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SUMMARY

The technique of usin g hi gh Intensity light emitting
diodes to produce opt ical ima ges of ultra sonic wave trains
has been applied to two aspects of the work. In experiments
prelin~inar y to fundamental studies of resin/g lass interfaces,
the technique has been refin ed to the stage where clearly
resolvable fringes can be reproducibl y observed in glass and
in epoxy resin, and in experiments to assess the techni que ’s
potential as a NDT tool capable of detecting flaw s in re al
composites. ultrasound has been successfully transmitted
throu gh composite slabs to give ‘readable ’ f r inges  in a glass
visualising block.

Accelerated water exposur e tests and natural weathering
tests on epoxy resin composites hav e continued. Chemical
analysis has confirmed the impress ion gained f rom micro-
struc tural examination of fractur e surfaces that, even when
apparently, fully cured , these materials contain unreacted resin
and hardener , dissolution of which by diffus ed water is no doubt
partly responsible for generation of the pockets of pressur e
believed to be the cause of disc-shape d internal cracks.
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1. INTRODUCTION

An essential  fea ture-  of the wea the r ing  of glass f ib re  re inforced
res ins  is the des t ruc t ion  of adhesion between glass and solid res in  by
d i f fused  water .  The nature  of accommodation by the res in  of obstruction
to res in  dimensional changes dur ing water uptake is believed to be central
to the des t ruc t ion  process , that is , that the build-up of elastic and
possibly plastic s t ra in  in r e s in  immediately adjacent to f ibres  and the
enhancement of chemical reactions by such strain is believed to play a
prominent  role in mechanisms responsible  for loss of adhesion. The
b u i l d — u p  of local s t ra ins  is un 1i~~el y to al ter  the densi t ies  of interfacial
bonds and the fa i lure  of hi gh re~ o1uLion techni ques (ESCA , SIMS, etc.
to de tec t  si gnif icant  d i f f e rences  in bond densit ies between fa i lures
obta ined ‘i f t e r  exposure to d i f f e ren t  aqueous environments  is taken as
c i r c u m st . ntial evidence for  the l ine of approach presented here .

‘~ens it ive methods are  needed for  investigating the states
of s t r e s s  and s t r a in  at gl a s s/ r e s i n  in t e r f aces  and for monitoring
changes in these s tates  of s t r e s s  and s t ra in  during water uptake.
A supp lementary r e sea rch  gran t  ( 7 7 - G - 0 7 l )  has been made
available to develop a visual isat ion of u l t rasound method for
doing this.

Although s t ress  enhanced attack of interfacial  bonds is believed
to be at the -nub of the weathering problem, in real composites, that
i s in di r t y compos i tes , the r e  are  addi tiona l problems arising from the
presence  of impurity inclusions , in terac t ion  of which with diffused
water lead s to r e s i n  f r a c t u r e s  and to in terfacia l  fa i lure .  The
ident i f ica t ion in this laboratory (Ashbee , Frank and Wyatt 1967; 1
Ashbee and Wyatt l969) 2of mechanisms responsible  for  these
problems in pol yester  res in  composites  was the basis of the ori ginal
r e se a r ch proposal  (7 6 - G -06 8 )  and the mechanisms identified in that
ear ly work have now been identified in epoxy res in  systems.

~

_ .- - -
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2.

2. ULTRASONIC PHOTOELASTIC EXPERIMENTS

2. 1 EXPERIMENTAL SET-UP

The pr incip les of photoelastic s t ress  anal ysis can be
utilised to visualise hi gh f r e qu e n c y  s tress  waves in a t ransparent
medium as shown by W yatt ( 1972, 1975) ~’tnd Andrews and
Wallis ( l977) .~ Stroboscop ic i l luminat ion is controlled electronically
to create standing waves of the dynamic  b i r e f r ingence  field, which
are  viewed throug h crossed polars.  The diagram in fi gur e 1
shows the pr inc i pal components  of the a r rangement .  An LED
provides the li ght with lenses to collimate and converge the
beam. This visualising block of glass. quar tz  or epoxy resin,
is placed between the crossed polarizer and analyser plates.

An ultrasonic wave packet is generated in the transducer
by applying a hi gh voltage pulse to a wafer  of ‘Verni t ron ’ PZT 5A
p iezoe lec t r ic  mater ia l  us ing  an A. E. I . X T  2104 801 pulse
modulator  th y r i s t e r.  The repet i t ion  rate of the pulse is 3 kHz
for visual  observat ion,  but this may be reduced for photographic
work. This reduced f r eq u e n c y  gives t ime for the ref lec t ions  of
the sound waves from the prev ious  pulse to die away and el iminate
a back ground s tress  wave pattern.  Higher f requenc ies  are used
for visual work because of the increased i l lumination of the
f r inges .

To obtain the s t roboscop ic il lumination, a Hewlett-Packard
typ e 5082-4558 hi gh in tens i ty  LED is flashed in synchronism with
the resonant  f requency  of the ul t rasonic  t r ansducer .  Sing le or
multip le light flashes can be used up to f requencies  of t~’10 MHz
with a pulse width of typ ically 50 ns. With accurately crossed
polars,  both compressive and tensi le  s t r e s ses  give bri ght f r inges .
and the wavelength of the sound appears  to be halved. With a
re tardat ion  plate included however,  p laced between the v isuali s ing
medium and the analy ser , compensat ion is possible  to allow for
the retardation of compression and tension, and an ad jus tment  is
made to give extinction at either s t ress  level.

A simplified circuit  diagram for the driver stage to the
ultrasonic transducer is shown in fi gure 2. The oscillator
which de te rmines  a repetit ion rate  f rom 500 Hz to 3000 Hz
sends positive pulses to the base for TR 1. Current  supp lied
from the 20 v line can now flow through the pr i m a ry  P1 of
the t r a n s f o r m e r,  and the secondary S2 (1:40 ratio) develop s
800 v across  the t ransducer .  A negative pulse f rom Si
(P l/ S l  turns  ratio 1:1) switches TR2, allowing cur ren t  to
flow to the t r i gger of the th yr i s te r  TH1. The th y r i s t e r  now
conducts rap idly, removing the charge across  the t ransducer
electrodes and resul t ing  in an ul t rasonic  ring at the resonant

- ~~ —-- - -- - -- - -~---- -- -. 4
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f r equency  of the p iezoelectr ic  disc.

The thyrister tri gger pulse is also used to start the
TTL LED circuitry, shown in block diagram in figure 3 -
A potentiometer controls the delay monostable to set the distance
the s.~und wave will have travelled before it is visualised.
This triggers the enabling monostable, also variable, to determine
the length o-f the LED pulse train to give a single pulse or
multiple flashes. An oscillator chops the enabling pulse to
match the ultrasonic frequency and is variable from 0. 5 to
10 MHz. Each pulse is shaped by the flash time monostable
whose variable t iming  components  allow a pulse width range
from 30 to 100 ns. Eight NAND gates in parallel provide
the necessary current amplification to drive the common
emitter output stage. A third line of 35 v provides the LED
with power, and by running the LED at temperatures approaching
- 195°C the illumination is increased threefold. Although of
marginal value for photographic work, better illumination has
made the technique a much more viable propobition for visual
scrutiny of diffraction phenom ena.

