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ABSTRACT

This thesis presents the results of an investigation into the 
effects of hygrothermal conditioning on the mechanical 
properties, and fatigue properties of epoxy based composites 
reinforced with carbon, glass and Kevlar 49 fibres.

Cross-plied laminates (0/90 ) of these materials of nominal volume 
fraction 60% were conditioned by drying at 60°C, by exposure 
to a 65% RH atmosphere at room temperature and by boiling in 
water. The effects of conditioning on the tensile and shear 
strengths and on the tensile fatigue response are discussed. The 
effects of exposure to an extreme diurnal cycle and to the ultra 
violet in isolation on the tensile properties are also discussed.

The 0/90 tensile properties of the three laminates are relatively 
little affected by the environmental conditioning except for the 
case of GRP exposed to boiling water, when corrosion damage to 
the glass fibres significantly reduces the composite strength, 
and in the KFRP in which the strength is reduced by complete 

drying. The ±45 strengths are more sensitive to the effects 
of moisture, however, it appears that the optimum strength is 
obtained after conditioning in the 65% RH environment. Acoustic 
emission monitoring of the tensile tests shows distinctive 
differences between KFRP and the two other types of composite and 
permits the identification of characteristic effects of moisture 
on the tensile failure mechanisms of all three materials.

ii



Tensile fatigue tests have been carried out on the laminates in 
the 0/90 orientation. The CFRP shows no effect of conditioning on 
the fatigue behaviour, and in the GRP only the boiling water 
conditioning affects the results. The tensile fatigue of the KFRP 
is affected both by boiling and by drying, the latter being the 
most severe. The fatigue response of the KFRP shows a dramatic 
down turn at lives in excess of 10^ cycles. This effect 
appears to reflect the ease with which mechanical damage is 
sustained by the aromatic polyamide fibres.

The residual strengths of the laminates after fatiguing is 
discussed and possible mechanisms for the damage accumulation in 
the materials during fatiguing are given.
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CHAPTER 1

INTRODUCTION

1.1 nfTRODOCTION

In the aerospace industry weight is at a premium. Designers are 

always looking for weight savings and improved air frame lives 

through materials Improvements. The ideal material for aerospace 

users must have a high stiffness and strength to weight ratio, be 

easily formed and have good fatigue resistance. Fibre reinforced 

plastics fulfill these criteria but have not found favour with 

designers because of a lack of confidence in these materials.

Ttiis stems from the lack of both a comprehensive data base and a 

thorough understanding of composite failure mechanisms.

In recent years composite materials have become more acceptable 

to the aerospace designer and engineer but the lack of a 

comprehensive understanding of materials behaviour prevented 

their full potential from being exploited. As the understanding 

of composite behaviour becomes more and more satisfactorily 

characterised, fibre reinforced plastics will become increasingly 

acceptable aa structural and engineering materials.

The 'all composite' Lear-fan aircraft is a magor step forward for 

the use of fibre reinforced plastics in aircraft design. The 

airframe and engine coatings are made from 635kg of carbon fibre 

reinforced plastics (cfrp) which represents a 30 to 40% weight 

saving over conventional materials (1,2). Weight saving is not



the cjn Ly ad va nt. age, how<^ver , since the cost ot the t i rn sti<?d 

structure is known to be less than that ot the same structure 

fabricated in aluminium. Although cfrp is ten times more 

expensive than aluminium alloys the net saving results from the 

lower fabrication and finishing cost when using composite 

materials.

The automobile industry (3 ) is showing increased interest in 

composites for the potential weight savings, ease of fabrication 

and corrosion/environmental resistance. In France, Peugeot, 

through their project 'Vera', are replacing non-structural 

components with composites. Weight saving as high as 65% can be 

obtained together with significant improvements in 

corrosion/environmental resistance. In the U.S., Cadillac are 

producing a complete composite body shell with a weight saving of 

37% and are replacing some components, such as suspension leaf 

springs, with an additional weight saving of 86% and increased 

component life. Ford are currently looking at the possibility of 

making a cfrp car engine wliere only the cylinder valves, 

crankshaft, camshaft and combustion chambers are metallic. The 

inventor, Matthew Holtzberg, claims a 60% weight saving, 30% 

reduction in noise and a 15% improvement in efficiency. The most 

significant improvement that composites offer in car engine 

production is noise reduction by removing metal/metal contact, 

this will be particularly important in the development of car 

diesels.

The high strength and modulus to weight ratios of composites are 

not always the primary reasons for using composites in



eng irH'er I ng design. The Royal Navy has conini i ss loned several Hunt 

class mine counter measure vessels which are fabricated from 

glass fibre reinforced plastic (grp) because it is non-magnetic 

and non-inductive and hence is safe from a wide range of anti- 

ship mines. HMS 'Brecon', is made from glass reinforced polyester 

and weighs 675 tonnes (4), which makes it the largest of the Hunt 

class and is proof that large load structures can be manufactured 

from grp.

British Rail (5) have used a grp sandwich structure in the cab of 

the high speed train (HST ) especially on account of the high 

impact resistance of the composite. The current HST front panel 

can withstand an impact by a 0.9kg steel cube travelling at 

350km/hour. There is also a 30% weight saving over a conventional 

steel structure and a cost reduction due to ease of fabrication.

