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SUMKARY 

The research is concerned with the interlaminar delamination 

problem in unidirectional Carbon Fibre Reinforced Plastic (CFRP) 

laminates under static and fatigue loading. Analytical models 

backed by experimental techniques are employed to describe the 

delamination behaviour in 00 interfaces. 

The problem of a semi-infinite elastic plate loaded along its 

straight boundary is persued to develop an analytical and realistic 

Double Cantilever Beam (DCB) Model which accounts for the end 

deflections associated with deformation beyond a crack tip. 

Comparisons with the predictions of existing models and with 

available experimental data show good agreement. The analysis is 

used to formulate the strain energy release rate (SERR) and the 

corresponding stress intensity coefficient. This shows excellent 

agreement with other results from more elaborate methods. The SERR 

is also formulated for a tapered double cantilever beam and this 

agrees well with experiment. 

DCB type specimens were tested in load control where the SERR is 

measured and compared with theory for, 0* CFRP. Other specimens were 

tested- in fatigue and the delamination is described for various 

maximum loads. A Paris type formula is given for predicting crack 

growth in Oý CFRP. 

A theoretical analysis is presented for the crack propagation in 

a layered fibre reinforced plastic strip in compression, in the 

presence-of a blister. Account is taken of a resin rich layer at 

the delaminating edge and of an initial deflection* in the blister 

geometry. Typical design curves are, produced which show the 



influence of blister length, applied strain and resin stiffness on 

loads required for delamination. 

Blistered sandwich specimens were tested in static compression 

where debonding characteristics are explained. The loads required 

to initiate delamination are found to compare reasonably well with 

theory. Similar specimens were tested in constant amplitude fatigue 

compression loading and delamination behaviour is illustrated. 
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--Polymethylmethacrylate 

PTFE' Polytetraflouroethylene". 
-' 

TB Twin,, blister 

TDCB Tapered do. uble'cantilever beam 
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CHAPTER0NE 

INTRODUMON 

11 WORK DEFINMON 0 

Advanced fibrous composite materials such as carbon fibre 

reinforced plastic (CFRP) are becoming widely used in many structural 

appl*cations. The Aerospace industry which is considered to be the 

main pioneer of this material had in 1984 a respectable 38% share of 

worldwide markets of advanced polymer composites (Ref. 1). High 

specific strength and stiffness combined with light weight and -the 

ability ofý the manufacturer to tailor the materials, with minimum 

waste, to meet strength requirements in different directions, have made 

these composites very appealing to the structural analyst andAesigner 

alike-For example, a reduction of one pound in weight of a commercial 

., aircraft can-save up to 1000 . -Dollars, over, its-, -lifetime, from, -ýnte, 7 

atia,,, fuel saving, (Ref. 1)., A second example is offered by-McDonnell 

Douglas' development of . a- 3 . -Kg light weightcomposite, structure,. that 

supports 43 Kg of electro-optical., equipment which is subjected to 58 

acceleration, through selective fibre orientation to resist loads and 

deflections. The result is,, a,, 25-40% cost reduction over a beryllium 

'structure, 
(Ref. 2). Typical. aircraft,, applications include (apart from 

secondary components, such as rudders,. elevators, wing flaps,,, access 

doors, furnitur 
I 
e, primary components such as horizontal 

stabilisers and elevators, 'fins, wings, engine and fuselage parts 
t_4 

(Ref. 3). Probably the most dramatic application of carbon epoxy 

composites is in the U. S. A. Navy AV-8B Attack V/STOL aircraft with 



approximately'26% saving in weight (Ref*. '4). 

Even thoughýthe future outlook seems to be very promising (ReL 5), 

the' use of CFRP composite materials in major aerospace components 'is 

still' lagging behind conventional -metallic counterparts such as 

Aluminium, - Steel and 'Titanium. Two main reasons account for this; 

firstly the high cost of basic material production mainly due- to the 

6), and complex and often out-dated manufacturing processes' (Ref, 

secondly because of lack of knowledge ofý'the behaviour' of these 

materials -under static and fatigue'loadingo* Though, the literature on 

- Refs. 7 and 8) more work the latter seems to be quite extensive (e. g. 

aspects of behaviour "can be fully needs, to be done before many 

understood (Ref. 9). 

Most of-'the CFRP composite used in the aerospace industry- is 

supplied to manufacturers -in pre-impregnated (pre-preg) form where the 

fibres are pre-impregnated with resin Vhich is partially cured for ease 

of handling. This type of process allows closer control of the resin 

content during manufacture than the wet lay-up process where the 

impregnation' takes place during manufacture. The pre-preg material 

(typical thickness; ý0.125mm)ý--is "cut-into sheets and these are-layed up 

in I predetermined orientations' to- meet theý strength and stiffness 

requirements. After laying up, the material is consolidated under heat 

and'pressure-to produce a viable-laminate (Ref. ' 10). - 
. 

One of the main disadvantages with a CFRP laminated plate is that 

whilst' its-''i n-plane mechanical properties can be tailored to give very 

good strength and stiffness, its out-of-plane (or' through the 

thickness)ý, properties are:,; poor' compared, with conventional metal 

plates., 'This'is because, theýproperties, _ inithis direction areýobtained, 

in-the'maint'' frorý'--the relatively weak plastic resin matrix. The 

problem-is made worse;,, ý-by-the-ýpresence of areas of poorlinter-'layer 
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bonding caused by voids and the inclusion of extraneous matter during 

manufacture or, a low energy impact-induced delamination in, the cured 

component (Ref. 11). - An example of this type of behaviour is the 

blister problem (Ref. 12). where the initial voided area can spread 

rapidly when prone to buckling, under -compressive loading. The 

development of representative- analytical models together with 

appropriate specimen testing,, for studying the static and fatigue 

behaviour in unidirectional-CFRP composites under cleavage and in-plane 

direct compression loading,. is the main theme of this thesis. 

An extensive bibliographical- survey, has been, conducted by the 

author into the subject of, damage in composite materials. It has 

revealed that a considerable- amount -of- work has been done on damage 

emanating from sharp and blunt, through thickness notches under tensile 

static and tensile fatigue loads (e. g. Refs. 13 to 25). Also, the 

problem of edge delamination, in laminated composites subjected to 

in-plane tension, has been undertaken by a number of authors (Refs. 26 

to 28). On the other hand, work on delamination under either static 

in-plane direct compression or static cleavage is still relatively 

limited and mostly very recent. - Moreover, the author: is aware only of 

(Ref. 82) and his work (Ref. 29) on cyclic cleavage,, and Refs. 30 and 

31 on delaminatory-- fatigue damage propagating from an initial blister 

debond subjected to in-plane direct compressive load. 

1.2 THE AIM OF THE WORK 

Since. layer, interfaces are inherent;, planes of weakness.,, in, laminated 

composites, --a,, comprehensive study--which looks into the problem, of 

delamination is, animportant - area of research. 

When aýcomposite component-, is Joadedý. staticallyq,, strain energyýis 
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stored within and, if flaws are present they become sites for stress 

concentrations. If these reach or exceed the strength of the 

interlaminar bonds, delamination may ensue with strain energy being 

released to drive the crack. The result can be a catastrophic failure 

of the component. Even when the maximum stress within the component is 

below the interlaminar strength, damage may still grow under fatigue 

loading. The onset of delamination and its possible spread As very 

much dependent on the amount of strain energy needed to separate the 

bonded layers. The energy released at the crack front per unit of 

fracture area is known as the "critical energy release rate" (Ref. 12 

Eqn. (29) and Ref. 32 Section 1.4) and is a basic laminate material 

property which can be measured from controlled two-dimensional opening 

mode tests on laminated strips. 

The present work encompasses the following: - 

a)' the development of reliable and relatively simple -theoretical 

models for the calculation of the strain energy release rate (SERR) 

during delamination; 

b) the design and subsequent testing. of specimens which represent the 

analytical models 'under static and -fatigue -loading. The 

experimental results-are - -then discussed and compared where possible 

with the analytical predictions. 

1.3 METHOD OF APPROACH 

This thesis4alls into two ýmain areas of, investigation. ýIn the 

first part,, - the problem of- delamination cleavage As studied using 

double cantilever,,,,. beam, (DCB). techniques. The author has. 7-developed ý, a 

simple and realistic, -. *analyticalýýmodel, ý(Refý 33) which can"be, employed 

in -the study-, ', of,,. Jracture type., cleavage. ý. -, 
It, -, Iaccountsý end for-, -, the,. 
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deflections associated with deformation beyond the crack tip. The 

model is directly applied to the design of DCB specimens for both 

static and fatigue studies of delamination along 0*/0* interfaces in 

CFRP laminates. A ýDCB specimen consists of two mild-steel arms to 

which is glued an -eight7layered, 0% CFRP strip. An initial 

delaminated region is, introduced at one end by means of a 

polytetrafluoroethylene (PTFE) sheet which is positioned-at the plate 

mid-plane before the curing process. 

The delamination growth from an, initial through-width debond in a 

laminated component, subjected to in-plane compressive load, is 

addressed in the second area of investigation. Here, the through-width 

splitting problem of a typical 'fibre reinforced plastic orthotropic, 

layer taking into account the effects of initial deflected shape and 

also the elastic end effects of a resin rich layer (Ref. 12) is 

modelled and -formulated. The extent of delamination growth in the 

laminated- component depends on whether the debond bridging layer is 

originally flat or whether a, certain, pre-load degree of bulging is 

present. In the former case, delamination will grow only after 'the 

layer has buckled (Ref., 12). However, delamination growth after 

buckling may. or may not take place. The growth depends. on many 

parameters, including layer dimension, - layer in-plane and flexural 

stiffness and of course the interlaminarfracture toughness of the 

material. Layer local buckling behaviourý, can trigger rapid splitting 

growth and component collapse especially when the initial debond length 

is small. On the-other hand, the pre-load bulging layer- case may be 

less serious as-far asý the postbuckling behaviour is concerned. -In 
fact, it, is shown, that, the strain-energy. is 

-released in such a way 

that,, only-limited delamination occurs when, the in7-planeýapplied, strain 

reaches,. a. critical v_alue.!. Anýexpression_for the SERR is developed. for 
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the above two configurations i. e., according to whether the, pre-load 

layer is initially flat or bulgini. ýIn both cases, the inner layer, is 

assumed to remain flat throughout-the loading process. All 0* CFRP 

strips, each consisting of eight layers with a through-width blister 

which separates the strip into four layers each side, are glued on each 

side of an Aeroweb Type Al honeycomb (supplied by Ciba-Geigy Ltd. ) to 

form a sandwich. Equal -end lengths of the, twin-blister (TB) test 

specimen are resin moulded into mild steel end-fittings ýthrough which 

the compressive load is applied. This test method has-been found to be 

both very effective and time saving. 

1.4 PLAN OF THE THESIS 

The bulk of the subject matter appears in Chapters, 2,3,4 and 5. 

At the. end of each Chapter are placed Figures, Tables and Pictures. A 

thorough discussion of the matters arising from the study and of the 

relevant literature appears in each Chapter where appropriate. -, 
Chapter 2 contains -the analytical details of the, DCB model where 

the end deflections associated with deformation beyond-the crack, tip 

are, accounted for -and, the total deflection of. the-DCB arm along the 

load. line is formulated for 'various, DCB configurations. The SERR is 

expressed-. - in terms of the mechanical and geometrical fracture 

parameters'and, the criterion for-the stability of crack propagation is 

documented. 

Chapter 3 deals with the application of the theory developed in 

Chapter 2, to fabricate and test a number of DCB specimens for studying 

the cleavage behaviour between CFRP 0* layers under static and fatigue 

loading. The static SERR is mdasured in two different ways (the Gurney 

area method (Ref. 34) and the compliance method) and compared with 
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the theoretical calculation. Fatigue crack data are used in conjuctio'n 

with the SERR expression to develop a Paris-type semi-empirical formula 

for the prediction of delamination growth. 

Chapter 4 goes into -the details of the splitting problem in the 

presence of a central through-width debond region when the bridging 

layer is subjected to an in-plane direct compressive load. The 

analysis takes into account the elastic end effects of a resin rich 

layer at the delaminating edges. Simple expressions are derived for 

the evaluation of the SERR in cases, with and"without an initial 

bulge-out. Results are given for various compressive applied strains, 

blister span lengths and in-plane loads. 

Chapter 5 includes the manufacture of the twin-blister test 

specimens and the experimental results obtained from a series of static 

and fatigue tests. The 'critical static 'compressive strain, 

corresponding' to the start of delamination, is plotted versus the 

blister half span length and compared with the theoretical results, for 

three representative twin-blister test specimens. A similarýset of 

specimens are tested in fatigue and the behaviour of the delamination 

growth is given in graphical' form showing' the blister span length 

versus the -number- of cycles. 'Serveral graphs allow the splitting 

growth rate to be measured and subsequently plotted versus the overall 

applied-load. 

Chapter 6 documents the general conclusions and the salient matters 

from the-york, and, also suggestions for-prospective future work. 

:. " 
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CHAPTER TWO 

. DOUBLE CANTILEVER BEAM (DCB) TECHNIQUES FOR 

STUDYING CRACK PROPAGATION 

2.1 INTRODUMON 

The, simple beam, theory of bending has been found to be a convenient 

tool when dealing with many crack propagation problems. The method 

allows the use of the 'strain energy stored in a cantilever beam to 

obtain an energy balance at the onset of crack propagation. As early 

as 1930, Obreimoff (Ref, 35) employed this approach to assess the 

splitting strength of a thick sheet of mica. The same concept 'fas used 

later by Benbow and Roesler (Ref. 36), with some sacrifice of 

simplicity for the sake of stable crack propagation. Other worthy 

works which followed these two publications are found in Refs., 37 and 

38. ,I 

The double cantilever beam (DCB) specimen is used frequently in 

studying crack propagation characteristics because of its versatility 

in both theory and experiment. -Therefore, it is no wonder, it has 

become so popular-in the research for fracture characteristics of many 

materials. - 

In the past,, various models have -been developed for studying the 

behaviour of the DCB-specimens. With reference to Fig.. 2.1(a), one of 

the objectives.. behind the; work, contained in this Chapter is to 

establish, 
_ý, 
a reliable, theoretical, relaýionship between the applied, load 

P and_, the-corresponding 
, 

deflection--S, so,,. that satisfactory crack 

propagation specimens ;,, can_,, be idesigned. -Mechanically, -the-system, is 
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nearly equivalent to, two built-in slender cantilever beams, and the end 

deflection due to bending and shear can be obtained from elementary 

beam theory. However, there remains the problem of trying to establish 

a satisfactory theory to account for the strains which occur beyond the 

crack tip. An early paper. by Gillis and Gilman (Ref. 39) discussed 

this problem, and they observed that no satisfactory theory had been 

developed which takes these strains into account. * However, they point 

out that this effect can be assessed by means of simultaneous force and 

end. deflection measurements during testing. A later paper by Gillis 

(Ref. 40) on slotted double cantilever specimens treats -the uncleaved 

part as a pair of beam elastically supported by the joining web. The 

strain energy of each beam and its, foundation was then added to the 

bending strain energy. --Further theoretical work by Srawley and Gross 

(Ref. 41) and Wiederhorn, Shorb, and Moses (Ref. 42) gives a linear 

elastic solution for the stresses around the crack in the double 

cantilever configuration, which stresses determine the stress. intensity 

factor. The authors (Ref. 42) go on to calculate the resulting end 

displacement 6, and with this indirect approach they deduce-the 

actual values of certain constants which are used by Gillis and Gilman 

(Ref. 39) to allow for the, strains beyond the crack tip. Burns and 

Lawn (Ref. . 43) attempt to account for the strain energy in the 

uncracked part by regarding the cantilever arms as effectively built-in 

at a beam length 
-slightly. greater than the crack length. Experimental 

compliance- calibrationý(Ref., 44) showed, that the arm of ýthe, DCB 

deflected more-. - under a, given. -load than was-predicted. by the specimen 

beam formula.. The additional deflection, was attributed to -the fixed 

end, rotation and was accounted, for by regarding-the specimen arm as a 

fixed amount longer than the actual crack length. 

Raasch (Ref. 45) accounts for the elastic energy stored beyond the 
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crack by assuming that there would be no significant change in the test 

specimen if this strain energy were stored in a semicircular annulus of 

inner radius equal to the radius of the crack tip and outer radius 

equal to half the specimen thickness. The biharmonic equation for 1the 

stress function was solved for assume&stress-free-boundary conditions 

at--these radii, and the strain energy stored in the annulus was 

calculated. However, when comparing the theoretical predictions with 

his own experimental data, the author found that, his theory 'over- 

estimateU,, the strain energy by a considerable margin.,,, Hence a factor 

was introduced -to bring his theoretical results into- line 'with 

experiment. ' 

An augmented-double cantilever beam model (Ref. 46) treats the 

region of the specimen beyond the crack tip as a beam on an elastic 

foundation. The author recognizes that the foundation- modulus is 

established in an arbitrary way, but justifies his choice by the fact 

that the model, is found to be in excellent agreement with established 

data. This agreement must -be fortuitous because the model is not 

representative, of the actual mechanical system. In fact, the elastic 

foundation, model-has been taken up by many investigators (Refs. 47 to 

50) for, studying both static, quasistatic, and dynamic crack 

propagation. Bonesteel, Piper and Davinroy (Ref. 51) and Green, 

Hawkins and Hirlinger (Ref. 52). throw, some light on the agreement of 

the different models with experiment. 

The -object of this present Chapter is to develop a theoretical 

model of the specimen which takes into account the strains beyond the 

crack tip in a relatively simple but realistic way, although the 

strains in the,, immediate'vicinity of the crack tip are neglected. 
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2.2, THEORETICAL MODEL 

is assumed that the deformation beyond, the crack tip is induced 

primarily by the bending moment at the crack tip section of the beam. 

This is a reasonable assumption "provided the arms are long compared 

with the beam depth [i. e.,, a >> hq Fig. 2.1(a)]. If they are not, 

then the shear strains beyond-the-crack-tip would become significant. 

Fig. 2,1(a) shows the- geometry and loading for the double cantilever 

beam, and Fig 2.1(b) shows -the linear' elastic bending stress 

distribution across the crack tip section. The main objects of the 

analysis which follows are to'calculate the horizontal displacements u 

across the section AB due to the bending stresses and hence to find the 

resulting end rotations of each part of the section at AC and CB. 

Thesearotations can then be used to find the corresponding deflections 

at the loading points, which deflections must be added to those due to 

bending and shear of the specimen arms. 

Consider the case of a distributed load q acting over a length JZ 

on the straight- boundary of a semi-infinite plate as shown in Fig. 

2.2. The vertical'displacement'u produced at point 0,, ý a distance r 

from the elementary load qdr, is given'by (Ref. 53, Article 30). 

Su,,,. _ 
2q In d dr dr, '. 7rE r irE 

A 
where d is the distance beyond the crack, tip where the displacements 

vanish, E is Young's modulus, and V is Poisson's ratio. 

The total deflection becomes 

., Ux 1 1, Ux 2 
qln `-L ', ' dr + V) 

qdr 7rE r irE 
f (2.1) 
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Eqn. (2.1) is valid for any point outside the loaded region. For a 

point 0 within the loaded region [see Fig. 2.2(b)] the lower and upper 

limits of integration in Eqn. (2.1) are replaced by -x and I-x, 

respectively. 

Eqn. (2.1) is used to calculate the horizontal displacements across 

the section ACB in Fig. 2.1. However, it must be remembered that, 

strictly speaking, the equation applies only to a'semi-infinite plate. 

Thus whilst displacements in the central region of the beam will be 

estimated accurately, those in the outer regions near the edges will be 

subject to some error. It is convenient to divide up the loading 

diagram [Fig. 2.1(b)] into four separate triangular regions, and to 

calculate the displacements due to each portion of loading separately. 

The resulting displacements can then be found by superposition, noting 

symmetry about the point C. The letter u is used, with two subscripts, 

to denote the horizontal displacements due to any portion of the load 

distribution. The first subscript (a number) indicates the portion of 

the loading according to Fig. 2.1(b), - whilst the second (a letter, 

either x, U, or r) indicates "left", "under" or "right" 

respectively. Thus, for example, u2t is the displacement due to the 

loading 2 at any point to the left of the load triangle . 2. The same 

subscripts are also conveniently employed in exactly the same way with 

the letter x to symbolize the local variable associated with each load 

triangle. - From the above, it is clear that in order to obtain the 

total displacement at any point on the straight boundary, say to the 

left of the centre line, it is necessary to calculate: 

U 3Z ; 
-, 

U Its and u 4u u2t u2u I u4r 

Using Eqn. (2.1), it follows that 

x 3Z +(h/2) X3 e(h/2) 
do 

r 

2 2(r. 7-, x dý (1+V) ý2(r-x 3d 3 d r* ""(2.2) u ln a"ý, 
IT r 

R00, Er ? rE 
x 39, x 3Z 12 



where the linearly varying stress 2ao(2-x39, )/h Fig.. 2.3(a) has been 

substituted for the arbitrarily distributed load q. After integration, 

Eqn. (2.2) becomes 

2u 7rE 4(h2/4 - x; t 
) (L/2 4x' (X 

39,3 ý31) ' 3& v 
h ln d -h YU ln d+ 

ýh 
(2.3) 

+xx 

0 

In Eqns. (2.2) and (2.3) the local. coordinate x 3. ýs measured from point 

D [Fig. 2.1(b)] to the left. In the same ways the following 

expressions are obtained for the other displacements uW u2V u2u' u4r 

and u 4u 
(see Appendix A, Section 1). 

2u 7rE /2 +x2 h/2 + xl, ) 4(x, "., + hxi, ) it it Lý 
I in in 

ýx'2 

hF 

2h72-) 

d -h7'- V-d 
0 

2(h/2 +x1dv 
-, h+ -2 

(2.4) 

2u 7rE 4(h 2 /4 ý- x2) h/2 +. x 2 2x 2t 
-M- 

2t 
» ln 2ý 

+ 
7X2 lý ln 

(fgý 
+ 

:u 
ha0 h' d 7h/ ýd -h + 72 

(2.5) 

2u 7TE L2 -21 2ý2 - x2u) 4(x22u - hx x2u 2u X2u )_- 2u) ln 
(ý 

dd hhd 
0 

2(h/2 x 2u) v (2.6) 
-h+2 

2u4r TrE 4(h 2 /4 - L2 x4 
2x 

. 
Xýr J'x4rý x4r 

+ýx4r h h' d ýh2ý) ln 
(dh+ 

0 
(2.7) 

2u4u 7rE 4(h2/4 -x /2 -2 2x4u 
2 

4u x4u) 
. 
ý, x4u N /k4uý 

ln - a0 h' d Th- + -2 

(2.8) - 



It will be found to be more convenient to express the local coordinates 

x and in terms of the DCB arm depth h 
3Z 'x,, ' x29, ' x2u' x4r x4u 

and a single variable x [Fig. 2.3(b)] as follows: 

x 3t -x+ h/2, x it 'o X0 x 21 mx- h/2, 

x 2u m x' x4r --x+ h/2, X4u mx- h/2 

Thus, Eqns. (2.3) through to (2.8) become 

2u3, irE 4(x2 + hx) h /2 +x /2 + h/2 +x 
hGo ln h/2 h/7- 

(2.9) 

2u it irE +x2 (h/2 +x 4(x"+hx) 'h/2 
+'x v 

-cl 

ýhý2 ) 
in 2- in( 

xý 

dh d) - ----h7-2+ 2 
(2.10) 

2u 21 IrE 4(-x'+hx) (x h/2 x -*h/2) x- h/2' v 
h CY 0 h- d) + 

(x 
h72- ln 

(--a- 
+ ---hi72- + If 

(2.11) 

(X 2u 2u irE h/2 -x (h/2 - x) 4(x2-hx) x- h/2 -x. ln ln - ha hý2x- d d) h/2 
0 

(2.12) 

2u4r ITE 4(x2-hx) h/2 x (h 2 h/2 -x 
h cr h"- d ln 

2- 
-( -- --h7-2 ---h7-2, ln d 

X) 

(2.13) 

4(x-hx) h2x, 
- h/2 v 2u 4u 7rE 

ln 
-dx 

lnC- 
-dh/2) 

+- h/2 -T ha0h 

(2.14) 
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The displacements, given by Eqns. (2.9) through to (2.14), can now be 

superimposed in the regions C-E and FB (Figs. 2.1(b) and 2.3) to give 

UC-E ý u3t +u lz +u 2u +u 4r 

and 

u E-B u 39, +u it +u 2Z +u 4u 

(2.15) 

(2.16) 

where uC-E and uE-B give respectively the resultant displacement at 

any point in each of the regions C-E and E-B. Substitution from Eqns. 

(2.9) through to (2.14) into Eqns. (2.15) and (2.16) gives 
I 

h% x5` x' 4x h+x 

uu+u+u+u ln +1 4] 
x, 

) 
C-E zz 3t it 2u 4r 

-y 21rE h/2 h 
(2.17) 

and 

hcrö 
[( 

_1__ 
2_X2) 

+ 
ýX ln x ln UE-B u39, + ult u29, + U4u m 

21rE h/2 xj h _X) (2.18) 

It is seen from Eqns-. (2.17) and (2.18) that u C-E and UE-B are 

identical. This is not surprising considering that the displacement is 

single-yalued at any chosen point between C and B (Fig. 2.3). 

Writing the total displacement u and uE-B at any point as u, 
I 

C-E 

either of Eqns. (2.17) and (2.18) gives 

3_X2 
u7rE 

ýh x 2[(-ý)" ln 2- + Kh ln hn (2.19-) 
ho 

( 
h+x) 

0X) 

for 0<x<h. 

This simple dquation gives 'a continuous variation of u between x-O and 

It is interesting to note that. neither the distance d nor Poisson's 
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ratio V appear in the expression for the final displacement produced 

by this particular type of loading on a semi-infinite plate. 

Using Eqn. (2.19), the parameter u7E/hGo is plotted against (x/h) 

in Fig. 2.4. It is seen that the central part of the graph is linear. 

The slope of this part can be used to obtain the rotation of the 

section as follows (See Fig. 2.4): 

the vertical and horizontal intercepts of the straight line mn, as 

shown in Fig. 2.4, give 

u=2.5ho and, x=0.58h 7rE 

Thus, the section rotation is 

4.3a 
TrE 

This gives rise to a deflection 60 at the point of application of 

theýload P equal to (4.3 cro a)/irE, or 

60 = 
8.212 Pa (2.20) 
- Ebh" 

using the usual bending stress, formula ao 6Pa/bh2, where b is the 

specimen'width. 

This same result can be obtained using the complementary energy 

principle, in the form 

au 
. 60, (2.21) 

J! 

where Uc is half the complementary strain energy stored in the 

, ý,, specimen beyond the crack tip. This energy can be put equal to the 
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complementary work Wc done by the bending stresses across the crack 

tip section. In this case, 

h-R 
uc wc= limit cr xu 

dx, (2.22) 
R-*O 2 

'R 

where ax is the bending stress at x. 

It should be noted that it is not possible to integrate Eqn. (2.22) 

between x=O and h directly and therefore a very small'length R has been 

introduced into the limits in order to overcome - this problem. 

Substituting the linear expression crx = co [(2x/h)-l], u 

4.3 Go/ iiE and ao - 6Pa/bh 2 in Eqn. (2.22) and carrying out the 

integration, it is found that Eqn. (2.21) yields Eqn. (2.20) as R+O 

(see Appendix A, section 2). 