2. 2 RESULTS OF PHOTOELASTIC E X P E R I M E N T S

Since the f i r s t  per iodic repor t ,  the e l ec t ron ics  driving
the ultrasonic transducer have been improved. With better
TTL controlling a near square wave train to the LED, clear
fringes can be observed in the visu-~lising block. Although the.
results presented here are with a ouartz block, fringes have
also been observed in Steuben glass, in soda glass and in
1009 epoxy resin. Figure 4 shows single and multiple flashes
from a 2 MHz pulse in the fused quartz. The longitudinal
waves can be seen travelling directly down from the transducer,
which is visible top centre, with the shear waves of shorter
wavelength clearly resolved at 450 on each side of the
longitudinal wave direction. The single flash photograph also
shows the diamond-shaped pattern resulting from multiple
reflections from the preceding sound pulse. This pattern can
be removed by slowing down the repetition rate. Another
multiple fla sh photograph is shown in figure 5. Here the
sound has first passed through 13 mm of steel.

A specimen was prepared by cutting a section from a
10” diameter F’ wall thickness GRP tube and sited between
the transducer and the quartz visualising block. The resulting
fringes are shown in figure 6. Two photographs are taken
with 3 pulses and two with pulses from the LED flashing at
2 MHz. Two images are included to demonstrate the effect
of the composite compared with no specimen present. By
taking the photograph near to the edge of the quartz, the mode
converted shear wave can be seen clearly .

To date, information arising from the presence of defects 
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has been established using simp ler sing le phase solids
especially with metals:  this work is the basis of a paper
which will short l y be avai lable.

Wh ile investi gating the transducer desi gn, it was
fo und that  soldering the PZT p iezoelectric disc to the brass
transducer body, is more effective and leads to a greater
efficiency as reported by Gutfeld and Meicher (l977).~ This
cons t r a in ing  of the PZT disc has the added advantage that
the mode of oscillations which produce the shear wave is
increased .  Lo~Lg i tudinal  and shear waves generated f rom the
same t r a n s d u c e r  have alread y been seen in fi gur e 4 , and
f i g u r e  7 shows both waves again after  pass ing  th rough the
8. 35 mm thick wall of the composite tube. 

- -. ~~~~~~~~~~~~~~~~~~~~ —- - -~~~~~~~~~~~~~~~~~~~~~~ ..... -~~--—--- -- 41
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3. MECHANISMS OF WATER DAMAGE IN EPOX Y
RESINS AND IN GFR EPOX Y RESINS THAT
CON TAIN WATER SOLUBLE INCLUSIONS

3 .IMATERIALS

The epoxy res in  systems used to search for water
damage of the kind previously found in pol yester  r e s in
sys tems are  l is ted in table 1.

Table 1. Res in  sy s t ems  used in the p re sen t  work

Res in  ident i f ica t ion  Hardener Accelerator

A CIBA - GEIGY CIBA - GEIGY CIBA - GEIGY
MY 750 HY 917 DY 062
DGEBA Meth yl te t rah ydro-  t r i amy la m m on i u m

phthalic anhydride phenate
B CIBA - GEIGY CIBA - GEIGY

MY 756 HT 973
DGEBA Boron t r i f luor ide

Mono-ethylamine
C CIBA - GEIGY CIBA - BEIGY

MY 753 Polyoxypropy lene

DGEBA + 16. 66% t r i amine
dibut yl phthalate

D 67% DOW DEN 538 Boron t r i f luor ide
Polyglycidyl ether of Morio-ethylamine
p henol formaldehyde
novo lac -

+33% SHELL EpON 828
DGEBA
(mix code 1009)

The propor t ions  by wei ght and res in  cur e schedules
are  continued on the next page.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~ - S
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P r o p o r t i o n s  by wei ght Resin cur e schedules
Res ins :  hardener :  acceleratoj Gel Cur e

A 100 85 Z

Al 16 hr at 60°C 4 hr at 150°C
A2 - 2 hr at 100°C 4 hr at 150°C
A3 2000 hr at 20°C 4 hr at 150 °C
A4 2000 hr at 20°C 4 hr at 90°C
B 100 27 - 7 hr at 100 °C 2 hr at 200°C

(in acetone
:75)

C 100 33 -. 24 hr at 20°C 6 hr at 60°c
ID 100 3 -. ~ hr at 165°C 4 hr at 177°C

The MY 750 res in  used for most  of the experiment s is a medium
viscos ity DGEBA res in  of average molecular wei ght 330 and the
chemical  fo rmula  is shown in fi gur e 8 for n = 0. Ratcliffe
and Weatheral l  ( l976 ) 7 have analysed thi s resin and table 2 shows
a s u m m a r y  of their data.

Table 2. Composition of CIBA-GEIGY MY 750 7
epoxy resins  (af ter  Ratcl i ffe  and Weatherall ( 1967))

Dens i ty  1. 17 g /cc

Viscos i ty  120 poise

Epoxide equivalent 190

Hydroxy l content 0 .05  mole/ 100 g

Chlorin e content 0. 5%

Molecular wei ght 324-337

Volatile content 0. 4%
Wate r  content  0. 03%

R efr a c i v e  index 1. 571

Monomer  80%

Dirner  9%
T r i m e r  2. 5%

In o rde r  to produce  a thermoset  res in  that is res is tant  to water
attack MY~ 917 hardener  was selected, the s t ructur e of which is
shown in fi gure 9a. Since this compound does not react

: : — ~~~~.~ -
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direct ly with the epoxy group , r ing  opening by active hydrogens
has to be provided b y an accelerator (DY 062 in this case).
The hardener then behaves as an acid and the two principal
chemical  reac t ions  a re  addition es ter i f ica t ion  and ether if icat ion.
Many factors determine the rate and path of the reaction and
it is only by way of emp irical  m ethods that the correct mix
propor t ions  may be de te rmined  in order  to produce required
proper t ies .

One res in  system known to be susceptible to water  attack
is MY 750 res in  used with HT 973 hardener .  The lat ter  is a
Lewis acid comp lex, the formul a of which is shown in fi gu re  9b
The cure  react ion  is rap id at room t e mp e r a t u r e  for  BF3 alone and
th e monoe thy lamine is added to block the react ivi ty,  up to its
di ssoc iation te mp e r a t u r e  (‘j” 90° c). Both these sys tems  are
h o t - c u r e  sys tem s in that hi gh t e m p e r a t u r e s  a re  requi red  to
in it iate th e re ac tion and also to remove volatile by-products.

A low t empera tu re  sys tem was also chosen for the presen t
investi gations.  The r e s in  was a normal  DGEBA res in  modif ied
with 16. 66% dibut yl phthalate, ( formula  shown in fi g. 9c
which decreases the viscosity of the resin and thereb y facilitates
mixing. The MY 753 is cured wi th a t r iamine,  see fi g. 9d
which by contras t  with the previous  sys tems,  is a basic  cur ing
agent and r eac t s  b y amine  addition.

- A four th  r e s in  system selected for investigation used the
Lewis acid comp lex hardener , with an epoxy resin mix coded
1009. This is a mix of a normal  DGEBA res in  (Shell Chemical
Co. EPON 828) and Dow Chemical Co. DEN 438, novolac res in
(the fo rmula  of which is shown in fi gure 9e , It is a
hot-cure system which is currently being character ised at the
AMMRC Water town,  Mass. , USA.

3. 2 RESULTS ON RESIN SAMPLES

3. 2. 1 M e a s u r e m e n t s made dur ing  specimen prepara t ion

Althoug h epoxy res ins  do not shrink during cure to the
extent that  pol y e s t e r s  do the re  is still an observable effect
and m e a s u r e m e n t s of wei ght and dimensional  changes during cure
were  car r ied out. Fi gure 10 show s the weight loss with cure
t ime for the t ype A res in  system. In general, 4 hrs  at 150°C
produces  a 0. 4% wei ght loss while the same t ime at 90°C
result s in only 0. 04% wei ght loss. Dimensional changes af ter
4 hrs  at 150 °C were  around 1% linear shrinkage. Such decreases
in weig ht and size probabl y result  from emission of volatile
impuri t ies ,  released as the cure progresses ,  resulting in a
ti ghter , denser  c ross - l inked  s t ruc tu re .