Most of the current applications for composite materials have 

involved replacement of metal components with a minimum of 

redesign. However, the anisotropic properties of composites are 

very different from those of their homogeneous metals counter 

parts and if composites are to be properly exploited, completely 

new design concepts are required. Inherent in these new concepts 

IS the need for a thorough understanding of the materials 

behaviour, in varying environments, under differing load 

histories,not only at the macroscopic level but at the micro- 

mechanical level as well.



1.1.2 Objectives

The main objectives of the work, to be described in this thesis

are :

1) To add to the already growing body of knowledge of composite 

materials by characterising the environmental fatigue behaviour 

of a group of practical aerospace composites.

2) To gain further understanding of the effects of environment 

on these materials with particular reference to the effects of 

moisture on their fatigue properties.

3) To improve the current understanding of the macro and micro- 

mechanical events which contribute to failure in these materials 

under tensile or fatigue loading.

In order to simplify analysis of the results and permit sensible 

comparison of the behaviour of the different composite, a single 

resin system, Fothergill and Harvey code 69 (a high specification 

aerospace resin) was chosen. The volume fraction of fibres and 

manufacturing parameters were kept as nearly identical as 

possible.

This work was sponsored by Royal Aircraft Establishment, 

Farnborough, under Ministry of Defence Agreement 

Number 211/034 XR/MAT.



1.2 TENSILE FAILURE MECHANISMS OF I AMI NATES

An understanding of the fatigue behaviour of composite materials 

IS of pr m e  importance to their growing utilisation in the 

aerospace world. Fatigue is a main cause of component failure and 

effectively limits the life of a particular component. A thorough 

understanding of the micromechanics of fatigue will lead to 

better utilisation of material properties and hence improved 

component lives and will greatly reduce the possibility of 

catastrophic in-service failures. However, prior to any attempt 

to understand fatigue micromechanics a thorough understanding of 

the tensile behaviour of composites is required.

A major problem in the testing of composites is that of 

identifying failure. In metals failure can simply be identified 

as separation or a given amount of crack growth. In composites 

materials, however, damage occurs throughout the volume of 

material under load and is not limited to the area around a crack 

tip as it is in most metals. A composite structure may become 

unsuitable for a given application fot many reasons (e.g. weeping 

or leakage of grp pipes or pressure vessels) well before 

separation occurs.



1.2.1 Unidirectional composites

Over the past two decades many authors have studied failure in 

unidirectional composites. The unidirectional (0°) composite 

IS perhaps the most simple Iciminate with which to commence a 

study. It is generally agreed that the factors which govern 

failure in composite materials include:

a) the relative failure strains and moduli of the fibres and

matrix

b) the fibre volume fraction

c) the distribution of fibre strengths within each ply

d) the strength of the fibre/matrix bond.

The simplest way of predicting 0° ply behaviour is based on 

the rule-of-mixtures. Assuming a strong fibre/matrix bond and a 

low variation in fibre modulus, it follows that all the fibres 

and matrix will be at the same strain.

Hence, = °f^f

a is the stress in the composite

is the stress in the fibre 

is the stress in the resin 

Vg is the fibre volume fraction.

This approach also assumes that the components of a composite 

will behave in a similar manner as part of a composite as they do 

as individual components. This is probably valid for the fibres 

but dubious for the resin especially at high volume fractions.



It t h e  mat. r IX f a i l u r e  s t r a i n  is l e s s  titan tfie f i b r e  f a i l u r e

strain then the strength controlling component will be dependent

on the volume traction. The matrix will fracture at a lower

strain than the fibres and the load will be transferred onto the

fibres. If there are insufficient fibres (i.e. low volume

fraction) then failure will occur at o given by:comp

^comp  ̂̂  ^f^^resin ^ ^ fibres^f

where o' , is the stress on the fibre at the matrix fibre
failure strain (see Figure 1.1). However, if there are sufficient 

fibres to carry the load, the load will be transferred to them 

and the composite strength will be fibre dominated giving:

cj — V ncomp f fibre

a,- , IS the fibre strength fibre
The cross over j)oint for these two competing effects can be 

calculated using:

''f -

= critical volume fraction

This gives a result for in the region of 0.10 for 

glass/polyester composites. Commercial laminates will have volume 

fractions in excess of this critical value. In such cases when 

the resin cracks the load is locally transferred to the 

surrounding fibres. They, in turn, transfer some of the load back



into tlie mat 11 x at a distance f K;m the original crack. A seiquence 

ot such events leads to multiple cracking of the matrix, as has 

been observed by Aveston and Kelly (6) in work on glass fibre 

reinforced cement and other composites. The average crack spacing 

hais been calculated by Aveston, Mercer and Sillwood (7) to be 

(1.34 ± 0.002 )x, where x is the length over which the 

additional load transferred to the fibre by the resin crack is 

transferred back into the matrix. Other work on glass reinforced 

concrete by Beeby (8) suggested a value of 1.5x from experimental 

results and mathematical analysis by Kumber and Keer(9) gives a 

value of 1.337X for composites where the ratio of fibre length to 

X approaches infinity. The final crack spacing is therefore 

dependent on x which in turn is dependent on the ratio of 

fibre/matrix moduli, the strength of the fibre/matrix bond and 

the difference in the failure strain of the fibres and matrix.

