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Je2 Moded

WVhen  rarmed, eoch dntertacial pocket closely resembles  a penny-shaped
crack that has grown in g solid tensioned between fixed prips. The overall
clange 1t ellergs s trwa U, corresponding tu the state of strain energy
Prive to fractere, o U= U, shere the Crifrith enerpy U piven by the
Zefief aptifukimilion iy

=y s tre foeanile sttess applicd externally and perpendicular to the

Ve, Y dw Youig s redales,  aoand B orespectively are the haY!f thickness

! Fadics of e (fans,  solerrifg to Yigure ¥ a1 the intoerfacial cavity
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A solute exerts an asmotic pressure ~qual to the pressure that would Dbe
excrted by a gas having the same nuuber of molecules in a volume equal to
that occupied by the solution. Consider a change in volume of the
interfaclal cavity from V, to V| resulting from dissolution of n moles of
solute,

pV = nRT

i

The strain encrgy release fpdv

u

wRT dv
f v

nRT logc (v +.Y_l)
v

= nRT log.:c M
Py

i and poate the values of the osmotic pressure corresponding to  volumes
. el \‘ fonjos Live " v,

.

Cove sl e v B . ¢ F
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ek T Qo (Y + V) + 3 F VS
' 0.\, 8 ab’
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Fhe  wvalue of ¥, corgesgondiaeg ta alafaun energy release may be found by
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We must take the positive root, hence

Vy= -V, + //zabanT (l + %EYOE aa:‘

|
2 3E [6mab2aRT)
~ =Vt //%ghanT for large values of b
2 3E

3.3 Model 2
Alternatively, interfacial failure due to cracks inflated by osmotic
pressure could be modelled as follows,. Suppose a constant pressure

reservoir supplies the "gas"

Energy, E = -Py Vl + lpl Vl = jlpl V1
2 2

= =F . = 2
Eelastic T E

but Esurface ~ 2y T ab, where Yy is the specific surface energy
so Etotal = 2y m ab 72}-212 ab?
3 F
JF. = 2yna - 4w p 2 ab
oo al
b t? TE
= 2ra [y - 2_312 b)
JE

which is negative if

b > 3Fy i.e. if p> 3Fy
7p, 2 'y
pl A

oF
d

OF¢oral = 2YTD -
a

n pf b2 = 2mbfy - ai__b.)
E

and i{s negative if b > 3E

~
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OF a1 1s evidently more negative th:n aE

—--'tot 2E ora1r S0 the expression
ob 3a

for p rit is taken from the former.
Taking as trial values FE = 3GPa, y = 1J/m? and b = 10um,

. NN -
Perit © /;3_._35}2:;1 = 10MPa

3.4 Observations

It is important to note the distinctive behaviour of pressure filled
interfacial cracks under the two extreme types of inflation outlined in
models 1 and 2. Model 2 corresponds to the uniform tensile stress type of
loading that was treated by Griffith, and gives rise to an unstable
critical crack size such that a smaller crack will not grow while a larger
one will grow without limit. This critical crack size corresponds to a
maximum in the sum of mechanical and surface energies. Model 1 1implies
loading at the mouth of the interfacial crack (as by the driving in of a
wedge) and results in a stable crack size corresponding to a minimum in
the sum of mechanical and gas energies.

Thus, model 2 predicts instantaneous interfacial failure if a constant
osmotic pressure equal to a critical pressure can be maintained, whereas
model 1 predicts interfacial failure at a rate determined by the
requirement that each pressure pocket maintains its volume at a minimum
energy level.

In Figure 11, the overall rate of interfacial failure is taken as the rate
of loss of load transfer index in short fibre composites. The load
transfer index is the optical retardation measured through diameters close
to the centre of an individual short fibre minus the optical retardation
measured through diameters near the ends of the same fibre. 1t is evident
that interfacial failurce proceeds at a rapidly decelerating rate such as
would be expected if model 2 dominates at the time of initiation but gives
way to model 1 during propagation.