- - -~~~~ ~~~~~~~~~~~~~ - - -~~~~~~~~~~~~~~~~~~~ -— ~~~~~ -~~~ .-—- j - - ——-- —- ~~~~--~~~~ -~~~~ - ~~~~~~~~~~~~~~~~
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Many spec imens  were  stored for some time before
t e s t i n g  and, dur ing  this t ime,  there occurred a small increase
in weight presumably due to absorption of atmospheric moisture.
The quant i t ies  absorbed were of the order of 0. 4% in 20 months
but the wei ght loss on cur ing remained only about 0. 5%, i. e. an
overall wei ght loss of only 0. 1%. This implies tha t water has
attacked the chemical s t ruc tu re  of the network and become bound.
1-lowever, this is plausible only if the energy of the bond is
grea te r  than the t h e r m a l  energy provided during curing.
Al t e rna t ive ly the period of t ime at room tempera ture  may have
seen a gradual  cur e such that cross- l inking is complete and onl y
absorbed water is emitted during the full cure. This is the more
likely exp lanation,  but the possibili ty of bound adsorbed mois tu re
is r econs ide red  in sect ion 3.2. ~,.

3. 2. 2. Initial e f fec t s  of water uptake

Boiling water  has a marked effect on samples of res in
types A l ,  A2 , B and C. Such exposur e is, of course, ex t remel y
severe  and the results presented below may not accurately
extrapolate to the pe r fo rmance  of the resin systems exposed
to aqueous environments  at lower temperatures.  The use of
boiling water  accelerates  the processes of degradation and
faci l i ta tes  detection and observation dur ing a reasonable t ime-scale
of a few months.  From measurements  on epoxy and polyester
r e s ins  Stone ( 196 8)8 found overall act ivation energies for degradation
machanis rn s of 15 to 33 kcal/mole. An average value of
24 kcal/rnole implies that the reaction rate at 1000C is about
7000 times faster than at 20°C.

Immersion in boiling water initially causes the res in samp les
to gain wei ght and swell, see fi gures 11 a and b. However
equilibrium is not reached. The wei ght and swelling give way to
weight loss and shrinkage presumably because material is leached
out of the mat r ix .  The specimen thickness affects the t ime-sca le
involved and fi gur e 12 shows how the time to reach maximum
wei ght and the t ime  to re turn  to the ori ginal wei ght vary with
the samp le size. The rate of water diffusion may be est imated
from such data as follows. Assuming  that a whole specimen 1 mm
thick is un i fo rmly sa tura ted  wi th water in 150 hrs (the t ime to
reach maximum wei ght)

2x
D’,..i —~--

wher e D is th e diff usion coeffic ient and ~ c is the distance diffused
in time t. ID is found to be about 10° cm 2

/s and is in
agreement  with  prev ious  measuremen t s  on thermos ett ing res ins
(Lee and Neville ( l967)) .~ Chemical analysis of the immers ion
water has shown that both organic and inorganic material is
extrac ted  f rom the mat r ix .  Inorganic impur i t i e s  are believed to
be introduced dur ing  resin manufacture  and curing, and the organic 
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9.
m a t e r i a l  is at tr ibuted to unreac ted  par t s  of the r e s i n  formulat ion .
Although stoichiometric proportions of resin and hardener are
mixed it is unlikely that the reac t ion  proceeds  to comp letion.
Steric hindrance by reg ions of the ne twork  which harden f i r s t
prevents  the remain ing  unreac ted  molecules f r o m  approaching
each other for reaction.

Much evidence has been repor ted  on a Branular  s t r u c t u r e  —

in epoxy res ins  (fo r example Cuthrel l  ( l 9 6 7 ) ~ and Schoon (l 970 )~ 1
and the observat ions presented  below s t r o n g ly support  this
hypothesis. Figure  13 shows a room t e m p e r a t u r e  t ens i l e
f r a c t u r e  su r face  of ,a full y cu red  ~ax np le of t~~1~~: .-~~ res in .  It
shows a ‘spherulitic type s t r u c t u r e  as mi ght be exp ecte d if th e
cure  react ion began at many d i f f e r en t  c e n t re s  iron-i which it
proceeded radiall y unti l  the ‘g ra ins t to uched. Any un reac ted
res in  or hardener  is expected to be depos i ted  h e t w ’- c n  t h e  g r ; . n s
and in di f fused water such deposits  are  likel y to be m o r e  ~~~~‘ .ble
than fully cured material .  One poss ib le  c o n s e qu e n c e  of dissolut ion
of unreacted  const i tuents  is the i rnmobi l i sa t ion  of d i f f u s e d  water
and this is fu r the r  d i scussed  in thi s sect ion later.  Anal ysis  of
the immers ion  water has ident i f ied  chemical  group s f rom the
hardener  molecule. Fi gure 14 shows a gas chromatograph total
ion current  (TIC) t race  and the computed mass  spec t rum of one
separated component.  The fi g. 14b - peaks a r c  der ivat ives  and
isomers of a di-acid and are  produced  b’: the in terac t ion  of water
with the acid anhydride hardener of r e s i n  sys tem A. Fi gure 15
shows the flam e ionisation t races  of the separated  volati le components
from pur e water and immers ion  water  and these indicate the
presence  of the same acid group s which seem to compr ise  2% by
wei ght of the immers ion  water .  Inorganic  analyses have also
identified ions of various salts in the i m m e r s i o n  water  and some
data are  shown in table 3. Anal ys i s  of the res in  itself by
Ratcliffe and Weatherall  ( l967 ) 7 revealed the p r e s e n c e  of 0. 5%
chlorine content of which 0. 3% is hydrol i sab le  and t h er e f o r e
amenable to attack by diffused water.

3. 2. 3 Internal disc shaped cracks

The dissolution of water solubles also leads to f u r t h e r  res in
degradation in the form o~ internal  c racking,  an example of which
is seen in the scanning electron mic rograph of fi gure 16
Simila r cracks have been previously observed in po lyes t e r  res ins
after much shorter immers ion t imes  and a qualitative hypothesis
based on osmosis  has been proposed by Ashbee et al. ( 1967) 1 in
order  to account for them. A semi-quant i ta t ive  t r e a t m e n t  of the i r
mechanism is developed in section 3. 2. 4. In the c o m m e r c i a l
epoxies studied here, external cracks begin to develop a f t e r  about
150 hr s  i m m e r s i o n  in boiling water.  When f i r s t  fo rmed  they are
best detected by observation of the s t r e s s  b i r e f r i n g e n c e  a r i s ing
from their  associated deformation of the s u r r o u n d i n g  res in .
Fi gur e 17 shows cracks observed face -on  and ed ge-on
respect ively and their associated s t ress  f ie lds .  Fi gure 18
shows two more  cracks seen d i rec t l y and throug h c rossed  polaroids.

~ 
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The cracks are  disc shaped and are  randomly or iented
througho ut the sample. They grow in size f rom an initial
diameter  of about 2 /.~m af te r  about 150 h r s  to over 1 mm
after 400 hrs  at which t ime  they of ten dis tor t  and f r a c t u r e  the
external  su r face  of the specimen.