Assuming that these cracks have little stress concentrating 

effect on the fibres (onJy valid where there is a weak 

fibre/matrix bond) the strength of the ply will be given by:

(J = V (Jcomp f fibres

If the failure strain of the matrix is larger than the failure 

strain of the fibres the fibres will fail first. The composite 

strength-controlling factor will again be dependent on the volume 

fraction. At low volume fractions, when the fibres fail there is 

sufficient matrix available to take up the load. (Assuming that 

the presence of a broken fibre has little effect on the strength 

of the surrounding matrix). The composite strength is given by:



o -= ( 1-V )ocomp f resin

At higher values of the load transferred into the matrix 

when the fibres fail is very large. The matrix cannot support the 

extra load and composite failure occurs. The composite strength 

IS now given by:

^comp  ̂̂  resin ^f^f

(See Figure 1.2)

O' . = stress in resin at fibre failure strain,resin

The critical value of can be calculated in the same manner 

as before and is of the order of 1% for a carbon fibre reinforced 

epoxy system.

These analyses for the condition e^ and

€f > both fail to take account of variations

in fibre strength (obviously there will not be one discrete value 

of strain at which all the fibres will break) and the stress 

concentrating effects of resin cracks and broken fibres.

The strength of a brittle fibre is a function of its flaw 

distribution. The failure strains of brittle solids are highly 

variable as a consequence of their low fracture toughness. The 

flaw distribution, and hence the failure strain distributions, 

can be described by the Weibull reliability function (10), R,



through t.tie Weibull shape and scale parameters, m and X. Ttie 

simplified reliability function is given by :

Rg(o) = expC-Xa"*]

This has been obtained by using the simplifying assumption that 

the lowest stress at which a fibre might break is zero (a common 

assumption ).

Since the failure strain of a fibre is a function of the flaw 

distribution, changing the test length of fibre should effect the 

flaw distribution in the fibre and hence the strength.

Since X is a function of length let X = X'L where 

X ' is independent of length, so that;

m.,R( o ) ^ exp [-X ' Lo 1.

By setting R( o ) to 0.5 (i.e. the mean strength) and 

rearranging :

log log 0.5 = -[logX’ + logL + m log a] 

where a ^ the mean failure stress.

Taking all the constants that are independent of L into the 

constant K :

-1/m log L - log O -K

10



Hence if the mean failure stress of a fibre is plotted versus the

gauge length on log log graph paper a straight line of slope -1/m

with an intercept related to X is obtained. Early work in 

this study (11) on the behaviour of fibre bundles included a 

study of the strength/length effect in single carbon fibres. 

Figure 1.3 presents the data obtained together with some results

form an independent laboratory. The value of m obtained this way

is in good agreement with the values obtained from the same data 

using a simplified grpahical method after Chatfield (12).

The Weibull shape parameter, m, is a good guide to the scatter in 

failure strain in a sample of fibres. A way of obtaining an 

approximate value of m is

1.2/m « S/o

S - standard deviation 

o - mean failure strength 

m - shape parameter

It does not follow however, that a bundle of fibres will behave 

ais a large single fibre. Coleman (13) has modelled the behaviour 

of a bundle of fibres and has shown a correlation between the 

bundle strength/mean fibre strength ratio and m, the Weibull 

shape parameter. Typically at m values of 5-15 the values of the 

bundle strength approach 80% of the single fibre strength.

Neither does it follow that a bundle of fibres will behave in a 

similar manner when placed in a resin matrix (11). In the study

11



of bundle behaviour the relationship between bundle size and 

bundle strength was investigated. Two strain parameters were 

measured and e^. Figure 1.4 shows a schematic 

stress strain response of a bundle of fibres. is the

strain at which the first fibre failure occurs and is 

the bundle failure strain. If e^ is plotted against 

bundle size (Figure 1.5) the scatter in reduces with 

increasing bundle size. The value of at large bundle 

sizes is in good agreement with the predicted bundle failures 

strain from Coleman's (13) relationship between bundle strength 

and m .

Figure 1.6 shows a plot of which is a

measure of the significance of a single fibre failure. The more 

significant a fibre failure the lower the value of 

e^-€p. Figure 1.6 shows that for small bundle

sizes the first few fibre failures lead to bundle failure. Figure

1.5 shows increasing scatter with decreasing bundle sizes. Bot h 

these trends show the decreasing importance to bundle integrity 

of a single fibre failure. In the smaller bundles there is a 

reduced chance of getting a weak fibre, but if a weak fibre is 

present its presence could cause bundle failure, whereas a bundle 

without a weak fibre would show a higher than expected strength. 

As the number of fibres in a bundle increases the probability of 

getting a weak fibre is greater but the significance of that 

fibre would be greatly reduced. From the data obtained in the 

single fibre tests a predicted bundle failure strain of .45% is 

in good agreement with an experimental value of .41%.

