s tre s s  corrosion lim it in  g lass  re in fo rced  

composites.

The e f fe c t  o f acid  concentration  has been reported  by C ollins (17) 

and Scrimshaw (24). Both found th a t  the  f a i lu re  times of GRP were minimised 

when the hydrogen ion concentration  was approximately 0 .5 -3 .0  M. A sim ila r 

concentration  dependence was observed by Roberts (7), Scrimshaw (24) and 

Cockram (25), fo r  the  s tre s s  corrosion  of E -glass s tran d s. C ollins (17) 

suggested th a t  th is  was the r e s u l t  o f th e  maximum hydrogen ion content of 

sulphuric ac id , occurring w ith in  th is  range of concentra tion , whereas 

Roberts (7) in te rp re ted  i t  in  terms of a reduction  in  th e  hydrogen ion 

a c t iv i ty ,  w ith increasing  acid  concentra tion . Both these  explanations 

assume th a t the  hydrogen ion alone is  responsib le  fo r  s tre s s  corrosion  of 

E -g lass. In  section  1.3 o ther possib le  mechanisms fo r  s tre s s  co rrosion  of 

g lass  w ill  be examined.

H ill  e t a l (14,22,26-28) have studied  the  f a i lu re  of p o ly es te r-g la ss  

filam ent wound p ipe , under d iam etrica l compression, w ith  the  environment 

contained w ith in  the  pipe according to  ASTM 3681. Both constan t load and 

constant displacement te s ts  were c a rr ied  out and changes in  displacem ent or 

load (as appropriate) were monitored. These stud ies showed th a t  the  s tr e s s  

corrosion  process, under constant load or s t r a in ,  i s  fundam entally, the  

same. However the  f a i lu re  times are longer fo r the l a t t e r  because of s tre s s  

re lax a tio n  processes. They were able to  id e n tify  f iv e  stages to  the  s tre s s
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corrosion  process, which they described as fo llow s:-

Stage I i s  the i n i t i a l  v is c o e la s tic  response of the m ate ria l to  the  applied 

load and does not appear to  be a ffec ted  by the  environment used.

Stage I I  shows an approximately l in e a r  re lax a tio n  of load which i s  a ssoc ia ted  

w ith slow deformation and m icro frac tu re . During th is  stage s tr e s s  corrosion  

cracks are  nucleated and grow slowly. The number and d is tr ib u tio n  of cracks 

depends on the  i n i t i a l  applied  s tre s s  and the  corrosive environment.

Stage I I I  shows a sharp drop in  load which i s  associated  w ith  the growth 

of large  s tre s s  corrosion cracks and delam inations. The re la x a tio n  curves 

o ften  show a se r ie s  of steps ind ica ting  the discontinuous growth of the 

cracks.

Stage IV i s  a post s t re s s  corrosion f a i lu r e  region  w ith  a low re la x a tio n  

ra te .

Stage V i s  associated  w ith the  to ta l  co llapse  o f the  pipe in  a constant 

load t e s t .

Typical trac e s  fo r  experiments a t  constant load and constant 

displacement are shown in  Figure 1.3 and the stages described above are  

ind icated . Under constant lo a d ,f in a l f a i lu re  does no t occur u n t i l  the  end 

of Stage V, although seepage of the acid  out of the pipe could be detected  

during Stage I I I .  Exactly when th is  occurs i s  un certa in  so the end of 

Stage I I I  i s  taken as f a i lu r e .  The nucleation  of s tre s s  corrosion  cracks 

in  p o ly es te r-g la ss  pipe has been shown by Barker e t  a l  (21) to  occur by 

the fra c tu re  of ind iv idual g lass f ib r e s ,  normal to  th e i r  ax is . H ill  e t  a l  

showed th a t Stage I I  i s  caused by a s im ila r nucleation  process. During 

Stage I I I  these ind iv idual s tre s s  corrosion cracks coalesce by shear
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Figure 1.3 Comparisoii of constant load and constant displacement t e s t  

showing the d if fe re n t  stages of the fra c tu re  p rocess. Taken 

from reference  14.

Figure 1.4 Model o f the f ra c tu re  process in  u n id ire c tio n a l GRP s tru c tu re s  

te s te d  in  a corrosive en v iro m en t,

(a) nucleation  of f i r s t  crack by acid  a tta c k  on f ib re
(b) growth o f f l a t  crack by f ib re  f ra c tu re  a t  t i p  o f r e s in  crack
(c) development of small amount o f p u ll-o u t due to  ou t-o f-p lane  

f ib re  fra c tu re
(d) delam ination cracks a t  t ip  of f l a t  crack

Taken from reference 27.
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cracking p a ra l le l  to  the  f ib re s  to  produce a f ra c tu re , w ith a stepped 

appearance, along the  l in e  of maximum te n s ile  s tr e s s ,  a t  the  bottom o f 

the p ipe .

The transverse  f a i lu re  s t r a in  of a u n id ire c tio n a l lam inate i s  much 

le s s  than the lo n g itu d in a l. Thus when a 0o/90o/0 °  crossp ly  lam inate i s  

subjected to  a s t r e s s ,  f a i lu re  of the 90° transverse  p ly  occurs. The s t r a in  

a t  which th is  happens i s  re fe rre d  to  as the  tran sverse  cracking s t r a in .

Generally th is  does no t cause a to ta l  f a i lu re  of the composite because the  

0° long itud inal p l ie s  can su s ta in  the  ad d itio n a l load placed upon them.

With increasing  applied  s tre s s  fu r th e r  m u ltip le  tran sverse  cracking occurs.

The e f fe c t  of these transverse  cracks on the  s tre s s  corrosion  cracking o f 

p o ly es te r-g la ss  0°/90o/0 °  crossp ly  lam inates has been stud ied  by Jones,

Wheatley and Bailey (29). They observed, fo r coupons te s te d  in  4-poin t bend, 

the transverse  cracks penetrated  the  te n s ile  0° long itud inal p ly , where they  

nucleated s tre s s  corrosion cracks. A comparison of the  r e s u l ts  from 

0° u n id irec tio n a l and 0°/90°/0° coupons showed th a t the  f a i lu re  time o f the  

0° long itud inal p ly  of a crossp ly  coupon, had been s ig n if ic a n tly  reduced 

by the presence of transverse  cracks. However fo r  s im ila r coupons te s te d  

in  un iax ia l tension  th ere  were no s ig n if ic a n t d ifferences between the  f a i lu r e  

tim es. They suggested (29) th a t  under u n iax ia l ten sion , the  tran sv erse  

cracks had in su ff ic ie n t energy to  penetra te  the  0° lo n g itu d in a l p l ie s .  The 

g rea te r energy of the transverse  cracks generated in  bend a r is e s  from the 

geometry of the  t e s t  method. Under these conditions a symmetrical 0°/90O/0 °  

c rossply  laminate has a n eu tra l ax is a t  the cen tre  of the tran sv erse  p ly , between 

compressive and te n s ile  zones. When the s tr a in  a t  the  te n s i le  90°/0° in te rfa c e
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reaches the transverse  cracking s t r a in ,  f a i lu re  of the 90° p ly  w ill  occur 

by a crack running towards the n e u tra l ax is . However in  the  0° p ly  there  is  

a te n s ile  s t r a in  g rad ien t, w ith a maximum a t  the outer face of the  p ly , 

which a ids the pene tra tion  o f transverse  cracks in to  the 0° p ly . Hull and 

Hogg (26) id e n tif ie d  s tre s s  corrosion  in i t i a t io n  regions in  th e  p ly  adjacent 

to  a transverse  crack, which they in te rp re ted  as evidence fo r  the  tran sp o rt 

of the aqueous environment in to  the  lam inate through the  tran sverse  cracks.

A comparison of the s tre s s  corrosion re s u l ts  from 0° and ± 5 5 °  filam ent 

wound p ipes, as a function  of the  s t r a in  in  the  g lass  f ib re s  showed th a t  

transverse  cracks s ig n if ic a n tly  reduced the  f a i lu re  tim e. However i t  was 

not determined whether th is  could be accounted fo r  by the  enhanced s tre s s  

placed on the adjacent p l ie s ,  or by an in i t i a t io n  mechanism as described above. 

I t  i s  c le a r  th a t  transverse  cracks reduce the  d u ra b ility  o f GRP and th a t  

lam inates w ith a g rea te r transverse  cracking s t r a in  should have improved 

s tre s s  corrosion re s is ta n c e . Jones e t  a l  (29) observed th a t ,  fo r  p o ly es te r-  

g lass  crossp ly  lam inates postcured a t  d if fe re n t  tem peratures, those w ith  the 

le a s t  thermal s t r a in  and hence h ighest transverse  p ly  f a i lu re  s t r a in ,  showed 

the best s t re s s  corrosion re s is ta n c e .

A prelim inary study of the chemical aspects of ac id ic  s tr e s s  corrosion  

of p o ly es te r-g la ss  lam inates was c a rried  out by B ailey , Fryer and Jones (30), 

who attempted to  c o rre la te  lam inate damage w ith the concentration  o f calcium , 

aluminium and sodium g lass degradation products in  the  corrodent. They 

observed th a t  the exposed g lass a t  the cu t edges of the  tran sv erse  p ly  was 

attacked rap id ly . The low calcium ion concentration  in  the  corrodent led  

them to  p o stu la te  th a t an inso lub le  calcium po lyeste r soap could be formed
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w ith in  the m atrix  re s in . However whether th is  played any p a r t  in  the s tre s s  

corrosion process was not d iscussed.

From th e i r  s tud ies  o f the  f ra c tu re  surfaces of s tr e s s  corroded hoop 

and angle wound p o ly es te r-g la ss  p ip es , Hogg and Hull (27) id e n tif ie d  th ree  

main morphological fe a tu re s .

1. S tress  corrosion nucleation  reg ions, where extremely p lanar f ra c tu re  

had occurred. Indiv idual g lass f ib re s  had very smooth fe a tu re le s s  

f ra c tu re  su rfaces.

2. S tress  corroded reg ions, where the f ra c tu re  surface was le s s  p lanar

and the g lass f ib re s  had ty p ic a l r iv e r  l in e  markings.

3. Small c l i f f s  in  the  fra c tu re  su rface . The number and height of these

increased away from the crack nucleation  reg ions.

Sim ilar fea tu res  have a lso  been observed in  the  f ra c tu re  surfaces of 

p o ly es te r-g la ss  coupons te s te d  in  bend and tension  (31), and appear to  be 

common to  a l l  s tre s s  corroded GRP.

Kelly and McCartney (32,33) have used a bundle theory  to  p re d ic t the 

s tre s s  corrosion fa i lu re  o f non-impregnated E -glass s tran d s. By assuming 

th a t the  flaw  d is tr ib u tio n  in  the  f ib re s  could be described by a 2 parameter 

Weibull function , equation 1.1 ;
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N = N exp{-(a/0  )m} . . . ( 1 .1 )
0 0

Where:-

Nq = Number o f f ib re s  in  a la rge  bundle.

N = Number of f ib re s  surviving

a = The s tre s s  in  each f ib re .

oq = The scale  param eter, a constant fo r  the m a te ria l,

m = The shape param eter, a constant fo r  the m a te r ia l.

and th a t  th e ir  growth r a te  i s  dependent upon the s tre s s  in te n s i ty ,  as 

described by equation 1.2:

~  = a K j * •

Where:-

= Flaw growth r a te ,  

a = Flaw length .

Ki = S tress in te n s ity . 

a ,n  = M aterial constan ts.

they were able to  c a lcu la te  the  f a i lu re  times of unimpregnated bundles.

Aveston, Kelly, McCartney and Sillwood (11) found good agreement between the 

p red ic ted  and experimental f a i lu re  tim es, fo r  s tre ssed  f ib re  bundles in  w ater. 

However in  order to  p red ic t the s tre s s  corrosion  f a i lu re  o f lam inates the  theory 

req u ire s  considerable m odification , because i t  makes no allowance fo r  the  

p ro p erties  of the m atrix , and assumes th a t  a l l  the f ib re s  in  the  bundle 

experience a sim ila r environment. Thus a t  times to fa i lu re  of le s s  than
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4
10 minutes they  found th a t unimpregnated bundles f a i le d  f i r s t ,  whereas a t

4
times g rea te r  than 10 minutes f a i lu re  occurred w ith in  s im ila r tim es, from 

which they concluded th a t  the  water had completely penetra ted  the re s in . The 

b rushlike  and p lanar f ra c tu re  surfaces o f unimpregnated and impregnated bundles 

re sp ec tiv e ly , were explained in  terms of a sh o rt tra n s fe r  leng th  and the  

exponent n in  equation 1 .2 . Thus fo r  a hexagonal a rray  o f coupled f ib r e s ,  

the f a i lu re  o f a sing le  f ib re  p laces an ad d itio n a l load o f 1/6 onto i t s  

n eares t neighbours. The value of n fo r  E -glass in  water i s  approximately 15, 

hence from equation 1.2 th is  w ill  r e s u l t  in  a 10 fo ld  increase  in  the  flaw  

growth r a te .  I f  the  tra n s fe r  leng th  i s  sho rt then th is  w ill  be lo ca lise d  in  

the  plane of the  o rig in a l f ra c tu re , and there  w ill  be a g rea te r  p ro b a b ility  

fo r  a flaw  in  th is  region to  propagate. An a lte rn a tiv e  mechanism fo r  the  

p lanar frac tu re s  has been proposed by Hogg and R il l  (25,26), in  which the  

s tre s s  corrosion  o f the g lass i s  lim ited  to  th a t  exposed a t  the  crack t i p ,  

as shown diagram m atically in  Figure 1.4 fo r  th e  growth of a s tr e s s  co rrosion  

crack in  a b r i t t l e  m atrix  re s in . The main d iffe ren ce  between the two th eo rie s  

i s  the lo c a lis a t io n  o f the  chemical a tta c k  upon the  g la s s . In the  former a 

general a tta c k  occurs on a l l  the g lass in  the lam inate, whereas in  the  l a t t e r  

i t  i s  lim ited  to  the v ic in i ty  o f a crack.

Improved wet stren g th  of g lass rein fo rced  composites i s  norm ally achieved

by carefu l choice o f an adhesion promotor, c a lled  a coupling agent. I t  i s

beyond the scope of th is  survey to  review the  adhesive mechanisms by which 

coupling agents are thought to  work, and fo r  fu r th e r  inform ation the reviews 

of Plueddemann (34) and Ish ida and Koenig (35) a re  recommended. The in fluence 

of coupling agents on the ac id ic  s tre s s  corrosion  p ro p ertie s  o f g la ss

rein fo rced  composites has not ye t been stud ied .
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1.3 THE STRESS CORROSION OF GLASS

The time dependent f a i lu re  of g lass  has been studied  since th e  end 

of the  l a s t  century . The re a liz a tio n  th a t  the  mechanism was a s tre s s  

a ss is te d  chemical process, has re su lte d  in  i t  being termed s tr e s s  co rrosion . 

Many of the  cu rren t ideas on the  natu re  of th is  process o rig in a te  from the 

work of Charles (36,37), who stud ied  the  corrosion  and s t a t i c  fa tig u e  o f 

soda-1 ime g la s s , in  water and steam. The a c tiv a tio n  energies fo r  th e  stages 

involved, suggested th a t  the d iffu s io n  of sodium ions w ith in  the  g la s s , was 

r a te  determ ining, and th a t  s t a t i c  fa tig u e  was a s tre s s  a s s is te d  corrosion  

phenomenon. Previously Taylor (38) had a lso  noted s im ila r ity  between the  

a c tiv a tio n  energies of s t a t i c  fa tig u e  and the d iffu s io n  o f sodium ions in  

g la s s . C harles 's  theory may be divided in to  two p a r ts .  The f i r s t  describes 

the  chemical mechanism responsib le  fo r  the  corrosion . Thus hydro lysis o f 

sodium s i l ic a te  produces hydroxyl ions according to  the rea c tio n  shown in

Stage 1 below. These then re a c t w ith the  s i l i c a  network as shown in  Stage 2.

I , I + _
-Si-O-Na + E,0 -> -SiOH + Na + OH . . .  (1)l 2 i

i I I l _
-Si-O -Si- + OH ^  -SiOH +-SiO . . . ( 2 )

* i | i

-$ i0" + H20 + -SiOH + OH" . . .  (3)

Reaction o f the  SiO" group w ith water r e s u l ts  in  the  regenera tion  of a 

hydroxyl ion (Stage 3) making the  process a u to c a ta ly tic . However the  

hydroxyl ion concentration  does not increase  in d e f in ite ly  but s ta b i l iz e s  

a t  a lim itin g  pH, which i s  con tro lled  by the  a c id ity  constant fo r  s i l i c i c  

acid . He also  observed th a t  fre sh ly  drawn g lass rods corroded f a s te r  than
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those th a t  had been annealed, and postu la ted  th a t  th is  was a r e s u l t  o f a 

decrease in  the Na d iffu s io n  ra te  in  the higher d en sity  g la s s . He suggested 

th a t  a la rge  t r ia x ia l  s tre s s  would cause a ra re fa c tio n  of the  g la s s , w ith a 

subsequent increase in  the  r a te  of Na+ d iffu s io n . The most l ik e ly  lo ca tio n  

fo r la rg e  t r ia x ia l  s tre sse s  i s  a t  a crack t ip  where s tre s s  in te n s if ic a tio n  

occurs. Thus the  g lass w ill  corrode f a s te s t  a t  th is  p o s itio n . Uniform 

corrosion w ill  b lun t the crack t ip  and lower th e  s tre s s  in te n s ity  re su ltin g  

in  a decrease in  the corrosion  r a t e . The second p a r t  o f C harles’ s theory  

deals w ith the  p re fe re n tia l  d ire c tio n  o f flaw  growth.

The s tre s s  concen tra tion  a t  the t ip  of an e l ip t ic a l  flaw  o rien ta te d  w ith 

i t s  major ax is normal to  the applied  s tre s s  i s  given by equation 1 .3 , and 

i s  p roportional to  the r a t io  of i t s  major and minor a x is .

~  = {l+(2x/y)> . . . ( 1 .3 )
a

Where

°m '—  = S tress concentration*
aa

x = Major a x is , 

y = Minor a x is .

For fa i lu re  a t  low applied s tre s s e s , the  s tre s s  concen tra tion  a t  p re 

ex is tin g  flaws must be increased to  a c r i t i c a l  v a lu e .I f  the  r a t io  o f the  flaw

growth ra te s  in  the x and y d irec tio n s  i s  above a c r i t i c a l  value , then the 

flaw  is  sharpened and unstab le  crack growth w ill occur. I f  i t  i s  below the

-20-



c r i t i c a l  value the crack i s  blunted and an increase in  th e  o r ig in a l s tren g th  

is  observed, as in  the  case of HF etch ing . This theory of flaw  growth is  

app licab le  to  any b r i t t l e  so lid  and has been fu r th e r  developed by H illig  

and Charles (39), and Weiderhom, F u lle r and Thomson (40) to  p re d ic t the 

r a te  o f growth of flaws from the a c tiv a tio n  and d iffu s io n  param eters fo r  the 

chemical rea c tio n s , and geometry of the  crack t ip .

Mould and Southwick (41) investiga ted  the e ffe c t o f various mechanical 

surface treatm ents on the  s t a t i c  fa tig u e  of soda-lime g lass in  w ater.

They found th a t th e i r  r e s u l ts  could be represented  by a. U niversal Fatigue 

Curve, providing the  applied s tre s s  was normalized by d iv id ing  i t  by the  

instantaneous s treng th  of the  g la s s , which was obtained from the f ra c tu re  

s tren g th  a t  liq u id  n itrogen  tem peratures when s ta t ic  fa tig u e  was believed 

to  be absent. However, McKinnis (42) l a t e r  reported  th a t  s t a t i c  fa tig u e  

was possib le  a t  l iq u id  n itrogen  tem peratures. N evertheless the  U niversal 

Fatigue Curve showed th a t  a s t a t i c  fa tig u e  l im it  ex is ted . This has been 

confirmed by Weiderhom e t  a l  (23) from crack v e lo c ity  measurements. However 

a s tre s s  corrosion  lim it  has no t been observed fo r  a lum inosilica te  (E-glass) 

or s i l i c a  g la s s . Mould and Southwick (41) a lso  compared th e i r  r e s u l ts  

w ith several th e o re tic a l models and concluded th a t C harles' theory  gave the  

best f i t  to  the  experimental da ta , but i t  d id  not explain  the whole curve. 

Subsequently H illig  and Charles (39) showed th a t th e ir  theory  of s tre s s  

corrosion  could adequately explain  the r e s u l t  o f Mould and Southwick.

M etcalfe and Schmitz (12) do not agree th a t  i t  i s  the  growth of 

p re -ex is tin g  flaws causes the  f a i lu re  of g lass f ib re s . They claim  th a t
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the  high s tren g th  of g lass f ib re s  in d ica te s  a flaw  size  of only a few

atomic diam eters, and th a t  the  G r if f i th  type of flaw  could not e x is t .

Instead  they believe  th a t  the  flaws are  generated by a te n s i le  s tre s s  in
+ +the  surface of the  f ib r e ,  caused by an exchange of Na fo r  H in  the  

environment. Since the  H+ is  sm aller than the  Na+, a te n s i le  s tre s s  i s  

generated because the  shrinkage of the f ib re  sheath i s  constrained  by 

the  unaffected  core . This i s  in  co n tra s t to  previous ion exchange th e o rie s  

where i t  has been assumed th a t  the  hydrogen ions in  so lu tio n  a re  always 

associated  w ith water m olecules, and water molecules thus brought in to  the 

surface of the  g lass w ill  cause a sw elling of the  g lass su rface . M etcalfe 

e t a l  (44) supported th e i r  mechanism w ith observations th a t  unstressed  

f ib re s  immersed in  aqueous acids develop sheath core s tru c tu re s . The 

sheath may then spontaneously fra c tu re  by e ith e r  m u ltip le  or s p ira l  c rack ing . 

The development of a sheath core s tru c tu re  was a lso  observed by Charles (36), 

fo r  g lass  rods corroded in  superheated steam, however the  sheath occupied 

a g rea te r volume than the o rig in a l g la s s . Also Barker and Bott(45)have 

observed the form ation of a surface layer in  f ib re s  immersed in  aqueous acid  

and w ater. The ion exchange mechanism of M etcalfe e t a l  cannot to ta l ly  

account fo r  the observed s treng th  re te n tio n  in  a HCl/NaCl so lu tio n , nor the  

s treng th  recovery, which occurs on subsequently immersing the  f ib re s  in  

aqueous NaOH. The recovered stren g th  was le s s  than expected in d ica tin g  

th a t  the  mechanism was only p a r t ia l ly  re v e rs ib le . The s tr e s s  co rrosion  

ac tiv a tio n  energy was sim ila r to  th a t  obtained by Charles, which they 

in te rp re ted  as ind ica ting  th a t the  r a te  co n tro llin g  fa c to r  was the  d iffu s io n  

o f the Na+. E -glass is  found to  su ffe r a lower reduction  of s tre n g th  in  

a lk a li  environments. This can be understood in  terms of ion exchange, but
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not in  terms o f C harles 's  mechanism.

Weyl (46) suggested th a t  the in te ra c tio n  between the  environment and 

the -Si-rO- bonds under s tr e s s  a t  the crack t i p  was responsib le  fo r  su b c r i t ic a l  

crack growth. He postu la ted  th a t  a d ire c t  reac tio n  between a molecule of 

the type ROH, where R is  H, CĤ  e tc , and the  siloxanol groups in  the  s i l i c a  

network, according to  the  follow ing equation, could occur.

I 1 i i
-S i-O -S i- + ROH + -Si-OR + -Si-OH

I I  i i

This type of reac tio n  was re je c ted  by Charles because o f th e  lack  of 

r e a c t iv i ty  between s i l i c a  and w ater. Hammond and Ravitz (47) measured the  

fra c tu re  s treng th  of s i l i c a  g lass in  various p o lar and non-polar l iq u id s , 

and found lim ited  c o rre la tio n  w ith the ca lcu la ted  lowering of the  su rfa c e 'f re e  

energ ies. They used the value of surface f re e  energy of quartz in stead  o f 

th a t o f s i l i c a  g la s s , and th is  could account fo r  some of the  d iscrepancies . 

However e thanol, which is  known to  reduce the surface f re e  energy o f g lasses  

did not cause premature f a i lu re .  Therefore s tre s s  corrosion  cannot be 

explained simply by changes in  surface f re e  energy.

Michalske and Freiman (48) have a lso  discussed the  s tr e s s  co rrosion  

in  terms of reac tio n s between the environment and the chemical bonds under 

s tre s s  a t  the crack t ip .  They believe  th a t  the  s ize  and the  charge 

d is tr ib u tio n  of the a ttack ing  molecule are  c r i t i c a l .  That i s ,  the  molecule 

must be capable o f foiming a t r a n s it io n  s ta te  w ith the -S i-0  bonds, in  which 

case the d istance  between the reac tin g  cen tres must be c lose  to  th a t  o f the
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-S i-0  bond leng th  of -  1.63 A. I t  must a lso  possess a proton donating group 

a t  one end and an e lec tro n  donor, such as lone p a ir  e le c tro n s , a t  the  o th er. 