Table 3. Resul ts  of inorganic  chemical analysis
of 100°C immers ion  water

Par t s  per  mil l ion Dis t i l led  2000 hrs  immers ion
of wa te r  water

Sodium 2 . 0  4.0
Potass ium 4. 0 19. 0
Calcium 2 .0  3.0

The si gns and m a g n i t u d e s  of the s t r e s se s  a round disc
cracks hav e been d e t e r m i n e d  iron-i optical  re ta rda t ion  m e a s u r e m e n ts .
The s t r e s s -op t i c  c o e f f i c i e n t  of r e s in  type A, for examp le, has
been fo und f rom the grap h shown in fi gur e 19 to be

-4 x i0~~~ m2 /N. This is much  smaller and of opposite si gn
to the value usually quoted in ~he literature (see for examp le,
Kusice and Rober t son  ( 1974 )) . 12 However , repeated experiments
on man y samp les c o n f i r m  that the coeff ic ient  is indeed negative.
Measurements in the resin adjacent to disc cracks reveal a
negative retardation corresponding to a compressive stress in the
radial direction of about 200 nm. Using the formula

/ ~ .. P.C - O~~ ~n 1 - n 2 , =

imp lies that the d i f f e r e n c e  between the axial and tangential  pr inc ipal
s t r e s se s  is about 500 bars .  C is the s t r e s s -op t i c  coef f ic ien t ,
R is re tardat ion,  d .-

~~~ 1mm is specimen thicknes,  
~~~~

‘ ~ 2 a re
the p r i n c i pal s t r e s s e s  in the p lane cons idered  and n 1

, n 2 are
the r e f r ac t ive  ind ices  in the same di rec t ions .  D i f f e r e n t  res in
fo rmula t ions  produce  crack pa t t e rns  of d i f fe ren t  appearance and
while those shown in figure 20 are representative of resin type A,
resin typ e C develops pa t te rns  of the form shown in fi gures 21
and 22.

3. 2. 4 Ori g inal model  for the format ion of disc shaped cracks

Internal  disc shaped cracks in r e s ins  a re  a t t r ibuted  to the
following osmot ic  mechan i sm.  It has been established (b c. sit. )
that the epoxy res in s used here  contain water soluble inclusions,
inc luding organic  salt s and organic molecules.  When d i f fused
water reaches such an inclusion dissolution commences ,  the

—-
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11.
chemical potential of the solution will be less than that of
the immers ion  water  and by way of osmosis, the gradient
will stimulate the  creation of a p r e s s u r e  located at the inclusion.
Althoug h s t rong electrolytic solutions and hi gh pol ymer  solutions
deviate f rom ideal solutions the folk wing analysis  for  ideal
solutions will provide es t imates  ofthe order  of magnitude of the
osmotic  p r e s s u r e  generated by the above mechanism.  Chemical
potential is equivalent to par t ia l  molar f ree  energy  and represents
the inc rease  in energy due to increase  in mass of material .  Hence

=

where  /2 is chemical potential,  E is energy  and n is the number
of moles.  A chemical  po ten t ia l gradient  p roduces  mass  movement
to equil ibr ium. For a solution

/2 = M° + R T ~~n a
+ RT~,n x f

where  /20 is the pur e solvent chemical  potential,  a is activity,
x is concentrat ion and f is act ivi ty coeff ic ient .  In an ideal
solution f is unit y. Addition of solute to solvent produces  a
decrease in vapour p re s su r e over the solution and is reflected
by decreases  in a and /2. Using subscr ip ts  1 for solvent and 2
for solute

/2 vap 
= (/2

O )vap + RT ~n P 1

if the vapour behaves as an ideal gas, where  p1 is its partial
p re s su r e, which is defined by

yap
- p 1 

= P

P being the total p r e s su re .

Now d!21 = SJ dT + V 1dP + 
~~~l / ~ x 2 ) dx 2

where S1, the part ial  molar entropy and V 1 the partial molar
volum e are defined b y

(~~~~~)P,x 
= 

E~~~
n
1)2 T,P,n2

and (~~~V ‘
~ v

~~~ /T, x 2 ~ 
p n 1 / T,P , n2

p
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So d/2~~
°
~~ = V

1dP~
°1’