However, this energy approach enables a more accurate theoretical 

estimate to be made for 60 by using the nonlinear expression for u 

given by Eqn. (2.19). With this, and with ax = a6 [(2x/h)-l], it 

is found that Eqn. (2.22) becomes 

bh 2 11 2K2 (1-K) 21 

uc lný- - (2-K )2 (1-2K+3K2) ln (2-K) 

7rE 26 

(, +K)2 (2-4K +3K 
2) ln (1+K)+(I-K)3 (K- ln (1-K) 

32 2K- 1 
+K (K-j)'In IC +---U 

where 

R 

17 

(2.23) 



As 0, Eqn. (2.23) becomes 

bh2 e 
uc=02 ln 2 (2.24) 

7rE 

(36) 

and substituting ao - 6Pa/bh2 into Eqn. (2.24) leads to 

6.77Pa 
2 

601 

Ebh2 
(2.25) 

Compared with the previous result[Eqn. (2.20)]this deflection is 17.5% 

lower, reflecting the fact that the rotation of-the arm about the 

built-in end had previously been overestimated. 

Each of the deflections given by Eqns. (2.20) and (2.25) can now be 

added to the. well known deflections due to I bending, 6bg and shear, 

6s, given by (Ref. 53, Article 17) 

6 4Pa 3 1.5Pa 
b Ebh 3s bhG 

where G is the shear modulus, to give the total deflection 6 in the 

direction of P. Therefore, 

4Pa 3_+ 8.212Pa2 
+ 

1.5Pa (2.26) SEP Ebh2 Ma- 

and 

4Pas_ 6.77Pa3 1.5Pa 
+ Ebh2 + bhG (2.27) 

These equations have the same form, as Eqn'9''9 of-Ref. '39p- 'bui`in this 

last reference 'the'term relating to the 'rotation about the built-in'end 

is not given explicitly. " 'However, a more explicit equation is 'given'by 
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Wiederhorn, Shorb, and Moses in Ref. 42 Eqn. (5) in their paper gives 

4Pa3 
+ 

l2cPa n+l 
+ 

3&Pa (2.28) 
Ebh 3 Ebhn+l bhG 

where n, c and ý are constants that depend upon the conditions at the 

fixed end of the cantilever. 

Values of n, c and & were estimated from a number of calculated 

displacements 6 for crack lengths of 2,3 and 4h for soda-lime 

glass, fused-silica glass, and polycrystalline sapphire. In all cases 

they found that n=l and ct, 0.66, allowing the second term in Eqn. 

(2.28) to be written in the form 7.92Pa2/Ebh2. Comparison with the 

corresponding second terms in Eqns. (2.26) and (2.27) derived from the 

analysis in this present work reveals that, it is 14.5% higher than the 

term in Eqn. (2.27) and is only 3.5% lower than the term in Eqn. 

(2.26). 

A further direct comparison can be made with'the result from the 

elastic foundation model given by Kanninen (Ref. 46). Eqn. (7) of hi's 

paper gives 

4Pa 3 7.68Pa2 
+ 

1.88Pa 
+ 

1.56P (2.29) m, M3- "Z-bh"2- Gbh Eb 

when 

2.6G 

Again, the second term in Eqn. (2.29) falls between the second 

terms in Eqns., (2.26) and, (2.27),, and is not in'exact agreement with 

either,, of them, However, it, is, 
-still 

closer to the former than. to the 

latter. 
_ 

'Raasch (Ref. 45) gives the results of his theoretical-analysis in 
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the final form 

SEbh 3. 
fl (a/h) (2.30) 

4Pa' 

where 

fl (a/h) = 1+0.78 
(4 3+ [3.65 

+ 0.594 
ýhý31 

a)+ 
1.721 1- 

ýa) 
(2.31) 

Eqn. (2.31) is plotted in Fig. 2.5 together with the experimental 

results reported in the same reference (Ref. 45), and also with the 

corresponding parameters from Eqns. (2.26) and (2.27). It is seen that 

Raasch experimental results lie below his theoretical curve. This 

discrepancy was explained by the author to be due to the fact that his 

initial simplifying assumptions that the uncleaved part of the specimen 

might be replaced by a semicircular disc did not quite correspond to 

the facts. Therefore, ý conforming factor was introduced, in front of 

the,, square bracket, in Eqn. (2.31) and was later determined by fitting 

it to the measured values. Apart 
'from 

being arbitrarily introduced, 

the factor depends on the ratio of the uncleaved portion length to the 

depth ofl, the DCB am making a sound physical-explanation of the 

difference between theory and, experiment rather obscure. On the other 

hand, the, values of the parameters obtained from Eqns. (2.26) and 

(2.27), as shown in Fig. 2.5. lie,, below the experimental values. This 

is to be expected, if the. following points, are considered. Firstly, the 

present. theory assumes the specimen is infinitely wide and long at the 

roots -of. - 
the DCB, armsq., and t. his1would have theýeffect. of providing 

greater. constraint, against rotation than would be, the, case in 

practice.,,,., Secondly,, 
_the 

strains-due to the., root shear stresses are 

neglected. (they,., iýould become significant for small values of a/h), as 
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are the local elastic/plastic strains at the crack tip itself, 

Finally, an exact elasticity solution would predict vertical 

displacement v as well as the'horizontal displacements u in the root 

region. In practice, therefore, small vertical displacements which 

havenot been, accounted for in the present theory would be expected to 

exist. This would give rise to an additional small deflection at the 

loaded end. It is thus not surprising that the present theory gives 

results which fall below the experimental values 6btained by Raasch 

(Ref. 45). 

2.3 STRAIN ENERGY RELEASE RATE (SERR) 

It was mentioned in the general introduction of this thesis that 

one of the aims of the present study was to develop a reliable and 

simple energy formula for studying the delamination characteristics in 

unidirectional CFRP laminates. 

54) was''confronted with the "In the early 1920's, Griffith (Ref. 

problem of finding out why' the actual strength of glass wa's so much 

lower' than''what was expected from its -molecular structure. He 

eventually came to the conclusion'that, the discrepancy might be due to 

small 'internal defects which acted as stress raisers within the 

mI aterial, '-degrading in this way its overall'strength. In order to 

iackle'-the 'problem, Griffith came ou It with_ýwhat later became one of the 

most-veriatile methods in studying' the behavio , ur of crack propagation 

in '-engineering solids; namely, he equated the strain energy released 

p'er"unit of'fracture area' at the-onseiý"of crack propagation to the 

surface energy of fracture. - The-Griffith', energy' balance- equation has 

the-following form: 

UzW+K (2.32) 
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where, U is the elastic strain energy stored in the body, Z is any 

additional energy supplied to the body during crack propagation, W is 

the work done against the resistance of the material and, K -is the 

kinetic energy. 

Let A be the extent of the. crack; thus,, differentiation of Eqn. 

(2.32) with respect to A gives 

dU dZ dW 
+ 

dK (2.33) UK -Uý -u -d. K, II 

dZ R At the onset of crack propagation j-A -- 0, and Eqn. (2.33) 

becomes 

dU dW 
dA - dA (2.34) 

Griffith identified the term dW/dA as the work done against the total 

surface tension r= 2YO, where yo is the specific surface-energy. 0 
Following the above approach, Griffith successfully explained why 

there was a large difference between the theoretical and experimental 

tensile strength in glass. However, for the purpose of the present 

study, Eqný (2.34) will be used in the updated modified context as 

explained in Ref. 55. In this context dW/dA is no longer simply 

regarded as the surface tension but as the total work done against the. 

resistance of the material. Other names are often attached to this 

work; namely, the -fracture toughness of the material gc (- the 

critical energy release rate), and the surface energy of fracture 

r-2y (y being the specific surface energy of fracture per unit of 

area). In the analysis which follows; gc -r and, 9- dU/dA, will 

be taken to represent the critical energy release rate at the onset of 

crack. propagationand ý: the -energy, release rate respectively. Having 
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said this, the strain energy release rate g is next evaluated for the 

DCB specimen in a straight-forward manner. 

With reference to Fig. 2.1(a), the total end deflection 6 given 

by either of Eqns. (2.26) and (2.27) can be used in the strain energy 

formulation. In this present analysis, Eqn. (2.26) will be taken in 

preference to Eqn. (2.27) because of the former close agreement with 

experiment (Fig. 2.5). 

The elastic strain energy stored in one arm of the DCB specimen is 

simply half the work done by the applied load P through the total arm 

deflection 6 [Eqn. (2.26)]. The strain energy U of the entire 

specimen is twice this. Thus, 

u= ps - 
PA (2.35) 

2 

where, A= 26 is the crack opening displacement (COD). The ratio, 

A/P, of the COD to the applied load P is defined as the compliance C 

of the specimen, which is characteristic of the considered crack length 

a. Therefore, 

c- 

or, 

8a 16.424a 
2 3a 

C TER 3+ Ebh3- + bhG 

Substitution for Eqn. *(2.36) into'Eqn. '(2.35) gives 

(2.36) 

(2.37 

u p2 C (2.38) 
2 

It is reiterated here that, in essence, the energy principle is 
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applied here in the sense that, when a crack extends in a stressed 

body, some of the elastic stored strain energy is lost to the growing 

crack and that the rate of the released strain energy gc at the onset 

of crack propagation is equal to the material toughness, or 

equivalently to the surface energy of fracture r. Thus, 

differentiation of Eqn. (2.38) with respect to the crack area, A- ab, 

gives 

, dU 
= 

P2 C (2.39) 9= d-Fab) -2-b 
(4a-) 

Substitution from Eqn. (2.37) into the above equation yields, 

pa 122 16.424a 1 E) 
9m-+15 (2.40) EUT 

(-i7- 
Tr- +e 

At the onset of crack propagation Eqn. (2.40) gives the critical energy 

release rate ge, 

Pit 12a 3 16.424a 1.5E ). 
9c 

c-+-+- (2.41) 
EV 

(h3 

h3 hG 

load 
-"'at . th Ie-s. tart---of crack extension. The where Pc is the critical 

reliable physical ground on which Eqn. (2.41) is based, combined with 

its simplicity' are' two 'important credits'to'this expression'in under 

taking fracture toughness measurements for a certain materiaL' 

It'is well known that the strain 'energy -1 relea I se'rate g is 'related 

to the-corresponding opening mode stress intensity''factor K, as shown 

in the following relati ons (Ref. "55): 

K2 Eg (for plaze stress) 

and (2*'42) 

KI E28 (f or plane strain)' 
1-v - 
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There is no clear cut reason for choosing one form or the other from 

Eqns. (2.42). However, for relatively thin specimens, it is more 

appropriate to adopt the plane stress formula. Assuming that is so in 

our case, thus, substitution from Eqn. (2.40) into the first Eqns. 

(2.42) yields 

KI bh 3/2 ý. h h21 
2v/3 

[1 

+ 1.3 0.3125 (2.43) 
Pa aý 

where, the typical value for steel, E/2.5, has been substituted for the 

shear modulus G. The left hand side of Eqn. (2.43) is often called the 

dimensionless stress intensity coefficient. The non-dimensional factor 

Kjbh 2/3 /Pa for several values of a/h is shown in Table 2.1 along 

with the corresponding results from Refs. 41,42 and 46. These 

references were commented upon early in this Chapter. It is seen from 

the table that the results from the various methods are very close. 

However, the present method outweighs the others on the grounds of 

simplicity and physical understanding. 

2.4 TAPERED DOUBLE CANTILEVER BEAM (TDCB) ANALYSIS 

developed''in the previous section for-accounting for the 

strains past the crack tip- in -a- DCB specimen, offers another major 

advantage; -it' can be easily extended to other double cantilever beam 

configurations. '' One of thesef namely the tapered double cantilever 

beam specimen'- (TDCB) (Fig. 2.6), 'is'of practical interest because it 

can offer'a linearly- varying-compliance -C with' the' crack length'a. 

This "can" ''be very, useful, " because 'testing may be simplified 

considerably, "while the critical energy -release rate gc is' being 

measured -f or a certain materiaL` In f act; -, ̀ýL ̀ ý constant dC/da 
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allows the operator to monitor only the critical load Pc at the onset 

of crack propagation without being concerned with the crack length a 

[Eqn. (2.39)], unlike the parallel-arm DCB specimen where Pc and a 

must be monitored simultaneously. The TDCB specimen can also give slow 

and stable crack propagation; a feature desired in many test 

situations. Previously, the TDCB specimen was used, as pointed out in 

Ref. 56, in fatigue studies and environmental cracking investigations. 

Convenient use of the specimen has also been found in the study of 

crack propagation characteristics in adhesive joints. 

In Fig. 2.6, there are shown two TDCB versions. The first [Fig. 

2.6(a)] has been widely employed unlike the second where only very 

limited use is reported in the literature. In fact, the author is 

only aware of the work of Mai et al. (Ref. 56), where a specimen of 

the latter type was used. The authors (Ref. 56) employed a PMMA TDCB 

specimen as shown in Fig. 2.6(b) and, found that it gave better control 

of crack path and stability of cracking over the TDCB configuration 

shown in Fig. 2.6(a). However, the extension of the analysis detailed 

in the previous sections will be limited to the TDCB specimen shown in 

Fig. 2.6(a). Let us anticipate thatIthis choice is. not. arbitrary as it 

will be madeclear in Chapter, 3;, it, is in, fact the product of some 

experimental test trials to select a suitable DCB specimen for the 

delamination study. of CFRP laminates. 

With, reference to Fig. 2.6(a), the total deflection 6 given by 

Eqn. (2.26) can be easily modified to accommodate the effect of the 

taper angle 6. The second and third terms in the right hand side of 

Eqn. (2.26) are changed through the replacement of the DCB arm depth h 

by. the variable arm depth of the 
'TDCB' 

ha " (a+e)X; where X is the 

slope of the taper and, e is the distance between the load line and the 

apex of the specimen as shown in Fig. 2.6(a). Assuming a small taper 
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angle 8, the simple bending deflection represented by the first term 

in the right hand side of Eqn. (2.26), can be replaced by the 

corresponding expression for the tapered shape (Ref. 57), i. e., 

12P (2+e)+ 
e(4a+3e) 6b f-ýp 

[1n 

e 2(a+-ey- 2] 

Thus, the total arm deflection 6 for the TDCB is 

12P 
X3 

[ln (ý+e 
+ e(4a+3e) 3 ]+ 8.212Pa2 

+ 
3.75Pa 

Eb e 2(a+e) T Ebh 
a (2.44) 

where, G= E/2.5 

Therefore, the specimen compliance is given by 

24 e(4a+3e) 16.424 C ln + haý + 
7.5 

EbX3 *[ -2" e Eb Eb 
(ha) 

e+ 2(a+e) 

(2.45) 

In jig. 2.7 the compliance C is plotted versus the crack length a for 

various taper slopes. These graphs show that beyond a crack length of 

20mm the behaviour of C. is approximately linear.. As already stated 

earlier, a linearly varying compliance is beneficial, in that- it-,, gives 

a constant dC/da. On the other hand, the value of X should not go 

beyond the validity of the simple theory of flexure. 

The 'strain energy.. release rate for the TDCB specimen can be 

obtained readily by substituting the right hand side of Eqn. (2.45) 

into Eqn. (2.39),, Le.,, 
ý, II4, _ 
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P2 1 2aý + 16.424eX 
(2h, 

-)+ 3.75eX (2.46) fb-Th--- 
[Fla I 

aa 

or, at the onset of crack propagation Eqn. (2.46) becomes, 

P2 2 12e a 
9c 

Eb2h 3+ 
16.424eX 

h+3.75e 
11 (2.47) 

a 

[Ta 

a) 

12 

In terms of the stress intensity factor KI [see the first of Eqns. 

(2.42)], Eqn. (2.46) becomes 

KI bh'a (a (a 
-1.37X) -0.313X) h+0.313] p 2/3 

11 
1h+ (1.37 h 

a) 
(2.48) 

The stress intensity factor coefficient KIA/P is plotted in Fig. a 

2.8 for various values of X. It is seen that the lines form a bunch 

like shape. These are entirely linear for relatively small tapers, and 

they depart gradually from linearity near a/ha -0 as 'the taper is 

increased. For the range of taper considered the lines meet 

-erefore, ''for small tapers we the aýha-axis at a/ha -0.685. Th 

may write 

KI bh (a 
4) -+0.685 (2.49) 

-P h 
a 

where ip is a X-depend ent function representing the 'slopes of the 

lines shown in Fig. 2.8. Srawley and Gross (Ref. '41) found, ''from their 

boundary collocation analysis, that the intercept a/ha 0.7. 

Srawley and Gross (Ref. 41) derived the following formula from fitting 

her "el, 
a' s, tiity, results to a set of straight lines such as those shown 
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in Fig. 2.8: 

KI bh' (a 

pAha+0.7) (2.50) 

where A is a taper dependent implicit function which represents the 

slo es of the lines in the Kjbht/P versus a/h paa graphs of Ref. 

41.7he suspicion of Srawley and Gross that the linear relation (2.50) 

would not apply to actual specimens with small a/ha (i. e., higher 

taper angle), is confirmed by the results shown in Fig. 2.8 wherein a 
departure from linearity can be detected as A grows bigger. 

An attempt to estimate the factor 1P in Eqn. (2.49), by comparing 

the compliance C given by Eqn. (2.45), and another corresponding 

expression obtained through integration from combining Eqns. (2.39), 

the first of (2.42) and (2.49), gives 

2v'3 (1 + 1.37; k + 0.47X (2.51) 

It must be mentioned however that the above estimate is quite crude 

because it has been obtained 'by.. comparing the coefficients of 

ln [(a+e)/e] inthe two compliance expressions. However, besides its 

simplicity, Eqn.. (2.49) follows quite well the graphs shown in Fig., 2.8 

for X ; SO,. 4. 

Let us recall one particular assumption which remains at the origin 

of the present analysis; the specimen containing the crack has a semi- 

infinite uncracked portion beyond the crack tip. In practicet the 

double cantilever beam specimen has finite, dimensions and, therefore, 

we are bound to explain how much length the uncracked has portion 

before the end hinge effects are felt,. Srawley and Gross (Ref. 41) 

approached the problem and identified two hinge-effected and non 

affected regions within the specimen, depending on the range of a/L, 

where a/L is the ratio of the crack length to the distance between 
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the load line and the specimen base ahead of the crack tip [see Fig. 

2.6(a)]. Their conclusions are: 

1. for a/L < 0.7; the dimensionless stress intensity factor, 

Kjbha/P, follows Eqn. (2.50), and 

2. for a/L z 0.7, the behaviour is governed by the following 

equation, which the authors (Ref. 41) obtained by reformulating and 

adopting Eqn. (181) of Ref. '58 so that 

0.537 + 2.17 (1 + a/L) / (1 - a/L)_ 
PC (1-a/L)' (2.52) 

Let us now examine our theory in the light of the above conclusions 

and the experimental results of Mai, Atkins and Caddell (Ref. 56) by 

reformulating Eqn. (2.47) as follows: 

p* X3/2 iZ+ 
S)3/2' 

-Lr-- (ELg, "" T-12z' + 16.424 szX + 3.75(z+s) 871 C-) 2 

6 

(2.53) 

where (see Fig. 2.6(a)], P*c - P. /b is the critical applied- load per 

unit width, s- e/L and z= a/L. 

, The dimensionless load coefficient P*C/(ELgc)i is plotted 

versus z in Fig. 2.9 along with the experimental results, for the PMMA 

tapered double cantilever beam test specimens, taken from Ref. 56. The 

dotted curve in Fig. 2.9 represents Eqn. (2.52) after being arranged as 

in', ', Eqn. - (2.53). It is seen from the graphs that the agreement of the 

preseni-analysis with the, experimental data is very good up to a value 

of"ýAa/L' around -0.7 and, that, for higher values of this ratio the 

experimental data tend to follow Eqn. (2.52) as concluded by Srawley 

and Gross (Ref. 41). The simplicity and the remarkable agreement with 

experiments, of Eqn. (2.47) [or equivalently Eqn. (2.53)] make this a 
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reliable candidate in future fracture toughness measurement of a 

certain material. 

, 2.5 CRACK STABILITY 

In conclusion of this Chapter, the crack stability criterion is 

established for the TDCB specimen shown in Fig. 2.6(a). Atkins et al. 

Ref. 59 state that crack stability means different things to different 

people. This statement is somehow vague, however, and it reflects- the 

author's view that some- misunderstanding surrounds the notion. For 

example, 'Stability of Cracking' is used -occasionally to describe 

whether a propagating crack deviates from its original path, as pointed 

out in Ref. 61. A second example is given by Ripling et al. in Ref. 

44, where the- authors used the words 'Stability' and 'Instability' in 

a somewhat misleading context in their study of adhesive joints 

employing double cantilever beam techniques. They called 'Stable' and 

! Unstable', respectively, the flat and saw-like behaviours of the 

applied load, versus the crack opening displacement. This contradicts 

clearly the stability statement as laid out, in Ref. 55. It is more 

'appropriate in fact to call the saw-like behaviour as a mixture of 

instability and stability behaviour as shown in'Ref. 61. 

A crack,, is, 
-said 

to be in a stable, neutral equilibrium, or unstable 

conditionýaccording. to whether the rate of change of the kinetic energy 

[see. - Eqn. --. (2.33)],, per unit of fractured area is negative, zero or 

positive respectively (Ref. 55), -i. e., 

dU' dW dZ 
dA TA- +dA 

dU dW 
+ 

dZ 
K=U dA 

(for stability) 

(for neutral equilibrium) 



and 
dU ý,, ýW 

+ 
§Z (for instability) a-A dA dA 

The above are very general statements, and are not limited by any 

particular body 'shape nor by any particular boundary conditions. The 

interested reader may find Ref. 63 particularly valuable for a better 

understanding of the crack stability problem. 

The crack stability concept is not intended usually for finite 

structural components. The concept has been brought about by the need 

to be able to design crack-tractable test specimens which can be 

reliably used in studying the fracture characteristics of a certain 

material. On the other hand, a finite structural component should not 

contain cracks unless it is intended to, otherwise, the designer should 

make sure that a crack will not propagate undeIr service loading 

conditions. 

A typical application of the crack stability is offered by Gurney's 

irreversible work area method (Ref. 34) for measuring the critical 

energy release rate gc, wheret a quasi-static stable crack 

propagation is necessary for the method to suffice, as pointed out by 

Mai and Atkins in Ref. 60. 

All stability criteria are subject to certain constraints such as 

the stiffness of the testing rig. Two cases of practical interest are 

considered'fiere (Ref. 34) 

1) a 'monotonically increasing load (dP>O) which occurs with a 

co . ntinu ously operated soft testing machine, and 

2) a-monotonically increasing deflection (d, & > 0) which occurs for 'a 

continuously operated hard testing machine. 
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The above stability conditions may be written as (Ref. 62) 

1 LC ý, 
d2 C/da2 (f or dP>O) (2.54) 

gr da dCTd-a 

and, 

1 ýsc > d2C/da2 2 dC/da (for dA > 0) (2.55) 
gc da dC/da c 

After substituting for the compliance from Eqn. (2.45) the inequalities 

(2.54) and (2.55) become respectively 

1 12z2(2s-z)+16.424zsX(s-2z)-7.5zsX'(z+s)] (2.56) 
g. da a (z+s)(12z'+16.424-z-s; -X-ý -+3. '75sX'(z+s)' i 

and, 

2 1d 12Z (2s-z)+16.424zsX(s-2z)-7.5zsX'(z: ts) 
gc 

Fa2r' 
a (z+s)(12z'+16.424zsA)+3.75sA*(z+s)' 

12z 3 +16.424z'sX + 3.75 
12(z+s)[(z+s)'ln(l+z/s)-zs-1.5z 

2 (Z+S) 
8.212z"; k(z+s)+3.75zX'-(z-+s) 2_ 

- (2.57) 

The righthand sides of expressions (2.56) and (2.57) are known as the 

geometrical stabilityý factors (g. s. f), which may be given, 

respectively, the contracted notations (n 
P 

/a) and (n, -/a); where nP and 

n. are-dimensionless numbers given by the 'expressions enclosed between 

brackets. The above statements [(2.56) and (2.57)] may also be 

written, respectively, in contracted notation as follows: 

a Lgc. 
- >n (2.58) 

9c da P 
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and, 

a_ dgc >n1 (2.59) 
gc da A 

The dimensionless critical energy release rate (a/gc)(dgc/da), 

which appears in both the lefthand sides of expressions (2.58) and 

(2.59), can be evaluated through straightforward substitution from Eqn. 

(2.47). This quantity is plotted versus z (=a/L) in Figs. 2.10 and 

2.11, for two values of s (=e/L = 0.25,0.4) and various values of the 

taper slope X. The dimensionless g. s. f. coefficients np and n. are 

evaluated, respectively, from the right hand sides of expressions 

(2.56) and (2.57) and, plotted versus z for s=0.25,0.4, and for 

several X's as shown in Fig. 2.12 through to 2.15. For the load 

control case such as using a servo-hydraulic testing machine, 

comparison of the results from the left and right hand sides of 

expression (2.58) (Figs. 2.10 through to 2.13), reveals that, 

theoretically speaking, the stability in the load controlled situation 

improves with increasing z and 'increasing slope, of taper A. and, that 

further improvement is obtained when s is increased which is equivalent 

to increasing ha leaving''the taper angle 6 and z unchanged. These 

conclusions fall in line with those of Mai et al. (Ref. 56) for similar 

conditions. However,, the stability margin iný the load controlled case 

is -, quite small 'especially' for, lower z values and small angles of 

taper. ' On" the other hand, the deflection- controlled case (dA>O), 

which is equivalent' to using a hard testin -g machine such as 'a screw 

driven'apparatus'l, shows negative values,, over the whole range of the 

parameters- considereU'as shown in Figs. -2.14'and 2.15ý-- These- results 

fall'well'below the corresponding-- graphsý. of_ (a/gc)(dgc/da) versus z 

showný'in figs. 2.10 and 2. '11. - Therefore, ýit seems thats' theoretically, 

the deflection controlled case-offers a wider margin of stability 
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than the load controlled situation. However, unlike the latter, 

stability decreases with increasing z as shown clearly by the mutual 

approach of the corresponding graphs for n and (a/gc) (dgc/da) 

versus z (compare Figs. 2.10 and 2.11 with Figs. 2.14 and 2.15). It is 

also seen from examining Figs. 2.14 and 2.15 that the increase of the 

angle of taper reduces the stability and that a higher value of s has 

a beneficial effect in this respect. Therefore, for a hard testing 

machine'(nA>O), it is suggested that a test specimen with a relatively 

low angle of taper be used with the obvious advantage of remaining 

within the boundary of the simple theory of bending. 

2.6, CONCLUSIONS 

A simple theoretical elastic analysis has been given of the load 

deflection relationship for the DCB specimens. This 

analysis accounts approximately for the strains beyond the crack tip 

section. The analysis is based on a realistic model wherein the direct 

stresses due to bending-at the crack tip section are used to find the 

corresponding horizontal displacements. ' ' These displacements , are' then 

used with the bending stresses, either directly' or in a simplified 

graphically derived linear form, to calculate '-an expression for the 

strain I ener I gy stored beyond the root section. 'This energy in turn is 

equ , ated''to the external work done 'to 'obtain the tip deflection. 

Comparisons of the predicted deflection with the results of a previous 

elasticity - solution wherein the complete strain field is obtained, and 

with a beam-on elastic foundation modelq show reasonable agreement. 