They support th e i r  hypothesis w ith crack v e lo c ity  measurements in  various 

environments. They found th a t  ammonia w ith i t s  s im ila r s tru c tu re  to  water 

a lso  had the  same e ffe c t in  increasing  the crack v e lo c ity . Molecules of a 

d if fe re n t s iz e  o r charge d is tr ib u tio n  were much le s s  e ffe c tiv e .

McKinnis (42) described s tre s s  corrosion  as a consequence o f a d isperse  

phase in  the  g la s s , which he prelim inary id e n tif ie d  as c ry s to b a lite . Using 

a f i n i t e  element analysis he ca lcu la ted  th a t  a te n s ile  s tr e s s  e x is ted  across 

the in te rfac e  w ith the  d ispersed  phase. A rea c tio n  of the  s tre sse d  bonds in  

the d ispersed phase a t  the  surface of the  g la s s , w ith w a ter  was responsib le  

fo r  the  form ation of G r if f i th  type flaw s. He a lso  p ostu la ted  th a t  water 

vapour could be more rea c tiv e  than liq u id  w ater. This had a lso  been noted 

by Charles, who explained i t  as a r e s u l t  o f the  g rea te r concen tra tion  o f 

a lk a lin e  corrosion products on the  surface of the  g la s s , producing an 

a u to -c a ta ly tic  e ffe c t on the r a te  of corrosion . This has a lso  been observed 

by o ther workers (43,49).

I t  is  expected th a t corrosion and s tre s s  corrosion o f g lass  occurs 

sim ultaneously. Barker e t  a l (21) observed th a t  aqueous HC1 and 

removed both calcium and aluminium ions from E-glass f ib re s .  This may 

account fo r  the i r r e v e r s ib i l i ty  of the ion exchange mechanism proposed by 

Metcalfe e t  a l  (12). Furthermore El Shamy e t  a l  (50) have shown th a t  the 

removal of calcium ions i s  dependent upon the composition of the g la ss  and 

i s  not found fo r soda-lime g la sse s , and may explain the g re a te r  co rrosion
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re s is tan ce  o f th is  g lass  to  ac id s. The s o lu b ili ty  of s i l i c a  decreases w ith 

increasing  acid  concentra tion , however Elmer and Nordberg (51) observed 

th a t fo r  sho rt time periods ( le ss  than 40 hours) the  r a te  o f d is so lu tio n  of 

s i l ic a  in  n i t r i c  acid  occurred f a s te s t  in  acid  o f 0.8 M concen tra tion . Their 

re s u lts  show a s im ila r ity  w ith  those fo r  the stren g th  of E -g lass strands and 

GRP, as a function  of acid  concentration  (7 ,24 ,25). This suggests th a t  a 

sim ila r mechanism of d isso lu tio n  of s i l i c a  may be operating in  both in stances .
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1.4 THE DIFFUSION OF AQUEOUS MEDIA INTO MATRIX RESINS AND GRP

One of the main functions o f the  m atrix  r e s in  in  a composite, i s  to  

provide chemical p ro tec tio n  fo r  the  g lass  reinforcem ent. U nfortunately 

the d iffu s io n  c o e ff ic ie n ts  fo r  both liq u id s  and gases in  polymeric m a te ria ls  

are la rg e . Also there  i s  a tendency fo r  the  permeating sp ec ies , to  in te ra c t

w ith the polymer molecules for'exam ple, hydrogen bonding. Thus th e  absorp tion

of water may cause any of the  following (52).

1. An increase  in  the  thermal expansion c o e ff ic ie n t.

2. Lowering of the g lass  t r a n s it io n  tem perature.

3. Swelling of the re s in .

4. A change in  mechanical p ro p e r t ie s .

In most cases m oisture absorption does not continue in d e f in ite ly , but 

reaches a lim itin g  sa tu ra tio n  or equilibrium  value which i s  dependent upon 

the tem perature and the re la t iv e  humidity (53). Adamson (54) suggested th a t 

absorbed water could e ith e r  occupy the  f re e  volume of the  polymer, and be 

re la t iv e ly  f re e  to  move around, or be bound by hydrogen bonding, re s u ltin g  

in  sw elling of the polymer.

There is  some evidence fo r  the  view th a t epoxy re s in s  are no t homogeneous 

sing le  phase s tru c tu re s . C uthrell (55) observed a two phase s tru c tu re  in  

several cured epoxy re s in  systems. For example the  benzyldimethyamine cured 

bisphenol "A" system was reported  to  have a s tru c tu re  co n sis tin g  o f denser 

flo cu les  of 20 - 90 pm diam eter, in  a m atrix  th a t ’’resembled the  s ta r t in g  

m a te ria ls" . The s ize  of the flo cu les  was found to be inverse ly  p roportiona l
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to  the  curing tem perature. Kenyon and Neilson (56) have a lso  reported  a two 

phase s tru c tu re  in  several amine cured epoxy re s in  systems. However the  s ize  

of the d isperse  phase were a magnitude sm aller than those observed by C u th re ll. 

Adamson (54) has suggested th a t  the slow f i l l i n g  of the d isperse  phase, which 

has a lower d iffu s io n  c o e ff ic ie n t, i s  responsib le  fo r  the  slow approach to  

m oisture equilibrium , shown by th e  r e s in  .

The d iffu s io n  of water in to  epoxy re s in s  i s  o ften  described as F ickian , 

however in te rac tio n s  between the permeant and the  polymer w ill  r e s u l t  in  

non-Fickian behaviour. F ickian d iffu s io n  describes the  concen tra tion  o f 

the d iffu san t during absorp tion , by considering a non -sta tio n ary  s ta te  of 

flow as described by equation 1.4 (57).

2
5C 6 C
—  = DS — r- . . . ( 1 .4 )
fit 6x

Where: -

<5C = Change in  concentration  g rad ien t w ith tim e.

2
<5 C Change in  concentration  grad ien t w ith d istance  x

<Sx2 perpendicular to  the cross sec tion .

D = D iffusion c o e ff ic ie n t.

S = Cross sec tio n a l area.

For a plane p la te , immersed in  a liq u id , the  quan tity  absorbed w ith  time 

is  given by equation 1.5 (58). Providing a steady surface equilibrium  is  

immediately estab lished .
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Where:-

= Wt absorbed a t  equilibrium .

M = Wt absorbed a t  time t .

L = Thickness o f the p la te .

D = D iffusion c o e ff ic ie n t.

I f  the  d iffu s io n  i s  Fickian then a p lo t of the  weight o f d iffu san t 

against the square ro o t o f time w ill  be l in e a r  u n t i l  approxim ately 60% of the  

equilibrium  value has been absorbed, then i t  w ill  curve over towards th is  

value.

The effec tiveness o f gel coats as b a rr ie rs  to  the  d iffu s io n  o f m oisture 

has been questioned by Menges and G itschner (53). They ca lcu la ted  (assuming 

Fickian d iffu sio n ) th a t  a 3 mm th ick  gel coat would be penetrated  w ith in  

th ree  months. Very l i t t l e  work has been c a rried  out on the d iffu s io n  of 

so lu tes from aqueous so lu tio n s . However th e  work of Ashbee e t a l  (59,60) 

on osmosis in  po lyeste r and epoxy re s in s  suggests th a t  d iffu s io n  ra te s  are  

very much lower than th a t  of w ater.

The sorp tion  behaviour o f composites i s  p rim arily  dependent upon th a t  

of the m atrix re s in , although the  g lass re s in  in te rfac e  may in troduce 

com plications. Dewimille e t  a l (9,10) measured the  d iffu s io n  o f water in to  

pultruded epoxy-glass rod. They found th a t  up to  65°C the  d iffu s io n  was 

F ickian, and was approximately 3 times g rea te r p a ra l le l  to  the  f ib re s  than



normal to  them. Above 65°C the d iffu s io n  of water in to  both pure re s in  and 

i t s  composite was non-Fickian, which suggested th a t  the g lass  r e s in  in te rfac e  

was no t responsib le  fo r  the change in  behaviour. Regester (61) studied  the 

e ffe c t o f hyd rosta tic  p ressure  on the  permeation ra te  of water through a 

polyester-rglass composite. From the lack  of an e ffe c t he concluded th a t 

d iffu s io n  through the  re s in  occurred, ra th e r  than  tran sp o rt along the  g lass  

m atrix in te rfa c e . In s im ila r experiments using aqueous ac id s , only water 

was found to  pass through the  lam inate. X-ray fluorescence spectrom etry 

of lam inates immersed in  sulphuric and hydrochloric acids revealed  th a t  

the ch lo rine  ion penetra ted  considerably fu r th e r  than the  sulphate ion.

He postu la ted  th a t a corrosion  r e s is ta n t  layer might be formed in  aqueous 

sulphuric acid . C ollins (17) using an e lec tro n  probe X-ray m icroanalysis, 

a lso  observed th a t  pene tra tion  of sulphuric acid  in to  p o ly es te r-g la ss  

lam inates was lim ited  to  the surface lay e r. M arshall e t  a l (58,62), using a 

rad io  tra c e r  technique employing tr it iu m  enriched w ater, determined the 

ra te s  of d iffu s io n  of aqueous hydrochloric acid  and w ater, in to  v in y le s te r -  

g lass f ib re  composites. They observed only small d iffe ren c e s , and concluded 

th a t  reac tio n  of the  aqueous acid  w ith the  g la s s , re su lte d  in  an im m obilisation 

of the  hydrogen ions which leads to  a low d iffu sio n  c o e ff ic ie n t being observed. 

In lam inates, where the surface was damaged they found th a t  d iffu s io n  could 

be up to  20 times g rea te r in  th is  reg ion . This was a ttr ib u te d  to  an increased 

d iffu s io n  c o e ff ic ie n t under the  influence of a lo ca lise d  s tre s s  concen tra tion .

The e ffe c t of a s tre s s  upon the  d iffu sio n  ra te  has been rep o rted  by 

Hahn and Kim (63). They observed th a t  the ra te s  of absorption and desorption  

of water by an epoxy-graphite lam inate were d if fe re n t .  They a tt r ib u te d  th is



to  the s tre s s  s ta te  a t  the  ou ter su rface. When water i s  absorbed, the  re s in  

sw ells and thus a compressive s tre s s  e x is ts  in  the  lam inate su rface , whereas 

upon desorp tion , r e s in  shrinkage produces a te n s i le  s tre s s  in  the  su rface . 

G illa t  and Broutman (64) observed th a t  ex te rn a lly  applied  s tre s se s  increased 

the  d iffu sio n  of water in to  an epoxy g raph ite  crossply  lam inate, and th a t  

up to  a c r i t i c a l  combination o f the  ex te rnal s t r e s s  and the  absorbed m oisture, 

the  d iffu s io n  could be described as Fickian. However above th e  c r i t i c a l  

l im it ,  the  ra te  o f d iffu s io n  rap id ly  increased , which they a t t r ib u te d  to  

m icrocracking of the tran sverse  p l ie s .  Whitney and Browning (65) a lso  

observed an i n i t i a l  Fickian process,follow ed by non-Fickian uptake of water 

in to  both, an epoxy-graphite composite and the m atrix  re s in . They a ttr ib u te d  

th is  to  m icrocracking of the  re s in , ra th e r  than any f ib re  m atrix  debonding 

e ffe c t .

T heo re tica lly  i t  has been found d i f f i c u l t  to  p red ic t the  d iffu s io n  

behaviour of lam inates, and hence Fickian d iffu s io n  has u su a lly  been assumed. 

However as discussed above and in  the  next sec tio n , d iffu s io n  of m oisture 

can generate in te rn a l s tre sse s  which may then modify the  d iffu s io n  

c h a ra c te r is tic s  of the  composite.
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1.5 THE GENERATION OF INTERNAL STRESSES IN GRP LAMINATES

The mechanisms by which in te rn a l s tre sse s  in  lamina and lam inates are  

produced, i s  reviewed, because they are  as equally  e ffe c tiv e  as those 

ex te rn a lly  applied  in  promoting s tre s s  corrosion f a i lu r e .

In a lamina, in te rn a l s tre sse s  are th e  r e s u l t  o f d iffe ren ces  between 

the  physical p ro p ertie s  of the m atrix  and th e  g lass reinforcem ent. For 

example, a d iffe rence  in  the thermal expansion c o e f f ic ie n ts , w il l  r e s u l t  in  

an in te rn a l s tre s s  on cooling from an elevated  curing tem perature. Hull (66) 

ca lcu la ted  the s t r a in  p a ra l le l  to  the  g lass f ib re s ,  on cooling a 

u n id ire c tio n a l po lyeste r from a cure tem perature of 120°C, i s  1.5%. However 

the ca lcu la tio n  o f the s tre s s  i s  more d i f f ic u l t  since i t  req u ire s  a knowledge 

of the  v isc o e la s tic  response of the  r e s in  a t  e levated tem peratures. The 

computation of the s t r a in  a t 90°C (normal) to  the  reinforcem ent i s  a lso  

d i f f i c u l t ,  because i t  i s  strong ly  dependent upon the  volume f ra c tio n  of g lass  

f ib re .  At f ib re  volume fra c tio n s  o f le s s  than 501, the  re s in  i s  the  

continuous phase, and because o f i t s  higher thermal expansion c o e f f ic ie n t , 

w ill  con trac t onto the g lass f ib re s .  Thus a compressive s t r a in  w ill  e x is t  in  

the  re s in . At volume fra c tio n s  of g lass  g rea te r than 50%, th e  r e s in  may no 

longer be considered as the continuous phase, and iso la te d  re s in  pockets 

w ill t r y  to  shrink away from the  surrounding g la s s . Providing th e  r e s in -  

g lass in te rfac e  does not f a i l ,  the  re s in  w ill  be held in  a s ta te  o f ten sion  

(67). I f  the  lamina does not possess a uniform d is tr ib u tio n  o f g la ss  f ib r e s ,  

both high and low volume fra c tio n  regions w ill  e x is t ,  w ith  the  re s in  e ith e r  

in  tension  or compression.
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In  lam inates, the  therm al s tra in s  can a lso  be generated by th e  mismatch 

in  thermal expansion c o e ff ic ie n ts  of the ind iv idual lamina. Schapery (68) 

derived the following equations to  p re d ic t the  expansion c o e f f ic ie n ts , fo r  a 

u n id ire c tio n a l lamina, p a ra l le l  « and normal « to  the d ire c tio n  of& t
reinforcem ent.

Erar Vr  E « V .  f f f ' t  mmm
f  f  + m m

= (1 + v )« V + (1 + - « (VrVr + V V ) nt  v nr m m v r  f  f  K  f  f  mm . . .  (1.7)

Where:-

E_£ = Modulus o f the f ib re s .

E = Modulus of the m atrix , m
«£ = Expansion c o e ff ic ie n t o f the  f ib re s .

« = Expansion c o e ff ic ie n t o f the m atrix .

v^ = Poisson r a t io  of the  f ib re s .

v = Poisson ra t io  of the m atrix , m
V£ = Volume f ra c tio n  of f ib re s .

V = Volume fra c tio n  of m atrix , m

The computed expansion c o e ff ic ie n ts  are shown as a function  o f volume 

fra c tio n  of g lass in  Figure 1 .5 . Thus a t  high volume f ra c tio n s  « i s  

dominated by th a t  of the  g lass  and a t  low volume f r a c t io n s ,^  by th a t  o f the  

m atrix , and the  in te rac tio n  of va riously  o rien ta ted  lamina w ill  lead  to 

in te rn a l s tre s se s . P arv iz i (69) derived equations 4.1 and 4.2 (shown in  

Section 4.2) fo r  0°/90o/0 °  crossp ly  lam inates.
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Figure 1.6 V aria tion  in  the  transverse  and long itud inal expansion

c o e ff ic ie n t o f a u n id ire c tio n a l lamina w ith volume fra c tio n  

o f g la ss . C alculated using equations 1.2 and 1.3 and the  

data shown in  Table 4 .1 .
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The absorption o f a liq u id  w ill  a lso  generate in te rn a l s t r e s s e s ,  since 

sw elling can be likened to  the  therm al expansion or co n trac tio n  o f the  m atrix . 

However the s tre sse s  may r e s u l t  from two d if fe re n t mechanisms. I f  d iffu s io n  

has reached s ta tio n a ry  cond itions, they w ill  be generated in  an analogous 

manner to  the  therm al s tre s s e s . Menges and G itschner (53) p o s tu la ted  th a t  in  

a u n id ire c tio n a l lamina w ith a uniform g lass  d is tr ib u tio n , sw elling s tr a in s  

s u ff ic ie n t to  cause microcracking can be formed. This i s  because the  

magnitude o f the  sw elling c o e ff ic ie n t in  the  transverse  d ire c tio n  o f a lam ina, 

i s  a lso  dependent upon the volume f ra c tio n  o f g la ss . They argue th a t  as i t  

i s  s t i l l  possib le  to  define re s in  and g lass r ic h  reg ions, then the  in te ra c tio n  

of the  d if fe re n t  sw elling s tra in s  generated in  these  reg ions, w ill  r e s u l t  in  

the production of in te rn a l s tre s se s . In  lam inates, the  in te ra c tio n  between 

vario u sly  o rien ta ted  lamina w ill  generate sw elling s tre s se s  in  a s im ila r 

manner to the  generation of thermal s tre s s e s . The long itud ina l S andXj

transverse  sw elling c o e ff ic ie n ts  o f a lamina may be c a lcu la ted  by rep lac ing  

«£ and « w ith the  appropria te  sw elling c o e ff ic ie n ts , in  equations 1 .6  and 1 .7 . 

These are then used to  c a lcu la te  the  sw elling s t r a in s ,  fo r  example by equations

4.1 and 4 .2 . Since these s tra in s  a re  of opposite sign to  therm al s tra in s  

the l a t t e r  w ill  be re liev ed  when m oisture absorption takes p lace . I f  d iffu s io n  

has not a tta in e d  steady s ta te  cond itions, then s tre sse s  w ill  r e s u l t  due to  the  

concentration p ro f i le  o f the  d iffu s in g  species.. These may be o f s u f f ic ie n t  

magnitude to  cause fra c tu re  in  p la s t ic s ,  see fo r  instance reference  70. On 

absorption the  outer surface i s  placed in  compression due to  the  sw elling being 

constrained by the  inner unswollen re s in , which i t s e l f  is  p laced under ten s io n . 

S im ilarly  upon desorption the  outer surface is  placed in  tension  w h ils t the  

inner po rtion  is  placed under compression. Menges and G itschner (53) have



ca lcu la ted  th a t the  te n s ile  fo rces th a t  a r is e  in  m atrix  re s in s  during the  

desorption of w ater, a re  su f f ic ie n t  to  cause m icrocracking.

Localised in te rn a l s tre sse s  may a r is e  from osmotic p ressu re  pockets. 

Ashbee e t  a l  (59,60) doped po lyeste r and epoxy re s in  w ith  potassium c h lo rid e , 

and found th a t penny shaped c a v itie s  w ith s u f f ic ie n t  p ressu re  to  cause 

microcracking of the  re s in , re su lte d  from the  absorption o f w ater. From 

stud ies on sho rt f ib re  re in fo rced  epoxy-glass composites, they observed th a t  

p ressure  pockets which formed a t  the f ib re  m atrix  in te rfa c e , destroyed 

in te r fa c ia l  load tra n s fe r  (71). In  fu r th e r  s tu d ies  (72) they observed the 

e ffe c ts  o f freezing  and b o ilin g  th i s  phase separated w ater. Whereas freez in g  

could induce microcracking o f the  re s in ,  bo ilin g  did  n o t. They explained 

th is  in  terms of r e s in  flow a t  the higher tem perature, accomodating the  

in te rn a l s tre s se s .
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Figure 1.7 Molecular s tru c tu re s  o f (a) d ig lyc idy l e th e r  o f diphenylolpropane, 

Cb) nadic methyl anhydride (NM/V), (c) benzyldimethylamine (BDMA), 

(d) anhydride cured bisphenol-A epoxy re s in , (e) cured bisphenol-A  

p o ly es te r re s in .

-3 6 -



1 .6 . CHOICE OF THE COMPOSITE SYSTEM

As discussed in  Section 1 .2 , much of the  previous work on the  s tre s s  

corrosion cracking of GFP, has been c a rried  out on g lass p o ly es te r lam inates, 

and in  p a r t ic u la r  on filam ent wound p ipes. Those stud ies in  which p ipe 

sections have no t been used, have o ften  involved composites containing 

g lass f ib re s  in  the foim of chopped strand m att. W hilst filam ent winding 

produces good t e s t  specimens, the non-linear s t r a in  f ie ld s  assoc ia ted  w ith  

these s tru c tu re s , makes the  comparison and in te rp re ta tio n  o f r e s u l ts  ra th e r  

d i f f i c u l t .  The use o f chopped strand  m att as a reinforcem ent was considered 

undesirable since by the very  nature  of the m a te ria l, uncon tro llab le  

o rie n ta tio n  e ffe c ts  would be introduced. Therefore, i t  was decided to  use 

0° u n id ire c tio n a l and 0°/90°/0° crossp ly  lam inates. The former could be 

used to  model a th e o re tic a l lamina, and the l a t t e r  to  assess the  e f fe c ts  

of thermal s t r a in s ,  and transverse  cracking.

The m atrix  re s in  was chosen because:-

(a) The transverse  cracking behaviour of epoxy-glass crossp ly  

lam inates was w ell understood (69).

(b) Fibre m atrix debonding of the 90° p ly  had been observed a t  

applied s tra in s  of le s s  than th a t  fo r  transverse  cracking.

Thus the e ffe c t o f debonding on the  mechanism of s tre s s  

corrosion could be stud ied .

(c) The anhydride cured bisphenol "A" epoxy re s in  has a c ro sslinked  

s tru c tu re  sim ila r to  chemical r e s is ta n t  bisphenol "A" p o ly es te r 

r e s in s . A comparison of these  molecular s tru c tu re s  i s  shown in  

Figure 1 .5 , together w ith those of the  epoxy system c o n s titu e n ts .
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CHAPTER 2 EXPERIMENTAL PROCEDURE



2 .1  MATERIALS

The g lass  f ib re  used in  th is  study, was Silenka 051P E -g lass roving of 

1200 tex . The roving is  made up of fou r, one thousand filam ent s tran d s , each 

filam ent being approximately 12 ym in  diam eter. I t  i s  f in ish ed  w ith  a 

polyester/epoxy compatible s iz e .

The re s in  form ulation was Epikote 828 (d ig lycidyl e th e r o f d iphenylol- 

propane, of epoxide equivalent 182 - 194) cured w ith e i th e r  80 phr or 90 phr 

Epikure NMA (M ethylendomethylenetetrahydrophthalic anhydride) and cata lysed  

w ith 1.5 phr BDMA (Benzyldimethylamine). A ll were obtained from Shell 

Chemicals Ltd. The chemical s tru c tu re s  a re  shown in  Figure 1 .6 .
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2 .2  LAMINATE FABRICATION

2 .2 .1  Frame Winding

The lam inates were fab rica ted  on 400 mm square s te e l  fram es, which 

were made from 25.4 x 5.5 mm s tr ip s  o f s te e l  p la te ,  spot welded together 

and smoothed w ith emery before use .

I n i t i a l l y  the  frames were hand wound, but d i f f ic u l t i e s  in  m aintaining 

an even g lass d is tr ib u t io n , lead to  the m odification  and use of a p re -e x is tin g  

winding machine. Using the  improved re s in  impregnation technique described  

in  section  2 .2 .2 , i t  was no longer necessary to  stack  ind iv idua l r e s in -  

impregnated, u n id ire c tio n a l laminae toge ther, to  fa b r ic a te  a 0°/90°/0° 

crossp ly  lam inate, as described in  reference  69. They could be obtained in  

one stage by the technique i l lu s t r a te d  in  Figure 2 .1 . Thus co n sis ten t 

lam inates w ith a uniform d is tr ib u tio n  o f g lass  f ib re s  could be fa b ric a te d .

The p ly  th icknesses of the  0°/90°/0° crossp ly  lam inates could be v a ried  

by changing the number o f layers of g lass f ib re s .  For lam inates of 

approximately 2.2 mm th ickness, e igh t layers o f g lass  rovings were used.

2 .2 .2  Vacuum Impregnation

I t  was necessary to  construct the vacuum chamber i l lu s t r a te d  in  Figure 2 .2 , 

to  accomodate the size  of the  s te e l  frames. For c la r i ty ,  the impregnation 

technique has been item ised below, and shown diagram m atically in  Figure 2 .3 .
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Figure 2.1 0°/90o/0° crossply laminate being wound on the frame winding 

machine.