~ + (~~~/2 1 /~~~ X,) 50ln 
dX

2
s0mn

- T,P

= 0 for equilibrium

But d/21 = RT d £n a
1 

so 
- . -

dP S0 lfl 
- 

RT (~~ Ln a 1
dx2 

- 

~~

T,P

so in

and ~na 1 

~~~~ J 

V 1 dP 50 lfl

• ITV
l

- -~~~~~~~~~ r

where “7 is osmotic  p r e s su re  defined as

soln 0
1T~~~~P -p 1

and V 1 
has been assumed to remain constant.

For a dilute solution when f1 
= 1

~na 1 = £nx
1

11V 1
~Lnx 1 ~~~~ - - RT

or, as ~tnx 1 ~ 
x2

x R T

V
1

This is similar to the Van’t Hoff equation usually used in
osmosis calculations but its der iva t ion  does not a ssume that
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- 
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the so lu t ion  behaves  like an id~~,i1 gas. For further
c o n s i d e r a t i o n  see R o s s in i  ( i 9 3)i~ The equa t ion  is gene ra l l y
V . T t I i ~ l f o r  s o l u t i o n  c o n c e n t r a t i o n s  up to 2 molar  but for  e lect rol yt ic
so l u t io n s  d i s soc ia t ion  into ions r e q u i r e s  a facto r of 2 to be
i n t r o d u c e d .  Other comp l ica t ions  suc h as hydra t ion  and solvation
a lso r ende r  th i s  t r e a t m e n t  inexact .  The mat r ix  mus t  behave
as a s e m i - p e r m e a b l e  m e m b r a n e  and for p e r m e a t i o n  of l a rge
or ganic  molecules  th i s  is l ikel y to be the  case a l thou gh f or
small  inorgan ic  molecules  and ions there  may be grou n ds for
doubt.  However  t e s t s  us ing  so lu t ions  of i no rgan ic  salts as
im m e r s i o n  li quids  and r e s i n s  doped wi ih  i n o r g a n i c  salts  s t r ong ly
su g g e s t  an o s m o t i c  p r o c e s s .  i~~-n a sal t so lu t ion  is used as
the i m m e r s i o n  f luid t h e r e  is a m a r k e d  r educ t ion  in the extent
o f cr~~ kin g and th i s  is a t t r i b u t e d  to a smal ler  d i f f e r e n c e  iii
c h e m i c a l  p o t e n t i a l b e t w e e n  the i n t e r n a l  and s u r r o u n d i n g  li quid .
Also when  i n o r g a n i c  i m p ur i t i e s  a re  added to the r e s in  the re  is a
cor r e s p o n d i n g  i n c r e a s e in the extent  of c racking.
Thus po tass ium chlor ide ry s t a l s  i n t r o d u c e d  into spec imens
d u r i n g  m i x i n g  become  c lear l y v i s ib le  s i tes  for c rack  generat ion ,
see f i gur e 23.

Using  for m ula 3.1 for  sa tura ted  solutions of inorganic
im p u r i t i e s  o smo t i c  p r e s s u r e s  have been calcula ted and giv en
in table 4. for two po t a s s ium sal ts .  Tensile t e s t s  on samples
of r e s i n  t ype A2 w e r e  c a r r i e d  out at room t e m p e r a t u r e  and 100°C
and y ield the f r a c t u r e  s t r e n g t h s  p r e sen t ed  in table 5. It is
evident that  the p r e s s u r e s  o~ tab le 4. a re  well above the tensile
s t r e n g t h  of the r e s in  at 100 C and a re  t he r e fo r e  more  than
suff ic ient  to cause failur e. 1-lowever ,  the p r e s s u r e  is hy drost ati c
and not un iaxial ly t en s i l e  a c r o s s  a p l~ nc so, unless  t he re  are
large bui l t- in  compress iv e s t r e s s e s  it is not immediate ly obvious
why disc  shaped c r acks  fo rm in p r e f e r e n c e  to bubbles .  In
polyes t er  r e s i n s  a sui table biaxial c o m p r e s s i o n  a r i s e s  as a
co nsequence  of the sh r inkage  which over takes  the in i t ia l  r es in
swell ing (Ashbee  et al. l967)) . 1 1-lowever, l a rge  scale sh r inkage
does not accompany water  uptake by epoxy res in s so an alt erna t iv e
exp lana t ion  is r e q u i r e d .

Table 4. Osmot ic  p r e s s u r e s  for two p o t a s s i u m  salt s

mol. wt.  solubi l i ty  at osmotic  p r e s s u r e0of
100° C in sat. scm . at 100 C

g / l i tr e  in bars

KCI 74. 56 567 480

KNO 3 101. 11 2470 850

Table 5. Resul ts  of mechanical  tests for
epoxy r e s in  (A2 )

Tens i le  s t rength  (20 °C) 11, 500 psi  (800 ba r s)

Tens i le  s t r eng th  ( 100 °C) 4, 000 psi  (280 b a r s )
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14.
3. 2. 5 Alternat ive model for the conversion of pockets of

pressure into cracks

The equilibrium shape of a pressure filled cavity is a
flat penny-ahap~ rather than spherical (Ashbee et al.
Frank’s (1973)1’estimate of the pressure needed to stabilise
the equilibrium shape is presented below. A correction by
one of us (NRF) and approved by Frank (l977Y~has been included.

In an isotropic medi um of Young ’s modulus E, and
Poisson’s ratio 1.’, the elastic increase in volum e of a spher ica l
cavit y of radius a, due to an internal pressure p, is

— 2 11( 1 + v )  a
3
p

et E

For a thin flat cavity the corresponding quantit y may be
calculated from the Griffith energy *U~ , (the elastic energy
released when a crack is formed in tl~e presence of a uniform
uniaxial normal stress, o,)  and

U G( cY) = °~

where 1
~

VeL (a)  is the volume of crack opening for s t ress  a.
But internal pressure  produces equal and oppos ite di splacements.
Thus 1

~
VeL (p )/p = 

~
VeL 

(cJ) /o = 2U0(a)/ci2

and elastic stored energy is For a penny shaped crack
Sack (1946)1Tfound that

u (a ’ — 
8(1 - u2) 

a3a2
G ’ 3E

2 3
- 16(1 - P ) ap

et 3E

and the cor responding free ene rgy dec rease is

= 
8(1 - ~,2) 

a3p2
zP el 3E

Including the surface free energy 21Ta2Y the total free energy
change due to formation is

= - pV0 - 8(1 - v2 ) a3 p 2 13 E + ZlT a2
Y

where V0 is the unstrained volume

*U G equals the work done if the crack i3 cl osed up by app lying
internal tractions to its surfaces, rising from zero to a.
Here p a .  

~L. ~TL 
-- •
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d ( L ~ G) 
- 

8(1- 1.’ ) a  p + 4~t ayda E
= 0, corresponding to maximum G when a = a* =

- 7tEY
2( 1 -

~
for  which value ~~G = - p V0 + ~ 

~ ~ 46 ( 1 - v  ) p

For epoxy res in  at 100 °C, E = 3 .5  x io 8 Nm~~ and taking
V 0. 34 and 7 = 40 m3m 2 , table 5. shows the internal  p r e s s u r e
r e q u ir e d. to nucleate various sizes of cracks and the energy
re q u i r e d  to s tabilise  such cracks.  At 100° C the t he rma l  energy
available is kT and a s s u m i n g  that a maximum ba r r i e r  of 30 kT

can be passed  /.~G is 1.5 x io 19J. Hence the p r e s s u r emax
r e q u i r e d  to s tabi l ise  the flat cracks is of the order of 1 kbar.
This is comparable  to the osmot ic  p r e s s u r e s  calculated and
s t ron g ly supports  the mechan i sm proposed. It is po’ssibl e that
the value of V may be changed by absorption of impur i t ies  and
that the  es t imates  of IT are  conservative especially for  electrolytic
solutions.  Also, the above calculation per ta ins  to a Hookean
elast ic  ma t r ix  and after  long immers ion  t imes  the p las t ic is ing
effect  of water  absorpt ion will tend to invalidate such a t reatment .
Indeed, a f te r  ve ry  bor g exposures ,  the damage takes the fo rm of
sp heroidal defects .  Fi gure 24 shows examples of such damage
as seen in the optical and electron microscop e

Table 6. Pressur e and energy requ i red  to
stabilise the format ion of
‘penny ’ cracks

a P (bars )  ~~G(Jou1es)

100 jI m 5 8 x 10 10

1 /2m 50 8 x

l O f l m  500 8 ,~ io~~
8

1 r im  1600 8 x io
_ 20

That the cracks are  water filled when fo rmed  is deduced
f rom the observa t ion  that, af ter  removal f rom the i m m e r s i o n
wa te r ,  air  bubbles can be seen to grow within them.  Fi gure  25
shows a sequence  of photograp hs which demons t r a t e s  thi s effect