12



The study also showed that the behaviour ot fibres in a resin 

matrix is different from t h<' behaviour of dry fibre bundles, in 

the presence of a matrix, stress redistribution occurs when a 

f1 bre fails so the c o n t r i b u t i o n  t h a t  any fibre makes to the 

overall bundle strength does not drop to zero when a fracture 

occurs.

There are several models available to describe the behaviour of a 

composite. Rosen (14), for example, has developed a cumulative 

weakening imxlel which assumes thai the flaws in the fibres are 

randomly distributed and thati

°con.p = h  + °R
The model predicts that failure will occur when sufficient fibres 

have broken in a given volume that the remaining fibres cannot 

support the load. This model rather simplistically ignort's the 

stress concentrating effect of a broken fibre in the composite 

and is effectively a rule of mixtures approach modified for 

v.yr 1 able fibre slrenglhs.

Zweben (15) has modelled a two-dimensional comp>site using 

Rosen's mod<>T as starting point, but allowing for stress 

concentrations resulting from the presence of a crack. Zweben and 

Rosen (16) extended Zweben's two dimensional model to three 

di mensi ons . This approaches th<' prebl < ',i, with the hyp<jthe: ; i s that 

as a fibre breaks the str<;ss that was held by that fibre is 

redistributed to its nearest neighbours. This increases the 

siress on the surrounding fibres and eventually another fibre 

breaks and a sequential series of fibres break leading to rinal 

failure. The va 1u('s predicted by this model are much lower than

13



t.t-iose predicted by Rosen's model, because the cumulative 

weakening model takes no account of the stress concentrations 

associated with a fibre break.

Bergman (17 ) considers a composite to be made up of a series of 

bundles of fibres in resin. When adjacent fibres have failed 

within a bundle the composite may be regarded as failed.

Localised load sharing included in the analysis (i.e. the load 

from a fibre break is spread locally in the surrounding fibres). 

The value obtained from this model are considered adequate by 

Bergman if effects caused by debonding and pullout are neglected.

The stress concentrations associated with a matrix or fibre crack 

have been investigated by several authors (18,19). They have 

studied the fracture toughness of composite materials and the 

effect of crack size on the fracture stress of composites. An 

understanding of a critical defect size in a composite structure 

IS important in the inspection of components for quality control 

as well as being an important parameter in failure models. The 

critical flaw does not need to be a coalescence of broken fibres : 

it could be a manufacturing defect that will grow under am 

aipplied stress. Whatever the origin of the crack in the 

composite, its growth to a critical size and the mangnitude of 

the critical size is dependent on many variables.

For a crack to be initiated and propagate it must be 

mechanistically possible and energetically favourable. Crack 

initiation in composites occurs by the breaking of fibres, resin 

microcracking, or at manufacturing defects. The growth of a crack

14



involves the breaking ot surrounding fibres. Tfiis can occur at 

strains well below the expected failure strain of the adjacent 

fibre as a result of the stress concentrations associated with 

the crack tip (see Figure 1.7 (19)). The strain field associated 

with the crack tip has a strain component acting transverse to 

the crack propagating strain. This strain can interact with the 

fibre/matrix bond causing delamination and hence blunting of the 

crack (Figure 1.8). Once blunted a much larger applied strain is 

required to continue propagation. The debonded fibre will fail 

away from the plane of the crack at its weakest exposed point 

(see Figure 1.8). Consequently, the failure surface has a fibrous 

appearance. Kelly (18) has calculated the maximum length of 

pul lout (L).

= d/47^

^ fibre strength

d = fibre diameter

= interfacial shear strength.

However, if the fibre matrix bond is too strong no debonding will 

occur and the crack will pass straight through the fibre. This 

leads to a brittle failure of the composite with a characteristic 

planar fracture surface with no pullout.

As stated earlier not only must failure be mechanistically 

possible, it must also be energetically favourable. A crack

15



cannot propagate unless the work done by the applied stress is 

greater than the increase in elastic strain energy of the 

composite and the surface work of the matrix per unit unit area 

of cross section. It is generally accepted that the work done in 

crack propagation must be equal to the sum of the work expended 

on the following separate mechanisms :

a) matrix cracking

b) interfacial breakdown

c) fibre relatxation

d) fibre pullout

e) fibre fracture

Using the Tattersall and Tappin (20) technique Beaumont and 

Harris (21) have shown that the work done in initiating a crack 

is less than the work done in propagating the crack. Both values 

were found to be independent of crack size. The difference in the 

works of initiation and propagation is attributable to the extra 

work done in pulling out fibres near the crack tip and plastic 

work done at the crack tip during propagation. Two groups of 

materials are identified:

(a) notch insensitive, weakly bonded composites— this gives a 

fracture load that exceeds the average failure load of the fibres 

(cumulative weakening model)

(b) notch sensitive, strongly bonded composites —  failure occurs 

by sequential crack growth through fibres since no Cook-Gordon 

(19) crack blunting occurs. Unfortunately the gains in fracture 

toughness and fracture strength obtained by having a weak 

fibre/matrix interface are balanced by poor torsional and

16



transverse strengths.