According to model 1, interfacial pressure pockets maintain their volumes
at values determined by the square root of the number of moles of
dissolved solute. It has been observed that solutes can be leached from
the fibre in some cascs( ), leaving an ‘etched’ fibre surface, and in such
cases the availability of the solute is presumably governed by the rate of
diffusion of the solute to the surface of the fibre, The simplest
diffusion model predicts dependence on the square root of time, and the
combinatinn of these two processes leads to a dependence of the volume of
the interfacial pressure~filled cavities on the {?Xrth root of time. The
broken line in Figure 1l corresponds to a (time) law,

16

Vet era T

. e b Sbrsema hi ¥ e e VSRS Yool 5 k.

4
[
[
.




o r—— PR,

4. N THE ASSUMPTION THAT FPOXY RESINS ARE FREE FPOM SHFAR STRFSS DURING
CURE :

4.1 Hypothesis

The accelerated cure reactions that take place during the elevated
temperature curiny of epoxy resins promote cross=linking and thereby give
rise to shrinkage. There are  uo superimposed  dimensional changes
attributable to such processes as chain scissioning, as could be the case
in polyesters that contain diffused water, or to the release of volatiles,
as might bhe the consequence of condensation reactions in polyamides for
example. The shrinkage is assumed to be homogencous because any tendency
to create shear stress is thought to he relfeved by viscoelastice flow,
This assumption is based on the prem{se that before it wvels, the fluid
resin bchaves in a Newtonian fashion and is wunable to support shear
stress,

4.2 Experimental

19mm diameter soda-lime plass cover slips of two different thicknesses
were bonded to Imm thick soda-lime glass microscope slides. The cover slip
thicknesses were 140pm and 230pm respectively and, the epoxy adhesive was
Redux 312/5. The cover slips and microscope slides were thoroughly
cleaned by ion bombardment before manufacturine the joints, Fach specimen
was mounted in a specimen chamber so that the free surface of the cover
slip was in close proximity to an optical flat. This assenbly was theno
mounted on an optical bench, In order that a uniform temperature
distribution was maintained across the specimen, it was mounted on a thick
disc of copper. This in turn was held in good thermal contact with the
aluminium specimen chamber. Figure 12 is a schematic diagram of the
optical components. The space hetween cover slip and optical flat is made
small enough to allow optical interference between light incident upon and
reflected from the free surface of the cover slip. Any changes in shape of
the interference cavity, due to deformation of the cover slip caused by
non~uniform changes in dimensions of the epoxy layer, cause the pattern of
interference fringes to change.

Figure 13 shows a sequence of interference photographs recorded during the
warm up period of a specimen manufactured with a 140um thick cover slip.
The time taken for the specimen to reach the curc temperature was 30
minutes and a substantial amount of the shape change occurred during this
heating—up period. Initially, the cover slip is slightly deformed convex
upwards but this sooﬁ~xjves way to a much larger concave deformation, the
subsequent development of which is further examined in Figure 14 by
creating Moiré patterns between successive photographs of the interference
pattern and the pattern photographed when the specimen had completed its
half hour cure, The Moiré fringes are the circumferential fringes, each
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of which Is the locus of points that lave suftered identical displacement
normal  to the juint, The nornal displaceacnt of adjacent Yoci difter by
half a wavelength,

4.V Results and Plscussion

Flgure 15 shows  the nomal displacenent at Jiffercat pofats  across 4
diameter of  the same specieen after 5 minates at the  cure  temperdature,
where ¢t * 30 minutes §s the total time at the cure temperature. The sign
of  the displacement field  was establiobed by applying  an identical
positive pressure to the cover slip. The curve {its the parabola

w = 0711  (x ~ .0095)°

where w s the aormal displaccaent and x 5 the distance avasured {rom the
edge of the specimen

To a first approximation, the deforantics of the cover sltip can be
recarded as identical to that of 4 clreular membrane, rigidly supported at
fts  edge and subjected o a pressure drop (p) acrows it surfacess  For
such a weabrane, Love' "’ has shown that the toartl dffferential of  the
nomal displacement s o measure of p. The cover slip I8 thin, 1f thin
enough for Love’s analysis to be applied, then

"% & N when =0

Sfuce  the  duta presented in Fipare 15 §s dorcribed by a0 parabola,  the
fourth differential M /2" and hence the normal <tresen ¢,, arc cvidently
zZero. i

Hence {C {s  concluded that the detormation precceated o Figuve 15 {8
cansed by radial stresses transmitted from the resin to the cover slip and
not the stresses created normal to the jofnt,  To cheek that curfng really
docs  cause the parallel sfided digse of resin to trancform (ato A concave
lens shape, a  spectimen was manufactured using cover «lips for both
adherends.  As expected,  curing  caused this sandewich to deform into a
double concave lens as mipht have bheen produced by the application of edpe
tractions.