Also fi gure  26 shows air bubbles included within face-on  cracks.

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ _ •
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Measurements of the dark area around the inclusions and
c r i t i ca l  ang le calculat ions enable the r e f r a c t i v e  index of the
ma te r i a l  within the cracks to be deduced and c o n f i r m  that  they
are water filled.

3. 2. 6. Later stages of water - damage

Water  continue s to be absorbed and reac ts  with the
ma t r i x  by at tacking the most  hydrop hi lic  bonds in the main
res in  chains such as hydroxy l and ether bonds. After periods
of i m m e r s i o n  in excess of 500 hr s  apparent l y clear samples
become opaque on removal f rom water  and cooling to room
t e m p e r a t u r e .  This is a t t r ibuted  to condensat ion  of wa te r
drop lets into c lus te rs  which have disp laced and now occupy
weak sites in the mat r ix .  The granular  s t r u c t u r e  p rev ious ly
ment ioned would give r i se  to gaps in the overall ne twork  once
the low molecular wei ght mater ia l  has been removed.  Heating
to 100°C in air removes this water but placing the specimen
under hi gh vacuum removes  very  little. Hence  it appears  that
the molecules are  bonded to the res in  ne twork  and requ i re
thermal energy for release. The condensed, dro plets may be
seen in f igures  27 and 28 and it is noticeable that they do not
form in the r e s in  adjacent to in ternal  cracks.  Such reg ions a r e
h ighl y stressed and it appears that when on e o f th e p r i n c ipal
stresses is compressive the separation of the network to
accommodate the water molecules is inhibited. Sneddon (1945) 8

has calculated the s t resses  around a penny-shaped  crack and
his resul ts  show that if the crack is inflated by an in ternal
p res su re,  the surrounding s t r e sses  are  such that there is no
hydrostat ic  tension. Such a s t ress  field would evidently ass i st
the condensation of water. -

It may be shown that the energy released by water
condensation is sufficient to create f resh  sur faces  within the
res in  matr ix .  The Clausius Clapeyron equation is

d( -tnp) 
- /~H

d~
1 /t) 

- - R

so ~H = - R [ L (  L np ) J

[(~~/t )

where LH is the energy change, p is the partial pressure of the
vapour, T is the absolute t empera tu re  and It is the universa l
gas constant.  Dur ing  condensation the t empe ra tu r e  drops f rom
100°C to 20° C and the vapour pressur e of water  changes f rom
760. 00 mm H g to 17. 54 mm H g. Hence

t i - I  = -897 i/mole = 0. 2 kcal/mole.
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A typ ical m e a s u r e d  value for the  quant i ty  of absorbed water
during condensation is 0. 01 gms abo ut 0. 2 cals or 1 3. The

s u r f a c e  energy  of an epoxy r e s in  is about 0. 05 mJ/ cm 2 so the
e n e r g y  release is s u f f i c i e n t  to c rea te  20 cm 2 of su r f ace
(neg lec t ing  the work done in s tor ing e las t ic  energy  and also
the energy  of p las t ic  deformat ion .  ) It is t h e r e f o r e  p lausible
that the water c lus te rs  into group s wi th in  the r e s in  network.

Al so , a f te r  long per iods  of immers ion,  long t u b u l a r
s t r u c t u r e s  appear to g row f rom some cracks  as shown in
fi gu re  29. The i n t e r n a l  s t r u c t u r e  of t hese  ‘wor rn holes ’
(f i gure  3Oa and b) sugges t s  that they may b~ c razes
fo r n-ied pe rpendicu la r  to the p r inc i pa l te n sil e s t r e s s  around the
crack ,  so mewhat  s imi l a r  to fi gure  3Oc taken f r o m  Beahan
et al. ( 1972 ) . 19 Altern ativel y, they may be for m ed by auto cata lyt ic
g rowth  into the res in  s t imula ted  by im p u r i t y pa r t i c les  wi thin  the
or i g ina l crack.  Poss ib le  i m p u r i t i e s  can be seen in the c rack
shown in fi gure  31a and the cut away crack  in f ig u r e  31b
Scanning e lec t ron m i c r os c o p e  s tudies  of the c rack  surfaces  also
show depos i t s  of impur i t i e s  as in fi gures  32 and 33.
Electron probe  X - r ay  m i c r o a n a l ysis  of these  indicates the
p r e s e n c e  of several  i mp u r i t i e s  inc luding  calcium and ch lor ine
(which is known to be a by -product  of manufac tu re) .  Fi gur e 34
shows an element  scan of the par t ic le  shown on fi gure  32
(the a lumin ium peak is f r o m  the microscope  stub and the iron
and copper a re  f rom the microscope .

Degrada t ion  cont inues  and the res in  backbone chain beg ins
to lose its s ide-g roup  a f te r  v e r y  long i m m e r s i o n  t imes .
L inea r  shr inkage  r eaches  8% and eventually , the  samp le t r a n s f o r m s
into a black st i ck y m a s s  which becomes a b r i t t l e  solid at room
t e m p e r a t u r e .  Fi gure  35 shows some of the s tages  of
de gradat ion  an d fi g u r e  36 shows the in terna l  s t r u c t u r e
o f the  f inal  s tate of degrada t ion  cha rac t e r is ed  by for mat ion  of a cell-
s t r u c t u r e. Severe degradat ion  in o ther  tes ts  takes  on a d i f f e r e n t
fo rm as the s t r uc t u r e s  in fi gures  37, 38 and 39 show. This
‘rose t te ’ appea rance  could be a r e su l t  of e t ch ing  in to  th e r e si n
by the water .  Elec t ron probe  X - r a y  mic roana lys i s  does not
indicate the p resence  of any heavier  element s (Z > 12) in the
p ro tube rances .  This suppor t s  the h ypot he sis that  t h e res in c u r e s
into g ranu les,  the ‘sp h e r u l i t e ’ feat ures  in fi g u r e s 3 7 , 38 and 39
being the more  hi ghl y c ro s s - l i nked  re s in  that r emains  af ter  leaching
out in te r m edia t e and low m ole cu lar wei ght mate r ia l s .  The s ize
range of 1-5 ~tm for these  f e a t u r es  is wi th in  that  of Lock ( 1972) 20
who produced  s imi lar  e f f ec t s  by solvent e tch ing .  Fi gure  40
shows the ear l ie r  stage s of th is  e tching  p rocess  in the p r e s e n t
ex p e r i m e n t s .

3. 3 RESULTS ON COMPOSITES
The compos i t e s  examined here  conta ined short  f i b r es ,  some

glass and o ther  ca rbons .  F ib res  w e r e  cut to approx imate l y 2 mm
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lengths  us ing a razor blade. They w e r e  degreased  in
aceto ne and dr ied in a warm oven. Glass f ib re s  to be
si lane coated were  mixed into a solution of 0. 6 ml si lane and
25 ml eth yl alcohol and 25 ml dis t i l led water ,  for 5 miris.
They w e r e  then dr ied  in a w a r m  oven. This p r o c e d u r e  was
used by W yatt ( 1968)21to give the g lass about a 0. 5% by wei ght
coating. The f ib re s  were  thoroug hly mixed  into the  r es in
co mpos i t ion  whi ch wa s subsequently de gas se d unde r p a r t i a l
vacuu m for  -

~
- hr be fo re  cast ing .

Hence ‘s tandard’  speci mens  w e r e  p roduced  in t h r e e  f o r m s
na m ely ( i )  containing short  10 !-~m d i a m e t e r  ‘F’ g lass  f i b r e s ,
(2 )  c o n t a i n i n g  short  9 !~Lm di amete r  carbon f i b r e s  and (3) c o n t a i n i n g
sho r t  ‘F’ glass f i b r e s  coated with a silanc coup ling agent .

3 .4  RESULTS OF WATER IMMERSION TESTS AND
ENVIRONM ENTAL TESTS

Speci mens  of r e s in  sys tem A w e r e  i m m e r s e d  in boi l ing
wa ter and examined f rom t ime to tim e in the opt ical  microscope .
1-lere observat ions  of the changes at r e s i n / f i b r e  i n t e r f a c e s  are
p r e s e n t e d  and discussed.