1.2.2 Failure of non-unidirectional composites
In engineering applications fibre reinforced plastics are called 

upon to support multiaxial stresses and it is usual to arrange 

the structure such that there are fibres in the directions of the 

principal stresses. It is observed that first ply failure usually 

occurs in plies orientated by 90° to the applied load and 

that this occurs at strains far below the failure strain of the 

laminate. In investigating this first ply failure, the simplest 

laminate to study is the 0/90 lay up.

A typical stress strain curve for 0/90 1amiante is shown in 

Figure 1.9. The knee is present in most 0/90 laminates but is 

particularly pronounced in grp. The knee is the result of the 

failure of 90° or transverse plies. Below this knee the 

stress is supported by both the longitudinal plies 

and the transverse plies ( ). The modulus of the

material (E) =- d(o^ -f- o^)/de. Above the knee 

the transverse plies have failed and tends to zero 

hence the modulus (E) = d a^/d€ which is less than 

d( + a^)/d€ hence the change in slope.

Since the cracking in the transverse plies is irreversible, if 

the specimen is loaded to above the knee then unloaded, the 

modulus will still be do^/d€ on reloading. Hence on 

reloading no knee will occur in the stress/strain curve. The load

at which the knee appears is a direct function of the fibre type,

the moisture content of the matrix, the nature of the

fibre/matrix bond and any constraints applied by laminate
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geometry as well as the matrix failure strain rather than simply 
the matrix failure strain.

Kies (22) was one of the first to study strain magnification 
effects that occur in the matrix due to the presence of 

transverse fibres. Considering an array of fibres in a matrix 
(Figure 1.10) under uniform elongation, the presence of the high 
modulus fibres in the section BB' results in the majority of the 
elongation occurring in the small section of matrix C C . The 
section AA' is subjected to approximately the same elongation as 
C C  hence the presence of the high modulus fibres has generated a 
strain concentration. The relative moduli of the fibre and matrix 
together with the fibre spacing, (a function of V^) will 
govern the ratio of strain in the fibres to strain in the matrix 
and hence the strain concentration factors.

The model used by Kies is illustrated in Figure 1.11. When a 

tensile strain (e) is applied the strain magnification factor 
(M) is given by:

M - 2 + s/r /[s/r t 2 (E^/E^)J

where E and E^ are the moduli of the matrix and fibres m f
respectively. This gives an M of about nine for grp of

V « 60% (E /E_ for grp is approximately 20). t m r
This agrees well with a value of ten obtained by Dukes(23)

The nature and distribution of these strain concentrations has 
been studied by means of photoelastic techniques. Hull (24)
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presents work, by Puck (25) showing the isometric fringes obtained 
from a model of transverse plies subjected to uniaxial tension 
(see Plate I). It should be noted that the strain distributions 
are complex but the largest strains occur in the area directly 

between fibres. Garrett (26) and Chamis (27) have both used 
finite element techniques to model the strain distribution in the 
resin and they have also shown that large strain concentrations 
occur at the fibre surfaces and along lines joining fibre 
centres.

Crack initiation has been observed to originate in areas of 
localised high volume fraction by Garret (28). This is consistent 
with the increased strain concentrations associated with 
increased volume fraction. Parvizi (29) has directly observed the 
initiation of these cracks in the scanning electron microscope 
(SEM) with the aid of a specially adapted straining stage. She 
hoLS observed debonding of glass fibres at strains as low as 0.1%. 
Although the whitening of the laminate associated with debonding 
IS reversible, the bond between the fibre and matrix is not 
repaired simply by unloading. However rebonding was achieved by 
•annealing* the composite at 100°C in the absence of strain.

Transverse ply cracks have been observed at strains as low as 
0.1%. This is inconsistently low with respect to common values of 
matrix failure strain even taking into account a strain 
magnification of ten. However, the value of ten was arrived at 
using an average volume fraction, and in practice localised 
variations of as high as 78.5% may occur (this is the 
percentage at which fibres touch). At these higher volume
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fractions, strain magnification factors as high as 20:1 are to l>e 
expected. There are also residual stresses resulting from 
different coefficients of thermal expansion for fibres and matrix 
(these stresses arise during cooling from the cure or post-cure 

temperatures). It has been shown by Jones et al (30) that the 
failure strain of transverse plies in a 0/90 laminate can be 
increased by a factor of more than two by relieving these thermal 
strains. When residual thermal strains and localised variations 
in the volume fraction are taken into account transverse failure 
strains of the order of 0.1% are then consistent with the pure 
matrix failure strains (approximately 1% for Code 69).

Parvizi(29) noted that transverse cracks were initiated by the 
coalescence and growth of fibre debonds. These debonds are 
expected to propagate along a line joining fibre centres, which 
is the area of maximum strain concentration, demonstrated 
earlier. The crack then propagates around fibres through the 
flbre/matrIX bond, which is also an area of high strain 
concentration due to the large difference in elastic moduli, and 
through the areas of strain concentration between the fibres 
until it reaches a 0° ply interface. At this point the crack 
is effectively blunted by being diverted along the 0° ply 
interface. The amount of delamination that occurs as a result of 
this Is a function of the applied strain, laminate thickness and 

geometry.