Figure 2.2 Vacuum impregnation chamber.
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The re s in  was degassed under vacuum.

The re s in  was frozen by pouring i t  onto a "Melinex" 

covered precooled (-18°C) metal p la te .

A preheated metal p la te  (+100°C) covered w ith  "Melinex” 

was placed in to  the vacuum chamber.

Mien the  re s in  i s  frozen, the  follow ing were stacked on 

top o f  the  preheated p la te ,  as shown in  Figure 2 .3 .

(a) Wound frame.

(b) Inverted  "Melinex" w ith  the  adhered frozen re s in .

(c) Glass p la te ,  

fd) 2.5 kg weight.

The chamber was closed  and evacuated.

For good lam inates i t  was e s se n tia l  th a t  the  re s in  remained frozen 

during evacuation, so th a t  stages 4 and 5 were c a rr ied  out as quickly  as 

p o ss ib le . The impregnation could be observed through the  perspex window 

and was usua lly  complete a f te r  about 30 m inutes. I t  was found th a t  cured 

re s in  adhered to  the  "Melinex", so th a t  i t  was replaced w ith  a s il ic o n e  

tre a te d  "Melinex" before curing  the  lam inate.

2 .2 .3  Curing and coupon p reparation

I n i t i a l  curing o f the lam inates was fo r  3 hours a t  100°C. This was

c a rr ie d  out in  an a i r  c irc u la tin g  oven, w ith the laminate sandwiched between
/ 2

glass p la te s  under a load o f 300 kg/m . The loading weights were p reheated

because th e i r  large thermal i n e r t i a ,compared to  the  lam inate, could produce 

areas o f delayed cure.

Stage 1 

Stage 2

Stage 3

Stage 4

Stage 5



TO VACUUM PUMP-

WEIGHT - 
MELINEX

F R O Z E N  RESIN
G LAS S WOUND 
FRAME

r ^ i m u n j m i r i i n i H i i i i i i i i i i r m r — \

METAL PLATE

Figure 2.3 Schematic rep resen ta tio n  of the  vacuum impregnation technique.
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The lam inate was allowed to  cool ou tside  o f the oven, the  re lease  

film  removed, and the  lam inate cut from the  frame and in to  coupons using 

a w ater cooled diamond wheel. The coupons were postcured fo r  3 hours 

a t  150°C, except fo r  coupons from lam inates made w ith 90 phr NMA which 

were postcured fo r  24 hours a t  200°C. A ll the  coupons were removed from 

the oven w h ils t ho t and allowed to  cool.

Finally* the ends o f the  coupons were abraded and chromic acid-etched  

aluminium-end-tags were a ttached  using "A rald ite" co ld  s e t t in g  adhesive.

The coupons were then s to red  under conditions o f constant tem perature and 

humidity (20°C, 501 H I.).
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2 .3  LAMINATE CHARACTERIZATION

2.3 .1  T ensile Measurements

Coupons th a t  were intended fo r  te n s ile  ch a rac te riza tio n  had a 

p o ly es te r film  re s is tan c e  s t r a in  gauge, PL 10, obtained from Tokyo Sokki 

Kenyuso Co. Ltd. bonded to  them using ’’A ra ld ite” co ld  s e t t in g  adhesive.

They were te s te d  on an Instron  Universal te s t in g  machine, Model 1195, a t  

a constant displacement o f 1 mm min 1. Complete s t r e s s / s t r a in  curves were 

recorded fo r  each lam inate.

The transverse  cracking behaviour o f  the crossp ly  lam inates was 

recorded photographically  a t  0.11 increments o f s t r a in .

2 .3 .2  Volume Fraction Measurements

I n i t i a l l y  these were obtained using the "bum -off” method, b u t since 

the volume fra c tio n  o f voids was found to  be extremely low, the  volume 

frac tio n  o f g lass was deduced from the lam inate th ickness.

(a) Bum-Off Method

Preweighed laminate samples (±0.0001g) w ith accu ra te ly  known dimensions 

(±0.01 mm) were placed in  weighed crucib les w ith l id s ,  and ig n ite d  in  an 

e le c tr ic  m uffle furnace a t  600°C. From the weight o f the remaining g lass  the
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volume f r a c t io n  was de term ined  from  th e  fo llo w in g  e q u a tio n

(2 .1)

Where:-

V^ = Glass f ib re  volume fra c tio n  

V = Volume o f re s id u a l g lass (W /  p )
O . 0 . 0

V_. = Volume o f re s in  (Wc -  W ) /p r  v s gJ'

W and W are the  sample and g lass weights re sp ec tiv e ly , s g
Pm and p are the respec tive  d e n s itie s  o f the re s in  and g lass  

and were taken to  be 1.12jg cnT^nd 2.55 g cm 3 (66,69) .

The volume f ra c tio n  o f voids was determined by comparing th e  

measured volume of the  sample w ith i t s  th e o re tic a l volume, obtained from

(b) Volume Fraction  from the th ickness o f the  lam inate

An advantage o f using a winding machine i s  th a t each lamina contains 

the same number o f  p a ra l le l  rovings and th ere fo re  the  same volume o f 

g lass . Providing the volume fra c tio n  o f voids is  sm all, the volume o f  re s in  

and hence the volume frac tio n  o f g lass in  the laminate w ill  be dependent 

upon i t s  thickness and can be obtained from equation 2 .2 .

the values of V and W .
g s

(2 .2)
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Where Kt  is  the th e o re tic a l th ickness o f a g lass p la te  o f equal area  and 

volume as a sin g le  wound la y e r  o f g lass (a constant fo r  the winding 

machine used), Lt  i s  the lam inate th ickness in  m illim e tres , and N i s  the  

number o f  layers o f g lass in  the  lam inate.

The value o f  was determined by weighing a length  o f g lass 

equivalent to  th a t  contained in  a s in g le  lay e r  o f  u n it a rea . Figure 2.4 

shows the re la tio n sh ip  between V£ and lam inate thickness fo r  lam inates 

containing e igh t layers o f g lass  f ib re .

70

6 4 t

56

52

20 22 23 25 26 27 28 30

L a m i n a t e  t h i c k n e s s  mm.

Figure 2.4 V aria tion  in  volume fra c tio n  o f g lass w ith the  lam inate th ickness, 

fo r  lam inates containing e igh t layers of g lass f ib r e .
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2 .4  STRESS CORROSION EXPERIMENTS ON LAMINATES

2.4 .1  In troduction

The experiments were c a rr ie d  out under conditions o f  constant load 

on Emec Creep machines, Figure 2 .5 , using coupons o f  dimensions 

approximately 240 mm x 20 mm. The g rip s , Figure 2.6 were designed to  

minimize any misalignment, by allow ing the head to  f re e ly  p ivo t in  

2 dimensions about the sh a f t . Three types o f  environmental c e l ls  were 

used to  con tain  the  aqueous environment ( 0 .5  M sulphuric  ac id  un less 

otherwise in d ic a te d ) . The load was app lied  to  the  coupons a f t e r  the 

c e l ls  were f i l l e d  w ith ac id . The closed c e l l  was f i l l e d  by using  a syringe 

to  in je c t  the  ac id  in to  the  side  arm which housed the  condenser. Physical 

changes and f in a l  f a i lu re  were recorded by time lapse photography using 

Chinon CE4 sing le  lens re f le x  cameras, f i t t e d  w ith  power w inders, e le c tro n ic  

f la sh , and Pentax 50 mm macro le n se s . The cameras were c o n tro lle d  using 

e lec tro n ic  tim ers th a t  allowed a delay o f  between 10 seconds and 10 hours 

between photographs. The time o f each exposure was confirmed by LCD 

(Liquid c ry s ta l  display) d ig i ta l  watches a ttached  to  the  g rip s and 

photographed w ith the  coupon.

2.4 .2  Open and closed environmental c e l ls

Both types of c e l l  were constructed  from "pyrex" b o ro s il ic a te  g la ss . 

The open-cell, shown in  Figure 2.7 consisted  simply o f a g lass tube a ttached  

to  the coupon by means o f a s p l i t  rubber bung, one h a lf  o f  which was reba ted
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Figure 2.5 Emec Creep machine showing an open environnental c e l l ,  s tre s s  

corrosion cracking experiment.

Figure 2.6 Specimen grips fo r use on the Emec Creep machine.
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to  accomodate the coupon. An ac id  t ig h t  se a l was obtained by a smear 

o f s ilic o n e  grease, between the  coupon and the rubber bung. Temperature 

con tro l was no t p o ss ib le , but the  room in  which the experiments were 

c a rr ie d  out was f a i r ly  constant a t  23 ± 3°C.

The c lo se d -c e ll, i l lu s t r a te d  in  Figure 2 . 7 (A) , allowed both the

contro l o f  tem perature, by means o f  c irc u la tin g  therm ostated w ater from 

a Churchill Chiller-therm o c irc u la to r ,  and the  atmosphere by purging w ith  

an appropriate  gas. There, was a lso  a  condenser to  minimize lo ss  by

evaporation. The c e l l  was a ffix ed  to  the  coupon in  a s im ila r  manner as

the cp en -ce ll, the g lass cap was sealed  using s ilic o n e  p u tty .

2 .4 .3  Clamp-on environmental c e l l

To elim inate the e ffe c ts  o f the unprotected cut-edges o f the  coupons,

a clam p-on-cell, shown in  Figure 2.8 was constructed . The c e l l  was made

from a polyethene v ia l  cap, whose open face had been made f l a t  using  f in e

emery paper. The clamp was a normal labo ra to ry  rubber tube clamp. A leak

proof sea l between the face o f  the coupon was obtained w ith s ilic o n e  g rea se .
3

A 1 cm syringe was used to  f i l l  the c e l l ,  when in  p lace , through p rev iously
3

p ierced  ho les , i t s  capacity  was 0.3 cm .

Larger g lass c e l ls  were a lso  used but n e c e ss ita te d  the use o f  40 mm 

wide coupons and the construction  o f  sp ec ia l g r ip s . They were a ff ix e d  

onto the face o f the coupon using e la s t ic  bands. Problems of achieving a leak  

proof sea l lead  to  the  development o f  the polyethene clam p-on-cell.



Figure 2.

Figure 2.

D
C ON DE N SE R

/*■

C O U P O N -

. W A T E R
J A C K E T

C O R R O D E N T .

R U B B E R  BUNG- I
7 Types o£ environmental c e l l  used fo r  s tre s s  corrosion cracking 

experiments under constant te n s ile  loads. (A) Closed, (B) open.

P o l y e t h e n e
c a p

Clamp

Coupon

s ide  view

8 Diagrammatic rep resen ta tio n  of the clam p-on-cell in  operation ,
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2.5 STRESS' CORROSION EXPERIMENTS ON GLASS FIBRES

2.5 .1  Mounting o f s in g le  f ib re s

Individual g lass f ib re s  were separated  from a Silenka 051P E -glass 

roving, and mounted on cardboard f ib re  te s t in g  windows using "Evostic" 

impact adhesive. Their diam eters were then in d iv id u a lly  determined using  

forward l ig h t  sc a tte r in g , the technique i s  described in  sec tio n  2 .5 .3 .

The f ib re  was removed from the  frame and a ffix e d  to  a g lass rod and a cu t 

rubber band in  the manner shown in  Figure 2 .9 . A 1 cm gauge leng th  was 

chosen fo r - te s t in g . The rubber band formed a loop to  support the  g lass 

loading w eights, a small g lass weight was a ttached  to  the rubber band to  

overcome i t s  p o s itiv e  bouyancy.

2 .5 .2  Single f ib re  te s tin g

I n i t i a l l y  the  f ib re s  were te s te d  in d iv id u a lly  in  a small g lass tank 

o f 0 .5  M aqueous ac id . Their fa i lu re  times were determined using  a 

p h o to e lec tric  sensor and c h a rt recorder. As shown diagram m atically in  

Figure 2.9 the g lass weight was positioned  to  stop the l ig h t  beam from 

reaching the  p h o to res is to r, fa i lu re  times could be measured to  the  n e a res t 

minute.

To allow e igh t f ib re s  to  be te s te d  sim ultaneously the apparatus in  

Figure 2.10 was constructed . The Commodore PET Microcomputer, monitored 

the fa i lu re  o f indiv idual f ib re s  v ia  e igh t magnetic reed sw itches and an 

input b u ffe r; the arrangement o f a sin g le  channel i s  shown diagram m atically
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GLASS ROD

GLASS FIBRE
1Cm.<

RUBBER BAND

GLASS WEIGHT

LIGHT

RECORDERGLASS TANK CONTAINIG 0-5M H2 SC^

Figure 2.9 I n i t i a l  experimental apparatus fo r the measurement o f the 

s tre s s  corrosion of E-glass single f ib re s .

Figure 2.10 Experimental apparatus fo r the measurement o f the s tre s s  

corrosion o f e igh t single E-glass fib res  sim ultaneously.
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in  Figure 2.12. The computer programme shown as a flow diagram in  Figure 2.11 

was w ritte n  in  Basic, to  give a continuous d isp lay  o f  both the  elapsed and 

fa i lu re  tim es, to  the n ea res t 0.1  min, fo r  each o f the e ig h t channels. 

Temperature was co n tro lled  to  23°C ± 2° by means o f a con tact theimometer 

and a C hurchill C hiller-therm o c irc u la to r , which pumped theim ostatted  w ater 

through a g lass s p ira l  a t  the bottom o f th e  tank.

2 .5 .3  Measurement o f f ib re  diameter by forward l ig h t  s c a tte r in g

When a beam o f  coherent l ig h t  i s  inc iden t upon an opaque f ib re ,  

d if f ra c tio n  produces a p a tte rn  o f a lte rn a te  l ig h t  and dark frin g es  in  a 

plane normal to  the ax is o f the f ib re .  I f  the  f ib re  i s  tran sp aren t then 

in te rfe ren ce  between the  re f le c te d  and re fra c te d  rays produces a s im ila r  

p a tte rn  as d if f ra c tio n . The f ib re  diam eter i s  inverse ly  p roportiona l to  

the fringe  p e rio d , and may be ca lcu la ted  using equation 2 .3 , (73).

. . . ( 2 .3 )
9V» 0 2 2 0 2 1 9 1 2 0 1 1

N = -~  {(sin  - J  + (y + 1 -  2y cos - j ) 2) - ( s in  _  +(y + i  -  2y cos - j ) 2) )

Where: -

N = Number o f  fringes w ith in  the included angle 02 “ 01 

y = R efractive index o f  g lass f ib re

A = Wavelength o f  la s e r  ra d ia tio n

i  b = FIBRE radius !
1
The in te rfe ren ce  fringes were recorded on the apparatus shown in  

Figure 2.13. A 1 mW helium neon la s e r  was used as the source o f coherent 

l ig h t .  The p h o to -tra n s is to r  was a ttached  to  the X ax is o f  a Bryant A3 c h a rt
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Figure 2.11 Flow chart o f the  PET Microcomputer programme, fo r  m onitoring 

and recording the  s tre s s  corrosion fa i lu re  o f  s in g le  E -g lass 

f ib r e s .
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Figure 2.12 Diagrammatic rep resen ta tio n  of a sing le  channel o f the  

experimental apparatus shown in  Figure 2.10.
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L a s e r
F i b r e

Figure 2.13 Experimental apparatus fo r  the recording of in te rfe ren ce  

fr in g e s , to allow c a lcu la tio n  of f ib re  diam eter.



recorder. The time base was used to  scan the  in te rfe ren ce  p a tte rn  a t  

10 mm s ^ . The output o f the  p h o to tra n s is to r  was am plified  and used to  

con tro l the  Y a x is , giving a  tra c e  o f the  in te n s ity  ag a in st the  s c a tte r in g  

angle. The diameters o f the f ib re s  were ca lcu la ted  using equation 2 .3 . 

Complications from d if f ra c tio n  a t  low angles were avoided by counting 

fringes from above a 6° angle o f  s c a t te r .
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2.6 ENVIRONMENTAL TRANSVERSE CRACKING BEHAVIOUR OF

CROSSPLY LAMINATES

Crossply coupons were te s te d  on an Instron  Universal te s t in g  machine
_l

model 1196 a t  a constant displacement ra te  o f  0 .5  mm min . For those 

te s te d  in  0 .5  M aqueous sulphuric  acid  and deionized w ater, the  environment 

was contained in  an open-cell a ttached  to  the  coupon as described in  

sec tion  2 .4 .2 . The tran sverse  cracking was recorded photographically  a t  

approximately every 0.031 increment o f  s t r a in .  The exact s t r e s s  a t  which 

each photograph was taken was recorded using the  event marker a ttach ed  to  

the In stro n .
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2.7 THE DETERMINATION OF RESIDUAL THERMAL STRAINS IN

CROSSPLY LAMINATES

For the  measurement o f re s id u a l thermal s t r a in s ,  asymmetrical 

0°/90° lam inates were fab ric a ted  by stack ing  two u n id ire c tio n a l wound 

frames together before impregnation. Coupons o f  approximately 200 x 3-10 mm

dimensions were cu t from the lam inates before postcuring .

P a rv iz i (69), using th e  Timoshenko b im e ta llic  beam theory (74) derived 

equations 2.4 -  2 .7 , which r e la te  the therm al s t r a in  in  a 0°/90°/0° coupon

to  the  rad ius o f curvature o f an asymmetrical 0°/90° beam.



For <#b

2 2
^  E£b P ( 3 {1 + m} + {1 + mnHm + l/(m n)}) . . . ( 2 .6 )

£ — _ _ _ _ _ _  , —
E£b + Et d 3p {1 + m }

th  E^d P ( 3 {1 + m}2 + {1 + mnHrn2 + l/(m n)})
e = . ■ 2 . . . ( 2 .7 )

E„d + E^b 3p {1 + m }

Where:-

et ^ = Thermal s t r a in  in  the  transverse  p ly , lo n g itu d in a l 

d ire c tio n .
th = Thermal s t r a in  in  the long itud ina l p ly , tran sverse  

d ire c tio n .

P = Semi-thickness o f  coupon,

p = Radius o f curvature.

E^,Et  = Longitudinal and transverse  moduli o f a u n id ire c tio n a l 

lam inate. 

d = Inner p ly  sem i-th ickness.

b = Outer p ly  th ickness,

m = b

n =

The rad ius o f curvature o f a curved 0°/90° coupon was ca lcu la te d  from
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measurements o f the coupon leng th  L (± 0.5 mm) and the displacement 6 

(± 0.01 mm) in  Figure 2 .14 using equation 2 .8 . Timoshenko (74) derived 

equation 2 .9 , which re la te s  th is  curvature to  the expansion c o e ff ic ie n t ,

— = U cos (1 -  6/p) . . . ( 2 .8 )

Young’s modulus and th ickness o f the ind iv idual p l ie s .  The theory  assumes 

there  i s  e la s t ic  bonding between the  p l ie s ,  and the Young’s modulus i s  

temperature in se n s itiv e . Also no allowance i s  made fo r  d iffe ren ces in  the 

Poisson r a t io  o f the p l ie s ,  o r any shear in te rac tio n s  th a t  may a r is e .

2
, 6(a2 -  a x)(T  -  T0) (1 + m)
_  = ________________________________    . . . ( 2 .9 )
p h (3 (1 + m) + (1 + mn) (m2+ 1/mn)}

Where: -
*1

m = —  a-i>a2 Thicknesses of the  ind iv idual p l ie s .

El Ex,E2 Young’s moduli o f the  ind iv idual p l ie s .
n ~ e 2

Tq = Temperature a t  which b im e ta llic  beam i s  f l a t .

T = C alculation tem perature.

a 1?a2 = Expansion c o e ff ic ie n ts  o f the ind iv idual p l ie s ,

h = The th ickness o f the beam.
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z

*x

Figure 2.14 I l lu s t r a t io n  o f the lam inate models, (a) 0°/90°/0° c rossp ly  

fb) 0°/90° asymmetrical.
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2 .8  MICROSTRUCTURAL EXAMINATIONS

The m icroscopical examination o f fra c tu re  surfaces were performed 

on both o p tic a l and e lec tro n  (SEM) microscopes.

The use o f  o p tic a l microscopy was severely  handicapped by i t s  

lim ited  depth o f  f i e ld  and i t s  use was mainly confined to  the examination 

o f the edges o r faces o f coupons.

Specimens to  be examined by SEM were a ffix ed  to  aluminium stubs and 

coated w ith gold to  provide a conducting su rface .

The a n a ly tic a l examination o f s tre s s  corroded frac tu re  surfaces and 

sing le  g lass f ib re s  were performed on carbon coated specimens using a 

JEOL JXA 50A microprobe.

The X-ray analysis o f c ry s ta l l in e  deposites found on the  su rfaces 

o f coupons was performed using a JEOL 200X STEM.
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CHAPTER 3 RESULTS



3 .1  LAMINATE CHARACTERIZATION

The 0°/90°/0o crossp ly  and 0° u n id ire c tio n a l lam inates were 

charac te rized ,as  described prev iously . The tran sverse  cracking behaviour 

o f a 0°/90°/0° crossp ly  coupon i s  shown in  Figure 3 .1 . Before the  appearance 

of the  f i r s t  transverse  crack , the  coupon becomes increas ing ly  opaque, th i s  

i s  termed s tre s s  whitening and has been shown to  be associated  w ith  the  

debonding of the g lass  f ib re s  (69). I n i t i a l l y ,  th e  tran sverse  cracks appear 

randomly along the  length  of the coupon, but as th e i r  number in c reases , the  

crack spacing i s  seen to  become more reg u la r. The dark bands e ith e r  side  of a 

transverse  crack are  due to  the p a r t ia l  rebonding of the  g lass f ib re s  w ith  

the  m atrix , and the  consequential increase  in  transparency of the  coupon w ith  

the disappearance of the  s tre s s  whitening. These bands are  approxim ately 

1-2 mm wide and show how rap id ly  the s tre s s  i s  b u i l t  up again in  the  tran sv erse  

p ly .

At s tra in s  of approximately 0 .71 , s tre s s  whitening o f the  lo n g itu d in a l 

p l ie s  is  observed, which i s  followed by long itud inal s p l i t t in g .  This i s  

a ttr ib u te d  to  a transverse  s t r a in  caused by a d iffe rence  in  the  poissons 

r a t io s  fo r  the  long itud inal and transverse  p l ie s  (75).

The m ultip le  cracking of the tran sverse  p ly  in  a crossp ly  lam inate 

r e s u l ts  in  a non-linear s t r e s s / s t r a in  curve, as shown in  Figure 3 .2 . The 

f i r s t  change in  slope i s  associated  w ith the  s tre s s  whitening phenomenon, and 

the second w ith the  onset o f transverse  cracking. In comparison, th e  

0° u n id irec tio n a l coupons have lin e a r  s t r e s s / s t r a in  curves.
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Figure 3.1 The transverse cracking behaviour of a 0°/90o/0° crossply  coupon 

over the s tra in  range 0 - 0.66%. The s tra in  in  the coupon in 

each photograph is  obtained by doubling the value marked on the 

coupon and dividing by ten .
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Figure 3 .2 . Typical s t r e s s - s tr a in  curves o£ (A) u n id ire c tio n a l and 

(B) 0°/90°/0° crossp ly  lam inates.
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The re s u l ts  o f the  lam inate ch arac te riza tio n  are  shorn, in  Table 3 .1 . 

W hilst the moduli of the  lam inates are  s im ila r to  those prev iously  repo rted , 

the values o f the  f i r s t  cracking s t r a in  are  considerably lower (69). 

This was found to be due to  the g rea te r theim al s t r a in  in  these 

lam inates, and i s  d iscussed in  sec tion  4 .2 .
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Laminate 

Type Geometry

Cure 
Time Temp

Hrs °C

Volume 
F raction  *

±2%

Young* s 
Modulus

GN m“2

1 st tran sverse  
cracking s t r a in

±0.031

A d-b 0°/90°/0° 3 150 57 26.2 0.34

B d=b 0°/90o/0 ° 3 150 56 26.8 0.33

M d=b 0°/90°/0° 3 150 57 26.3 0.32

N d=b 0°/90°/0° 3 150 • 56 25.9 0.32

P d=b 0°/90°/0° 3 150 58 26.4 0.28

R d=b 0°/90o/0° 3 150 56 27.1 0.28

Y d=b 0°/90o/0° 3 150 56 26.3 0.26

X d=b 0°/90°/0° 3 150 55 26.9 0.28

AZ d=b 0°/90°/0° 3 150 53 26.7 0.28

AC d=b 0°/90°/0° 24 200 55 26.6 0.10

U d=2b 0°/90°/0° 3 150 58 21.0 0.26

F - 0° 3 150 59 39.7 -

T - 0° 3 150 60 43.9 -

S d=b 0°/90° 3 150 57 - -

Table 3.1 Results o f lam inate ch a rac te riza tio n .