Before  immers ion, t he spec imens  w e r e  examined;  the
f ib re  posi t ions recorded  and the b i r e f r i n g e n c e  in and around the
f ib re s  was measured .  The full wavelength red p late was used
to compare  the si gns of the st r e s s e s  wit h th ose ca lcula ted and
presented in table 7. The calculation was based on a t h e o ry
b y Por i t sky, ( 1934)22modif ied by W yatt ( 1968) 21and gave good
qualitative agreement  with observat ions .

In most cases, debonding may be detec t ed in either of two
ways. One involves examinat ion of the in te r face  by eye in an
at tempt  to detect  a gap. The other re l ies  on the m e a s u r e m e n t
of st r ess  in the f i b r e  in order  to de te rmine  when the i n t e r fa c e
ceases to t r a n s f e r  load. Fi gure 4 1a shows the appearance  of
glass f ib re s  in the t r a n s m i s s i o n  optical mic roscope  b e f o r e  water
uptake. The r e f r ac t ive  indices of the two m a t e r i a l s  are  v e ry
close and the f i b r e s  a re  a lmost  undetectable .  Fi gure  4 1b
shows a f ibre  af t e r  debonding wh en the i n t e r f a c i a l  gap has
caused li ght sca t t e r in g  and the appearance  of a dark  band at
the in t e r f ace .  For carbon f ib res  the appearance  of debonding
d i f f e r s ,  as shown in fi gure  42 Fi gure 42a shows the bonded
f i b r e s  and f igur e 42b a debonded f i b r e  end.
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Table  7..  R e s u l t s  of c u r i n g  s t r e s s  c al c u l a t i o ns

In t h e  r e s i n :
A x i a l  s t r e s s  z 9~ 5 ps i

R a d i a l  c o o r d i n a t e  Ra d i a l  s t r e s s  Hoop s t r e s s
( i n c h e s )  (p s i )  (p si )

4 54 x 10 ( f i b r e  - 1 .4  x 10 1. 4  x 10~s u r ía c c)

10 -2 0 0  288
n

2 x 10 ‘ 
- 42 70

3 x ! O
_ : 

- 1 1

4 x 10~ 0 28
In t h e  f i b r e :  4Axi~i1 s t r e s s  -9. 5 x 10 p s i

5R a d i a l  and hoop s t r e s s es  ~~~l. 4 x 10 ps~

R e s in  m o d u l u s  (p s i )  : 400 , 000 Res in  r a d i u s  ( i nch )  : 0. 04
F i b r .~ m o d u l u s  (p s i )  : 12, 000 , 000 F i b re  r a d i u s  ( i n c h )  : 0. 0034

R e S L f l  p o i s s o n  r a t i o  : 0. 34 A m b i e n t  t e mp e r a t u r e  (°c) : 20
F i b r e  p o i s s o n  r a t i o  : 0. 20 C u r e  t e mp e r a t u r e  (° c) :150

,o -lR e s i n  l i n e a r  expans ion  c o e f fi c i e n t  C ) : 0. 00006
o - 1  -F i b r e  l i nea r  expansion  c o e f fi c i e n t  ( C ) : 0. 00000 D

The p r e s e n c e  of s t r e s s  in f i b r e s  may  be de t ec t ed  by
e x a m i n a t i o n  u n d e r  c r os s e d  p o l a r s .  Fi gu r e  43 shows glass
and c a r b o n  f i b r e s  and t h e i r  a s s o c i a t e d  s t r e s s  f i e l ds .  In glass
f i b r e s  the  s t r e s s  p r o v i d e s  .a m e a s u r e  of the ab i l i t y of the
i n t e r f a c e  to t r a n s f e r r e s i n  s h r i n k ag e  s t r e s s e s  f r o m  r e s i n  to
f i b r e .  V!ith c a r b o n  f i b r es ,  t h i s  m e a s u r e m e n t  is not p o s s i b l e
and it is the l a rg e  s t r e s s e s  in the  r e s i n  a d j a c e n t  to f i b r e  ends
\vhich  a r e  m o n i t o r ed  in o r d e r  to ob ta in  evidence of debonding ,
see  ‘t v : t t t  and A shh e e  ( 1969) .23 Once  the i n t e r f a c i a l  bond is
d e s t r o y e d ,  r e s i n  s h r i n k ag e  gives  r i s e  to a s i t u a t i on  in  which
the f i b r e  acts  as a ri g id in d e n t o r .  As a c o n s e q u e n c e  the
s t r e s s e s  at the  f i b r e  ends inc rease .

For silane covered glass fibres debonding is either
prece d ed or accompanied by the formation of surface bubbles,
sc~- f i gure  44~ That t h e s e  a r e  p r e s s u r e  f i l led is evident
f r o m  a c o m p a r i s o n  of t he s t r e s s  f ie ld  of fi gure  44c wi th
that  o f f i g u re  44b Glass f i b r e s  con ta in  a smal l  pe r  ce n t a ?e
of alka li m e t a l  ox ides ;  0. 6 wci~ ht % in ‘F’ glass .  \V he :~ w a t e r

_ _ _ _ _ _ _ _  
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reaches  the in te r face  it will read i l y d issolve  such i m p u r i t i e s
and create  an osmot i c  p r e s s u r e  (see sec t ion  3. 2. 4). In uncoated
glass fibre specimens , such pressur e will rapidly debond along
the whole f ibre  length. When a silane coup l ing  agent has been
app lied to the f ib res,  the increased bond s t r e n g t h  r e s i s t s  this
type of debonding. However bubbles still form on the g lass
su r f ace  in a reas  of incomp lete silane p ro tec t ion  and these  eventually
coal esce  to give comp lete debonding. Once the i n t e r f a c e  has been
we tted ,  it can be shown that the re  is a the rmod ynamic  d r iv ing
fo rce  to displace r e s in  f rom it. (Gledhill  and Kini loch ( 1976)) .  24
The ~~~v~~~su1 1e w o r k  of adhes ion,  \\~~, ,  be tween  glass and r esi n
is given by

W A = “ R + Y G ~~RG

where  and Y are the sur face  f r e e  energ ies of resin and gi ss
respectivel y and

~
Y RG is the in te r fac ia l  f r e e  energy .  In the

p r e s e n c e  of a w e t t i ng  li q u id ( de n oted by the suff ix  ‘L’) the work
of adhesion,  W AL~ 

beco m es

WAL ~~RL + 
~~GL ~ RG

The values of W A and W AL dete rm in e the s tabi l i ty of the bond.
The su r f ace  energy  t e r m s  may be sp lit int o d i s p e r s i ve an d
polar components  to give the re la t ions

W A 
2 E (y ~~ y~~~~~ + (~~~ )?~~~) 2 ]  3.2

W AY = 2EY L - - (v~ v~~)~ - b’~~ ~~~~~

-(y ~~y~~ Y~ + ~~~~~~~~~~ + (y~~y~~ )~ — 3.3

where  t h e sup e rs cr ipts D and P denote d ispers ive  and polar
component s respectively. These formulae  are  derived in
Kaelble and Uy ( 1970) 25and Kinloch et a l . ( 1975) . 2é Values for
rna t~~rials  of interest  here  are shown in table 8 . When
subs t i tu ted  into equations 3.2 and 3.3 the calculation y ields

W A = 178 m i/ r n 2 and W AL -57 mi/rn 2 . This indicates

that the bond is stable in a normal  dry envi ronment  having a
hi gh posi t ive work of adhesion.  If l  the p r e s e n c e  of water
the bond becomes unstable,  as indicated by the negative work
of adhesion,  and it is energet ica l ly favourable  for  the bond to
be destroyed.  ‘E’ glass has an e s t i m a t e d  su r face  energy  of

L , - - - - 
- 
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4 2 5  m i / : m l  which im i~1i cs increased stability of the ou nd  when
dry and instability when w& t , orripared to silica . In carb o n
f i b r e  cu r o p o s i t e s  t h e r e  is no w e t t i n g  and,  t h e r e f o r e , no
t h e r m o dy n a m i c  d r i v i ng  ~u r c e  f o r  d e b o n d i ng  but  t h e r e  rn~ be
a si t  .. .t i o n  in w h i c h  i mp u r i t i e s  on the  f i b r e  s u r f a c e  ( e i t h e r
o r g a n i c  or i n o r g a n i c)  p r o v i d e  s i t e s  f o r  wa te r  a t ta ck.  -

Table 8. Su r f a c e  e n e rg ies

I) PSolid S u r f a c e  X A ( in  mJ / m

l-:po x - ; r e s i n  41. 2 5 . 0
S i l i c a  78 209

W a t e r  22 . 0 50. 2

4. CO~~ TIN U I ~~G r tE sLAR cl :

The understanding gained of the characteri stics peculiar
to epoxy r e s i n s  m a k i n g  t h e m  s u s c e p t ib le  to w a t e r  a t t ack ,  would
s u g g e s t  tha t  a m o r e  c h e m i c a l ly p u r e  r e s i n,  in which  no
m a n u f a c t  uring r e s i d u e s  remain, would  lead to i mp r o v e d  and
extended service. Probably less expensive and easier to