Further comparisons with some published experimental work show that the 

present solution underestimates the deflection, as is expected when the 

limitations of the theory are considered. However, closer agreement 
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with the established data has been found for the calculated deflection 

using a linear displacement distribution along the specimen root 

section. This latter formulation of the end deflection has been 

followed through, and also adapted to a tapered double cantilever beam 

specimen (TDCB). The strain energy of bending stored in the arms of 

the DCB specimen, has been evaluated for both the tapered and straight 

shapes. Simple formulae which may be used reliably to calculate the 

fracture toughness of a certain material, have been derived for the 

strain energy release rate for the two considered geometries. For the 

parallel-arm DCB specimen, comparison of several computed stress 

intensity factors shows excellent agreement with the corresponding 

results from two elasticity solutions, as well as one from the elastic 

foundation model. 

The dimensionless fracture strength of the TDCB, is compared with 

established experimental data, and very good agreement is found for 

values of z ranging up to 0.7. 

The stability criterion has been established for the TDCB specimen 

with regard to both load and deflection controlled situations. In load 

control tests, the specimen is expected to be stable, but the stability 

margin is quite narrow. However, this margin widens as the angle of 

taper is increased, and stability is improved as the value of z grows 

bigger. As for the deflection controlled case, it has been found that 

the stability margin is wider; but an increase in the taper angle, and 

also in the value of z reduce stability, but not to the point to judge 

the specimen as unstable. 
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TABLE 2.1: DIMENSIONLESS STRESS INTENSITY COEFFICIENTS, KIbh 3/2 /Pa 

Kjbh 3/2 /Pa 

a/h 
Present analysis Ref. 41 Ref. 42 Ref. 46 

2 4.60 4.67 4.62 4.57 
3 4.23 4.27 4.24 4.20 
4 4.04 4.07 4.05 4.02 
5 3.93 3.94 3.93 3.91 

10 3.70 3.70 3.70 3.69 
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CHAPTER THREE 

OPENING MODE DELAMINATION IN CARBON 

FIBRE REINFORCED PLASTIC (CFRP) LAMINATES 

3.1 INTRODUCTION 

One of the main disadvantages with a carbon fibre reinforced 

plastic (CFRP) laminated plate is that, whilst its in-plane mechanical 

properties can be tailored as required to give very good strength and 

stiffness, its out-of-plane (or through the thickness) properties are 

poor compared with conventional metal plates. This is because, the 

properties in this direction are dominated by the relatively weak 

plastic resin matrix. The problem worsens in the presence of flaws 

such as areas of poor inter-layer bonding caused by voids, the 

inclusion of extraneous matter during manufacture, and impact induced 

delamination. These areas can give rise to stress concentrations and 

subsequent delamination under load. The blister problem (Ref. 12) is 

an example of such behaviour, where the initial voided area can spread 

rapidly when prone to buckling under compressive loading. In static 

testing cofiditions, the onset of delamination and spread is very much 

dependent on the amount of strain energy,, needed to separate the bonded 

layers. - In general, the rate of change of this energy with crack 

growth, is not constant for a particular material, it depends on many 

factors such as fracture mode, test environment (temperaturet moisture 

content, etc. )9, specimen geometry and the rate' of straining (Ref. 64). 

In the case of a-, fibrous composite-laminateg there, are other factors 

which must be considered. These may be classified into two categories 

according to whether the effects are related to a particular component 



(e. g., fibre misalignment, matrix porosity, etc. ) or as a result of the 

interactions between the constituents of the composite (e. g., 

fibre-matrix debonding and pull-out of the fibres from the matrix). 

The above behaviour is summarized in Ref. 65 in the following statement 

'a composite material can suffer any of the modes of failure of its 

constituents together with a few more arising from their combination. ' 

The energy released in the opening mode to drive the crack by a 

unit of newly created fracture area, is known as the 'Critical Energy 

Release Rate' (CERR)** gc, and is characteristic of the same mode of 

fracture, as explained in Chapter 2 (see also, Ref. 32, Sec. 1.4). In 

principle, it is a basic laminate material property which can be 

measured from controlled two-dimensional opening mode tests on 

laminated strips as shown in Fig. 3.1(a) (the other two configurations 

shown in Figs. 3.1(b) and (c) will be shown to be unsuitable), wherein 

a laminated CFRP strip is glued on both sides to a pair of, tapered 

mild-steel adherends (Ref. 29). Similar specimens have been used, by 

some researchers for studying the fracture, propertiesl of adhesive 

joints (Refs. 44,66,67 and, 68). 
__ 

-, 
Whilst, the specimen shownin Fig. 3.1(a) may lend itself to the 

interlaminar (delamination), 
- study o. fl. 

--crack.., 
growth, it cannot be, used 

for. the opening mode where the plan, e"of th. e. 
_crack., 

i, s perpendicular, to 

the- fibres because of the large energy. needed to propagate the notch 

across the-fibres. This latter case is. not-considered in this study, 

and the interested,. reader may find-Refs. 65,69 and 70 useful in 

approaching. the problem. 

In this Chapter, g and 'gc. are taken to represent, respectively, 
the strain energy release rate'(SERR) and its critical value'(CERR)-, in"' 
the opening mode (Mode I), type splitting. For simplicity, the mode 
subscript -'V is omitted. 
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The (CERR) gc can also be measured from opening mode tests on 

pure CFRP strips without any backing medium (Ref. 29, and Refs. 72 

through to 75). These specimens are in the form of slender cantilever 

beams for economic and ease of manufacture reasons. Consequently, the 

delamination critical loads are very small making these specimens 

unsuitable for fatigue testing on large servohydraulic machines. 

Furthermore, the large deflections suffered by the specimen before the 

onset of splitting may give rise to nonlinear and even plastic effects 

(Ref. 74). The TDCB specimen shown in Fig. 3.1(a) enables the 

delamination critical load to be raised to about 100 times the value 

obtained from the pure CFRP strip specimen, and keeps at the same time 

the critical deflection to a very small level. 

The critical energy release rate gc may be obtained by following 

one of three main approaches (Ref. 71), namely, the Irwin-Kies equation 
[2 (PC/2b)(dC/da)], Berry's method, and Gurney's irreversible work area 

method. The first two lines of study are based on crack initiation, 

and their equivalence is supported by experimental data obtained from 

TDCB specimens (Ref. 60). The third method gives lower values for the 

CERR, if the crack jumps (stick-slip behaviour) following its 

initiation, as in the case of epoxy resin TDCB specimens'(Refs. 60 and 

71). However, if a stable quasi-static crack growth is achieved in the 

course of a test it is expected the Gurney's method falls into line 

with the other two approaches, and therefore consistent CERR data can 

be obtained by any one of the three methods, 

-The Irwin-Kies equation together with Gurney's irreversible work 

method are employed in this Chapter for the measurement of the critical 

energy release rate (CERR) gc of delamination in unidirectional CFRP 

laminated strips (Fig. 3.1). The gc data are plotted Versus the 

crack length and compared with the analytical predictions. 
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An interlayer notch within a loaded laminated composite plate can 

still propagate to catastrophic dimensions under repeated loads even 

though the maximum stress concentration level along its front is well 

below the static interlaminar strength. For this reason, a study of 

the delamination behaviour in fatigue is included using a number of 

TDCB specimens [Fig. 3.1(a)]. Each test is characterized by a well 

defined maximum of the alternating load and the load amplitude. 

Several graphs, representing the crack length versus the number of 

-elapsed cycles, are given and discussed. These graphs are then used in 

conjunction with the compliance expression for the TDCB specimen 

[Chapter 2, Eqn. (2.45)] to give a semi-empirical Paris type formula 

for the prediction of delamination growth rate under repeated loads. 

3.2 GENERAL FEATURES OF TEST SPECIMENS 

With reference to Fig. 3.1, for each specimen configuration, the 

CFRP strip is joined to the steel adherends by means of thin adhesive 

layers. . 
These consist of two bonds on each side of the strip, giving 

adherend-adhesive and adhesive-CFRP interfaces. The steel faces were 

shot-blasted and all the bond surfaces were 'thoroughly degreased-prior 

to the gluing operation. Itýis'very important,, 'for a'delamination test 

to be valid-,. tO'ensure-that no secondary cracking takes place along any 

bond interface. If this happens alongside the main delamination in the 

CFRP strip, '"some of, the -released strain energy will be diverted to 

propagate''the, -'-'secondary cracking withýconsequent' misleading" results. 

It is obvious, 'therefore, 'ý that the''strength'of any interface adhesive 

bond mustýbe-higher than theCRFP interlaminar strength. 

A'_common'- adhesive system- (Araldite Epoxy"Resin';, sup I plied by 

Ciba-Geigy)"was'used-'as directed by the company toý prepare ', some, TDCB 
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test specimens [Fig. 3.1(a)]. All of these specimens failed along the 

steel adhered-adhesive interface before any delamination could be 

detected. So, longitudinal channels were machined into the adherends 

to bury the CFRP strip by about a third thickness from each side so 

that the shear forces introduced along the strip edges might cure the 

problem. From the start, the new technique was bound to be discarded 

because the edges of the channels shadowed the delamination line along 

the CFRP strip making very difficult the detection of any possible 

delamination. However, the technique failed to cure the original 

problem. At this stage, other adhesives were introduced and an 

experimental programme was set up for the selection of the most 

suitable adhesive system to be used in the bonding process of the 

various DCB test specimen components (see Appendix B, Section 2). The 

task was accomplished through the selection of the high shear and peel 

strength adhesive system (Araldite 2005). 

3.3 TEST SPECIMENS 

(a) Adhe4trLd, 3. were machined from mild-steel strips and 

finished to the desired dimensions as shown in Fig. 
ý3.1. 

Care was 

taken to ensure complete flatness of the bond surfaces. Shallow 

channels were machined into the ends of the adherends near the loading 

line to, act as guides for a pair. 
-, 
of adjustable distance slotted 

knife-edges for the crack opening displacement., (C. O. D. )A measurement. 

These werekept, apart, at, the, desired distance by means, of small bolts 

screwed through. the'slots. into, the,,, a, dherends-(Fig. 3.2). 

The steel arms were first,, degreased, using, Trichloroethylene 

solution, then the, bond surfaces were shot-blastedq degreased again and 

dried u- sing hot air. At this, stage, the adherends were picked up, 
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by tongs to avoid contact with the bond surfaces, placed inside a 

container and sealed ready for the gluing operation. 

(b) CFRP These were cut from a unidirectional CFRP 

plate, which was made up from eight all-00 pre-preg layers and cured by 

the vacuum/pressure bag method. The pre-preg material (0.125MM thick) 

which was supplied by Ciba-Geigy, consisted of the XAS/914 resin system 

and contained Courtaulds high strength surface treated fibres. Details 

of the CFRP plate manufacturing process are given in Appendix B, 

Section 1. An initial delaminated region was introduced at one end by 

means of a full width thin strip (0.0125mm thick) of PTFE which was 

positioned at the plate mid-plane before the curing process. The cured 

plate measured 150mm x 190mm with a nominal thickness of lmm. 

The problem of void content within the plate was not assessed. 

However, it was assumed that the void content would be within 

acceptable limits [based on previous work (Ref. 76)] provided a 10mm 

wide marginal strip was trimmed off from each side of the plate. In 

fact, ultrasonic scanning ýtechniques (Ref. - 76)' reveals that the 

boundary regions (a 10mm wide) of a cured 'plate -are of poor quality 

because of heavy. void content. ' 

The trimmed- plate was cut intoýstrips'along the fibre'direction; 

starting at the far side from the initial' debond, using 'a diamond 

circular saw.. The dimensions for''each' stripý-(width x length) were 

matched exactly with those for-' the-, ' bond- surfaces of the steel 

adherends. To avoid ýpossible blunting effects'at the'front of the 

initial delamination,,, aýcrack was propagated- beyond the debond front by 

wedging, longitudinally a thin sharp', blade"along the CFRP str - ip" 

mid-plane. -,, No mechanical surface treatment was needed for- the bond 

surfaces of the CFRP strip- specimens. ý. These' 'were, ýin fact, - cleane .d 

thoroughly, degrease. d in a Trichloroethylene solution, dried by, blowing,, 
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warm air, placed into a clean container and sealed ready for the gluing 

operation. 

(c) fqýive. A high shear and peel strength adhesive (Araldite 

2005) was chosen from a number of alternatives following a selective 

"test for the highest strength" procedure, based on a butt-joint type 

test wherein a small CFRP square plate was glued, through the adhesive 

under examination, to a pair of small steel blocks through which an 

axial tensile load was applied. Details of the various adhesive 

systems and the test criteria for comparing their strengths are given 

in Appendix B, Section 2. Araldite 2005 was found to be the best 

adhesive for gluing CFRP to steel provided the bond surfaces were 

prepared as explained in steps (a) and (b). 

The selected adhesive was mixed in a shallow container with the 

right proportions following the manufacturer's- instructions, and 

applied evenly to the bond surfaces, using a plastic spatula. The 

three specimen components (CFRP strip and adherends) were brought 

together and the assembly secured in a specially designed rig. This 

enabled control' to be. maintained over the thickness of the adhesive 

layer and also kept the-bonded parts in perfect alignment., Three hours 

were allowed for the adhesive to settle at room-, temperature before 

placing the assembly in an oven to cure for six hours at 401C. At the 

end of the cure cycle, the specimen was removed from the rig and the 

excess adhesive was. removed.,, A metric scale was engraved on one of the 

adherends using a vernier height gauge. The expected crack propagation 

path- was painted-using thin Snopake correction, liquid, for, easy, and 

accurate measurements . 
(see, Plate 3.1). Finally, a pair of knife-edges 

was attached to the,, test specimen at equal distances from the specimen 

mid-plane as,: shown '. in Fig. 3. e '2.,. The ov rall, distance, between the 

knife-edges was predetermined to be within the C. O. D. gauge 
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range. 

3.4, TEST APPARATUS 

3.4.1 /Ionitoaýng Vw- Caack ExJtouion 

The crack propagation measurements were read directly against the 

engraved metric scale with the help of an X10 spherical magnifying 

glass. The Snopake background revealed a very clear picture of the 

crack extent so that delamination growth readings, accurate to 

, %, ±0.2mm, at the edge, were obtained. 

3.4.2 Loading Recoad 

The test specimen shown in Fig. 3.2(a) was loaded through fork-pin 

joints (Fig. 3.3) using a Hounsfield Tensometer as shown in Plate 3.2. 

A more efficient way than the direct use of the Tensometer's mercury 

scale was devised for measuring the applied load. This was 

accomplished as follows: - 

(a) An electrical resistance 6mm - active strain gauge (type FLA, 

manufactured by Tokyo Sokki Kenkyujo- Co. Ltd. ), was attached to the 

beam of the Hounsfield Tensometer so that strains proportional to 

the longitudinal beam deflections and therefore to the applied 

loads were obtained. 

(b) A second identical dummy strain gauge for temperature change 

compensation, was mounted on a steel plate of similar size to that 

of the Tensometer's beam. 

(c) The two strain gauges were connected to a digital Strain Indicator 

type 1526, manufactured by Bruel and Kjaer, to form a half bridge 

arrangement. 

(d) A steel strip was loaded in the Tensometer and the digital 'strain 
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readings on the Strain Indicator were related to the direct load 

measurements from the mercury scale, as shown in Fig. 3.4. This 

figure served to convert the micro strain displays to the actual 

loads during the delamination tests. 

The above procedure was found to be advantageous for two main 

reasons. Firstly, the mercury tube alongside the load scale was 

sensitive to temperature changes such as those cadsed by a lamp light 

source. Secondly, the output strain signal from the Strain Indicator 

was easily routed to drive a pen of an Instron Recorder, the travel of 

which could be related to the applied load and was therefore able to 

keep a continuous track of the load record even during a possible crack 

jump. 

3.4.3 C. 0. D. 11, e"uaementz 

The crack opening displacement (C. O. D. ) at the mouth of the 'crack 

was measured using a 10mm Instron Crack Opening Gauge, Model A1367 

1001B, with 4mm, maximum travel. The principles of operation for the 

C. O. D. gauge are explained in Ref. '77 and are reported in the next 

paragraph for completeness. 

The ends of the arms of the C. O. D. gauge are machined to clip on to 

knife-edges. These are machined at 60* to the vertical as shown in 

Fig. 3.2(b). A Vernier Dial Caliper can be used to centralize the 

sliding knife-edges at the correct distance within the gauge range. 

The lightweight gauge is easily clipped on to the test specimen [Fig. 

3.2(b)], is self- supporting before and during testing, and is self 

released on specimen failure. It gives a precise indication of the 

relative displacement of two accurately located gauge point's 

(knife-edges) which span the crack starter, notch of the specimen, and 

provides an electrical linear output signal in proportion to the 
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displacement. The C. O. D. gauge incorporates foil type resistance 

strain gauges which are bonded to cantilever bending beam elements to 

form a Wheatstone bridge circuit. Bending the C. O. D. gauge arms to 

span the crack in the specimen applies a strain to the strain gauges. 

This strain is reduced when the crack in the specimen grows, opening 

the gauge arms and causing an unbalance in the Wheatstone bridge 

circuit which provides the output signal. 

The C. O. D. gauge in the released condition (i. e. no strain is 

present in either of the arms) has a distance To between the bottoms 

of the grooves on its arms [Fig. 3.2(c)] , and a distance T (equal to 

the length between the knife-edges) when it is in the strained 

configuration [Fig. 3.2(a) and (b)] . The difference (TO-T) is 

proportional to the output strain. However, it should not exceed the 

C. O. D. gauge range of 4mm recommended by the manufacturer. In the same 

way as for the load output signal, during the delamination tests the 

strain signal from the C. O. D. gauge was conditioned by a Bruel and 

Kjaer Strain Indicator Type 1526 to provide the servo-drive input to an 

Instron Recorder. This, ' as was the case for the applied load, enabled 

a continuous C. O. D. - record to be obtained -even during any possible 

crack'Jump. 

3.5 QUASI-STATIC DELAMINATION TESTINGil 

A trial, 
'test 

programme-was conducted, 
, 
under stiff testing 

conditions, on several ,,,, specimens , representing the various 

configurations shown in. Fig. 3.1. This-was doneto select the, geometry 

which would meet*-. the requirements, of stable and quasi-static crack 

propagation. The type of specimen geometry shown_ in Fig. 3.1(c) which 

Mai et al. 
_', 

(Ref. 56)_ judged to be stable for bulk 
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polymethylmethýCrylate (PMMA), was found to be highly. unstable. This 

specimen measured 15mm in 'width by 170mm in length (angle of taper 

10*) and had an initial crack length of 16mm. It sustained theýhighest 

critical load (2850N) amongst the other configurations. At this load 

the, crack started to propagate and took just a few seconds to split the 

specimen completely. The parallel-arm test specimen shown in Fig. 

3.1(b) measured 15mm in width by 170mm in length with an -, initial crack 

length of 16mm. This specimen showed neutral behaviour in that even a 

slight increase in loading beyond a critical value (N1500N), 

corresponding to the onset of crack propagation, triggered unstable 

extensive ý delamination. Because 'only a few specimens from the 

configurations shown in Figs. 3.1(b) and (c) were tested, the above 

findings are far. from conclusive. However, judging from their 

behaviour, the two specimens were excluded from the fracture toughness 

data contained in this thesis as the kinetic energy released during 

delamination for these two cases could be considerable. This would 

bear on the accuracy of the strain energy release rate measurements 

assuming slow and stable crack propagation. 

The quasi-static delamination characteristics were obtained from 

the TDCB test specimen shown in Fig. 3.1(a). This was loaded in the 

Hounsfield Tensometer: as seen from Plate 3.2. Before setting the 

various measuring scales, a small load was applied and then reduced to 

zero to take off any backlash in the loading string. The load P in 

Fig'@ 3.2(a) was progressively applied up to a critical value PC, just 

sufficient to propagate the existing crack. At crack arrest, the 

amount of propagation was measured, followed by a progressive load 

release. The crack propagation was signalled by a simultaneous 

automatic fall in load and displacement micro-strains. Throughout the 

load envelope, a complete load versus C. C" could be obtained. r. ERSITY 
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Crack propagation was very stable and quasi-static. 

Two TDCB test specimens, Sl and S2, were used for all the results 

reported in this section. They measured 10mm and 20mm in width 

respectively, by 170m in length, with the loading line distant lomm 

from the knife-edges. Twelve and twenty seven complete load C. O. D. 

envelopes were obtained, respectively, from the S1 and S2 specimens, 

with an average crack extension per cycle of 3.5mm for the first and 

0.63mm for the second. At the ýnd of each crack growth, the test 

specimen was unloaded and P rezeroed so that accumulated components of 

permanent deflection from previous delaminations did not enter into the 

calculations of the critical strain energy release rate gc. This 

effect could be significant especially if large crack growths were 

involved in earlier loading cycles. 

The digital micro-strain readings, corresponding to the applied 

load and the crack opening displacement, were converted to the actual 

quantities using, respectively, the following formulae: 

P= 12504 L 
/1457 (N), for the load 

and, 

A-C. O. D. - [(TO-T)(ý07ý)]/ýo (mm), for the displacement 

where, (TO-T) is the pre-test amount of displacement by which the 

C. O. D. gauge is compressed when it is clipped on (Fig. 3.2)9 

ro- is the difference of displacement micro-strain relative to 

the initial settingýand 4L"s the loading micro- strain. 

Figs. -3.5'and 3.6'show the sets of results obtained from specimen 

S1. 'A predominant linear'beha-v'iour, 'apart from the topmost portion, is 

common to- all the' graphs. ' ' In'the cycles from 8 to- 12 with the 

exception, of cycle'll, at the start of the load release line, the 

C. O. D. was actually lower than its value on the load line for the same 
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load level, resulting in a small triangular area on top of the 

envelope. This area represented a small amount of energy absorbed back 

by the system at the start of the load release. Therefore, it was 

taken with negative sign during the measurement of the critical energy 

release rate. It was noticed that the above, behaviour was accompanied 

by relatively small crack extensions where fibre bridging was suspected 

to be responsible for such behaviour. Also, it is interesting to note 

that on comparing the load deflection graphs with the results given in 

Ref. 29 for the pure CFRP strip, the critical loads shown in Figs. 3.5 

and 3.6 actually increase as the delamination length increases, whilst 

the opposite is true in Ref. 29. This is due to the fact that the TDCB 

specimen is tapered in depth giving a larger cross-section at the crack 

tip as the crack progresses. This is a very important characteristic 

of this type of specimen, especially in closed loop fatigue 

experiments, since it ensures stable crack growth under load control 

testing. 

The critical energy release rate gc was' evaluated in 'two 

different ways. The area method (Gurney's irreversible-work' method), 

described in Ref. 29, gives the following equation; 

1 ENVELOPE AREA 
9c 

b 6a 

where "ENVELOPE AREA" (examples--are-, shown byý-'theýshaded regions in 

Fig; 3.5) 'refers to 'the'area, enclosed by-the-loading line and the 

straight line joining the' point of -crack-arrest and the origin of the 

load envelope. -- The rest'of the loop area--is with permanent 

deformations and*ý'therefore 'excluded in ýEqn. , 
(3.1)9,, otherwise -an 

overestimation' of result if the -whole-, area of the load 

envelope is cI onsidered. 
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The compliance method as documented in Ref. 66 gives, 

p2 ac 

ge ýc( -aa (3.2) 
2b 

where PC and X/aa are experimental values taken from the graphs 

of PC and C versus the crack length a. 

For the Sl specimen, the critical load PC versus the crack length 

a (Fig. 3.7), shows a generally linear behaviour. The experimental 

compliance is shown in Fig. 3.8 along with its theoretical curve based 

on Eqn. (2.45). Here also, linearity is in evidence underlining an 

early mentioned advantage with TDCB specimens (Constance of dC/da). It 

is interesting to see from Fig. 3.8 that both curves are almost 

parallel for most of the crack propagation. Consequently, the 

experimental and theoretical compliances differ by a quantity which is 

independent of the crack length and, therefore, may be dependent only 

on the mechanical and geometrical properties of. the CFRP strip. In 

fact, the theoretical curve in Fig. 3.8. represents the compliance for a 

pure steel (E 2x 105 N/mm2) specimen, and, therefore, the crack 

opening displacement -(C. O. D. ) is governed_ 
, 
by the steel ýcohesive 

stiffness. On the other, hand,. the experimental,, compliance, -represented 

by the upper curve in, Fig. 3.8, js 
-affected 

by the interlaminar 

0 
stiffness between the 0 layers of the. CFRP, strip. , 

This stiffness is 

matrix (resin), dominated which has a, Young's modulus Er- - 3380 N/mm, 2 

(Ref. 76). Also the adhesive -layers 
between the CFRP and. steel will 

add to the compliance value. In the; light of the above. argument, it 

can be concluded that for, a certain crack length, the test specimen, 

opened more under the same applied. load than. the pure steel specimen, 

Equivalently, the theoretical specimen should have its crack length 

increased by about 35mm over that for the experimental case in order to- 

achieve' the same, compliance as, shown in Fig. 3.8. However, the 
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difference 'between the two curves is not likely to affect the gc 

values because their slopes (=dC/da) are about the same. 

The gc results for the Sl specimen from the foregoing methods 

together with a theoretical curve are plotted in Fig. 3.9. The latter 

was obtained from the formula given by Eqn. (2.47) of Chapter 2. Very 

good agreement between experiment and theory is achieved over the first 

20m of crack extension as shown in Fig. 3.9. For further crack growth 

the critical energy release rate from both the experimental methods 

lies above the theoretical curve. This increase is thought to be due 

to non linear material behaviour and fibre bridging. The critical 

energy release rate gc is initially around 0.26 N/mm. As the 

delamination grows however misaligned fibres bridge the crack faces 

behind the crack front as discussed in Refs. 14 and 78. Extra energy 

is needed to break this tied zone and propagate the crack further. 

This is shown by the trend of the pronounced rise of gc-after about 

20mm of crack growth. The curves through the data points in Fig. 3.9 

tend to flatten after a further 20mm' of crack extension with a gc 

value of around 0.6 and 1.0 N/mm for the area and 'compliance methods 

respectively. Similar findings, are reported by Dorey in Ref. 14 

wherein a pure CFRP strip representing a parallel-arm double"cantilever 

beam-specimen was split parallel to' the 'fibres. He concludes that 

fibre fracture processes absorb most energy in the 'fracture of 

composites. It is seen however from Fig. 3.9 that the gc' values from 

the area' method agree fairly well with the theory of-Chapter 2 (Eqn. 

2.47)'duiringýtýe late'crick exte'nsions. " As 1 mentioned earlier, the 

- average energy" release rate from the'area method during the-first 20mm 

26 N/mm'. ' Thi's value' crack"extension is about '0* is higher than g-= C 

0.15 N/mm obtained using'the method of Ref. 29 for the pure CFRP-strip 

ý(XAS/914). Thi S dif If erenc e 
"o. 

may be with' the" same resin-system 

attributed to the following factors:, 
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(a) The knife edge supports for the TDCB specimen were 10mm, to one side 

of the load line as shown in Fig. 3.2. It was found from simple 

flexure theory that this arrangement gave deflection measurements, 

at the largest crack length considered, higher than the 

corresponding values at the load line by an estimated 2%. This 

error is thought to have only a small effect on the measured gc 

values. 