* Volume fra c tio n  of g la ss .
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3.2 STRESS CORROSION EXPERIMENTS

3 .2 .1  0°/90Q/0 Q Crossply lam inates in  Closed-Cells

The f a i lu re  of a crossply  coupon in  a c lo sed -c e ll i s  i l lu s t r a te d  in  

Figure 3 .3 . The fra c tu re  o f the coupon has occurred w ith in  the aqueous acid  

and th is  type of f a i lu re  has been termed a Mode I f a i lu re .  I n i t i a l  loading 

o f the  coupon produced several transverse  cracks because the applied  s t r a in  

of 0.491 was g rea te r than the f a i lu re  s t r a in  o f the  tran sverse  p ly , w ith  time 

the number o f cracks w ith in  the  acid  increased whereas out of the  ac id  the  

number remained constan t. A fter a sp e c if ic  period , dependent upon the  

tem perature and the  i n i t i a l  applied s t r a in  the  long itud ina l p l ie s  f a i le d  by 

a p lanar f ra c tu re  adjacent to  one of the  i n i t i a l  tran sverse  c racks, produced 

on loading. This has been arrowed in  Figure 3 .3 . The fa i lu re  tim es are  

shown in  Table 3 .2 .

When the  i n i t i a l  applied  s t r a in  i s  le s s  than the tran sverse  p ly  f a i lu r e  

s t r a in , te n s i le  transverse  cracks do not form upon loading, but a f te r  an 

induction period , dependent upon how close the applied s t r a in  i s  to  the  

transverse  p ly  fa i lu re  s t r a in ,  cracks grow in  the tran sv erse  p ly  from the  

cut-edges of the coupon towards the  cen tre . This i s  i l lu s t r a te d  in  Figure 3.5 

fo r a Mode I I  f a i lu re  in  an open-cell (See section  3 .2 .2 ) , but the behaviour 

is  id e n tic a l fo r c lo sed -c e lls . These cracks penetra te  the  th ickness o f the  

transverse  p ly  and would span the e n tire  width of the coupon were i t  no t fo r  

the mutual in te rfe ren ce  of cracks growing from both edges.
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Figure 3. 3 Mode I fa ilu re  of a 0°/90o/0° crossply coupon in 0.5 M B^SO  ̂ a t 

23°C and a t  an i n i t i a l  applied s tra in  o f 0.49%. The transverse  

crack adjacent to  which fa ilu re  occurred has been arrowed.

43m40s
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Coupon Temp

°C

Applied
S tress

_2
MN m

I n i t i a l
S tra in

a0

0° Ply 
S tra in

ft0

F ail
Time
min

F ailu re
Mode

M 2 40 115 0.51 0.55 13 I

M 3 40 92 0.38 0.44 38 I

M 7 40 70 0.26 0.33 44 I

M 5 40 46 0.16 0.22 780 I

M 10 40 23 0.09 0.11 42,000

N 8 23 112 0.49 0.53 44 I

N 4 23 90 0.36 0.43 107 I

N 2 23 67 0.25 0.32 318 I

N 7 23 45 0.15 0.21 1,940 I

M 11 23 46 0.16 0.22 2,080 I

M 6 23 23 0.09 0.11 33,825 I

P 1 5 110 0.48 0.52 307 I

P 4 5 89 0.36 0.42 600 I

P 2 5 66 0.26 0.31 1,698 I

P 3 5 44 0.15 0.21 4,900 I

P 8 5 23 0.08 0.11 69,000 I

Table 3.2 S tress corrosion fa i lu re  times o f 0°/90°/0o crossp ly  coupons in  

closed c e l ls .

Note. The 0° p ly  s tra in  was ca lcu la ted  from equation 4.17.
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The e ffe c t  o f temperature over the range 5°-40°C upon the fa i lu re  

time was in v estig a ted  and the r e s u lts  are  given in  Table 3.2 and in  

Figure 3 .4 . As would be expected the h igher the  tem perature the  sh o rte r  

the fa i lu re  time a t  s im ila r  s t r a in s .  However, below 0.2% s t r a in  the  e ffe c t  

o f  tem perature becomes le s s  d isc e rn ib le , so th a t a t  0.11 s t r a in  the  fa i lu re  

times are  s im ila r . This suggests th a t  a t  low applied  s tra in s  the  r a te  

determining step  i s  d if fe re n t . I t  w ill be shown in  chapter 4 th a t  the  

re s in  i s  only p ro tec tiv e  a t  these  s tra in s  and th ere fo re  the  tem perature 

dependence o f d iffu sio n  i s  d if fe re n t from th a t  o f s t re s s  corrosion  o f  the  

glass f ib re s . Furthermore since the  d iffu sio n  is  possib ly  s t r a in  dependent, 

the reduction in  the  thermal s t r a in  a t  h igher tem peratures may reduce the ra te  

o f d iffu sio n  in  opposition to  the increase  in  the ra te  o f s tr e s s  co rrosion  

o f the g la ss .

Mode I fa i lu re  only was observed a t  a l l  i n i t i a l  app lied  s tr a in s  in  

the c lo se d -c e lls .

3.2.2 0o/ 90q/0° crossp ly  coupons in  open-cells

Unlike the c lo sed -c e ll experiments described above two d if fe re n t types 

o f fa ilu re  were observed in  the open -cells . At i n i t i a l  s t ra in s  g rea te r than 

0.15%, fa ilu re  occurred by the Mode I mechanism, whereas a t  lower s t r a in s ,  

fa ilu re  occurs in  the unimmersed p a r t  o f the lam inate, as i l lu s t r a te d  in  

Figure 3 .5 . This has been c a lle d  Mode I I  f a i lu re .  Unlike the  Mode I 

f a i lu re ,  frac tu re  o f the coupon does not occur adjacent to  an i n i t i a l  

transverse  p ly  crack, but by the growth o f a crack propagating through both
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Oh 24 h 4ft h 72 h

96 h 120 h 144h 160h

Figure 3.5 Mode II  fa ilu re  of a 0°/90°/0° crossply coupon in 0.5 M H2S04 a t 

23°C and a t  an i n i t i a l  applied s tra in  o f 0.11.
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transverse  and long itud inal p l ie s  concurrently . The I n i t ia t io n  o f th is  

crack occurs w ell a f te r  the nucleation  and growth of the edge-cracks 

w ithin  the acid CSee Figure 3 .5 ) . The amount o f damage w ith in  the 

unimmersed p o rtio n  of the lam inate v a rie s  from a sing le  crack as shown in 

Figure 3.5 to  considerable transverse  cracking and long itud ina l s p l i t t in g ,  . 

and i s  re la te d  to  the applied s t r a in  on the  coupon. The lower the  s t r a in ,  

the more damage which appears before f in a l  f a i lu re .  This damage i s  s im ila r to  

th a t  which occurs in  crossp ly  coupons under zero applied s t r a in .  Table 3.3 

shows the  t im e s- to -fa ilu re  of crossp ly  coupons in  the  o p en -ce lls .

Figure 3.6 shows a comparison of the  f a i lu re  times of the  coupons in  the  

open and c lo se d -c e lls . Mode I I  f a i lu re  occurs in  a sh o rte r time than the  

Mode I fra c tu re  a t  s im ila r s t r a in s .  Mode I f a i lu re s  occur in  both c e l ls  

in  s im ila r tim es.

The e ffe c t of the sulphuric acid  concentra tion  on the  f a i lu r e  time 

was investiga ted  over the  range 0.05 - 4 .0  M a t  i n i t i a l  applied  s tr a in s  

of = 0.11. The re s u l ts  a re  shown in  Table 3.4 and reveal th a t  the  f a i lu r e  

time decreases w ith increasing  acid  concentra tion . However th i s  e f fe c t  appears 

to  be . minimal over the  concentration  range 0.50 - 2.00 M. Furthermore a 

change in  the mode of f a i lu re  occurs so th a t a t  concentrations g re a te r  than 

2.0 M Mode II  fa i lu re s  were not observed.
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Coupon Applied
S tress

_2
MN m

I n i t i a l
S tra in

a©

0° Ply 
S tra in

aft

F a il
Time
min

Failu re
Made

R 10 119 0.50 0.57 49 I

Y 2 120 0.50 0.57 83 I

Y 3 97 0.40 0.46 94 I

X 5 119 0.50 0.56 50 I

R 11 94 0.38 0.44 139 I

R 1 72 0.27 0.34 288 I

P 7 46 0.16 0.22 790 I

N 3 45 0.16 0.21 2,000 I

R 7 24 0.10 0.12 3,420 II

Y 5 24 0.10 0.12 3,600 I I

A 6 22 0.09 0.11 9,600 II

A 4 22 0.09 0.11 9,360 II

Y 8 24 0.09 0.11 4,300 I I

M 9 23 0.09 0.11 7,920 II

B 11 11 0.05 0.06 21,600 I I

Table 3.3 S tress corrosion fa ilu re  times o f 0°/90°/0° crossp ly  coupons 

in  open-cells, a t  23°C.

Note. The 0° p ly  s t r a in  was ca lcu la ted  from equation 4.17.
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Coupon Applied
S tress 

J2 
MN m

I n i t i a l
S tra in

a0

0° Ply 
S tra in

a0

F a il
Time
min

Acid
M olarity

F ailu re
Mode

Y 10 24 0.09 0.11 No F a il 0 —

Y 9 23 0.09 0.11 13,440 0.05 I I

R 9 25 0.10 0.12 7,200 0.25 I I

R 2 25 0.10 0.12 5,340 1.00 I I

R 4 24 0.09 0.11 6,600 2.00 I

A 25 24 0.09 0.11 1,380 4.00 I

Table 3.4 The e f fe c t  o f  su lphuric  ac id  concentration on the s tr e s s  corrosion  

fa i lu re  time o f 0°/90°/0° crossp ly  coupons a t  23°C in  the open

c e l l  .

Note. The 0° p ly  s t r a in  was ca lcu la ted  from equation 4.17.
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3 .2 .3  N o n -e x te m a lly  s t r e s s e d  0o/9 0 ° /0 Q c ro s s p ly  coupons

I t  had been observed th a t f a i le d  s tre s s  corroded coupons continued 

to  develop damage even when they were removed from the environment, and 

had no ex ternal applied s t r e s s .  In add ition , th is  damage was more in tense 

w ithin the h a lf  o f the coupon th a t  had not been immersed in  the ac id . The 

nature of th is  damage was long itud inal s p l i t t in g  of the  0° p l ie s  together 

with transverse  cracking of the  90° p ly .

Experiments,where coupons were to ta l ly  immersed or p a r t i a l ly  immersed 

in  0 .5  M aqueous sulphuric acid,produced completely d if fe re n t  r e s u l ts .

T o ta lly  immersed coupons developed no long itud inal or tran sverse  cracks, 

but showed a general acid  a tta c k  of the exposed surface g la s s , giving a 

w h itish  appearance to  the surface of the coupon. A slow a tta c k  a t  the  edge of 

the 90° p ly  s im ila r to  the  type of edge cracking reported  fo r  p o ly este r 

lam inates a lso  occurred (30). Figure 3 .7 , shows a coupon th a t  has been to ta l ly  

immersed in  acid  fo r  20 months. However coupons th a t  were only p a r t i a l ly  

immersed, developed damage in  the  unimmersed h a lf  w ith in  th ree  days, as 

shown in  Figure 3.8 w ith no v is ib le  damage in  the  immersed h a lf .  The damage 

co n sis ts  of long itud inal and tran sverse  cracks and i s  s im ila r in  appearance 

to  th a t  found in  the unimmersed h a lf  of coupons te s te d  a t  i n i t i a l  applied 

s tra in s  of le s s  than 0.11 in  the  open-cell, or th a t which develops in  the  

unimmersed h a lf  of a prev iously  s tre s s  corroded coupon. This type of damage 

has been termed Mode I I I  f a i lu re .  Coupons l e f t  exposed to  acid  vapour alone 

did no t develop v is ib le  damage.
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Figure 3.7 0°/90°/0° crossply coupon th a t has been immersed in  0.5 M H2S0^ 

a t 23°C fo r 20 months.

Figure 3.8 The development o f Mode I I I  damage in the uninmersed h a lf  o f a 

non-ex tem ally  s tre ssed  0°/90°/0° crossply coupon.
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Since inso lub le  g lass degradation products were thought to  be responsib le  

fo r the  form ation of Mode I I I  damage (section  4.5) the  e ffe c t  o f d if fe re n t  

acids whose corrosion products are  o f d iffe r in g  s o lu b il i ty ,  were stud ied .

No damage was observed w ith 0 .5  M n i t r i c  acid  and only one s p l i t  in  the 

long itud inal p ly  w ith 0.5 M hydrochloric ac id , whereas Mode I I I  damage was 

produced in  both the  immersed and unimmersed halves of the  coupon,with 0 .5  M 

phosphoric acid .

These re s u l ts  show a connection between the appearance o f Mode I I I  

damage and the  s o lu b il i ty  o f the  major g lass corrosion products which w ill  

be discussed fu l ly  in  sec tion  4 .5 .

3.2 .4  0o/90q/ 0° crossp ly  coupons w ith attached clam p-on-cells

The e ffe c t o f the unprotected cut-edges of the coupons on the  s tre s s  

corrosion behaviour was determined by a ttach ing  a clam p-on-cell (see sec tio n  

2 .4 .3 ) , to  one face of the coupon. Both the Mode I and Mode I I  type fa i lu re s  

found in  open-cell experiments, were observed. The tim e s - to -fa ilu re  are  

given in  Table 3.5 and in  Figure 3.9 and are compared w ith the  r e s u l ts  from 

crossply  coupons in  open -cells . The g rea te r s c a t te r  in  these  r e s u l ts  i s  

considered to  be due to  the small area o f contact w ith the environment, so 

th a t lo ca lized  laminate i r r e g u la r i t ie s  w ill g re a tly  influence the  f a i lu re  

time. In the open-cell experiments the  la rg e r area of con tac t minimises the
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Coupon Applied
S tress

_2
MSI m

I n i t i a l
S tra in

a0

0° Ply 
S tra in

a0

F a il
Time
min

AZ 3 110 0.47 0.53 392

AZ 4 100 0.41 0.48 210

AZ 8 93 0.38 0.44 240

AZ 12 77 0.30 0.37 2,200

AZ 14 67 0.26 0.32 431

AZ 22 54 0.19 0.26 27,360

AZ 18 46 0.16 0.22 2,200

AZ 13 22 0.09 0.11 4,320

Table 3.5 S tress corrosion fa ilu re  times o f 0°/90o/0 °  crossp ly  coupons 

using the c lan p -o n -ce ll, a t  23°C.

Note. The 0° p ly  s t r a in  was ca lcu la ted  from equation 4.17.
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Figure 3.9 A comparison of the fa ilu re  times of 0°/90°/0° crossply coupons 

in  open c e lls  and the c lanp-on-cell.

0° p ly  
d irec tio n

Figure 3.10 In i t ia t io n  o f Mode I I I  damage in  a non-extem ally  s tre ssed  

0°/90°/0° crossply coupon with an attached c lanp -on-ce ll.
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e f f e c t  o f  such  d if f e r e n c e s .

Mode I I I  damage was a lso  observed in  experiments w ith the clam p-on-cell. 

Figure 3.10 shows the  in i t ia t io n  of th is  damage by cracking of the  

long itud inal p ly  p a ra l le l  to  the  g lass reinforcem ent.

3 .2 .5  0°/90q/ 0° crossp ly  coupons: NMA 90phr-200oC postcure

The chemical re s is tan c e  o f the m atrix  re s in  was improved by using  a near 

sto ich iom etric  quan tity  o f NMA. (90phr) and postcuring fo r  24 hours a t  200°C 

(76,77). The lower concentra tion  o f NMA. (80phr) together w ith  the  3 hour 

postcure a t  150°C was used so th a t  the  lam inates fab rica ted  were s im ila r to  

those previously  studied  (69). The fa i lu re  times fo r  the  200°C postcured 

0°/90°/0° crossp ly  coupons which have been te s te d  in  open c e l ls  a re  given 

in  Table 3 .6 . Both Mode I and I I  f a i lu re s  were observed. In Figure 3.11 

the r e s u l ts  fo r the  150°C and 200°C postcured lam inates are  compared. The 

s im ila r f a i lu re  times ind ica te  th a t  the  mechanism of s tr e s s  co rrosion  is  

independent of the chemical re s is tan ce  of th is  re s in . Also shown in  Figure 

3.11 are s tre s s  corrosion fa i lu re  times fo r  p o ly es te r-g la ss  lam inates. The 

comparatively rap id  f a i lu re  of these epoxy g lass lam inates compared to  the  

p o ly es te r-g la ss  lam inates i s  fu rth e r  evidence th a t the  mechanism o f s tr e s s  

corrosion does not involve the chemical a tta c k  of the  re s in . The chemical 

re s is tan c e  of the epoxy re s in  i s  expected to  be as good, i f  no t b e t te r  than 

the po lyeste r re s in  (78).
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Coupon Applied
S tress 

_2 
W m

I n i t i a l
S tra in

o0

0° Ply 
S tra in

a0

F a il
Time
min

Failu re
Mode

AC 9 128 0.53 0.61 40 I

AC 8 102 0.42 0.48 58 I

AC 3 79 0.29 0.38 133 I

AC 2 50 0.18 0.24 415 I

AC 10 25 0.10 0.12 11,000 II

Table 3.6 S tress corrosion fa ilu re  times o f  0°/90°/0° 200°C postcured 

crossply  coupons in  the open-cell a t  23°C.
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Figure 3.11 Comparison o f the  s tre s s  corrosion fa ilu re  times o f  the  200°C 

postcured 0°/90o/0 °  crossply  coupons w ith those given 

previously  in  Table 3 .3 . Also Included are fa i lu re  times 

o f p o ly es te r g lass crossply  coupons postcured a t  20°C and 

80°C, taken from reference 90.
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3 .2 .6  0 °  u n id i r e c t io n a l  la m in a te s  in  o p e n -c e lls

The f a i lu re  o f the  0° u n id ire c tio n a l coupons occurred in  a s im ila r 

manner to  th a t  o f the  0°/90o/0 °  crossp ly  lam inates,w ith the  mode of f a i lu re  

dependent upon the  i n i t i a l  applied s t r a in .

The Mode I f a i lu re  o f a coupon a t  an i n i t i a l  applied s t r a in  o f 0.351 

is  shown in  Figure 3.12. Numerous ind iv idual s tre s s  corrosion  c racks, which 

are e a s ily  v is ib le  in  the  photograph taken a f te r  2.5 hours, have grown in  

the immersed h a lf  o f the  coupon. F a ilu re  r e s u l ts  by the  coalescence of a 

number o f these cracks. The stepped topography of the fra c tu re  surface i s  

in  marked c o n tra s t to  the  p lanar crossp ly  f a i lu r e s .

At applied s tra in s  of le s s  than approximately 0.151, f a i lu re  occurs 

by the  Mode II  mechanism as shown in  Figure 3.13. Before the  in i t i a t io n  and 

growth o f the  f a i lu re  crack, c ry s ta l l in e  m ateria l was observed a t  the  edge 

of the coupon and i s  arrowed in  Figure 3.13. I t s  id e n tif ic a tio n  i s  sep ara te ly  

reported  in  section  4 .5 . Once the f a i lu re  crack had been in i t ia te d  i t  

proceeded to  rap id ly  trav e rse  the  coupon, and gave a very p lanar f ra c tu re  

surface sim ila r to  those from the crossp ly  coupons.

The in i t ia t io n  o f s tre s s  corrosion cracks, above the  aqueous ac id , has 

a lso  been observed a t  s tra in s  g rea te r  than 0.15%, giving r i s e  to  f ra c tu re  by 

both Mode I and Mode I I  mechanisms, as i l lu s t r a te d  in  Figure 3.14. Since 

the fa i lu re  re s u l ts  predominantly from the f ra c tu re  w ith in  the aqueous ac id  

these have been considered as Mode I f a i lu re s .



0"(T d'15'

Figure 3.12 Mode I fa ilu re  o f a 0° un id irec tiona l coupon in 0.5 M f^SO^ 

a t 23°C and a t  an i n i t i a l  applied s tra in  o f 0.35%.

tfV 18d0h Igf  ̂ I8d2h 18d3h

Figure 3.13 Mode II  fa ilu re  o f a 0° u n id irec tiona l coupon in  0.5 M I^SO^ 

a t 23°C and a t  an i n i t i a l  applied s tra in  o f 0.09%.
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The f a i lu re  times o f the coupons a re  given in  Table 3 .7 . In  Figure 3.15 

they are  compared w ith the r e s u l ts  from experiments w ith crossp ly  coupons in  

open c e l l s .  At equivalent i n i t i a l  applied s t r a in s ,  th e  0° coupons take longer 

to  f a i l .

Mode I I I  damage has no t been observed in  p a r t ia l ly  immersed coupons, 

although deposition  o f c ry s ta l l in e  m ateria l a t  the coupon edge occurs.
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Figure 3.14 Mode I /  Mode II  fa ilu re  o f a 0° u n id irec tiona l coupon a t  an 

applied s t r a in  of 0,21%.
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Figure 3.15 Comparison o f the s tre ss  corrosion fa ilu re  times o f 0°

un id irec tional and 0°/90°/0° crossply coupons in  open c e l ls .
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Coupon Applied
S tress

_2
m

0° Ply 
S tra in

'%

F a il
Time
min

F ailu re
Mode

F 2 262 0.62 90 I

T 7 220 0.52 120 I

T 12 220 0.52 145 I

T 8 184 0.43 195

F 3 174 0.41 213 I

T 9 148 0.35 325 I

T 10 147 0.35 309 I

F 1 145 0.34 257 I

T 11 113 0.27 746

F 4 87 0.21 1800 I

T 6 36 0.09 26,100 I I

F 5 29 0.07 349,920 I I

Table 3.7 S tress corrosion  fa ilu re  times o f 0° u n id ire c tio n a l coupons a t  

23°C in  the open-cell.
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3 .2 .7  E -g la s s  s in g le  f i b r e s  in  0 .5  M s u lp h u r ic  a c id

An in v es tig a tio n  o f the s tre s s  corrosion  of E -glass f ib re s  was undertaken 

to determine the e ffec tiveness o f the  m atrix  re s in  in  providing chemical 

p ro tec tio n . One of the  major d i f f ic u l t i e s ,  in  such a study, i s  the 

determ ination of th e  f ib re  diam eter, fo r  c a lcu la tin g  the  s t r a in  from the 

applied load . Measurements from the forward l ig h t  sc a tte r in g  method were 

compared to  those deteimined by SEM. The former were found to  give r e s u l ts  

which were approximately 0.5 urn la rg e r , giving an e rro r o f approxim ately 5V 

in  the value of the  applied s t r a in .  Figure 3.16 shows a comparison of the  

t im e s-to -fa ilu re  fo r sing le  g lass f ib re s  w ith  those of the  0° u n id ire c tio n a l 

coupons. The s c a tte r  in  the data  apparently  f a l l s  in to  two c la sse s : premature 

f a i lu re  po in ts  which are almost c e r ta in ly  caused by specimen damage during 

handling; s c a t te r  w ithin  the main stream o f th e  data  expected from th e  known 

high c o e ff ic ie n t o f v a ria tio n  in  the  s tren g th  of commercial E -g lass (79).

There is  good agreement between the f a i lu re  tim es o f sing le  f ib re s  and 0° 

u n id ire c tio n a l coupons, above 0.21 i n i t i a l  applied  s t r a in .  At lower s tr a in s  

the  m atrix  re s in  i s  shown to  provide some p ro tec tio n  to  the  g la ss .
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3 .2 .8  E -g la s s  tows in  0 .5  M su lp h u r ic  a c id

To v e rify  th a t  Mode I I  fa i lu re  was a lam inate property  and no t th a t  o f 

the g la s s . Tows of E-glass were te s te d  a t  nominal applied  s tr a in s  o f 0.1%, 

in  a s im ila r manner to  the  experiments in  open c e l ls .  F a ilu re  occurred 

w ith in  the  acid  by what would be considered to  be a Mode I mechanism. I t  i s  

noted th a t  c ry s ta l l in e  m ateria l i s  deposited in  the  unimmersed p a r t  o f the  

tow. C ry sta llin e  d ep o sits  were a lso  observed in  unloaded tows o f E -g lass 

p a r t ia l ly  immersed in  the  acid .
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Figure 3.16 A comparison o f the  s tre s s  corrosion f a i lu re  tim es fo r  

sing le  E-glass f ib re s  w ith those fo r  0° u n id ire c tio n a l 

coupons in  o pen -ce lls , a t  23°C.
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3 .3  THERMAL STRAIN MEASUREMENTS

0°/90° asymmetrical coupons were used to  determine the  thermal s t r a in  

w ithin  the  0°/90o/0 °  crossp ly  lam inates as described in  sec tio n  2 .7 . I t  

was found th a t the  rad ius of curvature o f a 0°/90° beam depended upon whether 

the  beam was constrained i . e .  kept f l a t ,  o r allowed to  bend during cooling. 