Using a variety of three ply 0/90 balanced grp laminates Bailey, 
Parvizi and Curtis (31) have investigated the transverse ply 

cracking as a function of ply thickness. They have reported that
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after initial crack formation the rate of increase of cracking is 
high but slows down with increasing stress, appearing to stop at 

high stresses (“ 70% a^). At this 'saturation level' 
the crack spacing is of the order of a ply thickness. Stevens and 
Lupton (32) presented a model based on shear transfer between the 
90° and 0° plies. This model relates the final crack 
spacing to the critical stress transfer length (between the 
0° amd 90° plies) such that

S «

S = critical stress transfer length 
d = ply thickness 

T = interply shear strength
=  transverse ply fracture strength.

They conclude that the density of transverse ply cracks can be 
reduced by increasing the ply thickness, increasing the ply 
fracture stress and by decreasing the interply shear strength, 
which is in good agreement with the results of Bailey et al (31).

Bailey et al (31) have modified the analysis of Garret and Bailey 
(28) to take account of residual thermal stresses .When applied 
to the four laminates used in their work, the modified model 
accurately predicted the transverse ply cracking behaviour.

Bailey (33) has further modified Garrett's analysis to take full
account of thermal strains and attempts to make further
modifxcations for the effects of Poisson mis-match strains. The
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magnitude of these thermal strains is shown by comparison of the 

unconstrained failure strain of 90° cfrp of 0.40% with the 

constrained value of 0.33%, the difference being mainly due to 

thermally induced strains.

The other significant effect of ply geometry and thickness (7,
31, 33, ) on the transverse ply cracking behaviour is that the 
strain required to initiate cracking increases as the laminate 
thickness decreases. This phenomenon is analysed by Bader et al 
(34) using an energy balance approach and taking into account 
Poisson effects and thermal strains. They argue that for cracking 
to occur it must be both mechanistically possible and 
energetically favourable, and since the former is adequately 
described by Kies (22 ) and has no ply thickness dependence the 
ply thickness effect on the initiation stress must be dominated 
by energy considerations. A model is derived giving good 
agreement with experimental data for ply thicknesses below 0.25 
mm. Above this value little constraint occurs on the 90° 
plies and the failure strain approximates to the unconstrained 
unidirectional 90° failure strain.

Bailey (33) and Bader (34) have also reported the phenomenon of 
splitting parallel to the fibres in the 0° plies of a 0/90 
laminate. The mechanism of this type of splitting is identical to 
the mechanisms of transverse ply failure. The strains which cause 
this longitudinal splitting arise out of Poisson constraint and 
from thermally generated strains.

Consider a simple three ply 0°/90°/0° laminate. On
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loading in the 0° direct.ion to a given strain there will be a 
Poisson contraction associated with this strain. However, the 
Poisson ratio for a longitudinal ply is about three times that of 
the transverse ply so there is a residual tensile strain applied 

to the longitudinal plies. If this Poisson strain, when added to 
any residual thermal strains, exceeds the transverse ply failure 
strain longitudinal splitting will occur.

Longitudinal splitting has been observed in grp by many workers 
and the mechanics and energy considerations have been analysed by 
Bailey et at (33) and Bader et al (34). However, longitudinal 
splitting has not been observed in static tensile testing for 
cfrp. This is to be expected since the Poisson strain is a 
function of the applied strain and in cfrp the failure strain is 
too small to generate Poisson strains of sufficient magnitude to 
split the 0° plies longitudinally.

It IS generally agreed that off-axis ply cracking (in tensile 
testing) has no knock-on effect on the 0° plies and that any 
stress concentrations associated with cracks in off-axis plies 
are reduced by the crack forming delaminations at the ply 
interfaces.
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1.3 FATIGUE FAILURE MECHANISMS
Fatigue is a major cause of failure in engineering structures. 
Although the fundamental processes involved differ from material 
to material, the macroscopic phenomenon of fatigue has been 
observed in almost all structural materials. The fatigue 
behaviour of current engineering materials has been thoroughly 
characterised, and there is a general understanding of the 
fatigue processes in the more common of these materials. However, 
when a new group of materials is produced with improved fatigue 
resistance their properties are compared with those of existing 
material and designers tend to apply familiar design techniques 
to their application. This may not be an incorrect approach if 
the new material is merely a development of already familiar 
types, but it is certainly not the correct approach for 
materials, such as fibre reinforced plastics, which are 
conceptually and physically quite unlike the classical materials.