con t ro l  would be t h o r o u gh c h a r a c t e r i s a t i o n  of r e s i n s ,  in
p ar t i c u l a r  a s e a r c h  fo r  p r e c i se  s t o i c h i o m e t r i c  mix p r o p o r t i ons
and e f f i c i e n t  c u r e  s c h e d u l e s .  This would make  f e asi b l e  the
a c h i e v e m e n t  of comp iL t e  r e a c t i o n  and a t r u l y h o m og en e o u s  and
amorp hous  r e s i n  m a t r i x .  The pr o b l e m  of a v o i d i ng  an o m a l o u s
s u r f a c e  l a y e r s  is m o r e  d i f f i c u l t . However , the  pos sib l e
a d v a n t a ge s  of c u r i ng  in an i n e r t  a t m o s p h e r e  and c a s t i ng  in an
i n e r t  mould m a y  well be w o r t h  examina t i on .  In t e r f a c i al
a n o m a l i e s  in c o m p o s i t e s  or j o i n t s  is bel ieved to be unavo idab le
s ince  the b o n d i n g  r e l i e s  or~ i n t c r f a c i a l  a t t r a c t i o n s .  These  will
not  be i d e n t i c a l  for  polar  and n o n - p o l a r  g roup s fo r  examp le,
and will r e s u l t  in an exces s  of one t ype of group .  If the
i n t e r f a c e  is des i gned  to be weak , it is i m p o r t a n t  t6 e n s u re  that
wa te r  cannot  e a s i l y  a t t a ck  i t ,  and th~ d e v e l o p m e n t  of be t t e r
ge l - coa t s  for  c o m p o s i t e s  s e e m s  to be a p a r t i c u l a r ly w o r t h w h i l e
goal. 

-

The li ght -p ipe techni que is  now e s t a b l i s h e d  as a m e a ns  of
d e t e c t i n g  i n t e r f a c i a l  changes  in con t inuous  f i b r e  c o mp o s i t e s .
As yet  onl y smal l  s p e c i m e n s  hav e been t e s t e d  but it appea r s
that ful l  scale t e s t s  will  be s i m p ler to c a r ry  out .  For examp le,
at p r e s e n t  one of the  m a i n  s o u r c e s  of in c o n s i s t en c ” .- - and li ght
i n t e n s i t y  loss  is t h e  i r . t r o d u c t i on  of li ght into a smal l  s pcc i me~~.
A la r : :er  r e s i n  s t r u c t u r e  would i n c o r p o r a t e  a f i x e d  inpu t  r e c e s s
to w h i c h  a li ght s o u r c e  could be a t t ached  u n a m b i guous l y. The
d e t e c t o r  photocel l  would be cast into the  s t r uc t u r e  and if t h i s
w e r e  done,  e x t e r na l  c o n d i t i o n s  would  no longe r  i n f l u e n c e

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _
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measuremen t s .  Attenuation in the f ib re s  is neg ligible and
the use of a larger specimen should not affect  the sensi t ivi ty
of the method.

An attempt will be made to use optical in te r fe rence
methods to map the elastic deformation of a glass wafer  dur ing
bonding to a slab of epoxy resin that is ri gidl y supported on its
other side. If successful, the exper iment  will be repeated for
deformations resulting from resin swelling during water uptake
and for deformations in the presence  of coup ling agen t s .
Calculation of the distribution of s t ress  co r r e sp o n d i n g  to these
deformat ions  is expected to provide insi ght into the phenomenon
of enhanced water uptake by r e s i n / g lass in t e r f ac~s.

More details of each of the above a reas  of work  a r e
contained in N. R. Fa r ra r ’s Ph. ID. thes is  which will  shor t ly
become available.

Development work on the ultrasound equipment will
continue and data from composites and bonded and debonded
resin/glass interfaces will be collected. It will shortly be
possible to calculate the elastic constants of any opaque block,
and as development proceeds, it is likel y that the ‘intelli gence ’
car r ied  by the wave t ra ins  will y ield more  data. Debonding
at an interface should be ‘observed’ u l t rasonica l ly ,  for examp le.
However, it is important  to s tr ike the co r rec t  balance between
s t r e s s  wave frequency and attenuation in the media  involved.
Hi gher frequencies  give more in fo rmat ion , but al so give grea ter
attenuation. Never theless  the results  alread y obtained have
been encouraging.

While the electronic control and optical  a r r a n g e m e n t s
have been develop ing experimentally, we have been cons ide r ing
what theoretical approach would lead to a clearer u n d e r s t a n d i n g
of the ul t rasonic  visualising techni que. With d i f f r a c t i o n  of the
wave f ronts ,  it was considered impor tan t  to use wave t h e o ry  in
any mathematical  modelling, leading inevitably to seve r e p rob lem s
in all but the-  simplest confi gurat ions .

We have now found that a simple model in two dim en sions
has a good potential for an effective model at the interface.
Slater , Baborovsky and Marsh ( Ul t rasonics  In te rna t iona l  1975
Conference ProceedingsPhave obtained good a g r e e m e n t  f rom such
a model with schlieren experiments for the i n t e r a c t i o n  between
an ul t rasonic  pulse and a surface defect.  We are  invest i gating
the developm ent of the program for in te r fac ia l  confi gura tions .

Assuming that the bonding promoted  b y coup ling agents
does not depend on the modification of silica usedas  f ibre,  it
mi ght be instruct ive to employ crystal l ine qua r t z  f i b r e  so that

~
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‘ the p iezoelectr ic  effect  in the latter can be exp loited

in order to investigate bonding efficiencies. A p ilot
experiment desi gned to explore this idea will be launched.

Resin samples currently undergoing exposure to the
atmosphere at Kano , Ni geria will be re turned  to Eng land for
comparison with identical  samp les exposed to the atmosphere —
in Bristol and with samp les subjected to accelerated tests  in
the laboratory. These included samp les of A2, B, C and D
resin system s with and without glass and carbon f ib re s .
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Figure 6.

a. 3 f r inge s i l luminated in quartz .
b. The f r inges  of a. af te r  passing through 8. 35 mm of GRP composi te .
c. 7 fringes illuminated in quartz.

d. The 7 f r inges  of c. a f te r  pass ing  th roug h 8. 35 mm of GRP composi te

Unt rason ic  f r equency :  2 MHz, with LED f lashed in sy n c h r o n i s m .
A

T 
= f r inge  spacing - 2. 95 mm.
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Fi gur e 7. 2 M Hz long itudinal and  shear waves .  -
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Fi gu r e  39. SEMs of i n t e r n a l  s t r u c t u r e s  f o r m e d  by e x t r e m e
water etching .
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Fi gu re 40. S1-Ms of earlier stages in wa t e r  e t c h i n g .
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Fi gure 41. Glass f i b r e s  b e f o r e -  and a f t e r  debonding .
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Fi gu r e  42. Carbon f i b r e s  b e f o r e  and a f t e r  debonding .

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~i -4- - -~~- - -~~
- 

~~~-- ~~-- . ~~~~~~~~ _ - 44



-- ~5- -5-5
~~~~~~~ 5.~~~-55~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T . .  ~~~~~~~~~~ 

_

~~~ 
-

~~~~~~~~~

4 

_  _  _: 
_

_

_

I ______ 

- 
- 

—

I —— 

____  

-
-

- - 
- 

~1

I __________ I F  

F 

~~I

— - .dk.i t ~ •
~~ ‘~~~ t ’

10 p t i b r~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
__

. _ ___

9 ,&~ f i b r e

Figure 43. Stress birefringence and around glass and
carbon tibres .
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