(b) The enhancement of fibre bridging in the TDCB specimen with 

consequent increase in the measured gc values. This conclusion 

was reported by Russell and Street in Ref. 79. The authors pointed 

out that since thicker specimens were less compliant a greater 

degree of fibre bridging was allowed. 

In fact, the TDCB specimen considered here conforms to the case of a 

very thick laminate with an internal delamination. However, while this 

explanation may be true for late delaminations it is not so obvious for 

early crack propagation where close agreement with theory is achieved. 

The twenty seven load C. O. D. envelopes for the S2 test specimen are 

shown in Figs. 3.10 through to 3.16. The behaviour of this specimen, 

as far as these figures are concerned, is very similar to that of the 

Sl specimen. Only in two envelopes (6 and 16) at the start of the load 

release, does the actual C. O. D. reduce its value on the loading line 

for the same load level. Obviously, given the specimen had twice the 

width of the Sl test piece, the associated critical loads were 

relatively high making this specimen suitable for testing on large 

servo-hydraulic machines. The crack propagation was extremely slow and 

stable with almost no audible clicking. The critical load PC 

remained nearly constant during delamination and increased as the crack 

grew longer as shown in Fig. 3.17. The average crack growth for the 

first twelve cycles is about 1.2 mm which is small compared with 6.5mm 
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for the Sl specimen. 

There are some disadvantages in using a wider test specimen. 

Firstly, a wide specimen is more prone to non-equal crack extensions 

from the two sides. This may introduce slight errors in the 

measurement of the delamination extent especially when the crack is 

monitored from only one side of the specimen as in the case of the 

tests documented in this Chapter wherein it had been assumed that the 

crack had a straight front and that it extended by the same amount from 

both sides of the specimen. Secondly, voids, poorly bonded patches and 

other flaws as well as secondary failure mechanisms on a micro- 

mechanical scale are likely to increase as a result of the extended 

area of the specimen with consequent effect on the critical energy 

release rate measurement. This latter case is clearly reflected by the 

scatter of the delamination data shown in Figs. 3.17 and 3.18 for the 

S2 specimen. It is interesting to see from Fig. 3.18 that the values 

of gc obtained over the first 10mm extension are ýclose to those 

obtained from the Sl specimen over twice the above-length (i. e. 20MM). 

Both test specimens show the trend of rising -critical energy--'release 

rate after a certain- delamination growth length (20mm for Sl and 10mm 

for S2). This is due mainly to -the, establishment -, of ia tied zone 

(nesting- effect) consisting of fibres and even whole bundles (as was 

found on inspection. of the fracture surface' of, the S2 specimen) 

bridging the-mouth of the crack as was discussed in Ref. 79. However, 

apart from the early test stages, it is' observed that the' gc values, 

for the S2-specimen, are mainly characterized by-relatively'small crack 

growths , which may -particularly affect their ac I curacy I -because 'of 

non-even, cracký- front-advance. ' Fig, 3.19 shows -the- experimental 

compliance versus-the crack length for the test specimen S2*, The curve'4 

drawn through,,,, the-,, data-canýbe'used: at a certain crack length'ýto obtain, 
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X/3a. This may be substituted into Eqn. (3.2) together with the 

corresponding PC taken from Fig. 3.17 to yield the critical strain 

energy release rate gc as shown in Fig. 3.18 by the middle curve 

which lies below the scatter band of gc values from the area method. 

This behaviour underlines the complex mechanism of energy dissipation 

which takes place following the formation of the tied zone. 

3.6 FATIGUE TEST RESULTS AND DISCUSSION 

Early investigations into the fatigue behaviour of advanced fibrous 

composites started with tension-tension constant amplitude loading. 

The majority of fatigue studies in the field of composites still have 

this experimental base (Ref. 80). However, a broadening of the field 

of study has been brought about by the development of advanced test 

techniques and more demanding design requirements. At present, fatigue 

testing includes: tension-compression and compression-compression, 

variable amplitude loading, environmental effects, etc. More recently, 

efforts have been directed towards the study of the interactions 

between the composite comýonents and fatigue failure mechanisms. 

Whereas metals usually fail by crack initiation and growth in a 

manner predictable by fracture mechanics principles, fibrous composites 

exhibit several modes of damage (Ref. 80) including fibre breakage, 

resin crazing and cracking, interfacial debonding and interlaminar 

delamination. Cyclic damage in the form of a progressive degradation 

of the mechanical properties of an otherwise unotched composite 

laminate may ensue from the early beginning of life. However, this 

damage is often not perceptible visually unless either some sort of a 

separate conventional test is carried out to assess'the accumulated 

damage or suitable means of detection are introduced during cycling. 

It can happen, however, that the laminate may' not sui'vi I ve up to a 
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degenerative type failure as a result of an earlier fracture through a 

pre-existing notch of certain severity within the composite. This is 

not a prelude to a halt of the degenerative process, however, the 

associated parameters may take secondary importance especially if the 

original notch is propagating along a favourable path such as an 

interlaminar interface (plane of weakness). This mode of failure is 

matrix dominated and may be similar in this respect to that for a bulk 

material such as a metal. 

Delamination in composite laminates may take place as a result of 

different loading conditions; tension, compression, shearing or any 

combination of these. It may start at free edges (Refs. 28 and 81) or 

around notches such as an initial interlayer debond (Refs. 12,30 and 

31), central through thickness holes and slits (Refs. 16,17 and 18), 

surface notches (Ref. 22) or as a result of direct delamination 

cleavage. This latter case is of immediate particular interest because 

of the following reasons: - 

(1) The interlayer planes in a unidirectional compos#e are planes 

of weakness and the energy of- separation is least. Still 

lower energy is needed to separate the layers, if the 

interlaminar stresses are periodic. ' 

(2) Very limited fatigue data are available in the open 

literature. In fact, the author'is aware only of Ref. 82 and 

his work in Ref. 29. 

(3) The cyclic data may be easily correlated with the analytical 

analysis developýd'in Chapter'2. 

All vari6us'configuraiions (Fig. 3.1) for the DCB 'test 6pecimen 

were -considered' in the fatigue' 'study'programme. The test specimens 

were-ideýticA to'-those f6r-the'static tests except that'no restriction 

was made on the initial' crack"length In facto each CFRP strip 
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consisted of eight 0* layers with a PTFE film at the laminate mid plane 

so that delamination between 0* layers could be studied. Also, the 

steel adherends were the same as those used for the static tests after 

they had been cleaned, and passed through the various manufacturing 

stages to obtain a viable fatigue test specimen. 

The tests were carried out in "load control" on a two-column servo- 

hydraulic Instron testing machine Model 1342 employing a 10 kN dynamic 

capacity load cell. Before the start of each testing session, the 

machine response was optimized and the various test parameters were 

dialled into the closed loop system through an Instron desk-top version 

control console. 

The loading fixures were modified to cope with the machine 

hydraulic grips (see Plate 3.3). Here, the loading fork was assembled 

from three pieces of steel held together and fixed to the specimen by 

nuts and bolts. Ordinary and locking washers were used to prevent 

movement by the specimen during cycling and also. to centralize the 

loading fixures., Each test specimen-, was fitted with knife-edges for 

measuring the variation in the C. O. D. amplitude (difference between 

max. and min. ). This- offered ,a 
further check on the. delamination 

growth during1oad cycling. The C. O. D.,, gauge., was used in the same way,, 

as for the static tests and a similar formula to that given earlier 

C. O. D. = [(To - T)(ro - ý)IAOJ was employed for the 

displacement mea-surements. "' 

Throughout ', -" the -test programme a sinusoidal- tension-tension 

(Fig. -3.20) constant amplitude loading, at a' frequency of 6Hz, was 

selected'-for all the specimens. The load signal was 
, 
routed to be 

displayed" on the-screen- of -an, Oscilloscope 'for optimization, -while 

setting up'aind also for'contin-uou'Sý, ý--load'monitoring during cycling. One 

tap I ered'double cantilever'beam-specimen I with an initial crack length of 
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17mm, loaded close to the base [Fig. 3.1 (c)] was fatigued at different 

stages, each characterized by an increased load amplitude over its 

predecessor. The results from this specimen are given in Table 3.1. 

It must be said that the data shown here are incomplete and of an 

exploratory nature and, therefore, are difficult to discuss. However, 

note may be taken of the effects of the gradual increase of the maximum 

load and the cycling amplitude, wherein delamination seemed to be 

sensitive to both. It is also seen from the results shown that, apart 

from the first stage, no significant delamination growth took place 

during the late stages. This may be due to the shielding effect of a 

tied zone behind the crack front. At the start of the last setting, 

the specimen delaminated completely at the top of the first stroke. 

This was a result of the specimen being statically unstable (the system 

wanted to restore the load but the specimen was incapable of 

maintaining it, therefore, failure occurred). 

The set of results given in Table 3.2 was obtained from the 

parallel-arm test specimen shown in Fig. 3.1 (b). As in the earlier 

case, the mean load level and the cycling amplitude" were increa'sed 

simultaneously as'theý specimen passed from one setting to the next. 

For this specimen,, there was no sign of delamination growth, The 

specimen failed suddenly through delamination along the original split. 

Even though, there were no apparent reasons -for the sudden fracture it 

was suspected'-that a voltage spike in the load signal might be -the 

cause. -I-However, '-the above- I results -gave the false impression that CFRP 

laminates were not after'all sensitive"to I fatigu e delaminatioa alon .g00 

interfaces., ý 

': After . the--poor- performance"shown 'b Y the 'two foregoing test 

specimens, it was'decide&to exclude'them, from further cleavage fatigue- 

testing -andý-to concentrate instead on the TDCB specimen shown in 



Fig. 3.1 (a) in view of its stable behaviour during crack propagation. 

Seven TDCB test specimens (Fl, F2, F3, F4, F5, F6 and F7) of the type 

shown in Fig. 3.1 (a) were tested in, cleavage fatigue. All the 

specimens were similar to the static test specimen S2; i. e., each had a 

taper angle 0 of 10* and measured 20mm in width by 170mm in length, 

with the loading line 10mm distant from the knife-edges. At regular 

intervals, the delamination growth was monitored and measurement taken 

against the engraved scale using an X20 Stereo Microscope, supplied by 

Griffin and George Ltd. The maximum and minimum of the C. O. D. gauge 

output were taken at the same intervals to double check the crack 

growth. A quasi-static pre-fatigue test was carried out on each 

specimen to find its delamination strength, PC* This served as a 

ceiling for the maximum of the alternating load, besides giving extra 

information on the quasi-static behaviour. 

Figs. 3.21,22 and 23 show the number of cycles versus the crack 

length for the test specimens Fl, F2 and F3. These had their mean 

load, Pmean, varied between 32% and 43% of PC with the maximum of 

the alternating load varying between 53% and 80% of PC. These 

variations were motivated mainly,, by_-the need,, to increase either or both 

the amplitude AP and the maximum of the alternating load without 

pushing, the minimum load, to. comprpssive values. The test specimen F1 

(Pmax, -! 71% of pj showed that,. after-an early delamination growth, 

no further crack movement was detected beyond 15,000 cycles for a 

further 25,000 cycles., This pattern 
-of 

behaviour was repeated with 

specimen F2 during, the'last two, settings where the specimen was cycled 

at alarger number' of cycles as shown in Fig. 3.22. The limited 

delamination growth, for the. specimen F2p took place after the original 

split -was statically extended to greater values comparable to those of 

specimen' Fl. 
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The third specimen (M) was subjected to more severe loading 

conditions characterized by relatively high loading amplitudes and 

ratios Pmax/Pc . The tendency of an earlier crack extension 

followed 'by a lull was also found here, however, the specimen showed 

sensitivity to large Pmax values, as percentages of PC, and high 

AP's. Unfortunately, the test specimen F3 did not survive long' 

enough to give more data; it failed along the interface of one of the 

steel adherends and the contiguous adhesive layer. The fracture 

surfaces for the foregoing specimens were visually featureless, 

however, they seemed slightly smoother than for the quasi-static case. 

Even though the elapsed number of cycles, for any particular setting 

for the specimens Fl. F2 and F3, did not go beyond 100,000 cycles, the 

idea that the material might not be "sensitive" after all to fatigue 

cleavage was growing stronger, 

Against the above background, another test specimen (F4) was 

fatigued with the intention of increasing the number of cycles. The 

specimen accumulated 170,000 cycles as shown in Fig. 3.24. It was only 

after 100,000 cycles that the crack showed signs of advancement. This 

result, although limited, showed the early'limitations in the notion of 

the insensitivity of the material to fatigue delamination under 

cleavage loading. However, considering that the growing crack might 

have. encountered some of the inevitable inherent flaws such as, poorly 

bonded patches, voids, etc., the test was not considered conclusive. 

The test-was ended after load control became problematic because of the 

specimen loss of stiffness as a result of its large crack length. 

A clearer picture of the behaviour of delamination by cyclic 
%: 

cleavage was given by the last three test specimens (F5, F6 and V). 

These were cycled at 6Hz (as before) at a mean load level 50% of the 

maximum initial static splitting load, PC. The cycling ampiitude for 
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each case was determined by taking (90%, 80%, and 70%) of the initial 

splitting strength to represent the maximum of the fatigue load. 

Linear-log graphs were used for plotting crack length versus the number 

of cycles as shown in Figs. 3.25 and 3.26. An approximate linear 

behaviour is observed beyond 100,000 cycles, where the rate of crack 

increase with the number of cycles, increases as Pmax increases. 

Even with the most unfavourable case, no crack extension was observed 

before the lapse of several thousand cycles, confirming the trend found 

with earlier test specimens. The crack growth was one of pure 

delamination except in one specimen (F6) which had an initial crack 

length (= 33.5mm) and a maximum fatigue load 90% of the 

corresponding static strength, Pc). Here, a rather unexpected 

fracture mechanism accompanied the delamination growth. In fact, the 

crack propagated in a step-wise fashion as shown in Fig. 3.27-(see also 

Plate 3.4). First, delamination started along the original split, then 

it jumped to the next interface without breaking the layer and a second 

delamination took place. The crack then jumped again to the next level 

up until it finally, settled between,,. the two topmost layers. - The 

average step. length delamination was I'- 1.5mm. This type of behaviour 

had been observed in. the static tests given in Ref. 29 and: --points to a 

region of ý poor interlaminar , bonding. 

The graphs of a versus N (Figs. 3.25 and 3.26) show occasionally as 

if the crack growth has temporarily stopped. It is thought that the 

complex nature of the fracture process (fibre pulling, matrix cracking, 

fibre-matrix debonding,,, local fibre- breaking,, etc. ). is the main factor 

behind this behaviour. It is possible that no crack extension can be 

visually detected before the various phases of fracture are totally or 

partially encountered and broken by 'the stress concentration at the 

crack front. This explains clearly the reluctance of the crack to grow 
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during the tests for the specimens (Fl, F2, F3 and FQ. Seen in the 

above context, the notion of the material being insensitive is 

meaningless, given that the material is actually sensitive at 

microscopic level before macroscopic damage appears to the naked eye, 

The slopes of the linear portions of a versus N graphs (Figs. 3.25 

and 3.26) represent the crack extension rates for the same regions. 

These are plotted versus the stress intensity factor range AKI in 

Fig. 3.28. The latter is obtained from its relationship with the 

energy release rate g (Ref. 78) as follows: 

KI2 - Eg 
1 (3.3) 

where E is the adherend Young's modulus. The energy release rate g is 

given by Eqn. (3.2); where BC/aa, is a constant 4.541 x 10-6 N-1) 

slope of the theoretical line in Fig. 3.8. Straightforward 

substitution into Eqn. (3.3) gives: 

AK 1 0.151 (P 
max- 

Pmin N mm73/2 (3.4) 

where, PmaX and Pmin are respectively the maximum and minimum of 

the alternating fatigue load. 

A semi-empirical formula which fits the experimental data in 

Fig. 3.28 very well is obtained using a Paris type equation (Ref. 83): 

da B(AK Pm (3.5) dN 

From the above equation. the experimental constants B and m are found to 

be: 

B'-'I"3.216 x 10-8 

m, '--1.271 in Nmm units. 

Eqn.. (3.5)-then becomes, 
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da 
= 3.216 x 10-8 (AK )1.271 (3.6) iN- I 

with AK I in Nmm -3/2 

Eqn. (3.6) may be used to predict the rate of crack growth, given 

AKI. The fatigue-induced changes in C. O. D. from the test specimens 

F5 and F6 are plotted versus the crack length in Figs. 3.29 and 3.30, 

showing a well behaved and mainly linear relationships. 

3.7 CONCLUSIONS 

CFRP specimens and test procedures have been given for the 

determination of the critical energy release rate, gc, in the 

opening delaminating mode between 0 layers for the resin system 

XAS/914. 

TDCB type-specimens capable of raising the critical splitting 

load and consequently suitable for controlled stable tests on a 

servo-hydraulic machine were used to study both static and 

fatigue delamination. 

(iii) The critical energy release rate gc was initially constant 

(around 0.26 N/mm with very good agreement with theory. The 

early stages of delamination growth were followed by a continuous 

increase in the value of gc before this became again nearly 

constant. It has been generally found that gc from the TDCB 

tests was higher than the value obtained from pure CFRP strips 

given in Ref. 29. 
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Uv) Delamination was essentially the mode of fracture during the 

fatigue tests. However, one specimen with a relatively small 

initial crack length showed an additional mechanism of 

fracture in that the delamination spread into adjacent layers, 

indicating a region of poor interlayer bonding. 

(v) A semi-empirical Paris type formula has been found for fatigue 

delamination growth rate prediction in the linear region of 
"crack length vs number of cycles" graphs. This formula 

gives: 

da 
. 10-8 1.271 

-fflr 3.216 x (AKI) 
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Table 3.1 Fatigue data for one TDCB test specimen loaded close to 

the base. b= 15mm; ao = 17mm; 0 -= 100 

Pmean Pmin Pmax AP R, Crack Number 
Pmin/Pmax length, a of cycles, 

(N) (N) (N) (N) (M) N 

200 100 300 200 0.33 17 0 
18.5 1500 
19 2000 
19 30000 

500 400 600 200 0.67 19 0 
19 10000 

500 200 800 600 0.25 19 0 
20 30000 

1000 500 15ob 1000 0.33 20 

the specimen delaminated completely, approximately at the top 
of the first tensile stroke (-- 1500N) 

0 



Table 3.2 Fatigue data for one parallel-arm test-specimen. 

b- 15mm; ao = 25.5mm 

Pmean Pmin Pmax AP Crack Number 
Pmin/Pmax length, a of cycles, 

(N) (N) (N) (N) (M) , N 

300 200 400 200 0050 25.5 0 
25.5 20000 

400 200 600 400 0.33 25.5 0 
25.5 10000 

500 250 750 500 0.33 25.5 0 
25.5 10000 

700 440 960 520 0.46 25.5 0 
2ý5.5 120000 

850 600 1100 500 0.55 25.5 0 
25.5 75000 

900 600 1200 600 0.50 25.5 0 
25.5 22000 

1000 700 1300 600 0.54 25.5 0 
25.5 18000 
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PLATE 3.1 
DCB TEST SPECIMENS WITH ENGRAVED METRIC SCALE FOR CRACK MEASURFMENTS 

PLATE 3.2 
TDCB TEST SPECIMEIN TN LOADTNG CONFIGURATTON 



PLATE 3.3 
TDCB FATIGUE TEST SPECIMEN IN LOAD SETTING 
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CHAPTER FOUR 

BLISTER DELAMINATION ANALYSIS IN FIBRE REINFORCED PLASTICS USING 

BEAM-COLUMN THEORY WITH AN ENERGY RELEASE RATE'CRITERION 

4.1 INTRODUMON 

During recent years the important problem of ply delamination in 

carbon fibre reinforced plastics (CFRP) has been considered by many 

researchers. One aspect of this problem: delamination under compressive 

applied loading, deserves careful assessment because of the likelihood 

of catastrophic failure as a result of extensive delamination, 

following buckling of an -initially' debonded area. In this mode, if 

some critical conditions'are met in the delaminated layer (e. g. debond 

size and shape, in-plane load in the layer, etc. ), the elastic fracture 

surface energy or equivalently the stress intensity factor, and not the 

overall compressive strength, is the fundamental laminate property 

dictatingýCompression failure. The blister-problem, in, particular, has 

received much attention because of the relative ease with which the 

initial damaged area can spread as a consequence of stress 

concentration, at its front, exceeding the'interlaminar strength. The 

onsetý ýýand extent of delamination depend on numerous -parameters, 

including the initial size of the delaminated layer-9 the in-plane and 

flexural'stiffness of'the -ýlayer itself and of course the interlaminar 

t6ughness', 'of-'separationo' '- The'latter, in turn, depends on factors 

associated with the manufacturing-process such' as inclusions, voids, 

fibre- misalignment, etco-ý ýIn" one of the'-early papers'Chai et al. 
(RefO, '-84), constructt, "some I -one-dimensional"l'-theoretical*-models which 
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consider a through width delaminated portion as an end-clamped beam. 

The strain energy in the delaminated layer is evaluated and then the 

energy release rate is calculated for a given compressive strain. It. 

is shown that the delamination will grow only after the layer has 

buckled. Whitcomb (Ref. 30) addresses the same problem but uses 

geometrically nonlinear finite elements to analyse the large deflection 

post-buckled problem. Some experimental results of growth rates on a 

number of specimens . subjected to fatigue loading with implanted 

delaminations are also reported, but no direct comparisons could be 

made with the analytical work. In Refs. 85 and 86 the delamination 

region is taken as a circular plate with clamped edges. A combination 

of fracture mechanics and post-buckling theory is used to study the 

interlaminar delamination characteristics. In. Ref. 87 Gillespie and 

Pipes investigate the detrimental effects of the local instabilities 

(buckling of initial interlaminar defects) on the compressi . ve strength 

of composite laminates. 

The aim of the analysis developed in this Chapter is to consider 

the through width delamination problem of a typical fibre reinforced 

plastic orthotropic layer taking into account the effects of initial 

deflected shape, and also the elastic end effects of a resin rich layer 

at the delaminating edges A and B, as shown in Fig. 4.1(a). Thus 

instead of"taking the delaminated region as aI clamped beam, some degree 

of elastic restraint is offered at the ends depending on the stiffness 

of the resin,; 
" 

In fact the end conditions for the beam are determined 

by matching deflection, slope, shear force and bendinR moment with 

those obtained,, from the solution to the, beam. on elastic foundation' 

equations. 
-.. 

The result is to a solution to the problem provide which 

allows the strain energy release rate to be obtained which 'is not 

, 
dependent on the buckling behaviour of the delaminated strip. A simple 
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Winkler foundation was also used by Williams in Ref. 88 to investigate 

adhesive failure between a pressurized disk and a rigid substrate. 

Numerical results are given for an eight-layered carbon fibre 

reinforced plastic (CFRP) strip (Fig. 4.1) with a through width blister 

which separates the strip into four layers each side. The straight 

side of the strip is assumed to be held straight throughout the loading 

process by means of a honeycomb or foam backing medium which has zero 

longitudinal stiffness. Graphs are obtained showing how the normalized 

strain energy release rate varies with blister length for various 

values of Pl/PE (ratio of the in-plane and buckling loads in the 

bulge-out layer) for different strains. These are then used to obtain 

crack propagation curves from which critical applied loads can be 

predicted. The post-buckling analysis for the case of an initially 

pre-loading flat debond is given at the end of the Chapter where it is 

shown that delamination will not take place unless the debonded layer 

buckles. 

4.2, THEORY (A RELOADING BLISTER SHAPE IS PRESENT: JCJO) 

4.2.1 Beam/Column and Elastic Foundation Equations, 

Consider the blister geometry shown in Figs. 4.1(a) and 4.1(b). 

The straight layer is taken to remain straight during loading because 

it is assumed to be attached to a support medium such as a honeycomb or 

foam backing material, whilst the blister shape before loading is 

assumed to be given by 

wo-M 
[A + cos (Irx/a)] 

2 
(4.1) 

This'--'expiesýion-"is''*symmetrical about the Oz'-aiis and, gives' the end 

conditions 
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dyo d. 0 (4.2) (w0)x=: ta«3 
(Ux )x=ia 

The applied load P may be distributed between the outer and inner 

layers as shown in Fig. 4.1 so that the differential equation governing 

the behaviour of the deflected shape of the blister when loaded by P1 

will be (Ref. 89) 

d 4, g 
1 d3( 17, +w0), 

Tx, r + up -lL) dX2 =0 

with the total deflection w, given by 

IW I+w 

Integrating the above equation twice gives 

d2W pp 
j-X-7 

ý-PWL) 
171 ' ýl + C2 -K2ý5-) E '+Cos (Trxlw) 3 

This has the general solution 

(4.3) 

(4.4) 

(4.5) 

xc6 
w -+ -2 0 C1 cos(ax) +C2 sin(ax) +F cos(wx/a) +2 

(4.6) 

where 

a2 

and 

6 (12 
F0 

Ir Y2 
22a 

Now because_ýj is symmetrical about OzI it follows that it should be 

an evea function of x. Therefore C1 C2 -0 and the total 

deflection wl ý. can,, ---be obtained from Eqns. (4.1), (4.4) and (4.6) to 

give 

- 67 



wl = C, cos(ax) + -h + F'cos(nx/a) (4.7) 
a2 

where 

s ir, 
2(iry - li 

and 
li = eta 

The constants C1 and C2 will be determined from the end boundary 

conditions for the blister taking into account the elasticity of the 

resin rich layer. The attached portion of the top layer (Fig. 4.2) may 

be regarded as two identical beams on elastic foundations, with a 

foundation constant given by the resin modulus Er divided by the 

resin film thickness tr (corresponding to a simple Winkler foundation 

stiffness). The governing differential equation may be shown to be 

(Ref. 90) 

d4d2 
D 

G'W2 
+Pa 

W2 
+ kw (4.8) 

d 4X 1 dx2 2 

where 
k- Er/tr 

or 
d 4W 

2+a2d 
2W 

2 
+4a4w 20 (4.9) 

dX4 dx2 
- 

where 

a4 
ý BY 

In practice a4 << 1W and also as x becomes large. w 2 -ý- 0. 

This-requires theyanishing olf the two constants which appear with the 

positive exponential terms. Thus 

I 
", IW2-e1 C3co'9(02x) + C4 sin(B 2x) 

1 (4.10) 
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where 

al = v/2 Osin(ý/2); a2= v/2 ýcos(ý/2) 

and 

arctan vl(16n4 _ 1); n= a/a 

The constants Cl to C4 in Eqns. (4.7) and (4.10) may now be 

determined by imposing the continuity conditions of deflection, slope, 

bending moment and shear force at point B in Fig. 4.1. After some 

algebraic manipulation we obtain 

I Tr 2 2X, Tl 
c 1 2X, ncosu + (2n 2_1) sinU 

IT2 [ l+2r, 2 (2X2 -1)-4X, rl 
C2 , VQ 2 

11 

+ j2 
1 

q2_ 2 [2X, rlcotil+2 l] 

Fl7r 2a 2(-S m +s +h M +h 
c -- 

1 1,2M2 11 2M2 
3a 2a 

2 Ylt' 202a2(2XjncotU-J)+40' 

F'Tr 2a 2(o M2ýapj)-h 1M2 +h2M, 
c=--- 4a 20 

2y11 2a2a2(2X, Tlcotll-l)+4a4 

where - 

X' - ßa ;, X, m ßi a; X, - v/2 sin(e/2) 

sinß2 aM2- cosß2 a* 

(4.11) 

h= 30 o2 _ 03 a2 or a3 1, 
1121h2312 Yl= e 

from whic 
Ih 

the deflected shapes wl and w2 can be obtained for a 

given load. 
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4.2.2 Energy Release Rate and Elastic Strain Energy 

Because of the pre-load configuration of the delaminated region 

(Fig. 4.1(a)] the original delamination may spread when the direct load 

Pl in the blister layer is well below the Euler buckling load for 

that layer. For this reason, a method of solution based on a buckling 

analysis combined with an energy criterion, as given in Ref. 84, will 

not be able to solve the problem. 