Composites are generating interest not only because of their good 

specific strengths and roodulus( a^/p, E/p ) but
also because they exhibit extremely good fatigue resistance. When 
comparing composites with their metallic counterparts it must be 
remembered that they are not only better, for many applications, 
but different and this must be taken into account when designing 
components and structures. In order to quantify the differences 
and to utilise fully the improved properties offered by 
composites there has been an extensive research and development 
effort over the past decade. This research has highlighted the
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ma^or differences between metals and composites both in their 
fatigue behaviour and their conventional materials properties. 
Whereas metals fail in fatigue by mechanisms that can be 
predicted by the application of fracture mechanics, composites 
exhibit a wide variety of damage mechanisms including 
delamination, fibre/matrix debonding, matrix cracking, void 
growth and fibre failures. The most important difference between 
composite and metallic materials is in the distribution of 
fatigue damage through the volume of the material. In metals, 
fatigue failure is a relatively localised event but in composites 
fatigue damage is spread throughout the whole volume under load. 
Because the damage associated with fatigue in composites is so 
widespread it is impossible to follow the failure as a crack from 
initiation to failure, so that a different approach to failure 
has to be taken. In many cases even the defining of failure can 
present problems. For example, matrix cracking can lead to 
leakage in composite pressure vessels long before total rupture 
has occurred. Délaminations and general damage can degrade a 
composite component, reducing its elastic modulus to the point of 
rendering it useless, without actual fracture of the component 
occurring. Modulus reduction is often used as an indication of 
accumulated damage, but many researchers still prefer to use 
final separation as their failure criterion. Understanding of 
the nature of failure processes is further hindered by the 
multitude of different resin/fibre combinations available to the 
designer and the complexities of some common laminate geometries. 
In order to limit the field of research as far ais possible, this 
work has been conducted on composites based on three fibre types, 
all using the same laminate geometry and resin. Great care has to
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be taken over testing the materials so as to introduce as few 
extra variables as possible. One example of the influence of test 
conditions on apparent materials behaviour has been highlighted 
by Sims and Gladman (35) who noted that constant frequency 
testing resulted in differing rates of stress application when 
the stress amplitude was varied. This may not be of great 
significance for material like CFRP (36) for which the failure 
strength is not rate—dependent.

But with GRP Sims and Gladman (35) have demonstrated that the 
tensile strength properties are test-rate-dependent, and this can 
cause problems in the interpretation of data obtained from tests 
where the amplitude is varied but the frequency remains constant. 
In such tests the rate of stress application can vary by factors 
of ten over a range of cyclic stress amplitudes typical of normal 
fatigue testing. (See Figure 1.12).

If data for constant frequency testing of GRP are normalised to 

the static strength on an o logN graph the smooth line 
resulting displays a region of almost zero slope at low lives 
(Figure 1.13). This flat region is the result of ignoring the 
differing rates of testing between the "static" strength and the 
fatigue data. Mandell et al (37) have shown that for static tests 
conducted at the same loading rate as the fatigue data, this knee 
can be eliminated (See Figure 1.13).

Sims and Gladman (35) have taken this one step further and 
conducted all their tests at a constant rate of stress 

application. The result o/logN curves were linear after
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corrections were made to take account of autogeneous heating 

effects (i.e. allowing for the temperature-dependence of strength 

as well as for rate dependence).

The results of Sims and Gladman suggest that increasing the test 
frequency (and hence the rate of stress application) should 
improve the fatigue resistance, since increasing the RSA 
increases the materials strength. This is in direct disagreement 
with Dally and Broutman who found a fall in fatigue life at 
constant stress with increasing frequency. However, on closer 
inspection of Dally and Broutman's data (38) there was a small 
initial increase in fatigue life followed by a gradual fall above 
10 Hz. It is reasonable to assume that this fall off in strength 
can be attributed to the effects of autogeneous heating. This 
initial increase in strength can then be attributed to a testing 
rate effect.

A further complication which can arise in fatigue testing is the 
existence of inter laminar and out-of-plane stresses near the 
edges of specimens. These stresses arise because the Young's 
modulus, E, of each layer in the loading direction, the 

transverse modulus, E^, and Poisson's ratio, v, depend 
markedly upon the fibre direction. And because most composites 
contain plies of differing fxbre orientation bonded together, the 
differing in-plane transverse stresses in each layer lead to 
out-of-plane stresses and interlaminar shear stresses at the 
edges of a laminate. The magnitude of these stresses varies 
through the laminate thickness having a maximum at ply interfaces 
(39) .
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Pi£X?s and Pagano (40,41) have shown that the interlaminar normal 

stress (or out-of-plane stress) is the most important in 

producing edge délaminations during loading and that these 

stresses are only significant within approximately one laminate 

thickness of the edge.

These out-of-plane and interlaminar stresses are further 
complicated by residual stresses which occur on cooling from the 
cure temperature as a result of the different (anisotropic) 
thermal expansion coefficients in each ply. Curtis (42) has shown 
that these stresses can be minimised by carefully selecting the 
laminate stacking sequence and by controlling the ply dispersion.

For the purpose of this work a 0/90 geometry has been selected 
with maximum ply dispersion. The rationale for this will be 
discussed later in Section 1.3.2
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1,3.1 Fatigue of unidirectional composites
Fatigue damage mechanisms in tensile fatigue may be divided into 
three basic types (43) (See Figure 1.14).

1) Figure 1.14a
Fibre breakage occurs at stresses exceeding the strength of the 
weakest fibre in the composite. This failure has an associated 
stress concentration which has both a tensile component in the 
matrix and a shear component at the fibre/matrix interface. The 
interface may then fail, leading to debonding of the broken fibre 
from the surrounding matrix. The debonded length is dependent on 
the shear strength of the interface and is usually a few fibre 
dieuneters. The tensile component of the stress concentration may 
exceed the matrix strength and lead to the appearance of a 
transverse crack in the matrix.