Keeping the  coupon f l a t  during cooling was expected to  model the  behaviour 

o f a balanced crossp ly  laminate more c lo se ly . The thermal s tr a in s  ca lcu la ted  

from the r a d i i  o f curvature of both constrained  and unconstrained 0°/90° 

coupons a f te r  cooling, a re  given in  Table 3 .8 . The value of 0.221 fo r  a 

crossply  lam inate w ith  d = b i s  over twice the  0.094% reported  p rev iously  (69.). 

The la rg e r therm al s t r a in  in  these  lam inates accounts fo r  the lower values 

of reported  in  sec tio n  3 .1 . One e ffe c t which could be responsib le  fo r  

the la rg e r  values of e was the ra te  a t which the lam inates were cooled.

A ll the lam inates used in  th is  study were removed from the  hot oven (+ 150°C) 

and allowed to  cool in  a i r .  Any increase in  thermal s t r a in  on f a s t  cooling 

■was evaluated by placing them d ire c tly  in to  a free ze r a t  -  18°C a f te r  

postcuring a t  150°C. More slowly cooled lam inates were l e f t  in  the oven 

overnight. The re su ltin g  d iffe rence  o f 0.02% was w ell w ith in  experim ental 

e rro r and demonstrated th a t  the higher values o f could not be a t t r ib u te d  

to the ra te  o f cooling.

In a fu r th e r  attem pt to  find  the  explanation fo r  the la rg e r  therm al 

s tr a in , the  tru e  soften ing  point of the  m atrix,w hich i s  defined as the 

temperature a t which the thermal s tra in s  are f i r s t  b u i l t  in to  the  lam inate, 

was determined. Thus the change in  curvature as a function  of tem perature
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was recorded in  a g lass fron ted  oven. The softening  tem perature was obtained 

by ex trapo la ting  the  p lo t o f AT(« - « ) against T, AT(« -  « ) i s  d ir e c tlyXf L X/ u
re la te d  to  the  rad ius o f curvature by equation 2 .9 , and the  in te rc e p t on the 

T-axis gives the tem perature a t  which the beam becomes f l a t .  Figure 3.17 

shows such a p lo t  fo r  a 150°C postcured 0°/90° unconstrained beam, and gives 

a softening  tem perature o f 140°C. Therefore, the  higher thermal s tr a in s  in  

these lam inates can be accounted fo r by a higher softening  po in t and hence 

a la rg e r cooling in te rv a l AT.

The re lax a tio n  of the  thermal s tra in s  in  crossp ly  lam inates immersed 

in  aqueous environments, due to  the  sw elling of th e  m atrix  re s in  was a lso  

investiga ted  in  a s im ila r manner. Thus the  change in  curvature o f an 

asymmetrical 0°/90° beam was monitored as a function  of tim e. The r e s u l ts  

a re  shown in  Figure 3.18 as a percentage re te n tio n  of s t r a in .  The l in e a r i ty  

of the  p lo ts  against the square roo t o f time im plies Fickian d iffu s io n . 

However a d e ta ile d  in v es tig a tio n  of the expected form of th is  graph was not 

c a rried  ou t. On the  o ther hand, the  re s u l ts  do show th a t  in  the  time periods 

of the s tre s s  corrosion  experiments, reduction  in  the  thermal s tra in s  p resen t 

in  crossply  coupons i s  minimal.
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Postcure

Temperature

°C

Postcure

Time

Hrs.

Thermal S tra in  

Constrained Unconstrained 

Beam Beam

150

200

3

24

0.221

0.371

0.281

0.481

Table 3.8 Thermal s tra in s  ca lcu la ted  from the  radius o f curvature o f 

asymmetrical 0°/90° beams.
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X1 0 'Tem pe ra tu re  *C .

Figure 3.17 Graph o f the function AT(^ -  c^) against T, fo r  a 150°C 

3 hour postcured 0°/90° asymmetrical coupon, g iv ing  a 

p red ic ted  soften ing  tem perature o f -  140°C.
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Figure 3.18 Percentage thermal s t r a in  re te n tio n  as a function  of tim e, as 

determined from the curvature o f asymmetrical 0°/90° beams 

immersed in  deionized water and 0.5 M aqueous su lphuric  ac id .
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1.4 ENVIRONMENTAL TRANSVERSE CRACKING AT CONSTANT DISPLACEMENT RATE.

The average spacing was ca lcu la ted  from the photographs of the  tran sv erse  

cracking behaviour of 0o/90o/0° crossp ly  coupons,in and out o f the  aqueous 

environments, as follow s. The number of transverse  cracks were counted along 

one edge of the coupon only, and the average crack spacing ca lcu la ted  using 

equation 3 .1 . I t  was necessary to  only count the cracks a t  one edge, because 

of th e ir  lower ra te  of growth in  acid  allowed s tre s s  r e l i e f  between adjacent 

cracks growing from the opposite edges, as shown by' the  s t a t i c  environmental 

edge cracks in  Figure 3 .5 . The to ta l  number of cracks would give an 

in co rre c tly  low average, according to  equation 3 .1 . In the  case of coupons 

te s te d  in  a i r ,  the nearly  instantaneous growth meant th a t the number of cracks 

a t  one edge equalled the  to ta l  number p resen t.

Where: -

t  = Average measured crack spacing, 

S = Specimen length , 

n = Number of cracks.

The e ffe c t of transverse  p ly  th ickness on the crack spacing i s  shown in  

Figure 3.19. The shape of the curves is  s im ila r to  th a t p rev iously  

reported (69,80).
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Since environmental edge-cracks do not form in  crossp ly  coupons under 

constant load a t  i n i t i a l  applied  s tra in s  o f le s s  than in  deionized w ater, 

the transverse  cracking behaviour under increasing  s t r a in  should a lso  be 

unaffected . This i s  confirmed by the  crack spacing data  given in  Figure 3.20.

However when the coupons are  te s te d  in  aqueous sulphuric  a c id , the  crack 

spacing in  both the immersed and unimmersed halves i s  reduced, in  comparison 

w ith th a t in  a i r ,  as shown in  Figure 3.21. I t  i s  u n lik e ly  th a t  the  reduction  

in  crack spacing fo r  the  unimmersed h a lf  i s  caused by the  a c id ic  vapour, 

because the unimmersed halves of coupons te s te d  in  both th e  c losed  and open- 

ce lls ,u n d er constant load a t  i n i t i a l  applied  s tra in s  o f le s s  than , showed 

no in c lin a tio n  fo r edge-cracking. The few th a t  were observed in  the  c losed

c e l l  can be explained by splashes o f acid  on f i l l i n g .  Thus th is  r e s u l t  

ind ica tes th a t  the  ac id  can be transported  through the lam inate during the  

experiment, before the  coupon f a i l s ,  as shown in  Figure 3 .23. Indiv idual 

s tre s s  corrosion cracks, more ty p ic a l o f the  0° u n id ire c tio n a l coupons under 

s ta t i c  load may be seen. However un like  the  l a t t e r ,  they  d id  no t coalesce 

by long itud inal s p l i t t in g  of the 0° p l ie s .  This i s  because o f the  lo ca liz ed  

add itional s tre s s  placed on these  p l ie s  ad jacent to  a tran sv erse  crack which 

ac ts  to  constra in  indiv idual s t re s s  corrosion  cracks to  growth in  one plane 

only.

The coupons immersed in  the  aqueous acid  without an ex te rn a lly  applied  

s t r a in ,  which were subsequently washed and d ried  (on a paper towel) p r io r  to  

te s tin g , had an interm ediate reduction  o f the crack spacing, as shown in  

Figure 3.22. The sign ificance  of th is  r e s u l t  is  discussed la t e r  in  sec tio n  

4 .4 .5 .
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Figure 3.20 The e ffe c t o f deionized water on th e  measured average crack

spacing ( t j .
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Figure 3.21 The e ffe c t o f 0 .5  M aqueous sulphuric  ac id  on the  measured

average crack spacing ( t  ) •
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Figure 3.22 The e ffe c t o f pre-im nersing in  0 .5  M aqueous su lphuric  ac id  

on the measured average crack spacing ( t  ) .
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Figure 3.23 The environmental transverse  cracking of a 0°/90o/0° crossply 

coupon in  0.5 M aqueous sulphuric acid  under dynamic loading.
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3 .5  MICROSTRUCTURAL EXAMINATION OF THE STRESS CORROSION FRACTURE

SURFACES

In th is  sec tion  examples of the  micro s tru c tu ra l morphological d e ta i ls  

of the f ra c tu re  surfaces are  given. The analysis  o f the c ry s ta l l in e  m ateria l 

found in  the  fra c tu re  surfaces and a t  the  edge of coupons, which fa i le d

by e ith e r  a Mode I I  or Mode I I I  mechanism, w ill  be discussed sep ara te ly  in  

section  4 .5 .

The o p tic a l micrographs of transverse  cracks and environmental edge-cracks 

are  shown in  Figure 3.24. They a re  c le a r ly  s im ila r, and probably a r is e  from 

the same mechanism. This i s  discussed fu r th e r  in  sec tion  4.4 where i t  i s  

shown th a t  these environmental edge-cracks are  the  d ire c t r e s u l t  of the  

reduction  in  the  tran sverse  cracking s t r a in  by the  s tre s s  corrosion  of the  

fib re /m a trix  in te rfa c e .

Figure 3.25 shows the  s tre s s  corrosion nucleation  region in  a Mode I I  

fra c tu re  surface. A sim ila r area from a Mode I f a i lu re  i s  shown in  Figure 3.26. 

The size  of these in i t ia t io n  regions v a rie s  considerably , but they are  

generally  sm aller, w ith la rg e r i n i t i a l  applied  s tr a in s .  Both Figures 3.25 

and 3.26 show th a t  the  frac tu red  g lass f ib re s  a re  devoid of the  usual r iv e r  

lin e  markings, (see fo r example Figure 3 .27). As shown in  the  higher 

m agnification micrograph in  Figure 3.26, the  frac tu red  f ib re s  were found to  ' 

be p a r t ia l ly  debonded. The importance o f f ib re  debonding to  the  s tr e s s  

corrosion fa i lu re  of these lam inates is  discussed in  sections 4 .4 .5  and 4 .5 . 

However, very l i t t l e  f ib re  p u ll out was observed in  these reg ions.
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Figure

m m # 9 *

3.24 Optical micrographs o f (a) transverse cracks, and (b) 

environmental edge cracks.
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Figure 3.25 S tress corrosion nucleation  region from a Mode I I  f a i lu re .
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Figure 3.26 S tress corroded nucleation  region from a MDde I f a i lu re ,  the 

lower micrograph shows p a r t ia l  debonding o f the f ib re s .
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Moving away from the  s tre s s  corrosion  nucleation  reg ions, the  frac tu red  

g lass  f ib re s  have ty p ica l f ra c tu re  markings, as shown in  Figures 3.27 and 3.28. 

Where fra c tu re  began there  i s  a smooth m irrored region, followed by a band 

of m ist and then ra d ia l  coarse, hackle. These d if fe re n t regions are  the r e s u l t  

of the  v e lo c ity  of the  crack, i t  i s  slowest in  th e  m irrored reg ion , and 

f a s te s t  in  the  area  of coarse hack le . The appearance of these f ra c tu re  

markings ind ica tes  th a t the ra te  of crack growth in  these f ib r e s ,  i s  g rea te r 

than th a t  in  the s tre s s  nucleation  a reas , where f ra c tu re  o f the  f ib re s  leaves 

them w ith a m irrored appearance. When fra c tu re  occurs very ra p id ly , forking 

or b ifu rca tio n  o f the f ra c tu re  crack occurs as i l lu s t r a te d  in  Figure 3.27, 

giving r i s e  to  the g lass segments shown in  the micrograph. This only occurs 

when the v e lo c ity  of the fra c tu re  crack approaches h a lf  the  (transverse) 

speed of sound in  the g la s s , and the angle of b ifu rca tio n  i s  re la te d  to  the  

r a t io  of the  p rin c ip a l s tre sse s  (ct /  o ^ ). For low angles of b ifu rc a tio n  

th is  r a t io  i s  -1 , ind ica ting  th a t  th e re  i s  a considerable compressive 

component p resen t. This value was obtained from a th in  walled g lass  tube 

te s te d  in  to rs io n  and not from g lass f ib re s  (81). In both Figure 3.27 and 3.28 

the g lass f ib re s  are  completely debonded, and th e re  is  more f ib re  p u ll-o u t 

evident than in  the  s tre s s  corrosion nucleation  reg ions.

Figure 3.29 shows a low power SEM micrograph of a Mode I s t r e s s  co rrosion  

fra c tu re  of a crossply  coupon. Of p a r t ic u la r  in te re s t  is  the  o r ie n ta tio n  o f 

the "steps"  (which appear as f in e  white l in e s  in  Figure 3.29) in  th e  

long itud inal p ly , and which are o rien ta ted  predominantly normal to  the  

transverse  p ly . Figure 3.30 fu r th e r  i l l u s t r a te s  these "steps"  in  a Mode I I  

s tre s s  corrosion fra c tu re . In section  4 .7 .1  a mechanism fo r  the  form ation
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Figure 3.27 Micrograph showing frac tu re  markings on the s tre s s  corroded 

glass f ib re s .

\

Figure 3.28 Micrograph showing glass segments produced when b ifu rca tio n  

o f the frac tu re  crack occurs in  the glass f ib re .
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of these  "steps"  i s  proposed, and in  section  4.5 an explanation fo r  the  

o rien ta tio n  of these "steps"  normal to  the  tran sverse  p ly  i s  given.

There was no basic  morphological d ifference  between the f ra c tu re  

surfaces found in  Mode I and I I  f a i lu r e s .  However th ere  appeared to  be more 

c ry s ta l l in e  m ateria l in  the Mode I I  f ra c tu re  su rfaces. Since very  few 

s p ira lly  cracked g lass  f ib re s  were seen in  the fra c tu re  surfaces o f a l l  the  

coupons, i t  would appear th a t  th is  phenomenon i s  ir re le v a n t to  the s tre s s  

corrosion cracking of these  lam inates. Some core sheath s tru c tu re s , as 

i l lu s t r a te d  in  Figure 3.30, have been observed but these  are  q u ite  ra re  and 

are believed to  develop a f te r  s tre s s  corrosion  fa i lu re  has occurred.
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Figure 3.29 Low m agnification SEM micrograph o f a Mode I crossply  s tre s s  

corrosion fa ilu re . The fine  white lin es in  the longitudinal 

p ly  are steps in  the frac tu re  surface, and are o rien ta ted  

normal to the transverse  p ly .

Figure 3.30 Mode II  frac tu re  surface showing s tep s.
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CHAPTER 4 DISCUSSION



4 .1  INTRODUCTION

The d iscussion  has been divided in to  s ix  sec tions and a b r ie f  o u tlin e  

o f the contents o f each i s  presented below.

n  -f-Vi
The thermal s tra in s  in  the  long itud inal d ire c tio n  o f the  90 p ly , e , 

of the crossp ly  lam inates used in  th is  study were found to  be la rg e r  than  

those prev iously  reported . In  section  4.2 i t  i s  shown th a t  the  lam inates 

were fundamentally s im ila r, but a g rea te r degree of cure gave r i s e  to  a 

higher m atrix  softening  tem perature which re su lte d  in  an increased e ^ .  I t  i s  

a lso  shown th a t  the thermal s tra in s  deteimined from the rad iu s  of curvature 

of unconstrained 0 ° / 90° asymmetrical beams overestim ate the  magnitude o f

in  0°/90°/0° crossp ly  lam inates, because s tre s s  re la x a tio n  has not been taken 

in to  account.

In sec tion  4.3 the  s tre s s  corrosion o f E -glass f ib re s  i s  considered. The 

previously  reported  core sheath s tru c tu re  was observed fo r  unstressed  g lass  

f ib re s  immersed in  aqueous ac id . Microprobe X-ray an a ly sis  confirmed the 

calcium and aluminium dep le tion  o f the sheath compared to  the core of the  

f ib re . The s tre s s  corrosion  tim e s- to -fa ilu re  of s ing le  E -g lass f ib re s  a re  

compared w ith those previously  reported  fo r  E -glass s trands.

In section  4.4 the transverse  cracking behaviour o f 0°/90°/0° c ro ssp ly  

lam inates i s  considered. The G arrett and Bailey modified shear lag  theory  

has been used to  ob tain  the transverse  p ly  f a i lu re  s tra in  from measurements
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of the crack spacing as a function  of the  applied s t r e s s .  In  aqueous su lphuric  

acid  the  tran sverse  p ly  f a i lu re  s t r a in  has been shown to  be reduced, suggesting 

th a t the  environmental edge cracks are  fundamentally the same as tran sv erse  

cracks which form on loading, and th a t s t re s s  corrosion  of the  f ib re  m atrix  

in te rfac e  i s  occurring.

In the follow ing sections the s tre s s  corrosion  fa i lu re s  of th is  epoxy

g lass composite system are  discussed. In sec tion  4 .5 , i t  i s  shown th a t  Mode I 

f a i lu re  i s  explainable in  terms of the  foim ation of environmental m icrocracks 

in  the long itud inal p ly , which foim by the s tre s s  corrosion  of the  f ib re  

m atrix in te rfa c e . In sec tion  4 .6 , the mechanism of Mode I I  f a i lu re  is  

discussed. I t  i s  concluded th a t  a t  low i n i t i a l  applied  s t r a in s ,  environmental 

debonding does no t lead  to  m icrocracking. However, tran sp o rt o f the aqueous 

acid along the  in te r fa c ia l  reg ion  to  the unimmersed p a r t  o f the  lam inate 

occurs, and the concentration of the  g lass  degradation products , by the 

evaporation of m oisture, leads to  the nuc lea tion  of the  f a i lu r e  crack .

In sec tion  4 .7 , a mechanism fo r  th e  form ation o f the  "step s"  observed 

in  the s tre s s  corrosion  fra c tu re  surfaces i s  proposed.
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4.2  THE MEASURED AND PREDICTED THERMAL STRAINS

The thermal s tra in  in  a 0o/90°/0o crossply laminate may be calcu lated  

as follows.. The longitud inal and transverse lin ea r expansion c o e ff ic ien ts  

of a 0° u n id irec tiona l lamina, « and « respec tive ly  are calcu lated  from 

equations 1.5 and 1 .6 . The th eo re tic a l theimal s tra in  may then be calcu lated  

from these values by equations 4.1 and 4.2 (69).

£
th  E*b
u  = y % ( v V 4T - C 4-1)

£
th
I t  = E b + E , *-V  V  AT . . . ( 4 .2 )% td

Where:-

et£  = Thermal  s tra in  in  the 90° p ly , longitudinal d irec tio n , 

th  o£^t  = Thermal s tra in  in  the 0 p ly , transverse  d irec tio n .

E^, E^ = Moduli of 0° u n id irec tio n a l laminate in  the  long itud inal 

and transverse d irec tions respec tive ly .

= Linear expansion co e ffic ien ts  of a 0° u n id irec tio n a l 

laminate in  the longitud inal and transverse  d ire c tio n s , 

b = Outer p ly  thickness of 0°/90o/0° crossply  lam inate, 

d = Inner p ly  semi-thickness of 0°/90°/0° crossp ly  lam inate. 

AT = The d ifference between the m atrix softening tem perature 

and th a t a t which the thermal s tra in  i s  to  be ca lcu la ted .
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The softening temperature of the  laminate m atrix was determined by the  method 

described in  section  3 .2 .4 . I t  rep resen ts the tru e  temperature a t  which thermal 

s tra in s  begin to  develop, and was found to  be 140°C, thus AT was known to  be 

approximately 120°C. The modulus in  the longitud inal d irec tio n , E was 

calcu lated  from the ru le  of m ixtures, equation 4.3 The transverse

modulus, Et  was taken as one th ird  of the longitud inal modulus (69).. The other 

values used in  the ca lcu la tio n  of the longitud inal and transverse  expansion 

c o effic ien ts  are  shown in  Table 4 .1 .

E£ * V fE f * CL-Vf) Em _ C4>3)

The calcu lated  value (for d=b, = 0.55) of obtained was 0.28% and 

agrees w ith th a t determined from measurements o f an unconstrained 0°/90° beam, 

as shown in  section  3 .3 . Recently fu rth er research  has shown th a t good 

agreement can be obtained over the whole of the cooling range fo r  th is  

composite system (82). Since such a good agreement between experiment and 

theory was achieved, an estim ation of AT fo r P a rv iz i’s lam inates can be made.

I t  i s  believed th a t P arv izi calcu lated  the thermal s tra in s  from the curvature 

of a constrained beam. Thus 0.1% s tra in  in  a constrained beam would be equal 

to about 0.13% s tra in  in  an unconstrained beam. Using the  values in  Table 4 .1 , 

AT is  estim ated to be 90°C, thus the softening temperature was 100-110°C.

The lower m atrix softening temperature of her laminates i s  a r e s u l t  o f a lower 

concentration of the curing c a ta ly s t BEMA (0.5phr). A softening temperature 

of 98°C is  quoted in  the l i te ra tu re  fo r form ulations with 90phr NMA and l.Ophr 

BEMA postcured a t 150°C (81). This lower m atrix softening temperature i s  

fu rth e r supported by her observation of the rebonding of the g lass f ib re s  in
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previously s tre s s  whitened coupons a f te r  annealing a t  100°C (69,83).

I t  i s  apparent th a t w hilst a f i r s t  approximation of the value e may
L JO

be obtained using equations 4.1 and 4 .2 , the e ffe c ts  of s tre s s  re lax a tio n , 

as shown by the d ifference in  the value of fo r a constrained and 

unconstrained beam in  Table 3 .8 , need to be taken in to  consideration otherwise 

the thermal s tra in  in  the  0°/90°/0° composite i s  over estim ated.

Sim ilar th eo re tic a l thermal s tra in  calcu la tions fo r a p o ly este r-g lass  

laminate were also  found to  give u n sa tis fac to ry  p red ic tio n s , although more 

accurate values of AT were known. Subsequently i t  has been shown th a t small 

q u an titie s  of water g rea tly  enhanced the expansion co e ffic ien t o f the 

polyester re s in . Thus the use of the  dry m atrix expansion c o e ff ic ie n t to  

p red ic t the  thermal s tra in s  present in  normally "wet" lam inates leads to  a 

considerable under p red ic tion  of these s tra in s  (82). This enhancement of the  

expansion co e ffic ien t o f the m atrix is  not observed fo r th is  epoxy re s in  

system.

Epoxy Resin 
(Matrix)

E-Glass
(Fibre)

-2Young’s Modulus GN m 3.5 76.0

Poisson 's Ratio 0.38 0.2

Expansion Coef. 10~^ K~̂ 60.0 4.9

Table 4.1 Matrix and g lass p roperties taken from reference 66.
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4 .3  STRESS CORROSION OF E-GLASS FIBRES

During the ac id ic  corrosion of E-glass f ib re s  previous workers have 

reported:

(1) The sp ira l  or m ultip le  cracking of an outer sheath (21,44).

(2) The leaching of m eta llic  ions from the f ib re s  by the  aqueous acids.

Microprobe examination has shown th a t both calcium and aluminium are

p re fe re n tia lly  leached out of the surface to  form an outer sheath

to  the f ib re  leaving an unaffected cen tra l core (21).

Both these phenomena have been observed fo r unstressed  E -glass f ib re s  

immersed in  aqueous sulphuric acid , p r io r  to  using microprobe analysis fo r 

the examination of the s tre s s  corroded frac tu re  surfaces. Figure 4.1 shows 

the sp ira l  cracking phenomenon which is  found in  the m ajority  o f the f ib re s  

a f te r  a tow has been immersed in  aqueous sulphuric acid . Figure 4.3 gives 

a comparison between the microprobe analyses of uncorroded and corroded 

f ib re s . The reduced height of both the aluminium and calcium peaks fo r  the 

corroded f ib re  i s  evident. The sulphur peak found fo r the corroded f ib re  

is  a re s u l t  of reac tion  with sulphuric acid and probably ind ica tes the 

presence of calcium sulphate. Thus the reduction of the calcium and 

aluminium peaks in  the X-ray spectra can be used to  estim ate the degree of 

acid ic  corrosion of the g lass.