The main requirement is for the determination of the energy release 

rate of fracture g, given by the well-known equation 

W dU 
ja- - -da (4.12) 

Assuming a uniform overall applied strain C just sufficient to extend 

the already existing delamination with fixed grip conditions, then 

dW'/da -0 and Eqn. (4.12) becomes 

g. 
dU (4.13) da 

Now the total strain energy of the system per unit width, U, can be 

expressed in terms of an overall Young's modulus, Ed, and the applied 

strain, e, to give, 
_.,, 

V 
C2 E- L'te 2E 

dd (4.14) 

I 
Substituting into Eqn. (4.13) and noting that c will not be a 

function of a gives" 

2 dE 
g 41te laid (4.15) 

A simple 'rule of mixtures', formulation is now used to find Ed in 

terms of, the Young', s moduli for the inner and outer layers. 

Theý: applie .d load P is assumed to be divided between the inner and 

outer layers to give 

I I. 
p1+p2 
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4 

with the load P1 in the outer layer remaining constant along the 

entire length of the specimen. Thus the blister portion of the outer 

layer is assumed to carry the same load as the attached portions of the 

outer layer. 

From the simple uniaxial stress/strain' equations, and introducing 

an equivalent Young's modulus E* for the complete outer layer 

(including the blister) we can use the following equations 

a=Eca=E*C and a=Ee (4.17) d1122 

so that Eqn. (4.16) becomes 

Ed et -E1 Ct 1+E2 Et 2 

or 

t 
E*( 

tl 
+E 

(t2) 

t2t 
(4.18) 

E* can now be found in terms of an equivalent Young's modulus for the 

blister, Ee and El by writing the total shortening (A 1) of the 

outer layer as the sum of the shortening for the blister (A) [Fig. 

4.1(c)] and the undelaminated portion (40) giving 

A+A 

or 

2VP 1 2aP 1 
E"'t Et+Et 1ý e111 

so that 

E1Ee 

(a 
a. )E 

E 
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Substituting Eqn. (4.20) into Eqn. (4.18) gives 

EE1Ee 
(t 1 /t) 

+E 
t2) 

(4.21) '2 2(t da C' Et 
J)Ej 

+e (7 

L 

and this part of the analysis will be completed when Ee is found as a 

function of a. This may be achieved from strain energy considerations 

as follows. 

If Ut is the total elastic strain energy per unit-width of the 

blister then this may be equated to thq work done by PI moving 

through the shortening distance 
I 

p1A 

2 
(4.22) 

with 

2aP 1 
Eet1 (Eqn. (4.19)] 1 

Thus 

a Pi ( 

ut 
(4.23) 

Substituting Eqn. (4.23)'into Eqn. (4.21) and the result in Eqn. 

(4.15) (nothing that c' and Ut will both be functions of a) gives 

_C2 

Elt, dUt 
Et 1--( pl, -- da 

gC1+ Elt, 
u 

(4.24) 

x C! p 3t 
l 

It now only remains to find Ut as a funCtion of the blister half 'span 

a. Now the total strain energy per unit width of the blister will be 



the sum of the direct compression energy Udc and the bending energy 

Ub. The expressioa for Udcmay be written 

1 d- 22 
w 

u dc '2 EIt+2 
(dx 

dx (4.25) 

0 

where C= du/dx --' overall applied strain, u being the axial 

displacement, and ýWl = wl wo. The appearance of 7dj in Eqn. 

(4.25) is a second order effect,. due to the layer curvature. 

Substitution for i7l from Eqns. (4.1) and (4.7) into Eqn. (4.25) and 

integrating yields 

u dc ý aE 1t1E: 
2+E1t1F 

4a4 
2p Sa4 R+ -LaZ+ 6p 502 R2+ 32p7j23 R3 

48 

2(, 2r + 48psf2R 4) +E1t1F 4fZ2 R5+ 4p'SIR6+ 
(P 

2 

(4.26) 

where the following abbreviations have been adopted. 
7r 2 7r2 D 

-a7, Pp (ratio of layer buckling load to its 
1 in-plane load) 

0=X IT) 

n2_1 
-; R, - 3a - 

(3+2sin'u)sin2u 
2X, ncosU + (2 )sinU 2a 

psin2u [(p-l)sin'u-6]sinil 

2a(u-1) a(P-1)(P-9) 

R4 Z- 
sinU 

-9 R5» 2a - 
sin21i R6. sinla 

ot 

The bending strain energy Ub in the blister can be expressed as 
I 

ubD dx (4.27) 
(dx 

Eqn. (4.27) can-now be integrated after substitution for ýj, giving 
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Dp 2a 362 8pilsinii 
Ub 0 2p 2SI2 (21i+sin2u) ++ 11 (4.28) 

8( P_1)2 
(P-1) 

Thus Ut ' Udc + Ub [using Eqns. (4.26) and 

be used in Eqn. (4.24) to evaluate g. 

For a particular material and lay-up coi 

to measure the energy release rate for crack 

energy release rate) gC, which is often 

surface energy of fracture). Thus Eqn. (4.24) 

respect to r to give 

(4.28)] which can now 

, ifiguration it is possible 

propagation (the critical 

given the symbol r 

can be normalized with 

dU 
-cE t1 

u t 
pE da ) 

gn 'w --m- (4.29) 
E cý ml Pu r+ 

t1 2 
t 

(-cl'PE ) 

When gn is greater than or equal to unity, the blister will split and 

numerical results which predicted this behaviour are given in the next 

section for various values of e, a and p. 

It is interesting to note from Eqn. (4.29) that splitting is only 

possible when gn is positive, that is. when 

E1 t1P2 (dUt 
<0 da) -- ý 

I 

or, after integration,, when 

P; a 
UtE1t 

The right hand side of the. above relation is equal to the direct 

strain energy stored in the outer layer over the length 2a when 
600. This show's'that no spl'itting is possible for an originally 
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straight delamination unless it buckles and in so doing gives rise to 

additional energy components which make Ut greater than 

PI a/Eltl. This same conclusion can be reached as follows: Let E 

be the Young's modulus of the laminate in absence of an initial 

delamination. This modulus will be reduced to Ed (Eqn. (4.21)) as a 

result of introducing the interlaminar debond. Substituting Eqn. 

(4.23) into Eqn. (4.21) and noting that [E El(tl/t) + 

E2(t2/t)] yields 

(tEUa3 

t 

E1ut+2 
t 

)Pl 

Therefore a reduction of E 91 following delamination will necessitate 

EU>-p 1t 
(91) 

13 

or, 
P 12a U thus the earlier result. t E iti 

,. 4.2.3 Numerical Results and Discussion 

The following. data, for unidirectional CFRP, laminates, were used 

for the numerical work:,, 

R El - 138500 N/mm ; Er = 3380 N/mm"''' 

0.3352; IV 0.0223 
tz 

tj , 0.5mm (It2); tr 0.10540-4mm 

X 75mm 60 O. lmM 

r 0.26 N/mm (from'Ref. 29) 

The above data, except where specified, were taken from Ref. 76. - 
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The direct strain energy of compression Udc is shown versus the 

blister half span a in Figs. 4.3,4.4 and 4.5, for three different 

values of the applied strain C and several parameters representing 

Pl/PE values. Figs. 4.6 through to 4.10 depict Ub versus a for 

various values of C and load ratio Pl/PE- It is seen that for 

relatively high values of a and low load ratios, Ub becomes very 

small. However, a dramatic increase_ in Ub is noticed as Pl 

approaches PE- This behaviour is also confirmed in Fig. 4.11 where 

the load ratio Pl/PE is plotted versus the bending strain at the 

middle point of the blister layer (obtained by using simple bending 

theory formulation) for several a values. Typical graphs for the total 

strain energy per unit width Ut in the bulge-out layer, together with 

its components,. are plotted versus the blister half span, in Fig. 4.12, 

for a particular applied strain, C (=0.7xlo-3), and load ratio 

The direct stain energy of compression is fairly constant Pl/PE- 

over a wide range of a and it is the main component for relatively high 

values of a. However, for small values of a the bending strain energy 

dominates (as 60/a increases) giving rise to a rapid increase in the 

total strain energy. This type of behaviour is also shown in Fig. 4.13 

where the variation of total strain energy with a is plotted for 

various load ratios Pl/PE- As the load, Pl in the bulge-out 

approaches the Euler buckling load, so the bending energy increases 

causing' a relatively large increase in the total strain energy. 

Superimposed on these curves is a dotted line which gives the critical 

strain energy required for splitting. There is a rapid increase in 

this quantity around a=25mm as Pl/P E approaches unity, again due to 

large bending effects. 

k The normalized strain energy release rate for several applied 
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strains C is plotted in Figs. 4.14 through to 4.21 for different load 

ratios Pl/PE- Critical values for laminate splitting lie on the 

1.0 horizontal line. It is seen from Fig. 4.14 (e-0.3xlo-3) that 

delamination will not occur for Pl/PE < 0.75 and 2mm<a<30mm. 

For higher applied strain values, in order to prevent delamination 

growth from an initial blister half span within the above range the 

load ratio Pl/PE should be kept to lower levels as shown in Figs. 

4.15 through to 4.21. Equivalently,, the range of non-delamination for 

the initial blister half span will be narrowed if certain high values 

of the load ratio P1/PE are established. For example, for an 

applied . 0.9x10-3 (Fig. 4.17), the range of non-delamination is 

reduced to 16mm <a <32mm for an allowed maximum load ratio 

Pl/PE ' 0.65. However, the critical value Of Pl/PE is always 

less than unity for the range of a considered. This is to say, the 

critical in-plane load in the blister layer will never reach the layer 

buckling load PE. This behaviour is shown clearly by the sinking of 

the curve for Pl/PE 0.95 (see figures). Theoretically however, 

for relatively high values of c and a delamination growth may occur 

at values of the load ratio P1/PE around 0.95 as shown in Figs. 

4.19,4.20 and 4.2l. - 

The set-of curves shown in'Fig. 4.22 are produced from graphs such 

as those shown in Figs. 4.14 through to'4.21, "and represent the'eneýgy 

reiease'rate paths. The area enclosed by each'individual curve, or 

between branches of*the same curve, is a crack propagation' instability 

region, As" the applied- strain is increased so'the'wider'becomes the 

related 
, -instability region. It is seen tha It- the instability problem is 

more 'serious "between P1/PE 0.8-and 0.95. Thus-for 'example, ''an 

initial blister half span -of 2mm, ýwhich carries an in-plane load given 

by Pj'/PE'ý"'0-90; -wil1 propagate, - to -about"ý27mm -without ýStopping when 
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the applied : strain c-0.0007. This large amount of propagation may 

lead 'to the upper blister layer becoming completely delaminated with 

consequent collapse of the laminated component. V41ues of Pl/PE 

below 0.55 are less serious for the range of strain considered. In 

fact, here, the critical initial delamination is higher than the 

previous case for low W- values and the crack arrests after a 

relatively short length depending on the applied strain. It is clear 

from the above that delamination dependsý strongly on c and may occur 

at in-plane loads in the bulge-out layer which are well below the Euler 

buckling load. 

The effect of an infinitely stiff elastic foundation is shown- in 

Fig. 4.23 for E=0.0005' and 0.0007. The difference between the two 

cases is very small in the central region of the curves corresponding 

to Pl/PE rangingý from 0.75 to 0.90. However, a significant 

difference is evident below and above this Pl/PE interval. F. or 

thicker and more flexible resin rich layers the difference between the 

two curves could be appreciable. 

4.3 THEORY (FLAT INITIAL DEBOND, 6, = 0) 

4.3.1 Beam/Column and Elastic Foundation-Equations, -. - 

I The -blister case characterized by the presence of an initial 

pre-loading bulge in the, delaminated layer was analysed in the last 

section. It was seen that delamination could well take place while the 

in plane load in the blister layer Pl, was below the Euler buckling 

load PE. This may not be the case when the initial debonded layer is 

perfectly flat 60-0) when the load is first applied. . If a uniform 

applied strain e is assumed, delamination will not grow as long as 

the initially debonded area is flat (Ref. 84). However, delamination 

is possible if the debonded portion buckles. Therefore, the problem 
., I 'n 
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can only be assessed through post-buckling analysis. If the extent of 

delamination and its consequences on the integrity of a certain 

laminate are the main concern, then, the problem is far more serious 

than the case analysed earlier where SOO. In fact, the behaviour is 

progressive where a pre-loading bulge is pr esent and therefore, can be 

controlled unlike the initially flat debond case (60=0) when post- 

buckling events may be sudden and catastrophic. However, it may happen 

that delamination will not occur following buckling, in which 

eventuality, the problem can be treated exactly in the same way as when 

So ; eO as long as the maximum post-buckling deflection -60 is small. 

The other possibility is that delamination will take place following 

buckling of the debonded region. This is the subject of the analysis 

contained in this section. 

There is one major assumption which lies at the root of the 

problem: the post-buckling configuration is taken to have a defined 

shape. This assumption has been adopted throughout researches on the 

pýoblem (e. g. Ref. 84 and 30). The present analysis takes the problem 

a step forward by assessing the effect of a resin rich layer on the 

post-buckling behaviour and delamination. 

The general solution for Eqn. (4.3), remembering that 60-0, 

reduces to 

w, =c cos(ax*) + 
C2 

(4.30) 11 
ot 2 

The deflection w2 for the attached portion of the top layer is still 

given by Eqn. (4.10). The constants Cl to C4 in Eqns. (4.10) and 
(4.30) may, now be determined,. as'was', done in Section 4.2, by imposing 

the continuity conditions of deflection, slope, bending moment and 

shear force along the delamination front between debonded and attached 

portions (point B in Fig. 4.1). The continuity conditions yield, 
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c2= 
c cosu +-y 12 l(C3M2+ 

C4N 

-clasinu = YlE-C3(01ý2+ OP1)+C4(-OlMl+ OP2)] 
(4.31) 

-C 1a2 cosu =y 1EC3 (F, M2ý FP1)+C4('FlMl- F2M2)1 

cia 3 sinli =y 1EC3 (hlM27 h2M, )+ C4 (h2M2ý h, M, )] 

where 

F 02 _ 02 
12 F2= 20 152 

The last three of Eqns. (4.31) contain only C1, C3 and C4 and may 

be solved simultaneously for these constants. The condition for a 

non-trivial solution is given by the vanishing of the determinant of 

the coefficients for C1, C3 and C4. Thus 

-asinti Y2ý 02 m1 01 m 1- OP2 

-a 
2 cosli -F iM1- F2M1 -F 1m1+F 

a3 sinli -h 1 M2+ h2M, -h 1m 1- h 2M2 

= 

(4.32) 

Expanding the determinant and simplifying, Eqn. (4.32) reduces to 

tan 11 = 
2X111 ? ý' 

u' - 2X" (4.33) 

Eqn. (4.33) may be solved graphically to yield the critical buckling 

load, as shown in Fig. 4.24 where both sides of the equation are 

plotted versus U, noting that at buckling 

is the critical buckling load for the delam: 

may differ from the Euler critical load 

because it incorporates the hinge effect 
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foundation. This effect, though small, manifests itself in smaller 

critical loads corresponding to lower values of Er. as shown in Fig. 

4.24. Given that in general P' <P for the problem under EE 

examination, it is permissible to write 

a= v/(Pý/D) = w7r/a, 

or 

pi =w2 
7r 2 

2 a 
(4.34) 

as a solution to Eqn. (4.33), corresponding to the least buckling load; 

where W is less than unity and, for a certain material, is dependent 

upon the debond half span length a as shown in Fig. 4.24. The above 

dependence is clearly seen from Fig. 4.25 where w as a 

This is to say, for large values of 'a' the_critical load PE approaches 

the Euler buckling load 'PE- Another occasion when P' -04E is that 
E 

when the elastic f oundation is inf initely stif f (Er co) - In fact, 

if Er is very large X1 [see below Eqns. (4.10) and (4.11)], 

also Oa [see below Eqn. (4.9)]; then Eqn. (4.33) 

becomes, tan U .0 which is possible if li" V(P 
E 

/D)' 7r or 

P'E - 7T2D/a 2ý PE9 i. e. the Euler buckling loadfor a"built-in strut. 

4.3.2 Post-Buckling Shape 

, The constants C2,. C3 and C4 may,, be expressed in- terms of the 

constant Cl using-Eqns. (4.31).,, Thus 
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q4 T, 2(X2 

C= CL2 cosp 
1c 

2 2TJ 2 (1-2q2) 
1 

cosil a 2(op2_ $, M, )+ hp2+ hjMj 

c3 
T12 

c (4.35) 
2Y 102al 1-21 

cosil cl 2 (al M2+ a2M, )+ h2M, - hjM 
c= ý- 4 2Y la2 a. 

-1- 
2q 2 

From Eqns. (4.35) and (4.30), remembering that at buckling 

=/a, we obtain 

6* 

10+ Y(xl) 
cos (px/a) +Y (X') (4.36) 

where, 6* - (wl)x. o is the debond mid-span maximum deflection, 
0 

p- wn, and Y(X') is a function of N' given by the following 

expression 

p4+4 XF4 +4 X-02 p 2(X2_1) 

Y(X' 2X'B(p 2 2A'B) 
1 

COSP (4.37) 

v 
It is seen from Eqns. (4.36) and (4.37) that for an infinitely stiff 

elastic foundation Xp co; w -*1; cosp 4- -1 therefore 

wi -2 El + cos (7rx/a)] deflection'for the built-in case. 
2 

The'post-buckling maximum deflection shape given by Eqn. '(4.36) will be 

completely defined once 6*- is', known. 'Referring-to Fig*-'-4.26, the 0 
loading 'sequence- which- leads-to buckling, consists 'of assigning a 

uniform strain'C to the laminate which shortens as shown in Fig. 4.26 

(b), then, 
_- 

the delaminated 
-layer , 

buckles Fig. 4.26(c) when the 

criti. . ca 1 strain Uw2ir2DWEltj is reached. If we assume CE that, 
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in going from Fig. 4.26(b) to 4.26(c), the length of the 

delaminated layer remains unchnaged and its in-plane direct stress is 

the same as the buckling stress, (provided S* is relatively small) 0 

then we may write from the formula which gives the approach of the ends 

of the split as it buckles, 

(2a)(C - F-E) = dx (4.38) 
2 

(ýdxl 

a 

Eqn. (4.38), after substituting for wl from Eqn. (4.36) and 

integrating, gives 

6* 
8a 2 (C ep El + y(X, )]2 

0p (2p sin2p) 
(4.39) 

Substitution from Eqn. (4.39) into Eqn. (4.36) yields 

w, - 2a V 
p(2p-sin2p) 

cos(Px/a) + YW (4.40) 

4.3.3 Energy Release Rate and Elastic Strain EnerRy 

The critical energy release rate 'gc can *be evaluated' once the 

total strain energy per unit width in the laminate U is formulated. U 

may be split into four components Ubt Udc, Uat and TJin; where 

Ub and Udc are, respectively, the bending and direct compression 

energies for the delaminated layer, Uat is the strain energy of the 

attached portion and Uin is 
'the, strain energy of the inner layer 

(layer 2, as shown. in Fig. 4.26). The strain, energy component Ub may 

be evaluated using Eqn. (4.27), where V1 wl is given by Eqn. 

(4.40), therefore 

2aE 1 tl(Eej - cil) (2p_ + sin2p),, 
_ ub=. I- 

2p sin 2p 
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The other components of energy (Udc, Uat and Uin) may be 

evaluated using the usual energy formula for direct stress and strain. 

Thus 

r2 aE 1tIE (4.42) 
dc -1 

'-, Y. t 'a. 

ut 'ý2 
(Z'-a)E t1c2 

(4.43) 
1-v ft v tz 

u 
VE 2t2 E2 

(4.44) 
in Vtt lItz 

The total strain energy in ýhe laminate U' Ub + Udc + Uat + 

Uin, given by the components from Eqns. (4.41) through to (4.44), can 

now be used in Eqn. (4.13) to evaluate the strain energy release rate 

g, with the tacit assumption that the strain in the inner layer and the 

attached portion will remain unchanged (- C) after the debonded 

layer has buckled. Thus, the normalized strain energy release rate 

gn is 

44 

On -E1 
t5 

4 

7T w (4waw*) 
l+Q(J-2)] -2aQ(J-1) 

J3+j2 

+2Q(J-3) - 
144a r(l-v tt vtx)l 

(4.45) 

where, Q ='[(l-v. Ztvt_Z)(2p+sin 2p)]/(2p-sin2p); J=e/e E 

w* - dw/da'(plotted in Fig. 4.27'using the graph of W versus a). 

4.3.4 Numerical Results and Discussion 

The same set of data given in Section 4.2.3 are also used here to 

study the delamination characteristics of an initially straight 

debonded layer. Numerical computation of Eqn. (4.45) revealed that for 

J<l (i. e. C< the normalized strain energy release rate was Ei 

always negative, thus, no energy was released to propagate the existing 
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split. Only after J2; 1 (i. e. e' ZeE) does gn become positive and 

therefore delamination is possible. The normalized strain energy 

release rate is plotted versus-'a' in Fig. 4.28 for various values of 

J. The' 1.0 horizontal dotted line represents the threshold for 

delamination growth. For points above this line splitting is always 

possible given that the energy release rate exceeds the toughness of 

separation r. It is also seen from Fig. 4.28 that for an applied 

strain value CZ1.5 eE no delamination will occur.. for any aZ 

12.75mm. The separation between possible and not-possible regions of' 

delamination is shown in Fig. 4.29 where the critical load ratio J is 

plotted versus the debond half span a. 

4.4 CONCLUSIONS 

A theoretical analysis based on beam-column theory and an energy 

release rate criterion, has been presented for the crack propagation of 

a layered fibre reinforced plastic strip in compression, in the 

presence of a blister. Account has been taken of a resin rich layer at 

the delaminating edge and of an initial deflection in the blister 

geometry. The beam-column and beam on elastic foundation differential 

equations have been solved, respectively, for the blister layer and the 

attached portion and the constants which appear in the solution have 

been determined through continuity conditions along the delamination 

front. The total strain energy has been evaluated for the blister 

layer and later used in conjunction with a law of mixtures to determine 

an overall Young's modulus for the whole laminate. This modulus has 

been used to calculate the total strain energy in the laminate and 

therefore the strain energy release rate. A typical set of design 

curves is given and discussed which shows the influence of blister 
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length, applied strain and resin stiffness on loads required for 

splitting. It has been found that delamination may occur at in-plane 

load in the blister layer well below the Euler buckling load for a 

built-in strut. 

The case with no pre-loading initial deflection has also been 

analysed along the same line of thinking and the effect of the elastic 

foundation on the post-buckling behaviour and delamination is pointed 

out and discussed. Design curves are given for the prediction of the 

critical applied strain knowing the initial half debond length. It has 

been found here that delamination is not possible unless the 

delaminated layer buckles. 

4 
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(a) Before load application 



C 

04 

z 

z 
0 

z 

C14 

z 
0 

z 
:3 
0 
"4 

04 

z 

z 
0 
z 
0 
1-4 



32 

28 
M 

24 

20 
L-U 

0 
16 

-, -) 
12 

4 

App. Stra I n= 0.0003 
PI / PE PI / PE 

A 0.65 1: 3 O. 8b 
v 0.70 0.90 
+ 0.75 
x 0.80 

v 01-----, 

14-4 

4.1 1 -r-I -iI ff% rI 

-I q-8 12, 
-, ý, 16 "ý 20-2ý 

B LýLl sfer, --Hci, L pSpa n'- -ci( mni 
28 P2 

"19, F3 '--D -i r C'L', --" S -L, Enei, ý gv 
B ý'-l st'er- ý, H(a L F,: ýSpan'ýLehg'th 



32 

28 

24 

20 
Lij 

16 

12 

4 

App. Straln=0.0005 
pi / PC PI / PE 

A 0.65 o 0.85 
v 0.70 0 0.90 
+ 0.75 
x 0.90 

48 12 ,1G 20,24 
i-E3Lister HoLP Spün ci(rnrný 

28 32 

lgc4 4 iD-'rec F" -a11t St,. Energy vs 
..,, E3L ister Spar) Length 



3 li 

28 

24 
a, 

20 
U-i 

16 

-, -) 
12 

u 

8 

4 

0 

App. Straln=0.0007 
pp pi / PC 1/c 

0.65 0.85 
v 0.70 0 0.90 
+ 0.75 
x 0.80 

048 12 16 20 2, q 28 312 
BLister HaLF Span a(mm) 

Fig. 1.5 Direct St. Energy vs 
BLister HaLP Spar) Length 



32 

28 

u)20 
L 

ý ei 
,Z Lu 

, co 1 
a 

- -1 

App. Str 
P1 / PE 

0.65 
0,70 

4- 0.75 
x 0. -30 

1 n= 0.000*%---) 
PI / PE 

0.35 
0.90 
0.95 

ýo ý8 12 1 6 20 24 28 32 
-BL- ister HaLP S pan' a(mm) 

! Fdý g,, --4-6 Ben.. t S ., Energy vs 
, BL -i. ster ', Ha,, L-F Span -Length 



32 

28 

-o24 

b20 

a 

Co 

w 

4 

0 

App . Str 
P, / PC 

A 0.. 65 
v 0.70 
+ 0.75 
x 0.80 

0.0007 
PI """ PE 

0.85 
0.90 
0.95 

0 48 12 1 6 20 24 28 32 
Bý lster HaLP S pan a( mm) 

Fig. 4.7, Ben . St,. Energy vs 
BLlster ýHaLF Span Length 



32 

28 

m24 :: D 

20 
C) c- 
Lij 

12 cn 

8 

App. Str 
PI ""' 

PE 

0.65 
v 0.70 
+ 0.7-5 
x 0.80 

aln=0.0009 
PI / PE 

0 0.85 
0 0.90 
0 0.95 

4 "8 12 
Bt 1Gt, er Hci<L P 

16 20 24 2-8 
Spün o. ( mm ) 

F .8 'Ben. 7S--L-,. Energg vs 
'B, L i, ster Ho. *L, -'P -Spo-n Length 

32 



32 

28 

24 

: 1) 
u)20 

, L-u 

--co, 1 2 

I -, 4 

App . Str 
P1 ""' 

PE 

A 0.65 
v 0.70 
+ 0.75 
x 0.80 

uln=0.0020 
pl '/ PE 

0.85 
0.90 

0 0.95 

048 12 
IB Li ster Ha LP 

16 20 -24 -28 
Span GL( Mm ) 

Fig. A. 9' Ben '. St,. En6rgy vs 
'BL'i'sLer HaLF Span Length 

32 



332 

28 

21 

7, 
o) 2 
(D 

LLJ 

4--) 
co 12 

a 
11 

-B' Spun a. ( m"m ,sterHo., 
L, 

t ,,, ýF- F 1, g Bie n n. ergLj vs 
BL iý, ster, 'HqLP 

Span Length 

App.. Stra in - 0.0000 
P, / Pý P1 PE 

A 0.65 0.85 
v 0.70 0 0.90 
+ 0.75 0 0.95 
x 0.80 

ol 

k 28 12 16 20 4) 



C. 