The analopy  to the buckling of a thin clircular plate simply supported
around  its  edpe and  subjected to a unifermly distributed edse force
applied in the plane of the plate, has heen used (o estimate the radial
stress fn the specimen shown in Fioure 13,
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6. After van’t loff (185’-8)(5)

7. Photaelastircr  contrast caused by pressure pockots on the surface of a
praphite fibre in an epoxy matrix composite after 600 hrs immersion
in distilled water at ROC
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2. Sehematic reppecentatton of the optical L ench uaed for optical
interlfererve wtudiv s of dinenefonal etability of resina .




———

it

*art wf oy ceqre tew of inretfoteme ratie¥oe PAIPE I U TP
W miwts woetreauy peticed fop o place «Vide Tpazin $idm /)4 r
cover slip <anduicth

Taep g

tt«
thio b

.

-——




]
i
kve LT LA ATy Mo LR 1 AR AR e o f RN IR RIS
L}
NEAE AR T Ty . o " PRI PR U XTRPRL LT TP : Vg
AV Ry 1 b ST caks tune b BY ebs Tal e, e vt £ d1 wxt 1w
thice
'
- - ——




Tut og Cosplatement 106w(m}

S S—‘_ i J
" ) 10 1% 9

Drstotce gEtoss drgmelet 10’- (mj

| SR vt LI T TR tooe g [T T A FTER AR ST Y7 3K S T B uites

YoMt taee a» e e L A TR RN MV SO R T A




- e —

L N L T ISR RPN T SO TS T PO Wil vy Ane o gne

F T O N LTI R L LR | ENE ot LR R B v

fwrd® Ty sdjdwutid & S8% 40 aduPIs(

WI g “

$0

(S10G) $8311S 820§17S < DPw awSSar0wo )




et dsoerie

-

B N L

“',—

£otoege * e,

N

o fy

Wt

“ayy .

“prmpris ® st -

Wy e e




N -
- B
-
(RN
2
-




PORRAE 2
V"f'v""a‘lf:
v ’ s
. - ‘A
M 3

o ¥ ] 5
. ;
° 5
- £ ﬁ ; b
. ¢ ) b \
‘ : 3 b
y \ ! \
: ’ N d
. “z ‘iq ~F

i ¥:) ~
nLie?
teniged

Ar . "o ! e
»r ‘ . "

e ko i

etk o L

.




AN RANRY ,‘q" .
RN ik ¥
AR &£ty
N \\\ ’&

e inte jrdioate

Yo tween jletootaphs




.

Fuelpeteay 0 ISSUt Ayl BAlESIPL) MOIE Byl Y Ty

e ¥ 2dg d§ Fgoselad Ly o=t 1o 4¢ doR¥A Folltamlp L) pavgannld (t)
I -

- . N ) o -
4 . 3 T e - . ol R YINN e
caal P TSP T de gy BawTelt o ye voeadamgd il g Lol 3 N

[ N e

LT L It S| S 07 1

Sim 2 i




- — EE
i ! e ] 6

i LN} <
Pasidac}  Uoupuads Quyl wd ¥ 40) sydedauiugd Gouodujielny Jo woustbay 0l

s34y bl




e 4 ewe el e ST T g ot o = i e -

tc 2aul}4 u} LAoys uaLjoads P : *
ayiy 103} \_on:u jJo uopiduny € se poizofd adejaojuy  dapsaype/diys - ) . !
19700 u:m v aupo Sujpu.0p Yl Jo uojiysod ayd jo ydeay o7 . .

A~\_m\.£V N\.@E_._.

8 S 7 l 0
| I T 0

——

(swuw) voipisod ebpa puogag




adhesive e e

film

debonding

25,

flexible cover slip

///////////—rigid substrate

007

Cohematic diarram  to §llustrate the changing peonctry of the cover

slip during swelling of the athesive in a joint exposed to an aqueous
environment. Debonding fellows saturation of swelling at the rim of

the _i()l nt
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