There is  l i t t l e  published work on the s tre s s  corrosion of E -glass in  

0.5 M sulphuric acid . Metcalfe e t  &1 (12,44) studied standard and modified
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Figure 4.1 E-glass fib res  showing ’’sp ira l  cracking” a f te r  immersion in 

0.5 M aqueous sulphuric acid

Figure 4.2 S tress corroded frac tu re  surface of an E-glass f ib re  showing 

core sheath s tru c tu re .
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Uncorroded E-glass f ib re

A l'S i Ca
K a l p h a  l i n e s  

I : ' i k  S y s t e m s  L t d  f?.*y A n a l y s i s

L a lpha  l ines

Corroded E-glass f ib re

Al Si S Ca
K a l p h a  l i n e s  

Link S y s t e m s  Ltd X R ay  Analy s i s

Figure 4.3 A comparison of the  microprobe analysis of uncorroded and 

corroded E-glass f ib re s  (0.5 M H^SO^).
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E-glasses in  so lu tions of various pH, but comparison of the r e s u lts  given 

in  Figure 3.16 with th e ir  r e s u lts  i s  d i f f ic u l t  because they used a simulated 

s ta t ic  fa tig u e  technique, which represen ts high i n i t i a l  s tra in s  and gives 

f a ilu re  times of 50 seconds in  hydrochloric acid  of pH=2. Roberts (7) 

presented the re s u l ts  fo r  the s tre s s  corrosion of E -glass tows but he did 

not rep o rt the  applied s t r a in  (or s tre ss )  a t  which the experiments were 

ca rried  out. Scrimshaw (24) also  presented s tre s s  corrosion data  fo r  E -glass 

strands, mostly in  2 M sulphuric acid , and a comparison between h is  da ta  and 

the tim e s-to -fa ilu re  of the E-glass filam ents i s  shown in  Figure 4 .4 . I t  i s  

no ticeable th a t the slope of h is  data  i s  le ss  than th a t of th e  Silenka f ib re s ,  

although a t low applied s tra in s  the f a i lu re  times are s im ila r. His find ings 

th a t the fa i lu re  times in  2 M and 0.5 M sulphuric acid are  sim ila r excludes 

acid streng th  as the explanation. One p o s s ib il i ty  is  a d if fe re n t g lass 

composition, since he te s te d  f ib re s  manufactured by P ilk ington  Bros. More 

recent experiments however have demonstrated th a t both Silenka and P ilk ington  

single g lass f ib re s  have s t a t i s t i c a l ly  id en tica l fa ilu re  times (85). I t  seems 

more l ik e ly  th a t there  i s  e ith e r  a bundle e ffe c t or a la rg e r e rro r in  the 

applied s tra in s  reported by Scrimshaw.

Examination of the s tre s s  corroded f ib re  surfaces by SEM, showed a smooth 

fea tu re less  frac tu re , as shown in  Figure 4 .2 , and sim ilar to  those found in  

GRP s tre s s  corrosion surfaces. Since GRP s tre s s  corroded fra c tu re  surfaces 

show very few and often  no sp ira l cracks or core-sheath  s tru c tu re s , in  

comparison with unstressed tows of E -glass, i t  is  concluded th a t  th is  

phemomenon is  not important in  the  s tre ss  corrosion fa i lu re  of g lass  under 

external applied loads. The core-sheath s tru c tu re  shown in  Figure 4.2 is
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Figure 4.4 Comparison o f the s tre ss  corrosion fa ilu re  times o f sing le

E-glass f ib re s  ( th is  study) with E-glass s trands, reference 24.

Figure 4.5 SEM micrograph of s tre s s  corroded glass in  a Mode I frac tu re  

surface showing surface deposites.
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believed to  occur by corrosion of the g lass a f te r  s tre s s  corrosion fra c tu re . 

However the im plication of sp ira l  cracking is  th a t the filam ents have te n s ile  

s tre sse s  in  the outer sheath, and compressive s tre sse s  in  the core. These 

are n eu tra lised  under an applied load, and a s tre s s  corrosion crack can then 

run through the complete f ib re .

SEM examination of GRP frac tu re  surfaces has revealed g lass covered 

in  small p a rtic le s , as shown in  Figure 4 .5 . The exact nature of these has 

not ye t been determined since they are too small fo r microprobe an a ly sis , 

and p ra c tic a l d i f f ic u l t ie s  have precluded th e ir  id e n tif ic a tio n  by scanning 

Auger spectroscopy. At p resen t, i t  can only be speculated th a t  these are  

some form of corrosion product, since they are not p resen t on the  v irg in  

f ib r e s . Sim ilar surface marks fo r f ib re s  immersed in  both bo iling  water and 

a lk a li  so lu tions have been reported by Barker and Bott (45). Thus the s tre s s  

corrosion cracking of g lass f ib re s  appears to  involve a s tre s s  enhanced 

chemical process which needs fu rth er study.
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4.4 THE ENVIRONMENTAL TRANSVERSE CRACKING OF 0O/90O/0°

CROSSPLY LAMINATES

4.4 .1  Introduction

I t  was shown in  section  3.2 th a t 0°/90o/0 °  crossply coupons were prone 

to  environmental edge-cracking in  the  presence of an aqueous acid . Furthermore 

in  section  4.5 i t  w ill be shown th a t these edge-cracks behave s im ila rly  to  

transverse cracks and tra n s fe r  the load to  the longitud inal p l ie s ,  re su ltin g  

in  equivalent Mode I fa i lu re  times of 0° u n id irec tio n a l and 0°/90°/0° crossply  

coupons. In addition o p tica l micrographs of transverse  and environmental 

edge-cracks appear id e n tic a l . (section  3 .5 ). Therefore i t  follows th a t  the 

edge-cracks may re s u l t  from a reduction in  the  transverse  fa i lu re  s tr a in ,  

in  the presence of the environment.

The conventional method of measuring the fa i lu re  s tr a in  of the transverse

ply  etu , is  to  add the f i r s t  transverse cracking s tra in  to  the value
t i lof the thermal s tra in  e ^ .  However i t  was considered th a t  the  use of 

as a measure of would not be prec ise  enough because the f i r s t  transverse  

crack probably re s u lts  from a gross edge or laminate de fec t, and w ill  not be 

rep resen ta tive  of the transverse p ly  as a whole. A sim ilar view has been 

expressed by G arrett and Bailey (80), and P arv izi (69) who observed, th a t 

transverse cracks were always in it ia te d  in  the cut edge of specimens polished 

on one edge only.
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Furthermore a decrease in  £ ^ u may not be the re s u lt  of an overall 

decrease in  e ^ ,  but the in i t ia t io n  of cracks along the edge of the coupon 

a t  positions dependent upon the ease of en try  of the aqueous acid . Thus the 

cracking behaviour in  the environment had to be shown to be fundamentally 

sim ilar to th a t in  a i r .

I t  was considered th a t a v isu a l comparison of the  graphs of crack 

spacing, t  against applied s tre s s  a , as shown in  Figures 3.19-3.22, was
III cl

in su ff ic ie n t proof th a t the cracking behaviour was sim ilar (except fo r  the 

case of deionized water where no e ffe c t was observed as shown in  Figure 3 .20). 

Therefore i t  was decided to  estim ate e from the crack spacing data  using 

the modified shear lag theory of G arrett and Bailey (80). I t  i s  no t proposed 

to  describe the theory completely since a f u l l  descrip tion  i s  given elsewhere

(86). However a broad ou tline  i s  presented to  enable i t s  use and lim ita tio n s

to  be appreciated.

4.4.2 The G arrett and Bailey Modified Shear Lag Theory

B asically  the theory s ta te s  th a t an add itional s tre s s  Aa0 i s  placed 

upon the adjacent longitud inal p lie s  when a transverse  crack forms. I f  the 

p lie s  are  assumed to  be e la s t ic a lly  bonded, then the magnitude of the  s tre s s  

tran sfe rred  back in to  the transverse  p ly , A a i s  a function of d istance y from

the crack and is  given by equation 4.4.
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1
Aa = Aqq exp (-<|>2y) . . . ( 4 .4 )

Where:-

4 ■ (d + b) ...C 4.S)
(E£ Et ) ' (d2 b)

E = Young's modulus o f a 0°/90°/0 crossply lam inate. ,

= Young1 s modulus of u n id irec tio n a l p lie s  p a ra l le l  to  the

f ib re s .

E^ = Young’s modulus o f u n id irec tiona l p l ie s  perpendicular to  

the f ib re s .

Gt  = Transverse p ly  shear modulus,

b = Outer p ly  thickness, (see Figure 2.14).

d -  Inner p ly  semi-thickness, (see Figure 2.14).

G arrett and Bailey derived equation 4.6 to  p red ic t Ago ™hen moving 

from a crack spacing o f 2 t to  t .

Ag ° = atu  ^  {(1 + exp (-<f>2 2t) -  2 exp H>2 t )} -1 . . . ( 4 .6 )

Where:-

atu  = The transverse p ly  fa ilu re  s tre s s , 

t  = Crack spacing.
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A g o  i s  r e la te d  to  th e  a p p lie d  s t r e s s  aa  acco rd in g  to  eq u a tio n  4 .7 .

A _ rb + d E ,. 
0 -  aa  ̂ d " (4 .7 )

Equation 4.6 p red ic ts  d isc re te  jumps in  the crack spacings. I f  the

r  = 1 ,2 ,3 . . . .

Figure 4.6 i s  taken from reference 80 and shows the p red icted  crack 

spacings obtained from equation 4.6. At any applied s tre s s  and from any 

i n i t i a l  p osition  of the f i r s t  crack, the  crack spacing w ill l i e  between the

bounds 2 t and t .  However, experim entally the average crack spacing, given 

by equation 3.1 does not follow the p red ic ted  stepped curve, bu t l ie s  on 

a smoother curve, and i t  has been shown th e o re tic a lly  th a t providing 

the s tre s s  tra n s fe r  length i s  small compared to  the specimen leng th , then 

the average crack spacing is  re la te d  to  lower bound t  in  Figure 4.6 by 

equation 4.9 (87).

f i r s t  crack occurs midway in  a specimen o f length S, then the cracking 

sequence w ill be given by equation 4 .8 .

(4.8)

Where:-
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Figure 4.6 T heoretical crack spacing as a function o f applied  s tre s s  as 

p red icted  by equation 4 .6 . taken from reference 80.
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t  = 1.337 t  a . . . ( 4 . 9 )

Where:-

t  = Theoretical average crack spacing, 

t  = Crack spacing, lower bound in  Figure 4.6.

4 .4 .3  The use o f the G arrett and Bailey equation fo r p red ic tin g  

£tu from crack spacing data

Two separate methods have been used to  estim ate the transverse  p ly  

fa ilu re  s tr a in  from measurements o f average crack spacing ( tm) a t  

d iffe ren t applied  stresses- a . Note these p red icted  values do not contain
cL

the thermal s tra in  (e.^) •

METHOD 1

etu  0^'ta: n̂ e (  ̂ d ire c tly  from equation 4.6 providing <p, t  and Acto

are laiown. <p can be ca lcu la ted  from equation 4.5 where the only
_2

unmeasured parameter,Gt  was taken as 5 ± 0.5 CN m . G arrett and Bailey,

calcu lated  th is  value fo r po lyeste r g lass laminates from the Tsai-Halpin
_2

equation C88). A valiie o f 5.12 m was conputed from the same equation 

by Parvizi (69) fo r epoxy/glass laminates s im ila r to those used h e re . 

Assuming th a t t m = t a then t  values can be conputed from equation 4 .9 .

For each cracking p a tte rn  the add itional s tre s s  on the long itud inal p ly  Aero 

can be obtained from aa by equation 4 .7 .
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The transverse fa ilu re  s tra in s  p red ic ted  by th is  method w ill  be 

re fe rred  to  as •

Figure 4.7 shows a graph o f against t ,  fo r  the data used

previously  in  Figure 3.19 curve (a ) . A steady r is e  in  et u (l)  

p red ic ted  u n t i l  the crack spacing has decreased to  approximately 5 mm., 

th is  i s  then followed by a rap id  f a l l  o f  with fu rth e r  decrease in

the crack spacing. The in p lica tio n s  of th is  behaviour w ill  be discussed 

in  section  4 .4 .4 .

METHOD 2

Estim ations o f  both and $ may be obtained from equation 4 .6 , 

by rearranging i t  as follows

Let
X = ^ - £  . . .(4 .1 0 )

t. -  X .. .(4 .1 1 )

etu  Et  d/b

Using equation 4.7 to  replace oq> equation 4.6 may be rew ritten ;

o if> = (1 + e”^22t -  2e“(f)2t ) " 1 . . . .(4 .1 2 )
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Figure 4.7 The transverse p ly  fa i lu re  s tra in  as a function of

crack spacing (t) fo r  the data shown previously  in  Figure 3.19 

curve + .
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_ i 2 f
Let Z = e v , equation 4'.12 may then be rew ritten ,

—  = 1 + 1 -  11 = (1 -  Z) . . .(4 .1 3 )
c j

Equation 4.13 may be solved e ith e r  quadatically  o r as given below.

-  >  Cl -  ZD . . .(4 .1 4 )
O a<J05

Resubs t i tu t in g  fo r Z, taking logs, and solving fo r  t  gives,

t  -  — In (1 -  l / ( a oi|05) .. .(4 .1 5 )
<j>i a

t  is  re la te d  to  t  as before, by equation 4*9, thus by p lo ttin g  t  against
i i

In (1 -  l / ( a ai|;)2) ,  s tra ig h t lin e s  o f slope -  l/<f>2 should be obtained.

A d ire c t so lu tion  o f equation 4.15 is  not possib le  since ip in  equation 

4.11 contains . However, a so lu tion  was obtained by determining the
i

co rre la tion  o f t  against In (1 -  l/(crai|02) fo r incremental steps in  et u . 

The value o f which produced the h ighest co rre la tio n  was taken to  be

the fa ilu re  s t r a in  o f the transverse p ly , and designated et u (*2) • T̂ ie 

value o f <f> obtained from the slope w ill  be d istingu ished  thus <J> ̂  • The
i

regression o f t  against In (1 - l/(a_iJ02) was calcu lated  by the method o f
a

le a s t  squares, using a stepwise incremental increase in  the value o f etu  

of 0.0001. The procedure was ca rried  out on the U niversity  Prime 750 

conputer. The re su lts  o f th is  a n a l y s i s , fo r the same data  as in  Figure 3.19 

curve +  are shown in  Table 4.2.
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To elim inate the e ffe c t of the la rg e r crack spacing, the re s u lts  fo r

each column were calcu lated  as follow s. The f i r s t  column used a l l  the crack

spacing da ta , fo r  the second column the la rg e s t crack spacing value was

elim inated p r io r  to  ca lcu la tio n  of the ln ( l  - 1 / (a ip)2) values, fo r thea
th ird  column, the  top two values were elim inated, and so on fo r  each of the 

columns in  Table 4 .2 .

4 .4 .4  Discussion of p redicted  values of e

Both methods p red ic t an increase in  the  transverse fa i lu re  s tra in  e 

w ith decreasing crack spacing u n t i l  t  - 5 mm, which can be explained in  

terms of random cracking a t  defec ts . The i n i t i a l  transverse cracks w ill 

remove the severest defects so th a t the average value of e r i s e s .  I f  

th is  behaviour continued throughout the cracking process e would continue 

to  r i s e ,  following the dashed curve shown in  Figure 4.7 and become assymptotic 

a t a value of e^u , which represented the  fa i lu re  s tre ss  of a defect f re e  

transverse p ly .

Examination of equation 4.4 which is  shown g raph ically  in  Figure 4 .8 , 

i l lu s t r a te s  the rapid  transference of the s tre ss  back in to  the  tran sverse  p ly . 

For laminates where d = b, 951 of Agq has been tran sfe rred  back w ith in  2 mm, 

and fo r laminates where d = 2b a sim ilar proportion is  tran sfe rred  back 

w ithin 3.5 mm. I f  we consider the build  up of the s tre s s  in the transverse  

p ly  between two cracks, then a t spacings of g rea te r than twice these values, 

a "p lateau” w ill e x is t, as i l lu s tr a te d  in  Figure 4.9 where the  v a ria tio n  in 

Ago w ill be extremely sm all. I t  is  read ily  envisaged th a t the p o s itio n  of 

the next crack w ill depend prim arily  upon the location  of any defects in
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Table 4.2 Results o f nethod 2 analysis o f the  data previously  used in  
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Figure 4.8 S tress tra n s fe r  from the longitud inal p ly  to  the transverse  

p ly  as a function o f distance from a transverse  crack, as

p red ic ted  by equation 4.4X10
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Figure 4.9 The b u ild  up o f s tre ss  in  the transverse  p ly  between two 

transverse cracks.
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th is  s tre s s  p la teau  and not th a t o f the maximum s tr e s s ,  which according to  

equation 4.6 occurs equ id istan t between the two cracks. As the crack 

spacing i s  reduced, the length  o f th is  p la teau  i s  a lso  reduced, and the 

new cracks w ill  deviate p roportionally  le ss  from the mid p o s itio n . F inally  

when the crack spacing is  such th a t the size  o f the p la teau  is  small 

conpared to  the crack spacing i .e . th e  distance between cracks -  5 mm, the 

modified shear lag  theory would then be expected to  operate.

The crack spacing a t  which the l in e a r ' decline in  etu ( l)  > shown in  

Figure 4.7 begins, occurs a t  approximately twice the 951 Aa0 tra n s fe r  

length obtained from equation 4.4 fo r  each o f the coupons, and i s  shown 

in  Figure 4.10 and tabu lated  in  Table 4 .3 .

Coup arisen  o f the values o f obtained by method 2 w ith those 

calcu lated  from equation 4.5 are given also  in  Table 4 .3 . The s im ila r ity  

between the calcu lated  and measured values occurs over only a re la tiv e ly

small range o f crack spacings and ind icates th a t the theory i s  applicable

over only such a range.

The most puzzling phenomenon is  the reduction o f etu ( l)  values a t  

small crack spacings. There are three possib le  explanations th a t could 

account fo r th i s : -

(1) Damage Zones

When the transverse p ly  f a i l s ,  areas o f damage could be formed e ith e r  

side o f the crack. With decreasing crack spacing, an increasing  number of
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a function of crack spacing t ,  curves 1 - 4  are  fo r coupons 

with a nominal inner p ly  sem i-thickness of 0 .5  mm., curves 

5 and 6 fo r  a thickness of 1.1 mm.
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Coupon Type t  a t  which 
lin e a r  decline
“  etu ( l)  be8ills

y a t  Acr/Acro “ 951 1/**

measured ca lcu la ted

X (2) d=b 4 mm 4.5 mm 0.0008 0.0008

Y (7) d=b 4 mm 4.5 mm 0.0008 0.0008

R (3) d=b 4 mm 4.5 mm 0.0006 0.0008

R (12) d=b 4 mm 4.5 mm 0.0007 0.0008

U (10) d=2b 6 mm 5.9 mm 0.0016 0.0015

U (11) d=2d 6 mm 5.9 mm 0.0019 0.0015

Table 4.3 Comparison o f the crack spacing t  a t  which the l in e a r  decline 

in  the value o f etu ( l)  begins with the distance a t  which 951 

o f the s tre s s  Aoq has been tran sfe rred  back in to  the transverse

p ly , as p red ic ted  by equation 4 .4 . Also a comparison o f the  

p red ic ted  values o f obtained using method 2 w ith those 

calcu lated  from equation 4.5 i s  given.
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transverse cracks grow in  these predamaged regions leading to  a decrease 

in  the average value o f etu . The exact nature o f these zones is  no t known 

but they could be a product o f the reversib le  whitening phenomenon which 

has been id e n tif ie d  with the reversib le  debonding, observed fo r  these 

lam inates. Figure 3.1 shows dark areas e ith e r  side o f the transverse  cracks, 

which had previously appeared w hite, where p a r t ia l  rebonding o f the g lass 

and resini had ttaken place due to  the s tre s s  r e l i e f .  Upon fu rth e r  debonding 

p r io r  to  transverse cracking, a cy c lic  process may lead to  a reduction in  

the fa ilu re  s tra in  o f these areas by a fa tigue  mechanism. P a rv iz i (69) 

observed th a t  the coalescence of debonds in to  a microcrack often  in i t ia te d  

the growth o f microcracks in  the surrounding area.

(2) Delaminatian

Parv izi (69) found th a t fo r lam inates with an inner p ly  thickness 

o f 4 mm, there was a sudden decrease in crack spacing above an applied

s tre s s  o f 130 MI m , which could no t be accounted fo r  by the modified 

shear lag  theory. She in te rp re ted  th is  in  terms o f delamination o f the 

plys a t  these crack spacings. Aao is  then tran sfe rred  back by s lid in g  

f r ic t io n  over the delaminated region, and then e la s t ic a l ly  over the  bonded 

region. The equation which P arv izi derived to  confirm th is  mechanism 

(N.B. The equation in  reference (69) i s  given inco rrec tly ) is  given below.

_2

(4.16)

Where

x -  Limiting shear streng th  o f the delaminated p l i e s . 

y ,= Delaminated length.
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C learly whether s tre s s  transference occurs fa s te r  in  the bonded or the  

delaminated case depends upon both the values of x and y* . However G arrett 

and Bailey (80) found no evidence fo r delamination and considered th a t  i f  i t  

did occur then the s tre ss  transference a t  such areas would be le s s  than in  

the e la s t ic a lly  bonded case, p red ic ting  g rea te r crack spacings than observed.

(3) Incorrect form of the s tre ss  tra n s fe r  function

The ra te  of s tre s s  tra n s fe r  may be lower than th a t given by the  

exponential function and therefore  unable to p red ic t the co rrec t crack 

spacing (80). This is  sim ilar to  (2) above except Aa0 would be tran sfe rred  

completely e la s t ic a lly .

The cause of the r i s e  in  e^u ^ )  a t  small crack spacings, as shown by 

curve number 2 in  Figure 4.10 is  a t  present uncertain . I t  i s  apparent th a t 

fu rth e r work on the cracking behaviour i s  needed, espec ia lly  to  d iscern  the 

e ffe c ts  of the reversib le  debonding phenomena. However, fo r the  purposes 

of th is  work, in  which we are p rim arily  concerned with iden tify ing  a 

reduction in  in  the presence of an acid ic  environment, the theory can be 

used to  estim ate comparative values of a t  crack spacings of 4-5 mm. fo r 

the d = b laminates and 6 mm. fo r the d = 2b lam inates. In Table 4.4 the 

predicted  values of are  compared w ith the experimental f i r s t  transverse

cracking s tra in s . The s im ila rity  in  the decline of £t u (g) w ith decreasing 

crack spacing fo r each of the curves in  Figure 4.10 shows th a t fundamentally 

the cracking behaviour was sim ilar fo r each of the lam inates. The d if fe re n t 

values of £t u g j  f° r  each of the lam inates ind icates th a t  the transverse  

cracking s tra in  fo r each was d iffe re n t. This is  supported by the  s im ila r ity
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in  the values of fo r coupons taken from the same la m in a te ,i.e . coupon 3

w ith 4, and 5 with 6 in  Figure 4.10. A d ifference i s  to  be expected fo r

lam inates w ith d issim ila r transverse p ly  th icknesses, fo r example th a t  found

between lam inates 1 - 4  with 5 and 6. However the d ifferences between the

transverse cracking s tra in s  of individual lam inates of nominal transverse  ply

thickness 0.5 mm. were g rea ter than expected. At f i r s t  i t  was considered

th a t these were due to  the re laxation  o f thermal s tre sse s  during storage.

However examination of the laminate preparation  d a tes , showed th a t  the  one

with the  lowest e, was made a considerable time a f te r  the  o th ers . Atu ( l j
possib le  explanation is  th a t each of the laminates possesses a d iffe r in g  leve l

thof thermal s tra in  e^ . This could a ris e  i f  the softening poin t of the re s in  

varied , because th is  would lead to  a v a ria tio n  in  AT in  equations 4.1 and 4 .2 . 

Loss of amine during the degassing of the re s in , could cause d iffe r in g  s ta te s  

of cure. I t  has already been shown in  section  4 .2 , th a t the  increased amine 

concentration used in  these lam inates compared to  those of Parv izi was 

responsible fo r a higher leve l o f e ^ .  However, to  explain th is  d ifference  

fo r lam inates 1 and 4 so le ly  in  terms of a d iffe re n t m atrix softening 

temperature, requ ires a change in  th is  temperature o f approximately 25°C.

Since no d e ta iled  investiga tion  in to  the v a ria tio n  of the m atrix softening
%

temperature between lam inates was ca rried  ou t, i t  i s  d i f f ic u l t  to  comment upon 

the v a lid i ty  of th is  value. But i t  is  f e l t  th a t th is  value is  excessively  

high, and th a t d ifferences in  -the transverse  p ly  thickness of the lam inates 

is  p a r t ia l ly  responsible.
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| 4 .4.5 Experiments in aqueous environments

1. Deionized water

Since the growth o f edge-cracks had not been observed in  h a lf  immersed 

coupons a t  constant load in  deionized w ater, i t s  e ffe c t on the value of 

was expected to  be minimal. This was confirmed f i r s t l y ,  by a comparison 

of crack spacing data in  Figure 3.20, where the close coincidence of the 

curves could only a ris e  i f  the cracking behaviour was s im ila r, and secondly, 

by analysing th is  data using method 1 described in  section  4 .4 .3 , to  give the 

values of £t u Qj shown in  Figure 4.11.