0 

0 

Ln 

en P. 4 

U) 

Ln 
po 

z 

C ul 
-4 

r. 
- Ln (1) 

no 
z 

in 
z 
w 

(2 --' CYN , CO , 
rý ým 

, Ln ,ý -7 - t" ', C-4 
CD 00 -c; 

, 
1- ,3 d/ 

ld olleu peol 



X Co 
IN 

''D 

:f0 
:3 cm >% >% 4) cm 

cm c h- cu 

cm 
cu 

r tn c2. 
6.. cm -6- 

.2u 4x C) - -3 
ýg 

Ln 
C: ) (D 

x ci 

c=; 

w 

0X Co 

= ý, CL 

tn 
(WW/WWN) MauaumilS 

C14 

C) 

w 
w 

w 
I-- (n 
-j co 
w 

z 
(n 
w 

z 
=3 

ce. 
w 
z w 
z 

U) 
LL 
0 
z 
0 
(f) 
cr- 

S 

LL 

4 



Ln 
C-4 
cyý 
c2 
.i 
W 

E 

Cl. 

-J 

0 
U. 

-3 

(WW/UJUJN) in A6jaua ., ej; s le4ol 



2.00 

75 
a 

Cy 1 . 50 

25 

1 . 00 

0.75 

0.50 

0.2ý 

App. Straln= 0.0003 
P1 "" PE 

0.65 0 0.85 
v 0.. 70 0 0.90 
4- 0.75 0 0.95 
x O.. 8o 

28 32 
0.001 0 

- I-T-1 11111111111111111111111aIIIIiIT 
048 12 16 20 24 
BLister HaLP Span a(mm) 

Fig. 4.14 Nor. E. R. R. vs 
BLister HaLF Span Length 



2.00 

c: l . 75 0) 

. 50 

. 25 

ei 1.00 

0.75 

0.50 

0.25 

0.00 

App. Stru in= 0.0005 
P, / PC 

A O. G5 0.85 
v 0.70 0 0.90 
+ 0.75 0 0.95 
x 0.80 

04 E3 12 16 20 24 28 32 
BLister HaLP Span a(mm) 

Fig. 4.15 Nor. E. R. R. vs 
BLisLer HaLF Span Length 



21 
Z 

10 

I 

FIG 4.16 NORMALISED ENERGY RELEASE RATE vs. BLISTER HALF SPAN FOR 
VARIOUS LOAD RATIOS 

Blister half span a (mm) 



App. S-Lro, ln-- 0.0009 
P1 ""' 

PE 

0.65 o 0.85 
v 0.70 0 0.90 
+ 0.75 0 0.95 

2.00 

I'l . 7ý5 

50 

. 25 

1.00 
LU 

0.75 

0.50 

0.25 

0.00 
048 

BL ister 

Fig. 4 . 17 
BL ister 

12 16 202428 
HaLP Span o, (n)m, ) 

Nor. E. R. R. vs 
HoAF Span. Length 



App. Straln=0.001 I 
P1 "*" 

PE 

A 0.65 0 0.85 
v 0.70 0 0.90 
+ 0.75 0 0.95 

2.00 

. 75 

(ý 1 . 50 

. 25 

1 . 00 
Lij 

0.75 

0.50 

0.25 

0.00 
0 '1 8 12 16 20 24 28 32 
BLister HoAP Span a(mm) 

Fig. 4.18 Nor. E. R. R. vs 
BLister HaLP Span Length 



2.00 

CFI . 75 U. 
a 

cy 50 

. 25 

ei 1.00 
c- LU 

0.75 

0.50 

0.25 

0.00 

App Straln=0.001 7 
PI / PE 

0.65 0.85 
v 0.70 0 0.90 
+ 0.75 o 0.95 
x 0-. 90 

048 12 16 202428 
BLister HaLF Span a(mm) 

Fig. i. 19 Nor. F. R. R. vs 
BLister HaLF Spun Length 



2.00 

75 

a 

Cl' 50 

. 25 

di 00 

0.75 

0.50 

0.25 

0.00 

App. Stro. in= 0.0022 
P1 / PE 

O. G5 0.85 
v 0.70 0 0.90 
+ 0.75 0 0.95 
x 0.80 

14 IG 18 20 22 24 26 28 
BLister HaLP Span a(mm) 

Fig. 4.20 Nor. E. R. R. vs 
BLL*ster HaLP Spun Length 



2.00 

Cl s, 75 a 

50 

. 25 

CD 00 
c 
LU 

0.75 

0.50 

0.25 

0.00 

App. Stra I n= 0.0030 
P1 "" 

PE 

A 0.65 0 0.85 
v 0.70 0 0.90 
+ 0.75 0 0.95 
x 0.80 

16 18 20 22 21 26 28 30 32 
BL ister HaLP Spian a( mm) 

Fig. 4.21 Nor. E. R. R. vs 
BLister HaLP Span Length 



1.0. 

"00- 090. 
UNSUBLE 

Strain EzO. 3xjo-3 
0.80. 

0.5.1 

0.70- 
0.7 xI 

0.60, 

(150 
CL 

CL 

OAO 

030- 

0. 

(11 

n iq. tn-2- 

SUBLE 

2468 10 12 14 16 18 20 22 24 26 28 30 
Blistef half span a (mm) 

FIG. 4.22 CRITICAL LOAD RATIO vs. BLISTER HALF SPAN FOR VARIOUS 
APPLIED STRAINS 



t ..., w 

2: 0.800 
Infinite stiffness 

0.750 

E. 0.500-3 

u 0.700- 

Ea0.7xlo-3 Finite stiffness 

0.650- 

10 12 14 16 Is 20 22 24 26 
Blister half span a (mm) 

FIG. 4-23 EFFECT OF INFINITELY STIFF FOUNDATION ON CRITICAL 
LOAD RATIO 



1.2 

0.8 

0.6 

a 
0.4 

0.2 

-0.1 

-0.4 

-0. j 



30 

20 

lo 

998 

Fig. 4.25 REDUCTION FACTOR w VS DEBOND HALF SPAN LENGTH 



I Z, W 

x 

P-- 

-I 
(a) 

1_ Overall 
-T-shortening 

Backing edium 

2a 

p2 

Fig. 4.26 BUCKLING DELAMINATION; 

-a-) 
p 

--m- -ow- 

(b) 

(c ) 

(a) Pre-loading Configuration, 
(b) Pre-buckling Loaded Configuration, 
(c) Buckled Debonded Layer. 



30 

2C 

I 

C 

C. 
a 
"4 
0 

C 
0 

a 

10-1 
w* - dw/da 

Fig. 4.27 THE RATE OF CHANGE OF THE FACTOR w WITH DEBOND HALF SPAN LENGTH a 



1.5 

10 

-Z 1.0 

0.5. 

E/C 

0 46i I'D i2 I% Ii lb 20 22 

Debond half span, a (mm) 

Fig. 4.28 NORMALIZED ENERGY RELEASE RATE VS DEBOND HALF SPAN FOR 
VARIOUS LOAD RATIOS 

,.. - . -. . -- 
1- 



i. 5 

1.4 

1.3 

w 
i 

�I 

w 

I 1.1 

C 

I. c 
0 
1 

0.5 

Debond half span, a (mm) 

Fig. 4.29 CRITICAL LOAD RATIOS VS CRITICAL DEBOND HALF SPAN 

5 10 12 13 



CHAPTER FIVE 

EXPERIMENTAL STUDY OF DELAMINATION IN CFRP BLISTERED 

STRIPS UNDER IN-PLANE DIRECT COMPRESSION LOADING 

5.1 INTRODUCTION 

Delamination is one of the major obstacles in the way of exploiting 

the whole benefits from composite laminated plates. It has been a 

matter of major concern in engineering applications especially in the 

aircraft industry where safety is of paramount importance. 

Delamination is not associated with a particular type of loading but 

may occur under a myriad of load combinations including environmental 

effects. One of the most serious aspects of delamination is the 

interlaminar separation emanating from an initially debonded area as a 

result of direct in-plane loading. The seriousness of this problem 

(especially for an originally flat debond) originates from the fact 

that delamination may occur suddenly, and this may trigger off a 

sequence of events leading to the loss of the load carrying capacity 

and collapse of the laminated component. The aforementioned problem 

has attracted the attention of many researchers in recent years and 

already considerable theoretical' work has been done. However, 

experimental verification of the problem especially in fatigue is very 

limited indeed. Whitcomb (Ref. 30) reports some static and fatigue 

data for a carbon fibre laminated layer bonded to 2024-T3 Al with EA 

934 adhesive. The data in this work are not representative of 

interlaminar splitting because delamination was made to grow along the 

interface of the carbon fibre layer and the aluminium substrate. In an 

earlier work by Konishi and Johnston (Ref. 31), experimental data are 
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given for the growth of a buried circular delamination under static and 

compression-compression fatigue loading. The authors (Ref. 31) 

employed a specimen with a relatively small gauge length and used 

aluminium plates which were clamped to the central portion of the 

specimen to reduce column buckling. This arrangement may not reflect 

the actual behaviour of interlaminar delamination as pointed out in 

Ref. 80. However, Refs. (30) and (31) are the only sources known to 

the author which treat the delamination problem under in-plane 

compression-compression fatigue loading. Chai et al. (Ref. 91) have 

examined the damage behaviour in compressively loaded composite 

laminates subjected to low-velocity impact and report that the impacted 

region may buckle under the compressive load and unstable delamination 

ensue. Another experimental study is reported by Gillespie in (Ref. 

87). It consists of a four-point static loading of a sandwich beam 

with carbon-epoxy laminated faces. The compression face contained a 

through-width delamination starter between the inner supports. The 

splitting characteristics from the above specimen are subject to the 

effects of the overall deflection of the sandwich and the influence of 

the inner supports. 

From the aforesaid, it emerges that there is a need for a test 

specimen which is reliable, economical and most of all closely 

representative of the problem of delamination under in-plane direct 

compression. Part of this aim is hoped to be achieved in the work 

contained in this chapter. A test specimen, which is conformable to 

the theoretical model described in Chapter 4, is used here for the 

study of the delamination problem in static compression and 

compression-compression fatigue under constant amplitude loading. It 

consists of two CFRP strips, each with a through-width blister, glued 

on to each side of a honeycomb to form a sandwich. The ends of the 
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twin blister (TB) test specimen are resin moulded into mild steel 

loading fixtures. 

5.2 TWIN BLISTER TEST SPECIMENS, 

5.2.1 Materials 

The CFRP blistered faceplates were manufactured from Fibredux 914C 

prepreg, which is supplied by Ciba-Geigy Ltd., and has been used in 

earlier work presented in this thesis. 

The honeycomb core material was an Aeroweb Type Al non-metallic 

(Nomex) core, supplied by Ciba-Geigy. The core has a density of 

64kg/m3 with hexagonal small size cells having a distance across the 

sides of 3.2mm. It is desirable to select a core with small size cells 

because it gives uniform support to the facesheets and minimizes 

crushing during loading. 

A Redux BSL 403 cold curing structural adhesive, supplied by 

Ciba-Geigy, was prepared, following the instructions of the 

manufacturer, and used for bonding the CFRP blister specimens to the 

honeycomb core. 

5.2.2 Manufacture of Blister Plates, Honeycomb Cores and 

LoadinR End-fittings 

Three unidirectional CFRP plates, each with a shaped central bulge 

stretching across the fibres, were fabricated using the vacuum/pressure 

bag method described in Appendix B, Section 1. Each plate measured a 

nominal 300mm x 250mm x 1mm, with a nominal cured fibre content of 60% 

by volume. The plates were laid up from eight e layers with the 

fibres running across the largest plate dimension. Eight strips of 

different widths were cut from a PTFE film (0.0125mm, thick), stacked 

up, interlayered symmetrically along the central line across the fibres 
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halfway through the laminate thickness and cured with the laminate to 

give the desired initial blister shape as shown in Appendix C, Fig. 

C. l. This shape was calculated using the preloading deflection, 

wo 60/2)[1 + cos (7rx/a)], as shown in Appendix C. The caul 

plate, used in the cure process, was contoured over the hump made by 

the top four layers in bridging the stepped stack of PTFE sheets (see 

Appendix C). The three plates had different initial blister spans (2a 

- 20mm, 32mm and 48mm), therefore, different caul plates were used with 

each curing operation. 

The CFRP plates were first trimmed off by about 10mm along the 

edges parallel to the fibre direction to rid the laminates of the 

likely poor material quality along these edges. There was no need for 

trimming along the sides perpendicular to the fibre direction because 

these sides were to be moulded into the loading end fixtures. Next, 

the laminates were cut into strips using a circular diamond saw to form 

the blistered faces of the sandwich specimens. Each strip measured 

250mm in length by 30mm in width. The strips were cleaned from dust, 

degreased first with Acetone then in a Trichloroethylene solution, 

dried in blowing air and sealed ready for the gluing up operation. 

The core for a twin blister sandwich was cuj from the Aeroweb Type 

Al honeycomb described in Section 5.2.1. It measured 250mm in length 

(-length of blister strip) by 40mm in width (in the direction of the 

cells) by 30mm in depth (=width of blister strip). At the end of the 

cutting operation, the core was blown with compressed air to remove 

dust and possible particles hanging along the end perimeters of the 

cells. 

The loading end fittings were machined from mild steel and 

consisted of hollow cylinders (moulds) with flat sections for gripping 

purposes (Fig. 5.1). The internal surfaces of the cylinders were 
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roughed up to give good interlocking binding between the steel walls 

and the cured resin blocks. Although loading was compressive 

throughout, the latter step was necessary for the load controlled 

fatigue tests since each specimen was a part of the servoloop. At the 

end of testing, a combination of heat and mechanical means were 

employed to clean the end fittings ready for the next moulding 

operation. 

5.2.3 Assembly of Test Specimens 

A twin blister sandwich test specimen was assembled at two stages* 

In the first stage, CFRP blister strips were glued to the selected 

honeycomb. The second stage consisted of moulding the ends of the 

sandwich into the cylindrical load fixtures. 

Stage 1: A certain amount of Redux BSL 403 adhesive was prepared 

according to the instructions of the manufacturer. One side of the 

sandwich was glued at a time. The adhesive was applied evenly on both 

the CFRP strip and the corresponding side of the honeycomb using a 

plastic spatula. The honeycomb bond face was kept inclined to prevent 

the adhesive paste from flowing down the cells. Next, the bond 

surfaces were brought together. Then the part was placed CFRP strip 

down over a flat foam board covered with a release sheet of PTFE coated 

fabric. As many specimens as required could be glued up at one time 

from one side of the honeycomb core and compactly arranged parallel to 

each other on the base foam board, separated by straight foam cushions 

to keep the glued parts aligned and prevent relative sliding before 

setting of the adhesive. The array of the newly elued nartn wn. 

constrained along the outer components by steel bars, covered with 

another foam board and on top of the latter, weights were distributed 

to give a uniform pressure over the whole array, This was then left 
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undisturbed for 24 hours at-room temperature before the weights were 

removed and the gluing up operation duplicated for the other sides of 

the cores. Enough time was allowed for the adhesive to achieve most of 

its strength before the sandwich specimens were cleaned ready for the 

moulding stage. 

Stage 2: The sandwich specimen was held vertical with one of its 

ends centrally positioned inside the loading end fitting using a 

specially assembled rig with the help of a spirit level. An adhesive 

system (Epicote 162/Epicure 113) was mixed in the right proportions, 

taken to a thicker consistency by adding filler powder, left to settle 

in container for 15 minutes then was poured slowly into the cylindrical 

cavity of the end-fitting. The mould was left undisturbed for 12 

hours. At the end of this period the specimen was removed from the rig 

and positioned upside down for moulding the other end as described 

above. A finished twin blister specimen is shown in Fig. 5.1. Two 

electrical resistance 6mm-strain gauges were glued on each side of the 

specimen as shown in Fig. 5.1. for measuring the direct strain, along 

one of the straight portions, and at the central point of the blister 

bulge. These strain gauges were coupled with dummy ones glued on to 

small pieces of a CFRP plate for compensation of temperature change. 

Two main features in the design of the twin blister test specimen were 

taken into account during manufacture. Firstly, no overall buckling 

should occur, and secondly the attached portions were made long enough 

to comply with an earlier assumption adopted during the solution of the 

differential equation of the beam on elastic foundation as described in 

Chapter 4. Long portions of the attached regions were also desirable 

in order to keep the delamination characteristics free from the 

influence of end constraints. 

The initial blister delamination for each CFRP strip was marked 

- 92 - 



along the edges. These were then painted using a thin Snopake 

correction liquid so that easy and accurate delamination growth 

measurements could be obtained. 

The four active strain gauges on the TB test specimen were wired 

together with the corresponding dummies to a digital Strain Indicator 

type 1526, manufactured by Bruel and Kjaer, to form two complete 

Wheatstone bridge circuits. 

5.3 DELAMINATION STATIC TESTS 

5.3.1 General Behavioural Aspects of TB Specimens During Tests 

In all, four TB test specimens (Fig. 5.1) TB-Sl, TB-S2, TB-S3 and 

TB-S4, with initial blister spans 2a=32mm, 48mm, 20mm and 20mm, 

respectively, were tested in static direct compression. The test 

specimen TB-S4 was made identical to TB-S3 after insufficient data were 

obtained from the latter. TB-S1 and TB-S2 had the same sandwich span 
UV=150mm). The other two specimens (TB-S3 and TB-S4) had instead a 

different span (29. '-120mm) because the CFRP strips were mistakenly 

cut shorter. However, this should have hardly any effect on the 

expected delamination data given that the earlier mentioned assumption 

was observed by allowing enough lengths for the attached portions of 

the outer layer. 

The specimen shown in Fig. 5.1 was loaded in a 500kN Avery testing 

machine through flat Aluminium plates with their inner sides slotted 

for a. partial insertion of the loading fixtures as shown in Plate 5.1. 

Two metric dial gauges attached to the machine bottom platen through 

magnetic based stands were set to measure the bulge-out displacements 

at the mid-spans of the debonded layers (Plate 5.1). The axiality of 

the applied load was checked by comparing the compressive strains in 

the straight portions from both' sides of the specimen. Eventually, 
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sheets of Aluminium foil or blotting paper were distributed on top of 

the upper Aluminium. plate to bring the above strains close to each 

other. Delamination growth was measured from both front and back of 

the specimen using an x20 Stereo Microscope. 

The load was applied progressively in a predetermined sequence of 

intervals. At the end of each interval measurements were taken of the 

overall applied load, lateral deflections and the various strains (two 

applied strains in the attached portions and two strains in the middle 

of the bulge-out layers). The above sequence was continued until the 

occurrence of delamination which usually took place from one side at a 

time. The delamination growth was measured and the loading was 

increased until the next side delaminated and a new growth measurement 

was taken. From here, the loading sequence was reversed and a record 

of release data was obtained. The above described loading sequence and 

specimen response were typical for all the TB test specimens. Often 

there was observed a drop in the overall applied load level 

accompanying the onset of crack extension. This drop, however, was 

never substantial because the loss of stiffness at the delaminated face 

was immediately compensated by a load transfer to the inner layer of 

the face and also, to the opposite side of the specimen as was observed 

from a simultaneous increase in the applied strain of the latter. 

Perfect alignment remained undisturbed by the event of delamination, 

not surprisingly, overall instability never occurred with any TB 

specimen. 

The mechanism of splitting growth tended to alternate between top 

and bottom of the original blister layer and between one face and the 

other of the sandwich. Only on a few occasions, where the extent of 

separation and consequently the bulge-out deflection were relatively 

large, did delamination extend simultaneously from top and bottom of 
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the same side. Often, the amount of crack extension at the front of 

the specimen was not matched exactly at the back side which pointed to 

an oblique crack front with respect to the edges of the CFRP strip. 

This latter behaviour is typical for relatively wide blister specimens, 

and can cause slightly varying through-width split deflection. 

Delamination, especially in the early loading envelopes was accompanied 

by the initial debond being snapped open with the crack running along 

the expected path. 

Numerical results from Chapter 4 combined with other new analytical 

curves introduced here were compared with the experimental data 

described in this chapter. 

5.3.2 Collection and Presentation of Data 

In the previous subsection, the general behaviour of the TB 

specimens during loading was described. Apart from this, each specimen 

had its own characteristic set of results spread over the corresponding 

delamination growth range. The experimental results from each specimen 

are described and discussed here below. 

(I) Specimen 
-TB-Sl. 

Four loading/unloading envelopes were 

performed on this specimen. The amount of delamination(s), order of 

occurrence, and site of delamination(s) corresponding to each load 

envelope are sketched in Fig. 5.2. The CFRP blister strips have been 

labelled with the letters "A" and "B" for easy identification and 

reference. For convenience, each load envelope has been indicated by a 

number and the primes represent the order in which the delamination 

occurred. For example, 3" refers to a crack extension which came 

second (the first occurred at the opposite side of the sandwich) during 

load envelope number 3, etc. This convention was also adopted for the 
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other test specimens. 

The crack extension during testing of the TB-Sl specimen alternated 

between sides 'A' and 'B', and between top and bottom for the same side 

of the specimen where it tended to keep symmetry about the original 

blister centre line as shown by Fig. 5.2. Plates 5.2 and 5.3 show 

advanced stages of delamination for specimen TB-Sl. 

Figs. 5.3 through to 5.5 show the total compressive load versus the 

compressive strain (applied strain) in the straight portions of the 

CFRP strips during the four loading envelopes. Fig. 5.3,5.4 and 5.5 

represent the typical behaviour of the specimen where linearity is 

predominant up to the onset of delaminatione 

Both sides of the sandwich carry approximately the same proportion 

of the overall applied load, Pov, especially along the loading lines 

as judged by comparing the two responses during loading and releasing. 

The central part of Fig., 5.3 portrays parallel loading/unloading lines 

which underlines equal load rates in both sides of the TB specimen. 

This latter behaviour however is not reversible as shown in the loading 

cycle which follows on immediately (Fig. 5.4). It is seen from Fig. 

5.3 that, as far as the loading response is concerned, the load rate 

from side 'A' of the specimen is not affected by the delamination at 

the opposite side (side 'B'), suggesting that load transfer was mainly 

restricted to the delaminated strip from the outer to the inner 

layers. However, in most of the times, a small drop in the applied 

strain which accompanied delamination growth gave rise to a slight 

increase in the corresponding strain at the opposite side. 

Occasionally, the load rate in one face of the sandwich changed in 

favour of the other face as shown in Fig. 5.3. This behaviour was 

attributed to changes in the mechanism of load distribution inside the 

end-fixtures. It 
Iwas 

found that the loss of specimen stiffness 
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resulting from delamination growth was only temporary, because the 

overall load regained its previous level at the onset of crack 

propagation after a slight retardation due to the clamping effect at 

the ends of the sandwich. 

The tensile strains in the delaminated layers, as yielded by the 

centrally positioned strain gauges, are plotted versus the overall 

applied load in Fig. 5.6 for the first load envelope. These strains 

showed sharp drops, at the onset of crack propagation, proportional to 

the respective delamination growths. The lateral deflections, 

corresponding to the measuring points of the tensile strains, are 

plotted in Fig. 5.7 versus the total load, Pov, for the same load 

envelope. It is seen from Figs. 5.6 and 5.7 that the instantaneous 

decrease in the tensile strain is accompanied by a corresponding 

increase in the lateral deflection. The graph in Fig. 5.7 shows a 

rather peculiar behaviour towards the end of the closing lines. The 

exact reason behind this is not clear, but it is thought it must be due 

to extraneous displacements. In fact, the measurements of the lateral 

deflections as given by the dial gauges were not satisfactory because 

these incorporated errors from various sources, mainly deformations 

from the end fixtures and backlash displacements in the stands of the 

dial gauges. Unfortunately, the latter were the only means available 

to the author for side deflection measurement. More accurate lateral 

deflection measurements may be obtained by a specially designed dial 

gauge fixture attached to the sandwich and no where else so that 

undesirable displacement components may be eliminated. Not attempt was 

made to design this dial gauge fixture because the main concern was the 

study of delamination versus loading. It was observed that at complete 

load release, the blister layer showed a slight residual deflection 

(Fig. 5.7). This deflection, howeverg accumulated over the loading 
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envelopes and could be clearly distinguished at the late stages of 

delamination. 

Early splitting growths were characterized by unstable crack 

initiation and a loud cracking noise of about half a second duration. 

This behaviour subsided when the corresponding outer layer approached 

complete separation. In fact, by the end of the third load cycle, 

delamination was extensive, particularly, from side 'A' (Fig. 5.2 and 

Plate 5.3). This side came second in the order of crack initiation, 

where growth took place from the bottom and was extensive, slow (21MM 

extension in 1%, 10 seconds) and not audible. As a result, the 

delaminated region from side 'A' shifted its centre line of symmetry 

downwards by q, 9= while symmetry was maintained at 'B' when the load 

cycle was completed. The same pattern of crack growth characterized 

the fourth load envelope. At this stage, permanent in-plane 

deformations were observed as the load was released as shown in Fig. 

5.8 for the last load envelope. It is clearly seen from this figure 

that the gap between loading and unloading lines from either side of 

the specimen has widened compared with the previous load cycles. The 

above difference was thought to be partially due to the fact that the 

strain gauges were gradually being affected by the closing in of the 

delamination fronts. 

The experimental delamination strain for each side of the sandwich 

is plotted versus the blister half span 'a' in Fig. 5.9 together with 

the cdrresponding theoretical prediction. The-experimental 'a' values 

shown in Fig. 5.9 are average debonded extents from front and back of 

the CFRP strips. The calculated curves were obtained as follows: 

(i) The set of curves, shown in Fig. 4.22, which represents the 

load ratio P1/PE versus the blister half span 'a' for various 

applied strains, is used with a similar set (Fig. 5.10) to construct 
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the set of curves shown in Fig. 5.11 in the form of the load ratio 

Pj/PE versus the applied strain 'C' for various values of, 'a'. - 

(ii) Given the applied strain V and the blister half-span, 

Fig. 5.11 may be used to find Pl/PE9 therefore Pl is now known. 

(iii) Pl, from above, is added to P2, which can be calculated 

from the last formula in Eqn. (4.17), with El = E2. to yield the 

total applied load P-as given by Eqn. (4.16). 

(iv) With P at hand, and with the knowledge of the cross sectional 

area of the CFRP strip along the straight portions, and by simply 

taking the overall Young's modulus as El, an approximate applied 

strain can be calculated. It is said approximate, because the overall 

Young's modulus Ed given by Eqn. (4.21) should be used instead of 

El to attain the exact predicted applied strain. However, this would 

have entailed the setting up. of an iterative procedure, using, a 

different set of curves for the total strain energy in the blister 

layer (Ut) versus a, each time a new pair c and Pi was selected 

for a particular 'a' value. This amount of calculation is beyond the 

real aim of the present chapter. Therefore, a straightforward 

approximate procedure, as described in the above steps, was chosen to 

evaluate e. Better approximations, can be achieved provided the 

ratio a/V (refer to Fig. 4.1, Chapter 4) is small compared with the 

ratio c'A'. Certainly, the above problem should not have arisen if 

certain means had been available for measuring the in-plane load P1 

in the blister layer at the onset of crack propagation. 

The predicted applied strains, as percentages of the respective 

experimental values, varied between 65% and 57% corresponding, 

respectively, to the first and third load cycles with an average value 

of 62%. With the previous approximation in mind, the average agreement 

may be judged as fair. The gap between experiment 
\ 

and calculation 

- 99 - 



widens as delaminatilon grows bigger. This is thought to be due to the 

tacit approximation: accumulative effect in the initial deflection has 

been'ignored in calculating the predicted values of the applied strain 

(60=0. lmm has been used throughout the theory). Therefore, whilst 

early delamination growths could be better predicted the late growths 

were in error to some extent. Thus, in order to obtain the best from a 

twin blister specimen, more design curves are needed which include the 

effect of varying initial blister deflection. ' 

The smooth curve to the right in Fig. 5.9 represents a stability 

front and has been constructed from the thresholds corresponding to the 

maximum values of 'a' at the maximum swing to right of the curves shown 

in Fig. 5.10 and similar others. It was experimentally observed that 

delamination growths to the right of the above curve were very stable 

as predincted by the theory. Moreover, this late delamination growth 

was not audible which is characteristic of stable crack propagation. 

The above mentioned smooth curve is actually a part of an orthogonal 

plane trace of a three dimensional surface with the third dimension 

represented by the load ratio Pl/PE- However, the shown part of 

the complete curve does not depend on the load ratio Pl/PE and 

represents an absolute boundary between unstable and stable crack 

growth regions. 

By the end of the fourth load cycle TB-Sl had its side 'A' at the 

edge of complete delamination from the bottom. Moreover, it was 

evident, the strain gauges could be affected by the extensive 

separation of the outer layers. Therefore, no more data were taken 

from the specimen which was later loaded until the overall failure of 

the column. The sequence of events in which this way accomplished was 

as follows: 

A steady load rate was applied to the specimen, at an overall load 
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of 19.4kN delamination started at the bottom of side W and continued 

to grow slowly in this direction, under slightly increasing load, until 

complete separation of the bottom of side W at 19.75kN. The overall 

load dropped to 19.3kN followed immediately by complete delamination of 

the top of side 'A'. The load was increased steadily until the column 

failed through direct fracture from the bottom of side 'A'. The load 

dropped from the failure level 21.73kN to 12.25kN. The final fracture 

was accompanied by a sharp 'bang' and lefe the column in the 

configuration shown by Plate 5.4. This type of failure was attributed 

to elastic buckling and fracture of the fibres combined with matrix 

shearing as described in Ref. 92. The bulge-out shapes remained at 

complete load release indicating that significant plastic deformations 

preceded the final failure. 

The use of theoretical curves, calculation of the predicted applied 

strains and the modality of data presentation have been detailed in the 

course of the above discussion, and are tacitly adhered to throughout 

the remainder of the section. 

(II) Specimen TB-S2. The delamination data for this specimen were 

collected from five load envelopes. The sequential crack accumulation 

is quoted along the sandwich span and shown in Fig. 5.12 by the front 

and back views of the specimen. Here the pattern of splitting growth 

is different in certain aspects from that seen for specimen TB-S1. For 

instance, the pattern of crack growth alternation between top and 

bottom of the same side and between the two sides of the specimen was 

broken. Thist however, may be explained in that, the initial debonded 

areas were relatively large, a fact which was translated into large 

bulge-out deflections and, as mentioned earlier, favoured simultaneous 

top and bottom crack growths. One aspect shown in Fig. 5.12, which was 

not much in evidence for specimen TB-Sl until the last load envelope, 
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is that the delamination growth is more extensive from the front than 

the back of the specimen. Excluding load eccentricity because the 

column was perfectly aligned and twisting (because this was unlikely 

given the axiality of the overall load) the answer points to 

preferential sites for the delamination growth caused by different 

interlaminar strengths. 

The audibility of cracking for the first two load cycles was 

attenuated compared with the previous case for specimen TB-Sl. As for 

the rest of the load envelopes, crack audibility got weaker and weaker 

as the corresponding debond increased in length. Delamination was more 

stable than the TB-Sl case, and that stability increased as the crack 

grew longer. In fact, during the last three load envelopes, the 

splitting increased slowly in proportion to the applied load. In the 

course of crack growth no load drop (only hesitation) was noticed 

throughout the testing session of the specimen. The uneven 

delaminýtion growth as shown in Fig. 5.12 might have contributed to the 

stable tendency of split growth. Simultaneous debond extensions from 

both sides of the sandwich took place in load envelopes 2 and 3. This 

behaviour was likely enhanced by very good load axiality combined with 

relatively large bulge-out deflections and blister spans, as will be 

evident soon from the related load-strain responses. Plate 5.5 shows 

as interesting feature of the interlaminar interface from side 'A'. 

The central dark region across the separated outer and inner layers is 

the original debond (2a=48mm). This is followed outwards by a shiny 

grey region which represents the delamination growth over the five load 

envelopes. The extreme small areas are distinguished from the 

delamination region and were the only attached portions when the two 

layers were separated for inspection. Benbow (Ref. 37) argues that 

freshly cracked specimens of plastics exhibit Colour effects on 
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surfaces of stable cracks. He explains that these second-order colours 

are seen when the surface is viewed by reflected light and are probably 

caused by interference. In fact, Plate 5.5 was produced by- a tentative 

combination of the right illumination and angle of view. The above 

effect was not so noticeable for the other test specimens described in 

this section which backs the explanation that stable crack propagation 

is at the root of the colour feature. 

Figs. 5.13 through to 5.17 represent the load-applied strain 

response for the five load envelopes. These figures are characterized 

by a good linear behaviour up to the onset of delamination growth. 

Also, the rates of load and load release, wherever shown, are almost 

the same, which demonstrate the axiality and balanced distribution of 

the overall applied load. 

The tensile strains in the middle of the blister layers are shown 

in Fig. 5.18, for the first load cycle, where delamination during this 

cycle was allowed 'to grow only from side W before the load was 

released. Consequently, most of the load line from side 'A' was traced 

back by the release line as seen in the figure. A slow starting 

response was revealed by side 'A'. This behaviour was also noticed for 

both sides of the specimen TB-Sl (Fig. 5.6), and is thought to be 

related to the adhesive links offered by the interposed PTFE sheets. 

In fact, for all the test specimens, it was observed that such 

behaviour marked the start of the first load envelope and attenuated 

when the corresponding blister layer popped out open giving rise to a 

sharp increase of the corresponding lateral deflection as depicted in 

Fig. 5.19. 

The experimental and calculated critical applied strains are plotted 

in Fig. 5.20 versus the blister half span. Fig. 5.219 which represents 

the critical load ratio Pl/PE versus the applied strain for various 
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'a' values was used, in exactly the same way as for TB-Sl, to produce 

the prediction graphs given in Fig. 5.20. The experimental strain 

increases steadily with the increasing of the blister half span (Fig. 

5.20) and tends to be constant at around 1900pe. The calculated 

strains varied between 62% and 55% of the experimental values 

corresponding, respectively, to the first and fourth load cycles. 

These percentages, compared with the 65% and 57% for specimen TB-Sl, 

show a reduction in the predicted values when larger blister half spans 

are considered. Accumulative initial deflections have also here the 

effect of widening the gap between experiment and calculations. 

Fig. 5.22 shows the load strain response for side 'A? while the 

specimen was loaded to failure. The figure is characterized by a good 

linear behaviour up to the final failure of the column, where almost 

complete delamination from both sides of the specimen was immediately 

followed bj a direct fracture from one side as was previously observed 

for specimen TB-Sl. The state of delamination and lateral deflection 

just before the final collapse is displayed by Plate 5.6. It is noted 

that the uneven delamination extent from both sides of the specimen, 

the outer layers being completely separated from top, has shifted the 

maximum lateral deflections upwards. 

(III) Specimens TB-S3 and TB-S4. Relatively limited delamination 

data were obtained from each one of these two specimens because of 

problems with load eccentricity, brought about by relatively short 

extremities (11-15mm) being moulded into the loading end-fittings. 

This was imposed by the use of shorter strip faces for the sandwich, as 

a result of a mistake in cutting the CFRP board. Consequentlyt often 

difficulties were encountered in stabilizing the applied load because 

it transferred in turn-between the two sides of the specimen before the 
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column settled and a stable loading regime was reached. This was 

achieved sometimes at the expense of the specimen overall axiality. In 

fact, while the sandwich was perfectly straight it tilted noticeably 

sideways as a result of deformations in the end-fittings. The overall 

lateral deformations for the two specimens are reflected in Figs. 5.23 

and 5.24 of the lateral deflections, measured in the middle of the 

blister layers, versus the total applied loads. The same pattern of' 

behaviour is echoed in Figs. 5.25 and 5.26 where the strains in the 

middle of the bulge-outs are plotted versus the overall applied loads. 

It is seen from the latter figures (Figs. 5.25 and 5.26), that the 

strains in the middle of the bulge-out portions often take on 

compressive values at the start of the load cycles. This is partially 

because the initial blister spans are relatively small, apart from 

contributions from overall lateral deformations, as shown in Fig. 5.26. 

The extent of delaminations for specimens TB-S3 (over two load 

cycles) and TB-S4 (over four load cycles) are sketched, respectively, 

in Figs. 5.27 and 5.28. The figures show generally non-uniform 

splitting growth from the same side (e. g. side W in Figs. 5.27 and 

5.28). Moreover, the specimens tended to split more from one side than 

the other or even from one side only as in the case of specimen TB-S3 

(Fig. 5.27). The above behaviour is thought to be caused mainly by the 

eccentricity of the overall applied load. 

The applied compressive strain versus the overall load is plotted 

in Figs. 5.29 through to 5.34 for each of the six load envelopes (two, 

from TB-S3, and four, from TB-SQ, where delamination loads and 

average blister spans are also quoted in the figures. The central 

regions of the graphs are characterized by a good linear behaviour 

while the start and the end are generally marked by unsettled behaviour 

due to load transfer from one side to the other side within a certain 
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specimen. This load transfer, as was mentioned earlier, is enhanced by 

deformations in the end fixtures. However, the two specimens combined 

provided overall good delamination results as described in the 

following paragraph. 

The experimental applied strain together with the corresponding 

predicted value, at the onset of crack propagation, are plotted versus 

the blister half span in Fig. 5.35. The calculated curve was produced 

through the use of the load ratio Pl/PE versus the blister half 

span 'a' (Figs. 5.36 and 5.37) to construct the graphs shown in Fig. 

5.38 of Pl/PE versus C for several 'a' values. These latter 

curves were then used to calculate the applied'strains as described for 

the other specimens. 

The calculated applied strains, as percentages of the corresponding 

values on the experimental curve, varied between a very good 85% for 

the first delamination growth (Fig. 5.35) to a fair 60% for the last 

crack propagation. Again the trend of widening gap between calculation 

and experiment as the delamination grew longer is clearly shown in Fig. 

5.35. This, as explained earlier, was thought to be mainly due to 

accumulative effects in the initial blister shape. However, other 

causes, such as fibre bridging, might have been equally responsible. 

Splitting, especially in_the early stages, was characterized by a 

jumpy and audible unstable growth. In fact, these relatively small 

initial 'a' values are found well inside the unstable zone predicted by 

the theory (e. g. Figs. 5.36 and 5.37) and may give rise to a sudden and 

extensive damage once the critical conditions are met. However, the 

unstable behaviour gradually attenuated towards the late crack 

extensions where a quasi-stable delamiantion was observed. 

The final specimen failures were similar to those for the previous 

cases. Specimen TB-S3 failed by direct fracture from side tB' when 
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this was almost completely delaminated. Specimen TB-S4 was loaded 

while the extent of splitting was as shown in Fig. 5.28. When the load 

reached 19.4kN delamination took place from the bottom of side 'B' and 

continued to grow as the load was increased progressively. At 

19.75kN, side 'B' was completely separated followed by total 

delamination from the top of side 'A'. Finally, the column collapsed 

at 21.725kN (Plate 5.7) through a combination of overall separation of 

the outer layers, and fracture at the lower end fixture by what was 

thought to be due to the developing of high bending stresses at the 

lower end of the specimen, created by load eccentricity. 

The critical applied strain from experiment and prediction, for the 

first delamination growth in all the test specimens, is plotted versus 

the initial blister half span in Fig. 5.39. It is clearly seen that 

once the accumulative effects in the initial blister bulge-out are 

excluded, a reasonable agreement between theory and experiment is 

achieved. 

5.4 DELAMINATION FATIGUE RESULTS AND DISCUSSION 

5.4.1. Specimens and PretestinR Set up 

It was seen from the previous section that twin blister (TB) test 

specimens proved to be a suitable means for the study of static 

delamination under direct compression loading. In the present section, 

the splitting growth in other TB specimens subjected to repeated 

compressive loads (fatigue) will be described. It must be understood 

that whenever a reference is made simply to a maximum or a minimum the 

word 'compressive' is tacitly implied. 

Four test specimens TB-Fl, TB-F2, TB-F3 and TB-F4 with, 

respectively, an initial blister span (2a-20,32,32, and 48mm), were 

made for the fatigue study in this section. The columns had the same 
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length (W-150mm) except TB-Fl which had (2Z'=lOOmm). The other 

dimensions are shown in Fig. 5.1 and are common to all the specimens. 

In a similar fashion to the static case, each sandwich had its sides 

designated by the letters "A" and "B" for reference and identification. 

The fatigue TB test specimen was loaded in the Instron 

servo-hydraulic testing machine as displayed in Plate 5.8. Prior to 

the start of the test, the column was vertically aligned with the help 

of a spirit level. The two strain gauges on both sides of the specimen 

were connected to two Strain Indicators type 1526, and the x20 Stereo 

Microscope was set for measuring delamination growth from the front of 

the specimen (a magnifying glass was used for back measurements). At 

regular intervals, the alternating load signal was disconnected and the 

overall load taken up to its maximum limit. At this stage, lateral 

deflections from both front and back were measured at the centre of the 

original debond span for each side of the specimen using a dial 

caliper. At the same time, the total bulge-out of both sides combined 

of the sandwich was also measured. This latter information was added 

so that secondary lateral deformations other than those directly 

associated with delamination could be appreciated. 

A sinusoidal compression-compression constant amplitude loading, at 

a frequency of 6Hz, at a mean load level of 5kN was selected for all 

the specimens. Temperature related time-dependent effects were 

, neglected, given that the frequency was reasonably small. The cycling 

amplitude, minimum and maximum of the alternating compressive load and 

maximum of the compressive load at the onset of static crack 

extension, are presented in Table 5.1. Plate 5.9 depicts a typical 

fatigue delamination growth. Despite the extensive splitting, as seen 

from the plate, the lateral deflections were not as large as in the 

static case. However, the bulge-out from both sides increased and 
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decreased in phase with the loading frequency, 

A rather curious behaviour was observed, with all test specimens, 

when comparing the maximum strain during cycli-ng, and the corresponding 

maximum for the same total load while the alternating signal was 

disconnected (these two strains will be referred to, respectively, as 

maximum dynamic and maximum static). In fact, for a certain side of 

the tested specimen, the maximum dynamic strain was lower than the 

maximum static value. In other words, even though the machine was 

cycling between the preset upper and lower load limits the sides of the 

specimen failed to match the respective shares of the load, which would 

be recorded when the machine was stationary with the specimen under the 

maximum load condition. The ability of the sandwich to respond to the 

full extent of the load amplitude was influenced by the frequency, the 

load amplitude and the damping effect of the end fixtures. Therefore, 

in order to appreciate the maximum amount of load, carried by each side 

of the sandwich while cycling, the maximum compressive strains were 

frequently monitored (Tables 5.2,5.3 and 5.4). The effect of frequency 

on the dynamic strain response is represented by the typical behaviour 

shown in Fig. 5.40, drawn for specimen TB-Fl. These linear graphs show 

how the increase in frequency is proportionally responded to by a 

decrease in dynamic strain value. Both sides of the specimen exhibit 

a similar response as seen from the parallelism of their respective 

graphs which points to the overall damping of the end-fixtures as the 

main cause behind this behaviour. This truncated response occurred 

because before the strain reached its maximum value the load had 

already been relieved as the machine ram went down towards the bottom 

of its stroke. 
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5.4.2 Presentation of Fatigue Data and Discussion 

(I) Specimen TB-Fl. The data presentation given here in the course of 

discussing the results for this specimen is common to all other cases. 

The above specimen totalled 1050345 cycles, during which only side 

IBI accumulated delamination growth with side 'A' remaining intact. 

This was thought to be a direct result of more load taken by side IBI 

than side 'A'. In fact, at the start of the test the former had a 

maximum dynamic 710 u-strain compared with 385 li-strain for the 

latter. These values increased after 600000 cycles to, respectively, 

728 and 425 u-strain, and were matched by similar increases in the 

respective minimums and mean load levels. However, this behaviour 

could not be associated with a certain trend because it lacked 

consistency as the strains increased at times and decreased at other 

times as will be shown for the other specimens. One possible 

explanation was that the shaking effect of cycling could have 

continuously altered the state of stress and consequently the strain 

distribution across the faces of the sandwich, although some other 

causes might have been responsible as well. Nevertheless, the 

aforementioned strain variations were relatively small, therefore, an 

average strain value was accepted, with good approximation, to 

represent the true in-plane load of a certain side of the tested 

specimen, provided the material response was still elastic and linear. 

This should be the case given that similar specimens were characterized 

by an overall good linear elastic behaviour up to the onset of static 

delamination. 

A semi-log plot of the blister span versus the number Of cycles is 

shown in Fig. 5.41 for side 'B' of specimen TB-Fl. These graphs are 

characterized by an overall linear behaviour between 100,000 and one 

million cycles. Delamination growth started from the back of side 'B' 
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and was followed later by the front where this was marked by a higher 

rate of crack growth until it equalized the splitting extent from the 

back at around 100,000 cycles. Beyond this point a nearly uniform and 

quasi-linear delamination growth was achieved. The crack propagated in 

almost equal amounts above and below the centre line across the 

original blister layer for both the front and the back of the 

bulge-out. The rate of debonding growth was higher at the start of the 

test and gradually attenuated before it stabilized at around 100,000 

cycles. Crack extension was very stable, slow with no jumping and not 

audible. If the explanation for the colour on the fracture surface is 

accepted as a sign of stable crack growth then the fracture surface, 

shown in Plate 5.10 for side 'B' of specimen TB-Fl, can be regarded as 

a typical example. The progressive crack propagation is clearly 

indicated by relatively bright beach markings following outwards from 

the initial split distinguished by the central dark area. The fatigue 

markings, which are separated from the static fracture regions by the 

crescent shaped lines, give information about the shape of fatigue 

crack fronts at various stages of growth. The fatigue delamination 

surface was found to be smoother when compared with the outer regions 

which were split by hand. 

Figs. 5.42 and 5.43 display, respectively, the specimen overall 

blister bulge-out and side 'B' front and back lateral maximum 

deflections, versus the number of cycles, while the specimen was under 

the total maximum compressive load (80) with the fatigue signal 

disconnected. These figures, however, are relative to the point of 

zero load at the start of test. Therefore, in order to assess the 

effect of cycling on the lateral deformations, it is advisable to take 

measurements relative to the starting point on each curve. The same 

convention will be adopted also for the other specimens. It is seen 



that the curves, especially those in Fig. 5.43, are reflecting the 

image of the graphs shown in Fig. 5.41 for the blister span versus the 

number of cycles. In comparing Figs. 5.42 and 5.43 an increase of 

the total bulge-out (Fig 5.42) over the corresponding values in Fig. 

5.43 is noticed beyond 500000 cycles. Otherwise, the lateral 

deformations as given by one figure are approximately representative of 

those from the other, indicating that lateral secondary displacements, 

are so small as to be contained within the precision of the measuring 

device (. t 0.05mm). 

II) Specimens- TB-F2. TB-F3_ and TB-F4. Fatigue delamination data 

for these specimens are shown in Figs. 5.44 through to 5.48. For 

clarity, each figure, except for specimen TB-F2, is associated with a 

complete set of data from either sides of one of the specimens. An 

approximate linear behaviour is observed beyond 100000 cycles, where 

the rate of crack increase with the number of cycles increases as the 

overall compressive applied load increases* Another common feature 

which was observed earlier for TB-Fl, is the nearly equal rates of 

crack extension from the front and back of the same side of a certain 

specimen. Occasional sharp jump in crack propagation took place as 

observed, for example in Fig. 5.44 for the front of side 'A'. This 

behaviour might have been due to a batch of weak interlaminar bonds, 

therefore, it can be ignored when calculating the rate of crack 

extension. 

Plate 5.11 displays the fatigue delamination surface for side 'A' 

of specimen TB-F2, with the inner edges representing the back of this 

side. It is interesting to see that the beach markings started from 

the front and worked their way inwards and logitudinally, however, 

without reaching the inner edges (back of side 'A'). This is confirmed 
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by the rate of crack growth shown in Fig. 5.44, where splitting was 

continuously accumulating from the front of the specimen while its 

back remained virtually undelaminated save an initial slight growth. 

Another interesting fatigue fracture surface is offered by Plate 

5.12 for side 'B' of specimen TB-F3. This specimen accumulated the 

largest number of cycles which is reflected by many beach markings. 

These were initially horizontal then became gradually oblique showing 

more growth rate from the front than from the back of the specimen. 

Again the above observation is echoed in Fig. 5.45 where equal crack 

growths were measured from the front and the back of the specimen up 

to 100000 cycles then the rate of growth changed being slightly larger 

from the front. The beach markings on side 'A' of specimen TB-F3 were 

observed to be mainly perpendicular to the fibre direction which is a 

sigR of uniform crack extension as seen from Fig. 5.46. Similar 

behaviour was found for specimen TB-F4 as seen from Plate 5.13 and 

confirmed by Figs. 5.47 and 5.48. As was observed for specimen TB-Fl, 

the delamination fatigue surfaces were smooth when compared with the 

static case. The lateral deformations for the above discussed 

specimens are given versus, N, in Figs. 5.49 through to 5.56. 

III) General to all Fatigue Specimens 

In general, the influence of N on the behaviour of the lateral 

deflection is mainly through the increase of crack length with load 

cycling. This fact is often highlighted by the shape of the various 

deflection curves when compared with that for tal versus 'N'. The 

graphs for the lateral deformations and blister spans can be used to 

correlate their rates of growth with respect to 'N' over a certain 

range of the latter. 

A common characteristic to all the fatigue fracture areas 

- 113 - 



displayed, is the tendency of the aforementioned beach markings to 

concave outwards in the direction of crack growth, especially in those 

cases where the crack propagated uniformly (e. g. Plate 5.10). This 

behaviour has a simple explanation: fatigue delamination growth starts 

first at the edges then it gradually propagates inwards towards the 

centre of the specimen. 

The side 'A' and 'B' average slopes of the linear portions of 2a 

versus N graphs represent the crack growth rates for the same regions. 

These are plotted versus the fatigue maximum total compressive load in 

Fig. 5.57. It is clearly seen from this figure that the net effect 

consists of higher crack growth rates corresponding to higher 

compressive maximum loads and therefore higher load amplitudes. This 

same conclusion is generally evident from Fig. 5.58 of log E versus 

log [d(2a)/dN]. The two points not laying on the curve are those for 

specimen TB-F3. In fact, this case was characterized by the highest 

maximum applied strain difference between its two sides among the rest 

of specimens with delamination on both sides. However, when viewed in 

the net damage context the above mentioned points will be represented 

by one, consistent with the rest of the data shown in Fig. 5.58 and 

consequently with the net behaviour as depicted in Fig. 5.57. 

5.5 CONCLUSIONS 

Twin blister specimens and test procedures have been given for the 

study of delamination characteristics under static and fatigue in-plane 

compressive loading. The TB specimens offered several advantages, 

e. g. they were self supporting in that no compression guides were 

needed with subsequent elimination of unwanted effects. They are 

economical and time saving because sufficient data could be obtained 
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from a small number of such specimens and they were found to be 

reliable with relatively stable delaminations. The main conclusions 

from the test programme described in this chapter are summarized below. 

(a) Static tests 

M Four TB specimens were tested in static direct compression. 

Shorter initial blister spans were marked by unstable and audible crack 

growth, while relatively long spans yielded stable or quasi-stable 

delamination extension. 

(ii) Splitting growth tended to alternate between top and bottom 

of the original blister layer and between one side and the other of the 

same sandwich. 

(iii) Often, the crack extension from one edge was not matched 

exactly at the opposite edge of the same face which resulted in an 

oblique crack front with the longitudinal direction. 

(iv) Graphs representing load-strain and load-original blister 

mid-span lateral deflection were given and discussed for each specimen. 

(v) The compressive applied strain was. mainly linear up to the 

onset of crack propagation. 

(vi) Experimental delamination strain was plotted versus blister 

half span and compared with a theoretical prediction for each 

individual specimen side. 

(vii) The predicted delamination strain varied between 62% and 85% 

of the experimental value for the first delaminations and the agreement 

decreased for subsequent splitting as a result of the effect of an 

accumulation in the initial deflection of the debonded layer. 

(viii) The average agreement between theoretical and experimental 

applied compressive strains has been found to be around 70% for the 

first crack growths. 

(ix) The delamination surfaces showed colour reflection for 
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stable crack growth which showed that splitting was resin dominated. 

(b) Fatigue tests 

(i) Four TB specimens were tested in fatigue direct compression 

at the same mean load level but with various load amplitudes. 

Delamination growths and lateral deformations have been given versus 

the number of cycles and discussed for each specimen. 

(ii) Splitting exhibited very stable crack growth and showed 

mainly linear behaviour beyond 100000 cycles when plotted versus the 

number of cycles on a semi-log scale. These linear regions were used 

for measuring the rate of delamination growth for the same regions. 

(iii) Fatigue crack growth was characterized by beach markings on 

the fracture surfaces. 

(iv) The beach markings tended to concave outwards in the 

direction of crack growth. This was because fatigue splitting started 

first at the edges and propagated gradually inwards with load cycling. 

(V) The maximum value of the overall fatigue load has been given 

versus the average rate of crack growth for each specimen. It is shown 

that the higher the maximum value of fatigue load (and consequently the 

load amplitude) the higher is the overall rate of damage growth. 

(vi) The maximum value of dynamic strain in each side has been 

plotted versus the corresponding delamination growth rate. This result 

compared favourably with that in (v). 
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TABLE 5.1 TEST PARAMETERS FOR TB, FATIGUE SPECIMENS 

Initial Static Mean Overall compressive Load 
blister overall load alternating load Amplitude 

. half span applied level (B) Max. load 
Specimen a (mm) load at Min. load 

delamination Max. load Min. (kN) 
(kN) load 

TB-F1 10 14.30 5.0 8.0 (56%)** 2.0 6.0 

TB-F2 16 14.60 5.0 7.0 (48%) 3.0 4.0 

TB-F3 16 14.60 5.0 8.75(60%) 1.25 7.5 

TB-F4 24 11.65 5.0 9.5 (82%) 0.5 9.0 

Average delamination loads from both sides of the specimen. 

() Max. of alternating load as a percentage of the static delamination load. 



TABLE 5.2. STRAIN VARIATION WITH THE NUMBER OF CYCLES 

FOR SPECIMEN TB-F2. 