2. Aqueous sulphuric acid

The transverse  cracking p a tte rn s  fo r the immersed halves of coupon in  

0.5 M. acid have been analysed by the  methods described in  section  4 .4 .3 .

There i s  a s im ila rity  between the decline in  with decreasing crack

spacing, fo r  coupons te s te d  in  the aqueous acid  and in  a i r ,  as shown' in  

Figure 4.12. There i s  a lso  good agreement between the values of 

recorded in  the d iffe re n t environments as shown in  Table 4 .5 . Thus the 

cracking behaviour in the aqueous acid is  fundamentally the same as in  a i r ,  

and the value of e in  the presence of the environment can therefo re  be 

estimated by method 1. The transverse fa i lu re  s tra in  i s  therefo re  equated 

with the maximum value of £t u ^ ^  and is  given fo r the immersed and unimmersed 

halves of the coupons in  Table 4 .5 . The reduced value of £t u ^-) f ° r  the  

unimmersed p a rt of the laminates implies th a t  the transport of the environment 

to  th is  p a rt of the coupon occurs f a i r ly  rap id ly .

Since the m ajority  of s tre ss  corrosion experiments take longer than the
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Figure 4.11 The e ffe c t o f deionized water on the values o f etu ( l)  as a 

function o f crack spacing t .
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Coupon Type Et£u etu O )

X (2) d-b 0.28 0.37

Y (7) d=b 0.26 0.34

R (3) d=b 0.28 0.29

R (12) d=b 0.25 0.29

U 0.0) d-2b 0.25 0.27

U o i ) d=2b 0.24 0.26

Table 4.4 Comparison o f the  measured f i r s t  transverse  cracking s t r a in  

with Etu ( l)  va^ues p red ic ted  using method 1.

Laminate Type Environment et£u Stu ( l)
i

measured 1/<J>2

Y C7) d=b A ir 0.26 0.34 0.0008

Y OD d=b "Acid Vapour" 0.25 0.26 0.0012

Y (11) d=b Acid 0.20 0.23 0.0006

U o o ) d=2b A ir 0.25 0.27 0.0016

U (9) d=2b "Acid Vapour" 0.16 0.18 0.0014

U C9) d=2b Acid 0.14 0.12 0.0014

Table 4.5 Comparison o f the p red ic ted  values o f etu ( l)  with the 

measured values o f fo r  coupons te s te d  in  a i r  and 

aqueous acid . Note Macid  vapour" re fe rs  to  the unimmersed
i

h a lf  o f the coupon. l / ^ 2^ )  values are a lso  shown.
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dynamic t e s t ,  the  reduction in  e^ q^  could be g rea te r than ind icated  in  

Table 4 .5 . Environmental edge-cracks have been observed a t  applied  s tra in s  

of 0.051, thus i t  is  concluded th a t the transverse  cracking s tr a in  can be
1~Vi

reduced to a leve l approximating to  th a t of the thermal s t r a in  i . e .  e ^ .

Bailey and Parv izi (83) investigated  the transverse  cracking mechanism 

of sim ilar epoxy g lass lam inates, using a specimen configuration fo r  

constrained cracking. They found th a t debonding began a t  an applied  s tra in  

of 0 .11, but i t  was not v is ib le  as s tre s s  whitening u n t i l  0.31. The to ta l
■f"Tn

s tra in  in  the transverse  p ly  was then 0.38% ( e ^  = 0.08%). Since the
thlaminates used in  th is  study possessed a = 0.22% (d=b) then v isu a l s tre s s  

whitening should be observable a t  around 0.15%. Figure 3.2 confirms th a t  a 

change in  slope does occur a t  approximately 0.15% s tra in  and v isu a lly  the  

crossply  coupons are  seen to whiten. Since they observed debonding when the 

to ta l  transverse p ly  s tra in  was 0.18%, th is  would imply th a t  some debonding 

occurs in  the transverse  p ly  of the laminates used in  th is  study under the 

action  of (0.22%) alone. Thus en try  of acid  in to  the laminate may occur 

through c a p illa ry  action  along debonded f ib re s  in  the transverse  p ly . They 

also observed th a t ind iv idually  debonded f ib re s  coalesced to  produce micro

cracks, which grew in to  transverse cracks under the action  of increasing 

applied s tra in  (83). Therefore i t  appears th a t the e ffe c t o f the acid  in  

lowering the transverse  p ly  fa i lu re  s tra in  twofold. F i r s t l y , i t  i s  

responsible for debonding of the g la ss , and secondly, i t  promotes the  form ation 

of microcracks and transverse cracks. Both of these e ffe c ts  would allow the 

acid easy en try  in to  the lam inates and are fu rth e r discussed in  sec tion  4 .5 .
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I t  has been found th a t the : transverse cracking behaviour of

polyester g lass coupons in  the presence of aqueous acid  i s  no d iffe re n t than 

in  a ir  so th a t  e i s  not reduced in  the short term (89). This explains the 

d ifferences between the environmental edge-cracking observed fo r po lyester 

and epoxy crossply  coupons in  acid ic  environments.

To fu rth e r show the e ffe c t o f acid on non-extem ally  s tre ssed  coupons, 

the cracking behaviour, a f te r  24 and 48 hours immersion,in aqueous acid  of 

washed and dried  coupons was examined. The crack spacing/applied s tre s s  

curves are shown in  Figure 3.22, and against crack spacing is  shown

in Figure 4.13. What i s  not apparent from the crack spacing curves i s  th a t 

w hilst the cracking behaviour a f te r  24 hours i s  fundamentally s im ila r to 

th a t in  a i r ,  a f te r  48 hours i t  is  of the form expected i f  possessed a

single value. I t  is  not proposed to  draw too many conclusions from th is  

experiment since on long immersion in  acid i t  could be expected th a t  values 

of moduli used in  ca lcu la ting  these r e s u lts  are no longer v a lid . What the 

re s u lts  do show however is  th a t in  the presence of aqueous sulphuric acid , 

and under no ex te rnally  applied s tr e s s ,  a rap id  f a l l  in  i s  to  be

expected.

-147-



E
tu

(1 
>

X10"2
50

9  0  hrs 
^  24 hrs 

{S 4 8  hrs

35

30

25

20

C rack s p a c in g  t  .

Figure 4.13 The e ffe c t o f pre-immersion of a 0°/90o/0° coupon in  0 .5  M 
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4 .5  MODE I STRESS CORROSION FAILURE

Mode I fa ilu re s  of 0° u n id irec tio n a l coupons begin by the  nucleation  and 

growth of individual s tre s s  corrosion cracks in  the surface of the immersed 

h a lf  of the coupon. Figure 4.14 shows the in i t ia t io n  and early  stages of 

propagation, where frac tu re  of ind iv idual, and small groups of f ib re s  may be 

seen. Crack growth continues by the frac tu re  of neighbouring f ib re s  to  produce 

a planar frac tu re  surface, and in  the tim e-lapse se rie s  of photographs shown 

in Figure 3.12, these s tre s s  corrosion cracks are c le a r ly  v is ib le .  Total 

fa i lu re  re s u lts  by the coalescence o f the la rger s tre s s  corrosion cracks.

I f  these cracks are in  d iffe re n t planes, as i s  o ften  the case, then coalescence 

takes place by longitudinal s p l i t t in g  to  produce the irreg u la r  frac tu re s  

in  the coupons shown in  Figure 4.15. Sim ilar s tre s s  corrosion crack in i t ia t io n  

has been observed in  po lyeste r-g lass composites (21).

The g rea ter degree of ir re g u la r i ty  to  the frac tu re  surfaces of these 

0° coupons in  comparison to  those from hoop wound p ipes, te s te d  in  d iam etrical 

compression, can be explained in  terms of a s tre s s  co n stra in t e f fe c t .  The 

growth of a s tre ss  corrosion crack occurs along the lin e  of maximum s tre s s  

(within the environment) a t the bottom of the pipe (26). A sim ila r constraining 

e ffe c t i s  found in 0°/90°/0° crossply lam inates. Figure 4.15 compares a 

0° un id irec tiona l and a 0°/90o/0° crossply coupon, which have fa i le d  a t 

sim ilar i n i t i a l  applied s tra in s , the s tra in  in  the 90° p ly  of the crossply  

coupon was recalcu la ted  to  represent th a t in  the longitud inal p ly , adjacent 

to  a transverse crack using equation 4.17. The planar frac tu re  of the 

crossply coupon re s u lts  from the add itional s t re s s ,  Ag0 placed upon the
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Figure 4.14 In i t ia t io n  of s tre s s  corrosion cracks in the surface o f the 

immersed h a lf  o f  a 0°/90°/0° crossply  coupon.

Figure 4.15 Comparison of the s tre s s  corrosion ftac tu re  o f a 0° u n i

d irec tio n a l and a 0°/90o/0° crossply  coupon showing the

constrain ing  e ffe c t o f the transverse crack.e - 0.51.
a
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longitudinal p lie s  adjacent to the transverse crack. Since Aero is  tran sfe rred

back in to  the transverse p ly  w ithin a short d istance of th is  crack, s tre s s

co n stra in t w ill operate to  r e s tra in  the s tre ss  corrosion crack to  w ithin a

re la tiv e ly  narrow zone o f increased s tre s s  adjacent to the transverse  crack,

in  a sim ilar manner to  those re s tra in ed  a t  the bottom of hoop wound pipes by

the lin e  of maximum s tre s s . I f  the i n i t i a l  applied s tra in  is  in su ff ic ie n t to

cause an immediate fa i lu re  of the transverse  p ly , then as discussed in

section 4 .4 , w ith time the transverse  ply  fa i lu re  s tra in  i s  reduced by s tre s s

corrosion in the aqueous ac id ic  environment, and fa i lu re  of the 90° p ly  occurs.
o

This re s u lts  in  a loca lized  loading of the  0 p ly , s im ila rly  to  th a t of a 

transverse  crack.

Jones, Wheatley and Bailey (29) reported th a t p o lyeste r-g lass  0°/90°/0° 

crossply coupons te s ted  in  4-point bend, showed reduced tim e s-to -fa ilu re  in  

comparison w ith those te s ted  under un iax ial tension . They a ttr ib u te d  th is  to  

the action  of the transverse cracks, which notched the long itud inal p l ie s ,  

thereby providing in i t ia t io n  s i te s  fo r s tre ss  corrosion cracks. B all and Hogg 

(26) have also reported th a t transverse  cracks formed on the loading of ± 55° 

filam ent wound polyester p ipe, reduced the s tre s s  corrosion tim e s-to -fa ilu re  

by allowing the transport of the aqueous environment in to  the lam inate, where 

s tre ss  corrosion cracks were in i t ia te d . To determine i f  e ith e r  o f these 

e ffe c ts  operated fo r these crossply lam inates, i t  was necessary to  rec a lc u la te  

the i n i t i a l  applied s tra in s  to  allow fo r the localized  increase in  s t r a in  

found in  the longitudinal p ly  adjacent to  a transverse  crack. This was c a rried  

out using equation 4.17.
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tc  _ ecEc (d+b)
£* = ^ T

. (4 .17 )

Where:-

e^c = S tra in  in  the longitud inal p ly  of a 0°/90o/0° crossply

lam inate, adjacent to a transverse  crack. 

ec = I n i t i a l  applied s tra in  in  0°/90°/0° composite. j

Ec = Young’s modulus of the composite in  the 0° d irec tio n .

E = Young’s modulus of a u n id irec tio n a l laminate in  the :
Xj

0° d irec tio n . j

The s im ila rity  between the Mode I tim es-to -fa ilu re  fo r  0° u n id irec tio n a l 

and 0°/90o/0° crossply coupons a f te r  reca lcu la tio n  of the s tra in  by equation 

4.17, shown in  Figure 4.16, i l lu s t r a te s  th a t n e ith e r of the e ffe c ts  

described above, have affected  the tim e s-to -fa ilu re  of the  crossply  lam inates. 

The absence of in i t ia t io n  of s tre ss  corrosion cracks, by the transverse  cracks, 

i s  understandable in  terms of the d iffe re n t s t ra in  f ie ld s  in  coupons te s te d  in  

bend or in  un iax ial tension . In the former, the transverse  crack is  being 

driven in to  the longitudinal p ly  by the increasing s tra in  f ie ld ,  whereas in  

the l a t t e r  no such driving force e x is ts . Subsequently i t  has been found th a t 

s tre ss  corrosion cracks in  po lyeste r-g lass coupons tes ted  under u n iax ia l 

tension , were not in i t ia te d  by transverse cracks (91). The s im ila r ity  in  

Mode I tim e s-to -fa ilu re  also suggest th a t the fa i lu re  of the 0° p l ie s  of a 

0°/90°/0° crossply laminate is  independent of the thermal s t r a in .  However, 

i t  w ill be shown below, th a t the rap id  permeation of the aqueous acid  in to  

these composites can f i r s t l y ,  explain the lack of influence of thermal
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Figure 4.16 Conparison o f the s tre s s  corrosion fa ilu re  times between

0° u n id irec tiona l and 0°/90°/0° crossply  coupons in  open-cells. 

The i n i t i a l  applied s t r a in  in  the crossply  coupons has been 

recalcu la ted  to  represent th a t in  the long itud inal p l ie s  

assuming the transverse p ly  i s  non-load bearing using 

equation 4.17.
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s tra in  on the Mode I tim e s-to -fa ilu re  o f the  0°/90°/0° crossply  lam inates, 

and secondly makes the tran sp o rt o f the aqueous acid in to  the laminate by 

transverse  cracks unimportant.

I t  was not u n t i l  the fa i lu re  times of individual E-glass f ib re s  had been 

measured, th a t  the reason fo r the  ineffectiveness of transverse  cracks became 

apparent. Figure 3.16 shows a comparison of 0° u n id irec tio n a l coupons with 

tim es-to -fa ilu re  of sing le  f ib re s . The s im ila r ity  between the tim e s-to -fa ilu re  

a t  i n i t i a l  applied s tra in s  o f > 0.151 suggests th a t the re s in  i s  not providing 

any chemical p ro tec tion , and th a t the g lass i s  fa i l in g  in  a sim ilar manner as 

i f  i t  were an exposed sing le  f ib re . This ind ica tes th a t the aqueous acid 

rap id ly  penetra tes the longitud inal p l ie s  and s tre s s  corrodes the  m ajority  of 

the g lass reinforcem ent. An a lte rn a tiv e  mechanism is  th a t proposed by Hull and 

Hogg (26,27] whereby, a ttack  of the g lass i s  lim ited  to  th a t  a t  the crack t ip ,  

the r e s t  being pro tected  by the re s in . However the lack o f influence of the 

transverse  cracks on the s tre s s  corrosion i s  not consis ten t w ith th is  theory . 

The fa i lu re  time of a 0° u n id irec tio n a l coupon w ill be dependent upon the 

number of s tre s s  corrosion cracks in  any one plane normal to  the reinforcem ent. 

The more cracks, the more rap id ly  the s tre s s  w ill be increased due to  the 

reduction in  the cross sectional a rea , and shorter the tim e -to -fa ilu re . Thus 

increasing the surface area of a 0° u n id irec tio n a l coupon should lead to  a 

decrease in  the fa i lu re  time. A transverse  crack may be thought o f as doing 

th is ,  since i t  allows access to  the formerly p ro tected  inner su rfaces, hence 

a reduction in  fa i lu re  time would be expected. Support fo r  the tran sp o rt o f 

the aqueous acid through the 0° p lie s  i s  given in  Figure 3 .9 , where the  r e s u l ts  

from 0°/90°/0° coupons with clam p-on-cells, are compared w ith those from the
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experiments in  the open c e l l .  The sim ilar f a i lu re  times demonstrate th a t  the 

acid is  rap id ly  transported  through the 0° p l ie s .  Thus the ineffectiveness 

of the transverse cracks in  reducing the Mode I fa i lu re  times is  due to  the 

rap id  tran spo rt of the ac id , and a t  s tra in s  g rea te r than 0.15%, a fu rth e r  

decrease is  not possib le  because fa i lu re  is  already occurring a t  s im ila r times 

to  unprotected single E-glass f ib re s . (At i n i t i a l  applied s tra in s  o f below 

0.151 Mode I I  fa i lu re  was found in  the clam p-on-cell, th a t i s ,  the f a i lu re  

crack did not pass through the p a rt o f the  laminate enclosed by the c e l l ) .

I t  has been shown in  section  4.4 th a t the aqueous acid  lowers the  transverse  

p ly  fa i lu re  s tra in  by s tre s s  corrosion of the  g lass re s in  in te rfa c e , the  

transport of acid  w ithin these laminates would be expected to  occur by 

c a p illa ry  action  along the glass m atrix in te rfac e . Entry of acid  in to  the 

transverse  p ly  i s  e a s ily  understandable since the cut edges w ill  allow the 

acid d ire c t access to  the f ib re  in te rfac e . In the case of the long itud inal 

p lie s  the acid f i r s t l y  has to  d iffu se  through the re s in  covering the  surface 

g lass , although d ire c t in te r fa c ia l  a ttack  of any exposed g lass i s  another 

p o ss ib ili ty .

The amount of work reported on the d iffu sion  o f aqueous acids w ith in  both 

composites and the m atrix re s in s  i s  severely lim ited , there  has been more work 

carried  out on the d iffusion  of water, although there is  no general agreement 

as to the mechanisms involved. Menges and Gitschner (53) assumed Fickian 

d iffu sion , and calcu lated  the times th a t water took to  completely penetra te  

in to  various types of composite. For an epoxy-glass laminate sim ila r to  those 

used in th is  study, they estim ated th a t complete penetra tion  would be expected
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in  about 15 days. S im ilarly , rap id  permeation in to  p o lyeste r-g lass  composites 

have been reported by Regester (61), and Marshall e t a l  (58,62). However the 

ra te  of penetra tion  by aqueous acid i s  reported to  be slower, although 

Marshall e t  a l consider th a t these lower d iffu sio n  co e ffic ien ts  are the  r e s u l t  

of reac tio n  of the aqueous acid w ith the g lass reinforcem ent. The e ffe c t of 

an applied te n s ile  s tra in  has been found to  increase the d iffu sio n  co e ffic ien ts  

of both water and aqueous acid .

The d iffu sio n  of aqueous acid  p a ra l le l  and normal to  the  d ire c tio n  of 

reinforcement may occur by th ree  d iffe rin g  mechanisms.

(1) D iffusion through the m atrix re s in .

(2) D iffusion by c a p illa ry  action  along the f ib re  m atrix in te rfa c e .

(3) D iffusion through microcracks by a c a p illa ry  mechanism.

Since, i t  has already been shown th a t the g lass-m atrix  bond is

susceptib le  to  s tre ss  corrosion by aqueous ac id , d iffu sio n  through the  re s in

alone would only be expected to occur in  the absence o f, or a t  low applied 

te n s ile  s tra in s . C apillary  d iffu sio n  i s  considered to  occur approximately 

500 times fa s te r  than d iffu sion  through the m atrix re s in  (35), there fo re  rap id  

movement of the acid w ill occur in  the d irec tio n  of the reinforcem ent.

Diffusion normal to the reinforcement may occur by the aqueous acid  crossing 

f ib re s  a t  positions where they are in  con tact, i . e .  high volume fra c tio n  a reas . 

Furthermore since the transverse p ly  fa i lu re  s tra in  has been found to  be 

reduced in  the aqueous acid ic  environment, the applied s tra in  needed to  produce

microcracks i s  also expected to  be reduced. Since microcracking occurs normal

to the d irec tio n  of reinforcem ent, th is  would allow rap id  d iffu sio n  of the
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acid  in  th is  d ire c tio n , followed by c a p illa ry  action  p a ra lle l  to the f ib re  

d irec tio n . Support fo r the formation o f microcracks under the  influence of 

the aqueous ac id ic  environment has been found by employing microprobe X-ray 

analysis to  examine the  f ib re s  near to  what appear to  have been microcracks, 

in  the frac tu re  surfaces. Figures 4.17 and 4.18 show th a t f ib re s  near to  the 

microcracks have lo s t  more aluminium and calcium than f ib re s  in  areas away 

from microcracks, thereby ind ica ting  th a t  they have been in  contact w ith the 

acid fo r a longer period.

At s tra in s  o f below 0.15% fa ilu re  occurs in  longer times than unprotected 

E-glass f ib re s . I t  i s  not absolu tely  c lear a t  p resent whether th is  i s  due 

to  e ith e r , a lower ra te  of s tre ss  corrosion of the g lass re s in  in te rfa c e , or 

the cessation  of microcrack growth. Since the Mode I I I  behaviour of the 

crossply  lam inates ind ica tes th a t d iffu sion  of the aqueous acid occurs 

comparatively rap id ly , p a ra lle l  to  the reinforcem ent in  the long itud inal p l ie s ,  

i t  appears th a t the absence of environmental-microcracking reduces the 

d iffusion  ra te .

Generally the chemical res is tan ce  of anhydride cured epoxy re s in s  i s  

thought to  be superior to an isoph thalic  po lyester (78). To fu rth e r  check 

th a t a chemical a ttack  of the epoxy m atrix was not p rim arily  responsib le fo r  

i t s  poor s tre ss  corrosion p ro p erties , (See Figure 3.11 fo r  a comparison w ith 

the po lyeste r-g lass coupons), the chemical res is tan ce  was improved by using a 

near sto ichiom etric proportion of NMA. (90phr) and postcuring fo r  24 hours a t 

200°C (76,77). No improvement in  the s tre s s  corrosion res is tan ce  was found as 

shown in  Figure 3.11 confirming th a t the  mechanism was not dependent upon the 

chemical res is tan ce  of th is  re s in .
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Figure 4.17 Microprobe analysis o f g lass fib res  in  s tre s s  corroded 

frac tu re  surface away from m icrocracks. (Mode I  fa ilu re )
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Figure 4.18 Microprobe analysis of glass fib res  in  s tre s s  corroded 

frac tu re  surface near to  m icrocracks. (Mode I f a i lu r e ) .
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I t  would be expected th a t the thermal s tra in s  present in  the 0°/90o/0° 

crossply laminates would influence the ra te  of s tre s s  corrosion, so th a t  the 

0° u n id irec tiona l coupons would have longer fa i lu re  tim es. The reasoning 

is  th a t  the generation of a thermal s tra in  in  the 90° ply  o f a lam inate w ill 

put the longitudinal p ly  in to  compression in  the d irec tio n  of the f ib re s .

For lam inates w ith d=b the compressive s tra in  i s  one th ird  o f the thermal 

s tra in  in  the longitud inal d irec tio n  of the transverse  p ly , i . e .  approximately 

0.071. In an environment, re s in  swelling could lead to a reduction in  the 

thermal s tra in , however in  Figure 3.18 i t  i s  shown th a t w ithin the times fo r  

f a ilu re  by s tre ss  corrosion, re laxa tion  is  in s ig n if ic a n t. Furthermore in  

section  4.2 i t  was shown th a t  the g lass f ib re s  become debonded from the  m atrix 

under the action  of an environment and an applied load. Therefore, since the  

decoupled f ib re s  no longer have a compressive component the f ib re s  in  the  0° 

longitudinal p lie s  cannot be considered to  be a t  a lower s tr a in  than the  

i n i t i a l  applied s tra in . Thus the s tre ss  corrosion tim e s-to -fa ilu re  as a 

function of the s tra in  in  the 0° longitud inal p l ie s  are expected to  be the  

same fo r 0° and 0°/90°/0° crossply lam inates, as shown in  Figure 4.16. In 

section  4.6 i t  i s  shown th a t  the Mode II  f a i lu re  requ ires su ff ic ie n t applied 

load to overcome the thermal compressive s tra in s  in  the 0° p lies ,o therw ise  

the crack cannot propagate through the long itud inal g lass f ib re s ,  and the 

coupon becomes damaged by the Mode I I I  mechanism.

Thus Mode I fa i lu re  a t i n i t i a l  applied s tra in s  g rea te r than 0.15% is  

due to the rap id  d iffusion  of the ac id ic  environment in to  the lam inate 

re su ltin g  in  s tre ss  corrosion of the g lass f ib re s . The entry  of the  acid
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seems to  occur v ia  environmental-microcracking and s tre s s  corrosion of the 

g lass re s in  in te rfac e . At s tra in s  of below 0.15%. s ig n if ic a n tly  longer 

tim es-to -fa ilu re  than sing le  g lass f ib re s  are  found suggesting th a t  

environmental-microcracking does not take p lace.
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4 .6  MODE I I  AND MODE I I I  STRESS CORROSION FAILURE

Mode II  fa ilu re s  o f both 0°/90o/0° crossply  and 0° u n id irec tio n a l 

coupons were observed in  open-cells a t applied s tra in s  o f less  than 0.15%.

This fa i lu re  mode was shown to be a property of the laminate and not of the 

g lass , because E-glass tows in  sim ilar experiments, fa ile d  w ithin the acid . 