No. of Side 'A' Side 'B' 

cycles, 
Max. dynamic Mean U- Max dynamic Mean U- 

N U-strain strain u-strain strain 

0 605 (744) 663 (822) 
20000 597 - 657 
55370 584 (731) 526 641 (807) 578 
96090 583 (728) 521 643 (806) 587 
328000 592 (731) 529 658 (817) 599 
400000 576 (721) 506 646 (808) 573 
500000 569 (711) 505 640 (803) 570 
568000 572 (713) 505 647 (811) 570 
614640 453 (603) 398 838 (1005) 759 

( ..... 
) Max. static compressive strain. 

Ave. max. dynamic compressive strains for sides 'A' and 'B' are; 
respectively, 581 U-strain and 647 U-strain. 
Max., mean and min. compressive loads - 70,5kN and 3kN, 
respectively. 
f- Oz. 



TABLE 5.3 STRAIN VARIATION WITH THE NUMBER OF CYCLES 

No. of 

FOR SPECIMEN TB-F3 

Side 'A' Side 'B' 

cycles, 
Max. dynamic Mean u- Max dynamic Mean u- 

N U-strain strain U-strain strain 

0 642 (884) 504 698 (963) 544 
3000 660 (898) 524 715 (977) 566 
5000 646 (896) 516 699 (970) 584 

10000 644 (897) 524 705 (976) 573 
20000 649 (902) 540 705 (983) 579 
32000 654 (900) 532 718 (994) 601 
44000 653 (904) 534 735 (1018) 613 
75000 658 (901) 536 740 (1016) 631' 
219680 666 (952) 536 777 (1035) 652 
300000 607 515 715 616 
400000 646 - 762 
450000 636 544 746 636 
700000* 648 551 758 652 
770000 670 536 788 638 
850000 651 544 767 633 
892000 658 539 774 636 
1200000 667 558 781 654 
1395000 645 542 748 650 
1765000 674 539 781 641 
1900000 687 - 781 - 2250000 687 (957) 610 787 (1091) 697 

Max. static compressive strain 
After load release the specimen showed 56 and 107 permanent 
compressive U-stains, respectively, from sides 'A' and W. 
Ave. max. dynamic compressive strains for sides 'A' and 'B' are, 
respectively, 654 u-strain and 747 U-strain. 
Max., - mean and min. compressive loads = 8.75kN, SkN and 1.25kN 
respectively. 
f- 6Hz. 



TABLE 5.4 STRAIN VARIATION WITH THE NUMBER OF CYCLES 

FOR SPECIMEN TB-F4. 

No. of Side 'A' Side 'B' 

cycles, 

N 
Max. dynamic 
U-strain 

Mean u- 
strain 

Max. dynamic 
U-strain 

Mean u- 
strain 

0 743 (1073) 552 715 (1037) 536 
2560 741 (1076) 560 725 (1049) 546 
5400 747 (1072) 572 737 (1057) 553 
10000 740 (1078) 566 733 (1073) 562 
23000 742 (1083) 569 727 (1067) 558 
41000 740 (1076) 569 729 (1066) 554 
63000 742 (1084) - 729 (1071) - 100000 753 (1071) 569 746 (1066) 558 
150000 713 (1049) 557 709 (1052) 546 
200000 712 (1038) 557 713 (1049) 544 
265000 711 (1027) 547 709 (1035) 539 
488000 687 (997) 536 687 (1004) 533 
550000 676 (978) 523 675 (990) 516 
660000 666 (982) 518 659 (970) 503 
729000 653 (939) 515 655 (961) 506 
973000 605 (855) 535 637 (918) 528 
1074000 555 (825) 468 616 (893) 474 
1200000 635 (854) 578 601 (855) 463 
1502040 1052 (1380) 1007 444 (654) 317 

() Max. static compressive strain. 

** Results affected by extensive delamination. 
Ave. max. dynamic compressive strains for sides 'A' and 'B' are, 
respectively, 697 u-strain and 694 U strain. 
Max., mean and min. compressive loads = 9.5kN, 5kN and 0.5kN, 
respectively. 
f- Oz. 
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CHAPTER SIX 

GENERAL CONCLUSIONS AND SUGGESTIONS FOR 

FURTHER WORK 

6.1 GENERAL CONCLUSIONS 

The interlaminar delamination problem in CFRP has been the 

subject of the present investigation. It is the relative ease with 

which debonding may ensue and propagate, especially under direct 

compressive loading, with consequent loss by the composite of its 

stiffness and load carrying capacity that has made the 

aforementioned problem a primary design consideration. Reliable and 

relatively simple theoretical models to assess the delamination 

problem have been developed and these have been supported by 

experiments on a number of representative specimens. 

A simple theoretical analysis based on a realistic model has 

been established of the load-deflection relationship for the DCB 

specimens. It accounts for the strains beyond the crack tip 

section. Comparisons of the predicted deflections with the results 

of a previous elasticity solution and the beam-on-elastic-foundation 

model have shown reasonable agreement. Further comparisons with 

some published experimental data revealed good agreement. The 

strain energy of bending stored in the DCB arms was evaluated and 

used in formulating expressions for the strain energy release rate 

which can be employed reliably to predict the fracture toughness of 

a certain material. Calculated stress intensity factors showed 

excellent agreement with results from two elasticity solutions and 
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from the elastic foundation model. TDCB dimensionless fracture 

strength was compared with established experimental data and found 

to be in very good agreement for values of ratio between crack 

length and effective specimen length (distance between load line and 

specimen base) ranging up to 0.7. The stability criterion for crack 

propagation has been established for the TDCB specimen with respect 

to both load and deflection controlled cases. 

DCB type test specimens, made of partially delaminated CFRP 

strips glued to steel adherends, and test procedures have been given 

for measuring the critical energy release rate in the opening 

delaminating mode between 0* layers. TDCB type-specimens, capable 

of raising the critical delamination load and therefore suitable for 

controlled stable tests on a servo-hydraulic machine were selected 

in the study of both static and fatigue splitting in the opening 

mode. The critical energy release rates, from Irwin-Kies compliance 

and Gurney's irreversible work methods, have been given versus the 

crack length alongside the corresponding analytical prediction. 

Fatigue data for various maximums of the alternating load have been 

presented in the form of crack length versus the number of cycles 

and a Paris type formula has been found for the prediction of 

fatigue delamination growth rate in the linear region of 'crack 

length versus number cycles'. 

A theoretical analysis based on beam-column theory and an energy 

release rate criterion has been presented for the crack propagation 

of a layered fibre reinforced plastic strip in direct in-plane 

compression, in the presence of a blister. Account has been taken 

of a resin rich layer at the delaminating edge and of an initial 

deflection in the blister geometry. The total strain energy for the 

blister layer has been calculated and combined with a law of 

mixtures to determine an overall Young's modulus for the laminate 
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which in turn was used in the evaluation of the strain energy 

release rate. Typical design curves have been given showing the 

influence of blister span, applied compressive strain and resin 

stiffness on the critical loads. It has been found that 

delamination may occur at in-plane load in the blister layer well 

below the Euler buckling load for a built-in strut. The case with 

no pre-loading initial deflection has also been developed along the 

same lines, and the effect of stiffness of the resin rich layer on 

the post-buckling behaviour of the debonded layer has been 

discussed. Design curves are given to predict the critical applied 

strain knowing the initial half debond length. Delamination is not 

possible unless the split layer buckles. 

Twin blister (TB) specimens with various initial spans and test 

procedures have been described for the study of delamination 

characteristics under static and constant amplitude compressive 

fatigue loading. In the static case, four specimens were tested in 

direct in-plane compression. Delamination was audible and unstable 

for short blister spans and became gradually stable as the crack 

grew longer. Several graphs which represent load-strain and 

load-lateral deflection responses are given and discussed. Also the 

critical compressive strains are shown versus the blister half span 

and compared with the. analytical predictions. Four additional TB 

specimens were tested in compressive fatigue. Data for crack growth 

and lateral deformation are plotted versus the number of cycles and 

discussed in the light of fatigue beach markings on the fracture 

surfaces. Other graphs describing, respectively, the maximum of 
fatigue overall load and the applied strain versus the rate of crack 

propagation show delamination sensitivity to high maximum fatigue 
loads and therefore high load amplitudes. Non uniform fatigue crack 
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growth is shown by the shape of the beach markings. These tended to 

concave outwards because fatigue delamination, first started at the 

edges and subsequently propagated inwards with load cycling. 

Fatigue and static fracture surfaces exhibit a colour effect for 

stable crack growth as demonstrated by the provided plates. 

6.2 SUGGESTIONS FOR FURTHER WORK 

Further work is needed as a follow up to the experimental and 

analytical investigations given in Chapters 3,4 and 5. In the light 

of this, future work may be conducted along the following lines: 

(i) TDCB type test specimens may be used to study the delamination 

characteristics for different CFRP lay-ups in both static and 

fatigue testing with emphasis on the effect of delamination surface 

morphology on the strain energy release rate. 

(ii) In the blister analysis, it remains to assess the influence 

of various initial mid-span deflection values and therefore 

eliminate the accumulative deflection effect on the delamination 

data when testing TB specimens. Also, the analysis may be extended 

to include different lay-ups and debonded layer thicknesses. 

On the experimental side, TB specimens can be employed in 

assessing -the influence of the various mechanical and geometrical 

parameters on the delamination behaviour under both static and 

fatigue loading. In addition, other initial debond shapes such as 

burried delaminations (e. g. Ref. 31), crack propagation from edge 

debonds, cut-outs, edge slots, etc. may be studied. In particular, 

sandwich specimens, with zero initial deflection for the debonded 

layer including impact induced delamination can be used to study 
buckling related interlaminar splitting behaviour and therefore 
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provide a backing for the theoretical analysis presented at the end 

of Chapter 4. To this extent, Ref. 91 could be a valuable start. 

Furthermore, thermal effects an the behaviours of debonding and 

buckling of originally flat layers can be assessed through the use 

of TB sandwich specimens. 
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APPENDIX 

DISTRIBUTION OF DISPLACEMENTS ALONG 

THE DCB ROOT SECTION 

0 
A. 1 Calculation of the Displacement Components 

uu, u, u and u 
It' 2Z 2u 4r 4u 

A. 2 DCB Arm Ena-Deflection due to Arm Root 

Rotation, Choosing a Linear Displacement 

Distribution 



A. 1 CALMATION OF THE DISPLACEMENT COMPONENTS 

U1.1 u29,1 u 2ul u4r and U 
4u 

The vertical displacements resulting from a vertical load 

distribution over a semi-infinite straight boundary can be evaluated 

following the method explained in Chapter 2. Similarly, if there are 

several load distributions, the displacements . are calculated for each 

individual loading, then the various contributions are superimposed to 

give the resultant displacement at each point along the straight 

boundary. For the DCB specimen, there are four load triangles along 

the root cross-section as shown at the top of Fig. A. 1. The idea is to 

calculate the displacement distribution due to each load triangle, say 

to the left of the centre line, as shown in Fig. A. 1(a) through to 

A. l(e), and then superimpose the different components. It must be 

remembered that the displacement component uR due to the load triangle 

No. 3, has already been evaluated in Chapter 2. Therefore, there 

remains to calculate the displacement components u 191, u 2V u 2u' u4r and 

u 4u ' For simplicity, each load triangle is associated with a local 

coordinate along the root cross-section. These local coordinates are 

converted, after the integration operation, to a common coordinate as 

explained in Chapter 2. 

The above displacements are evaluated applying Eqn. (2.1) of 

Chapter 2, i. e., 

2 £+x X+x 
u=q ln dr - 

1+') f qdr 'i-E f T- 7rE xx 
(A. 1) 

For the triangular load distributions shown in Fig. A. 1 we have, 
I- h/2, x- the local coordinate for the load triangle under 
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consideration, and q represents the linearly varying bending stress. 

With ref erence to * Fig. A. 1 (a) the vertical displacement u lt produced 

at an arbitrarily chosen point 0 distant r from the elementary load qdr 

is given by the integration of Eqn. (A. 1) after replacing, 

respectively, u, x and X by u IM x iz, h/2 and substituting 

2r 2x I oN CFO 1- ! for the value of q (assuming positive compressive ( 
Ti- + -Ti j 

stresses), thus, 

h/2)+xlt (h/2)+x,, 
2 2r 2 (d (1+v) 2r 2x 

ulp ln + 
)dr 

0 ý7wrE 
xh 

7TE xhh 

or 

(ITE 
ln 

/2 + x� 4(xi, + hxl, ) 
1 

7x1A 2(h/2 +x 

0). 

(h/2 +x) 
dn -- 

UA 
0 h/2 h' ýd h 

(A. 2) 

Similarly, the other displacement components are derived using Eqn. 

(A. 1) as follows: 

r-x2k 
referring to Fig. A. l(b) wherein, x- x2k, and q--2a 0-h 

we obtain 

/2u2 ýE 4(h3/4 -x 2Z h/2 +x 2Z ýXU 2x 
h" 

ýX2L) 
+ 

29, ln d+ Vh--T2-) ln 7- h 
(A. 3) 

referring to Fig. A. l(c) wherein, x=-x and q. -a 1 
2r 2x 2u 

2U' 0h 

it is found 
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cu2 
UY 

h/2 - x2u 2 (h/2 - x2u) 4(xýu - hx 2u) (x2u) 

--=- ln ln - CIO 

) 
h/2 d h' d 

2(h/2 - X2u 
h 

* referring to Fig. A. l(d) wherein, xý x4r , and 

q=00 (2r/h - 2x 4r/h), it is shown 

ý2U4 FE 4(h'/4 - xýd 
hý 

0"h 

2 

ln 
h/2 + X4 

+ 
ýx4rý 

d 
E)- ýýh2 ) 

(A. 4) 

21 ýx4rý x4r '9 
ln \ýdý) + 

(A. 5) 

finally, with reference to Fig. A. l(e) wherein, x- -x 4uI and 

q=a0 (2r/h + 2x4u /h), integration of Eqn. A. 1 yields 

u Tr 4(h 2 /4 - xýu 
h hy- 

h/2 - x4, )+ 4u 
d 

(h4u2- 
ln 

x 4uý_ 2x 4u 
d) -IT-+-2 

(A. 6) 
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A. 2 DCB ARM END-DEFLECTION DUE TO ARM ROOT ROTATION, CHOOSING A LINEAR 

DISPLACEMENT DISTRIBUTION 

The additional end-deflection, due to the strains beyond the crack 

tip, of one arm of the DCB specim, can be evaluated using the 

complementary energy principle in the form shown by Eqn. (2.22); 

wherein ax - Co (2x/h - 1), and u is substituted by 

(hqO/nE)[4.3(x/h)- 2.5] which is the displacement distribution 

based on the linear central part of the graph shown in Fig. 2.4. Thus, 

bR ý2x cyo 
I 

Uc "MR-+-O -7- 
rao 

_1 Tr 4.3(ý - 2. dx 
R T- ý7) 

1 
51 

or 

Cr 2 

Uc _ 
0.7167bh2 

27Tt; 

From Eqns. (A. 7) and (2.21) we obtain (Cyo - 6Pa/bh2) 

4.3 aci, 8.212Pa2 60 = 7rE 'n --Rb-h-y- 

(A. 7) 

(A. 8) 
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B. 1 MANUFACrURE OF CFRP 

Carbon fibres can be arranged either in fabric or unidirectional 

tape form in the dry condition and then can be impregnated with wet 

resin which is partially cured to enable easy handling. These 

partially cured sheets are commonly called prepreg. The prepreg sheets 

can be stacked to the required array and cured under a combination of 

heat and pressure in an autoclave or by other similar means. 

The prepreg used in this work was Ciba-Geigy Fibredux 914C-TS-5 

with 40% nominal resin content. It contains Courtaulds' high strength 

surface treated fibres. 

A face bleed technique was employed to cure the CFRP wherein the 

excess of resin content was removed from the upper and lower surfaces 

of the laminate. The cure cycle involved the application of heat and 

pressure and aimed at removing the excess resin, the entrapped air and 

any volatiles. The consolidating pressure was supplied by a 

combination of vacuum and air pressure to ensure a uniform pressure 

distribution over the surface of the laminate. 

The rig used in the curing process is shown in Fig. B. I. The 

sequence of operations for the curing process was mainly drawn from 

Ref. 76 and given here below for completeness: 

M Remove the prepreg from the deep freeze and allow about 15 

minutes to adjust to room temperature before removing from the 

-protecting bag. 

(ii) Ensure that the working area and tools are clean. 
(iii) Cut the required number of prepreg layers to the desired 

dimensions and fibre orientation. 

(iv) Build up the laminate by stacking the prepreg layers in their 

correct order starting the contact at one edge and working it 
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inwards by applying a slight fibre-lengthwise pressure with 

the hand. 

(v) Find the weight of the laminate and calculate the number of 

thin blotting paper layers, 9, required for the bleed pack. 

This number should be just sufficient to absorb the excess 

resin in the prepreg during the cure cycle, leaving the cured 

laminate with the desired thickness and fibre content by 

volume. A typical calculation for the number of the blotting 

paper layers, N, follows the end of this section. 

(vi) Cut out four layers of "peel ply" and place one each side of 

the prepreg to give an overlap of about 10mm all round. Peel 

ply is a PTFE coated fabric supplied by Fothergill and Harvey, 

Tygadure Division, Lancashire, and its trade name is Tygaflor 

108C/03T. The fabric acts as a release layer for the cured 

laminate, and allows excess resin and air flow through from 

the laminate to the paper layers. 

(vii) Cut out 9 thin blotting paper layers to the size of the 

laminate plus 10mm all round, and place 9/2 layers each side 

of the layup of (vi) above. 

(viii) Complete the layup as shown in Fig. B. 1 and place in the 

curing rig on top of a thin (16swg) Aluminium alloy sheet. 

This sheet which should be completely flat, serves as. a base 

plate for the layup and should have the same size of the 

, laminate plus about 30mm all round. The caul plate has the 

laminate size and consists of a mild steel plate 3/16 in or 

1/4 in thick, with the sharp edges rounded off to prevent 

piercing of the vacuum bag. A layer of thick blotting paper 

is placed over the layup with an overlap of about 40mm all 

round, to make it easier for the gases to escape through the 
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vacuum chamber. 

(ix) Cover the layup with a, high temperature stable nylon membrane, 

extending to the edges of the perforated base of the rig, and 

seal around the edges using sealing mastic. As vacuum is 

drawn underneath, the nylon bag should be a snug fit around 

the edges of the layup which can be achieved by allowing a 

certain degree of laxity around the component. This 

precaution is necessary since the bag material hardens with 

heat and becomes prone to cracks. 

(X) Bring the two parts of the curing rig together and place 

between two heating platens of a 10OOkN (100 ton) press. ' 

(xi) Allow the layup to settle in under vacuum (Iv 1 atm) for at 

least one hour. During this time some of the air which has 

been trapped between prepreg layers may escape. 

(Xii) Apply a load of 500kN to the rig. This load is sufficient to 

keep the rig sealed when the air pressure is applied. 

(Xiii) Heat the rig up slowly at 2*C/minute to 135*C. 

(xiv) Apply air pressure of approximately 0.6N/mm2 (85psi) and allow 

the temperature of the rig to rise at a rate of 1*C/minute to 

175"C. 

(XV) Maintain the temperature at 175*C for one hour. 

(Xvi) Cool the rig to 60*C by passing cooling water through the 

heating platens of the press. During cool-down the vacuum and 

-air pressure should be maintained. 

(Xvii) Release the air pressure and remove the vacuum. Allow the 

laminate to cool to room temperature before removal from the 

rig. A typical cure cycle is shown in Fig. B. 2. 

(xviii) Post cure the laminate in an oven at a temperature of 180*C 

for 8 hours. 
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** CALCULATION OF THE NUMBER OF BLOTTING PAPER SHEETS ** 

Plate size: 

Density of carbon fibre 

Density of XAS/914 resin 

Resin content of prepreg 

190mm x 150mm x lmm 

- 1.76 grs/cm 

- 1.28 grs/cm 
3 

-= 40% 

Weijht of carbon fibre required in laminate, at 60% by volume 

- 0.60 x 0.1 x 19.0 x 15.0 x 1.7.6 

- 30.1 grs 

Weight of resin required in laminate at 40% by volume 

- 0.40 x 0.1 x 19.0 x 15.0 1.28 

- 14.59 grs 

Total weight of laminate required 

- 44-69 grs 

If Wi = initial pre-cure weight of plate in grammes, then weight of 

resin to be removed -(Wi - 44.69) grs. 

Now, one-blotting paper layer absorbs 3 times its own weight of resin. 
Weight/m2 of blotting paper - 31.67 grs. 

If R is the number of blotting paper layers required, we have 

3N x 31.67 x 0.19 x 0.15 - Wi - 44.69 

Thus: 

N= Wi - 44.69 
2.71 
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B. 2 SELEMON OF ADHESIVE SYSTEM 

During the early stages of the series of cleavage quasi-static 

tests, the TDCB specimens suffered from a pre-mature failure along the 

interfaces of the steel adherends and the adhesive films (Ordinary 

Araldite). For this reason, a survey for selecting a suitable adhesive 

was planned and consisted of finding the strongest binding mean from 

between a number of adhesive systems. These systems are: 

(a) Ordinary pack Araldite (supplied by Ciba-Geigy). 

M Araldite 2005, high shear and peel strength (two pack epoxy paste, 

supplied by Ciba-Geigy). 

(c) Ordinary pack Araldite with added Acetone. 

(d) Thin Araldite; resin LY560 with hardener HY560 (supplied by 

Ciba-Geigy Ltd. ). 

(e) HYSOL EA 9330/1 (supplied by British Aerospace). 

(f) Ordinary pack Araldite with added Acetone and abraded CFRP. 

(g) Araldite 2005 with abraded CFRP. 

The selection of the best adhesive system was accomplished using 

the test specimen shown in Fig. B. 3. Two small blocks of mild steel, 

each having (15mm x 15mm) square cross-section, are joined together by 

" strip of CFRP laminate with the adhesive under examination acting as 

" glue between the CFRP and the steel blocks. The block faces were 

degreased, shot-blasted and degreased again before the gluing 

operation. ' The adhesive under test was carefully mixed and then 

applied to both the surfaces of steel and CFRP. The assembled joint 

was secured in a jig, left to settle at room temperature for about 4 

hours, and then placed in an oven to cure for 6 hours at (40 C-60 C). 

Two steel arms were screwed into the joint for loading the specimen 

as shown in Fig. B. 3. A universal tensile testing machine was used to 
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apply the tensile load with a steady rate up to specimen failure. 

Three specimens (1,2 and 3) were tested for each gluing system and the 

arithmetic average of the three strengths was taken as the comparison 

parameter with the other choices. 

Obviously the bond surfaces of the CFRP strip (16,0*, plies = 2mm 

in thickness) had exactly the same dimensions of those for the pair of 

steel blocks. Care had been taken to ensure flat bonding surfaces, 

alignment of -joint components and uniform adhesive thickness throughout 

the bonded areas. The threaded joint was left loose to eliminate any 

torsion stresses which might occur during loading. Each test specimen 

was arranged completely vertical between the jaws of the machine to 

ensure axial loading and to minimize the effects of bending and shear 

forces. The idea behind the adhesive systems (f) and (g) was to assess 

the effect of abrasion of1the CFRP on the adhesive bond. 

Six pairs of steel blocks were made to carry out the 21 tests (3 

for each resin system). Environmental and operational conditions were 

maintained for each resin system by preparing it once and gluing the 

corrsponding joints at the same time. After testing these specimens, 

the steel blocks were cleaned, shot-blasted and cleaned again ready for 

the next gluing process. The rate of loading was kept around 40N/sec 

for all test specimens. 

The experimental results are summarized in Table B. 1 where a wide 

scatter of data is evident. This may be because the bond surfaces are 

small which makes them sensitive to flaws, misalignment, non uniform 

adhesive film, etc. Also, the effects of CFRP abrasion and also of the 

Acetone addition are within the scatter boundary, therefore cannot be 

assessed. However, as the main purpose of this exercise was to compare 

different adhesive systems, the results obtained here could be taken as 
indicative for choosing the strongest adhesive system. This is 

Araldite 2005. 



Table B. 1 Experimental Data for Adhesives 

Joint strength (N) 
Specimen Specimen Specimen Strength Mode of 

Adhesive system- 1 
-- 

23 ave. (N) failure 

Ordinary Pack 3750 
Araldite cured at 
40*C for 6 hours 

4437.5 3850 4012.5 Adhesive 
failure 
(between CFRP 
and steel); 
Plate B. 1 

Araldite 2005 7175 5812.5 6787.5 6591.7 interlaminar 
cured at 40*C for failure 
6 hours (between CFRP 

plies); plate 
B. 2 

Thin Araldite 190* 3250 adhesive 
cured at 60*C for failure 
6 hours Plate B. 1 

Ordinary Araldite 1625 2900 2375 2300 Adhesive 
with added Acetone 
cured at 82*C for 

failure 

2 hours 
Plate B. 3 

Hysol AE 9330/1 3037.5 2475 1015* 2178.8 adhesive 
cured at 82*C for failure 
2 hours Plate B. 1 

Ordinary Araldite+ 5600 4412.5 4900 
4ith added acetone 
cured at 40*C for 
12 hours 

Araldite 2005+ 6312.5 5162.5 6200 
cured at 40*C 
for 12 hours 

4970.8 mixture of 
interlaminar 
and adhesive 
failures 

5891.7 predominent 
interlamina 
failure 

* blocks were not exactly aligned 

+ where the bond surfaces of CFRP were abraded using an emery 
paper under running water. 
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Fig. B. 3 BUTT-JOINT TYPE FOR MEASURING THE STRENGTH OF ADHESIVES 



PLATE B. 1 
FEATURES OF SURFACE OF FRACTURE FOR ADHESIVE TYPE FAILURE 



PLATE B. 2 
INTERLAMINAR TYPE FAILURE (OBTAINED USING ARALDITE 2005 

ADHESIVE SYSTEM) 



PLATE B. 3 
FEATURES OF SURFACE OF FRACTURE FOR ADHESIVE TYPE FAILURE 



APPENDIX C 

CALCULATION OF BLISTER PRE-LOADING SHAPE 

*Figures 



The initial blister shape (max. deflection at mid-span - O. 1mm) 

was calculated by employing the theoretical formula: 

w0- (6 
0 

/2) [1 + cos (7rx/a)] 1 

I 
to tailor the width of the PTFE stripes which were stacked across 

the CFRP fibres and interlayered as shown in Fig. C. l. An example 

is shown beside the figure for guidance. 

Fig. C. 2 gives typical drawing details for the caul plate used 

in curing the blister CFRP boards. 

4 
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Teflon Pack 

Fibre direc iol 
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CD 
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1 
CD 
(n 

PTFE 786 
STRIPS -5 

123 

250 nun 

w /2)[I+cos(nx/a)] or 
00 

a x --r-arcos (0.25n 
stv -1) 

n stp - number of strips 

Thickness of PTFE = 0.0125mm 

Dimensions of 
PTFE strips 

a- 16mm 

Strip 
No. 

trip Width rIn 
(mm) 

1 32 
2 21.3 

3 18.6 

4 16 

5 13 .4 
10.7 

E 

7 7.4 

8 8 3.2 

Fig. C-1 CFRP BLISTERED BOARD THE BOTTOM PTFE STRIP (No. 1) 
HAS ITS WIDTH = THE BLISTER SPAN 



R2nm 

R3mm' R3mm 

9 

CD 
0 
M 

.. ft 
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