Mode II  i s  a lso  characterised  by fa i lu re s  in  sho rte r times than Mode I ,  but 

m icro -structu ral examination of the frac tu re  surfaces showed no d ifferences 

(Section 3 .5 ), except th a t there  appeared to be more c ry s ta llin e  m ateria l 

present in  the Mode II  frac tu re  surface. Thus i t  appeared th a t the  fra c tu re  

of the longitud inal p lie s  in  a Mode I I  fa ilu re  occurred in  a sim ilar manner 

to a Mode I fa i lu re ,  and th a t a mechanism operated which allowed the  s tre s s  

corrosion of the g lass f ib re s  to  occur fa s te r  above the aqueous acid  than in  

i t .  Since Mode II  fa i lu re  takes longer than the fa ilu re  o f sing le  g lass 

filam ents a t  sim ilar s t ra in s ,  the re s in  provides some chemical p ro tec tion  to  

the f ib re s . I t  was noted th a t the extent of the additional damage occurring 

in  the unimmersed portion  of a crossply  laminate a t s tra in s  below 0.15% 

seemed to  be dependent upon the i n i t i a l  applied s tra in ; the lower the s t r a in ,  

the more the  damage. Thus the frac tu re  process became more l ik e  the Mode I I I  

found in  non-extem ally  stressed  crossply  coupons.

C rysta lline  m ateria l was observed to  form a t the  edge of 0° u n id irec tio n a l 

coupons tes ted  in open-cells a t  i n i t i a l  s tra in s  of approximately 0 . 1%. 

Sim ilarly , Mode I I I  damaged crossply coupons had c ry s ta l lin e  m ateria l p resent 

w ithin the longitudinal s p l i ts  and a t th e ir  edges. Aluminium, sulphur and 

calcium were id en tifie d  by X-ray spectrometry using a JEOL 200 CX STEM, as
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the main elemental constituen ts o f th is  c ry s ta llin e  m ate ria l, see Figure 4-.19. 

Furthermore, the needle shaped c ry s ta ls  separated from th is  m ateria l have 

been id e n tif ie d  as aluminium sulphate (Figure 4 .20).

The examination of the c ry s ta llin e  m ateria l found in  the Mode I I  frac tu re  

surfaces using a JEOL JXA 50A microprobe showed i t  to  be r ic h  in  calcium 

and sulphur as shown in  Figure 4.21. There is  some doubt as to  when the 

m aterial was formed, i . e .  i t  may not have c ry s ta lliz e d  u n t i l  a f te r  the 

frac tu re  of the coupon. However since the corrosion of E-glass by aqueous 

acid occurs by leaching out the m eta llic  elements, predominantly calcium, 

aluminium, potassium and sodium (50) and th a t  calcium sulphate has only 

lim ited so lu b ili ty  in  aqueous media i t  can be reasonably assumed th a t 

c ry s ta lliz a tio n  has occurred p rio r  to  frac tu re . On the o ther hand, aluminium 

sulphate i s  considerably more so luble, thus the c ry s ta llin e  deposits a t  the 

coupon edge can be explained by the tran sp o rt of the  soluble corrosion products 

from within the laminate to  i t s  edge, where evaporation o f the water occurs. 

Therefore i t  was postu lated  th a t Mode II  and I I I  fa ilu re s  were caused by the 

p rec ip ita tio n  of the le ss  soluble g lass degradation products w ithin the 

laminate. The hypothesis is  supported by Scrimshaw’s observation of calcium 

sulphate in  the ign ited  residue of s tre s s  corroded po lyeste r-g lass  lam inates 

(24). He also explained the weight gains found fo r po lyeste r-g lass  lam inates 

immersed in  aqueous sulphuric acid as a re s u lt  o f the formation of in - s i tu  

calcium sulphate. Sim ilar coupons te s te d  in  hydrochloric acid  showed a lo ss  

in  weight.
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Figure 4.19 X-ray analysis o f c ry s ta llin e  m aterial found a t the edge o f a 

0° u n id irec tio n a l coupon a t an i n i t i a l  applied s tra in  o f 0.1 

The m aterial analysed i s  shown in  the micrograph.
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L a l p h a  l i n e s

Al S Cu
K a lp h a  lin es  

Link S y s te m s  Ltd X R ay A n a ly sis

Figure 4.20 X-=ray analysis o f needle shaped c ry s ta ls  found in  the

c ry s ta llin e  m aterial analysed in  figure 4.19 and shown in  the 

micrograph.
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L a lp h a  lin e s
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K a lph a  lin es  

Link S y s tem s  L td X  R ay  A n alysis

Figure 4.21 Microprobe analysis o f c ry s ta llin e  m ateria l found in  a Mode I I  

frac tu re  su rface.
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To confirm th a t  Mode I I I  damage re su lted  from insoluble glass 

degradation products, unloaded crossply  coupons were immersed in  n i t r i c ,  

hydrochloric and phosphoric acids o f s im ila r concentration. Damage did 

not develop in  samples subjected to  n i t r i c  acid , only one small transverse  

crack in  the 0° p ly  occurred in  hydrochloric acid , whereas in  phosphoric 

acid  damage developed in  both the immersed and unimmersed halves o f the 

coupon. Comparison o f the s o lu b il i t ie s  o f the s a l ts  o f calcium and 

aluminium formed in  each o f  these ac ids, shown in  Table 4 .6 , confirms 

th a t the formation o f Mode I I I  damage i s  d ire c tly  re la te d  to  the  so lu b ili ty  

o f the glass corrosion products. Furthermore, since the calcium s a l ts  

are the more inso lub le , i t  appears th a t these are prim arily  responsib le . The 

development of Mode I I I  damage in  phosphoric acid took considerably longer 

than in  sulphuric acid', th is  i s  a ttr ib u te d  to  the lower a c id ity  of the 

phosphoric acid , as shown by i t s  g rea te r pKa value.

Further confirmation th a t Mode I I  fa ilu re  was the re s u lt  o f  

insoluble g lass degradation products was obtained by using hydrochloric 

acid  o f s im ila r hydrogen ion concentration to  the sulphuric ac id . At 

i n i t i a l  applied s tra in s  o f - 0.11 f a ilu re  occurred w ith in  the environment 

by the Mode I mechanism, in  a longer time than fo r Mode I I  fa ilu re  in  

aqueous sulphuric acid , but in  a sh o rte r time than Mode I in  the  closed 

c e l ls .  The reduced time to Mode I fa ilu re  shown by hydrochloric acid  

compared to sulphuric acid suggests th a t the hydrogen ion a c t iv i ty  may 

be d iffe re n t. The in te rp re ta tio n  o f the d iffe r in g  e ffe c ts  o f these acids 

needs fu rth e r study.
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Acid H20 1M HQ 1M HN03 0.5M H2S04 0.5M H3P04

PKa -7 -1.4 -3 2.1

h n
S alt

0 0  0 0  00

Solubility*  /mol kg"*

3-7 >14

CaCl 2 5.36 >5.36 - -

Ca(N03) 2 6.2 -  >6.2 -

Ca SÔ 4.7xlO"2 4.4xl0"2 -

Ca3 (1̂ 4)2 6 .3x10”4 - 3.5xlO-5

0.91 - -

* The s o lu b il i t ie s  in  ac id ic  environments are calcu lated  from th e i r

s o lu b il i t ie s  in  water and the appropriate s o lu b ili ty  product (92,93) 

Table 4.6 The time fo r onset o f Mode I I I  cracking ( t^ ^ /d a y s )  o f

0°/90°/0° epoxy-glass coupons half-immersed in  aqueous ac id s , 

and i t s  re la tio n sh ip  with the a c id ity  (pK ) and s o lu b ili ty
a

o f the calcium and aluminium s a l t s .
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As discussed in  section  4.5 i t  has already been shown th a t a t low applied 

s tra in s  (< 0.15%), d iffu sion  p a ra lle l  to  the g lass reinforcem ent occurs 

much fa s te r  than a t  r ig h t angles to  i t .  In crossply laminates the thermal
•J.T-

s tra in  has been shown to  be su ff ic ie n t fo r debonding to  occur in  the

environment and allow the acid  to  penetra te  the transverse  p ly . Thus the 
ththermal s t r a in  z  ̂ in  the long itud inal p lie s  w ill a lso  lead to  debonding 

o f the g lass fib res  in  the presence o f  ac id ic  environments w ith the 

subsequent rap id  c a p illa ry  d iffusion  in  the d irec tion  o f the reinforcem ent.

The aqueous acid  a t  the glass m atrix  in te rface  w ill  a lso  leach the  m eta llic  

ions from out o f the glass f ib re  su rface. Under c a p illa ry  ac tion  the acid  

i s  transported  to  the unimmersed portion  o f the coupon, where concentration 

o f the g lass degradation products may re s u lt  from the following processes.

(1) Absorption o f water by the "dry” re s in .

(2) Continued leaching o f the m eta llic  elements, w ithout the 

opportunity to d iffuse  away in to  the bulk o f the corrodent.

(3) Evaporation o f moisture from the unimmersed portion  o f  the 

coupon.

The e ffe c ts  o f absoiptian  o f water by the re s in , and/or lo ss  by 

evaporation m i l  be sim ilar to  a flame a t  the end of a wick, and thereby 

provide the driv ing force fo r more corrodent to  be drawn in to  the immersed 

h a lf  of the laminate and be transported  to  the unimmersed p a r t . That 

th is  i s  o f major importance in  concentrating the glass degradation products 

is  shown by the suppression of Mode I I  fa ilu re  in  the c lo se d -c e lls . The 

moisture sa tu ra ted  atmosphere surrounding the coupon stops the evaporation
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of water and there  is  no driv ing force fo r  the continual tran sp o rt of the 

g lass corrosion products to the unimmersed h a lf  of the coupon. S im ilarly  

in p a r t ia l ly  immersed non-externally  stressed  0°/90°/0° crossply  coupons,

Mode I I I  damage begins near the top of the g lass container where the onset 

of evaporation is  most pronounced,as shown in  Figure 4.22. This is  confirmed 

when the c e l l  i s  completely filled ,b ecau se  Mode I I I  damage appears immediately 

above the surface of the environment as shown in  Figure 3 .8 . This fu rth e r  

ind icates th a t a high re la tiv e  humidity suppresses the damage by not allowing 

the concentration of the g lass degradation products to  occur.

The mechanism by which the environmental s tre s s  corrosion cracking is  

enhanced by the  p rec ip ita tio n  of degradation products in  producing a Mode II 

f a i lu re  is  s t i l l  no t c e rta in . There appears to  be two possib le  mechanisms.

(1) P rec ip ita tio n  of the le a s t  soluble s a l t  (calcium sulphate 

i f  sulphuric acid is  the ac id ic  environment) a t the f ib re

m atrix in te rface  causing re s in  cracking, and allowing the

acid access to previously pro tected  f ib re s .

(2) P rec ip ita tio n  of the le a s t  soluble s a l t  a t  the crack t ip  

which then provides su ff ic ie n t te n s ile  fo rce , due to 

c ry s ta lliz a tio n  pressure to  open the crack.

That n e ith e r of these mechanisms i s  operative in  the aqueous environment 

is  due to  the s o lu b ili ty  of calcium sulphate, which is  su ff ic ie n tly  large

to remain soluble in  the immersed lam inate. However a more inso lub le  s a l t

such as calcium phosphate w ill p re c ip ita te  w ithin the environment causing 

Mode I I I  type damage.
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Figure 4.

Figure 4.

22 The development of Mode I I I  damage near to  the top of the g lass 

container, as opposed to  immediately above the environment.

9 , 22 KX 25KU WD=23MM S = 0 0 0 9 6  P = 0 0 0 2 4  
5 U M----------------------------------------------------

M aterial (c ry s ta llin e ) found a t the f ib re  m atrix in te rface  in  

a Mode II fa ilu re  frac tu re  surface; shown arrowed in  the 

micrograph.
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The re s u lts  of the low s tra in  experiments carried  out in  aqueous 

sulphuric acid of increasing concentration are shown in  Table 3 .4 . Above 

1 M, Mode II  fa i lu re  was suppressed. There seems to  be two possib le  

explanations. F ir s t ly ,  the observed Mode I fa i lu re  is  a c tu a lly  a Mode I I  

fa i lu re  which occurred w ithin the aqueous acid  because the common ion e ffe c t 

makes calcium sulphate le s s  soluble in  more concentrated sulphuric acid . 

Secondly, the increased acid concentration may lead to an increase in  

the ra te  of Mode I s tre s s  corrosion. The l a t t e r  seems un like ly  in  view of the

previous work (7,24,25) on the s tre s s  corrosion of E-glass bundles and

laminates in  acids of d iffe r in g  concentration where i t  was found th a t  the 

most aggressive acid  concentration is  in  the  range of 0.5-2 M.

An example of the deposits found a t the f ib re  m atrix in te rface  i s  shown

in  Figure 4.23. As yet no p o sitiv e  id e n tif ic a tio n  of th is  apparently  

c ry s ta llin e  m ateria l has been possib le . Although i t  could be re s in  or g lass 

sp lin te rs  th a t have become lodged a t  the in te rface  a f te r  f ra c tu re , the  most 

l ik e ly  explanation is  th a t they are the c ry s ta ls  described here.

Thus Mode I I  fa ilu re  re s u lts  when the following four c r i t e r i a  are 

f u l f i l le d .

(1) The re s in  provides su ff ic ie n t chemical p ro tec tion  to  produce 

longer tim es-to -fa ilu re  than those fo r the unprotected sing le  

f ib re s .

(2) Moderately insoluble g lass degradation products are formed.
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(3) The corrodent can be transported  to  the unimmersed portion  

of a lam inate.

(4) The g lass corrosion products can p re c ip ita te  on evaporation 

and/or d ispersion  of w ater.

Mode I I  fa i lu re  has no t been observed in  po lyeste r-g lass  coupons and 

th is  seems d ire c tly  linked to  the in a b il i ty  of the aqueous acid  to  a ttack  

the stressed  fib re-m atrix  in te rfa c e , as shown by the transverse  p ly  f a i lu re  

s tra in  remaining unaltered  in  the  presence of acids, rap id  tran sp o rt o f the 

environment to  the unimmersed h a lf  o f the coupon therefo re  cannot take p lace.
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4 .7  GENERAL MORPHOLOGICAL DETAILS

Hogg and Hull (26) id e n tif ie d  th ree  main s tru c tu ra l fea tu res  w ithin 

s tre s s  corrosion frac tu re  surfaces.

(1) S tress corrosion nucleation regions.

These were e a s ily  id e n tif ie d  since the glass f ib res  were devoid

o f frac tu re  pa tte rn s and the frac tu re  plane ran through both the

glass and the re s in .

(2) S tress corroded regions.

The glass shows the usual frac tu re  p a tte rn , there is  a lso  f ib re

p u ll-o u t and debonding p resen t.

(3) Steps.

Areas where the frac tu re  shows a p lanar d iscon tinu ity .

The examination, by SEM, o f both the  0° un id irec tional and 0°/90o/0° 

crossply frac tu re  surfaces o f th is  study showed the presence o f a l l  th ree  

o f these s tru c tu re s . Table 4.6 l i s t s  the Figure No. where examples o f each 

stru c tu re  may be found in  th is  th e s is .
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Morphological
Feature

Figure
Number

Page
Number

S tress Corrosion 3.25 106
Nucleatian Region

3.26 107

3.29 111

3.30 111

S tress Corroded 3.27 109
Region

3.28 109

Steps 3.29 111

3.30 H i

4.28 180

4.29 180

Table 4.6 The location  o f SEM micrographs o f morphological fea tu res 

w ithin the th e s is .
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4 .7 .1  Step form ation  in  th e  f r a c tu re  su rfa ce

Hogg and Hull (27) observed th a t delamination occurred whenever the 

s tre s s  corrosion crack grew to  a c r i t ic a l  length , as i l lu s t r a te d  in  

Figure 4.24. Furthermore, they found th a t increasing the i n i t i a l  applied  

s tr a in , decreased the distance between delam inatians. A s im ila r mechanism 

has been observed in  some o f the 0° u n id irec tiona l s tre s s  corrosion fa i lu re s . 

Figure 4.25 shows one such coupon with two delamination cracks. O rig inally  

i t  was thought th a t a delamination process s im ila r to  th a t described by 

Hogg and Hull could explain the formation o f the stepped frac tu re  surfaces 

reported here , but operating on a reduced sca le . However m icroscopical 

examination o f the steps showed th a t they were not consisten t w ith th is  

theory, since i f  a step  is  formed by delamination, then there  should be a 

crack a t  the base o f the step . Figure 4.2 6 i l lu s t r a te s  the formation o f 

a step by delamination and the location  o f the crack a t  i t s  base. In the 

m ajority o f the frac tu re  surfaces these base cracks were not observed 

showing th a t delamination was not responsible.

In section  4.5 evidence fo r the rapid  en try  o f the environment 

through microcracks, formed by a s tre s s  corrosion mechanism was presented.

I t  is  therefore l ik e ly  th a t the steps found in  these frac tu re  surfaces 

are the rem ants o f the microcracks. S tress corrosion w ithin  a microcrack 

w ill occur f a s te s t  a t  areas o f g rea tes t s tre s s  concentration, which w ill 

normally be where the crack is  sharpest. This could produce two types o f 

frac tu re  depending whether s tre ss  corrosion cracks grow from d if fe re n t 

positions as i l lu s t r a te d  in  Figure 4.2 7. The s tre ss  corrosion cracks
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f i b r e  d i r e c t i o n

- ( m )

Figure 4.24 Schematic represen tation  of foimation o f delamination crack 

a t t ip  o f s tra in  corrosion cracks (1) nucleatian  o f f i r s t  

delamination (2) fu rth er growth of s tra in  corrosion crack

(3) second delamination. Taken from reference 27.

WBBBM

I38B

I i III

) 8 0  9 0  IOO I O 120 130
mm.

Figure 4.25 0° un id irec tional coupon showing two delamination cracks.

-176-



crack

Figure 4.26 Diagramatic rep resen ta tion  o f the  formation o f a step  by

delamination, showing the p osition  o f the crack a t  the base 

o f the s tep .

b

Figure 4.27 Formation o f a s tep  due to  s tre s s  corrosion w ith in  a microcrack.
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ind icated  by the dotted  lines are no t e je c t e d  to  grow so rap id ly  since 

they are in  an area o f reduced s tre s s  caused by s tre s s  r e l i e f  from the 

mutual in terference  by the crack above or below i t .  Further evidence 

fo r th is  mechanism is  given by the following observations.

(1) Microcracking in  po lyeste r (69) and epoxy lam inates (94) 

generated under te n s ile  loading occurs predominantly in  f ib re

rich  regions or a t  the borders between a res in  r ic h -f ib re  r ich  regions. 

Further examination o f these steps showed them to  occur mainly a t  the 

in te rface  between these re s in  r ic h -f ib re  r ich  areas as shown in  Figure 4.28 

Steps are not usually  found in  res in  rich  areas.

(2) In 0°/90°/0° crossply coupons the steps are o rien ta ted  

predominantly normal to  the transverse p ly , as shown in  Figure 4.2 9. This 

is  s im ila r to  the expected o rien ta tio n  o f the environmental microcracks 

which are allowing ingress o f acid  as described in  section  4.5 and a rise s  

because o f the thermal s tra in  p resen t w ithin  the 0 p l ie s .

The mechanism of step formation given above is  consisten t w ith and 

presents confirmatory evidence fo r the major fea tu re  of the  s tre s s  corrosion 

o f th is  epoxy-glass f ib re  laminate system. That i s ,  the long itud inal p ly  i s  

subject to  s tre ss  corrosion, probably v ia  the in te rfa c e , as shown by the ease 

of debonding; w ith subsequent rapid transport of the environment by c a p illa ry  

action  along the in te rface  a t  low s tra in s , and by environmental-microcracking 

a t  higher s tra in s . Consequently a t  high s tra in s  the laminate fa i lu re  times 

are the same as those fo r single g lass filam ents and Mode I f ra c tu re  w ithin
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the environment occurs. At low s tra in s  Mode II  and I I I  mechanisms operate 

outside the environment. In conclusion, the in te r fa c ia l  p ro p ertie s  o f th is  

laminate system contro l the long term life tim e  of the m ate ria l, in  corrosive 

conditions.
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Figure 4.28

Figure 4.29

25KU MO' 44HH S 0 0 0 0 0  P ' 0 0 0 1 4305X

Micrograph showing a step  a t  the border between a re s in -r ic h  

f ib re -r ic h  area.

Micrograph showing the predominantly normal o rien ta tio n  of 

steps in the longitudinal p l ie s  to  the transverse  p ly .
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CHAPTER 5 CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

\
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5.1- CONCLUSIONS

The following conclusions about the mechanism o f s tre s s  corrosion 

cracking o f model glass f ib re  reinforced  epoxy lam inates, have been reached.

(1) The fa ilu re  mode is  dependent upon the magnitude o f the  i n i t i a l  

applied  s t r a in ,  the nature o f the aqueous environment and the type o f 

environmental c e l l  which con tro ls the humidity o f the atmosphere surrounding 

the immersed h a lf . Three fa i lu re  modes were id en tif ie d .

Mode I: This occurs w ithin the aqueous environment and was observed 

fo r both 0° u n id irec tio n a l and 0°/90o/0 °  crossply  coupons. At i n i t i a l  

applied s tra in s  o f g rea te r than 0.151 i t  occurred in  a l l  the environmental 

c e l ls ,  in  s im ila r fa ilu re  times to  those fo r unprotected E-glass f ib re s , 

and i s  associated  with the rap id  d iffusion  o f the environmsnt in to  the 

lam inate. At s tra in s  o f below 0.151, Mode I i s  only observed i f  the more 

rapid  Mode II  fa ilu re  i s  e ith e r  suppressed, by removing the  opportunity 

fo r concentrating the glass degradation products by the evaporation o f 

water, as is  the case in  the closed c e l ls ,  o r in  ac id ic  environments such 

as hydrochloric acid , whose calcium s a l ts  are more so lub le . At these low 

strains,Mode I fa ilu re  occurs in  longer times than th a t o f the unprotected 

E-glass f ib re s .

Mode II.: This occurs in  the nan-immersed h a lf  o f the  coupon and was 

found fo r both 0° u n id irec tio n a l and 0°/90o/0° crossply lam inates. At 

i n i t i a l  applied s tra in s  o f le ss  than 0.151 i t  occurs more rap id ly  than 

Mode I fa ilu re  and is  associated  w ith the concentration and p re c ip ita tio n
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of insoluble g lass degradation products in  the unimmersed h a lf  of the 

lam inate, p rim arily  by the evaporation of water.

Mode I I I : This has only been found in  non-extem ally  s tressed  0°/90o/0°

crossply coupons and is  re la te d  to  Mode II  f a i lu re ,  being s im ila rly  associated  

with the p rec ip ita tio n  of insoluble g lass degradation products.

(2) The re s u lts  of the dynamic environmental transverse  cracking 

experiments showed th a t the f ib re  m atrix in te rface  was suscep tib le  to  s tre s s  

corrosion, leading to  a p a r t ia l  debonding, and a t  applied s tra in s  g rea te r 

than 0.15%, the formation of environmental-microcracks. I t  i s  the  s tre s s  

corrosion of the f ib re  m atrix in te rfac e , th a t is  responsible fo r  the  rapid  

s tre ss  corrosion cracking observed fo r these epoxy-glass lam inates.
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5.2 SUGGESTIONS FOR FURTHER WORK

The re s u lts  in  th is  th e s is  have id en tif ie d  two main areas fo r fu rth e r  

study.

(1) S tress corrosion of the fib re-m atrix  in te rface .

The fib re-m atrix  in te rface  in  these laminates has been shown to  be 

susceptib le  to  s tre s s  corrosion, whereas the in te rface  in  p o ly es te r-g la ss  

composites appears to  be re s is ta n t .  Furthermore environmental microcracking 

can occur which leads to  rap id  permeation of these laminates by the aqueous 

acid. Further investiga tion  of these phenomena are required to determine 

the e ffe c ts  of s tre s s  and aqueous acid -on the glass-m atrix  in te r fa c ia l  

chemistry, to  b e tte r  determine the m atrix requirements necessary fo r 

environmental s tre ss  corrosion cracking re s is tan ce .

(2) Glass degradation products.

I t  has been shown th a t g lass f ib re  degradation products may cause an 

accelerated fa i lu re  where frac tu re  occurs in  th a t p a rt of the composite not 

d ire c tly  in  contact w ith the environment. The mechanism of s tre s s  corrosion 

cracking of GRP by the c ry s ta l liz a tio n  of the g lass degradation products i s  

an area where fu rth er study is  needed. Possibly, a m icroscopical study of 

model lam inates, could determine how the g lass degradation products a f fe c t  

the s tre ss  corrosion cracking res is tan ce . The nature o f these chemical 

degradation processes also tends to  question the  p resen tly  accepted mechanism 

of s tre ss  corrosion of g lass f ib re s , and fu rth e r study may lead to  chemical 

ways of s ta b iliz in g  the g lass .
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