2) Figure 1.14b
Matrix cracking can occur if the applied fatigue strain exceeds 
the matrix fatigue limit. Dew-Hughes and Way (44) have shown that 
polymeric materials show phenomenologically similar fatigue 
behaviour to metallic materials in the sense that they involve 
crack initiation and propagation normal to the applied tensile 
stress. In composites these matrix cracks will grow until they 
are stopped by a fibre, at which point they could cause a debond 
to occur or, if the applied fatigue strain is sufficiently high, 
a fibre failure.

3 ) Figure 1.14c
A matrix crack formed by either a) or b) above, will propagate
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under fatigue as a macrocrack in opening mode until it meets a 
fibre/matrix interface where, depending on the applied strain, 
interfacial shear strength and fibre strength, it may either 
cause a debond or lead to a fibre failure, thus contributing to 

the progressive development of final failure.

All three damage mechanisms may occur simultaneously. Owen (45) 
and Dharan (46) indicate that fibre failure and matrix cracking 
will be the predominant mechanisms over limited strain ranges. 
Using these assumptions Talreja (43) has constructed a schematic 
fatigue-life diagram for composites (see Figure 1.15). Strain has 
been chosen as the ordinate instead of stress since both fibres 
and matrix are subjected to the same strain while stresses in the 
two components differ.

The upper region, labelled fibre breakage and interfacial 
debonding, corresponds to the fibre failure that occurs randomly 
throughout the composite in this region in the first few cycles. 
These fractures cause matrix cracking and debonding which, in 
turn, leads to further fibre failure and hence to composite 
failure (47). Owen and Morris (48) have studied the fracture 
surface of type 1(HM) carbon composites and have shown that 
failure appears to originate at very small groups of fibres 
possibly even a single fibre. Type 1 CFRP has a failure strain 
below the matrix fatigue endurance strain so the observations of 
Owen and Morris (48) are directly related to the fibre breakage 
area of Talreja's fatigue life diagram (Figure 1.15). One factor 
that must affect the life of a composite in this region is the 
critical number of fibres that must fail in a given volume of
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composite to cause final composite failure. 'Hiis critical nucleus 

size IS dependent on the interfacial shear strength, fibre 

modulus and fibre strength.

In the second region of the fatigue life diagram the damage is of 
a more progressive nature. Some authors (43,46) believe that the 
damage in this region is cycle dependent and the rate of damage 
accumulation is strain amplitude dependent. The initiation of 
damage occurs in the matrix in the form of matrix microcracking 
which propagates perpendicular to the tensile antis. These cracks 
cause debonds or broken fibres as discussed earlier and once a 
critical nucleus of broken fibres has developed somewhere in the 
composite, failure occurs. In the case of glass fibre failure may 
not result solely as a result of stress concentrations associated 
with matrix cracking but also by a process of stress corrosion. 
Once a debond has occurred the fibres will be exposed to water 
vapour and they may then fail by thermally-activated stress 
corrosion mechanisms.

In CFRP type 1 fibres have a failure strain below that of the 
matrix endurance strain and hence several authors (47,49,50) have 
reported that few fatigue failures occur below the static

7strength scatter band even at 10 cycles. However, types II 
and III have failure strains that exceed epoxy matrix endurance 
strains and this is reflected in their reduced fatigue 
resistance.

Figure 1.16 is reproduced from Sturgeon (50) and shows the 
normalised stress versus log life curves for types I, II and III
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unidirectional carbon fibre composites. These curves are similar 

to those produced by several authors (47,51). All the authors 

agree that the decrease in fatigue performance from type 1 to 3 

is attributable to the increased working strain in the matrix.

As the damage in this second area of the fatigue-life diagram is 
matrix-dependent there should be a lower bound for this region 
which is the matrix endurance strain. Talreja (43) and Dharan 
(46) both believe that a value for the matrix endurance strain 
can be obtained by testing bulk resin. This is a little naive, 
since there is no reason to suppose that an unconstrained block 
of bulk resin will behave in the same way as a narrow section 
constrained by closely-packed fibres. However, the matrix 
endurance strain can be obtained from testing the composite.
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1.3.2 Fatigue of off-axis composites
In structural applications components are called upon to support 
multiaxial loading. Composites are ideal materials from which to
produce these components since composite properties can be

tailored by careful arrangement of the fibres to suit specific 
requirements. Very complicated three-dimensional components can 
be produced with tailored properties (e.g. helicopter blades). In 
such components the complex stress fields require a complicated 
lay up involving fibres orientated in many directions. Before it 
is possible to understand the fatigue properties of such 
components it is necessary to understand how off-axis composites
and simple laminates behave in a fatigue environment.

The predominant damage mechanisms occurring in off-axis fatigue 
are illustrated in Figure 1.17. For off-aocis orientations 
0° < e < 90°, a crack tip initiated in the matrix 
will be subjected to two stress components, a crack opening 
stress normal to the fibres and a sliding interfacial stress 
parallel to the fibres. The opening component is dependent on the 
fibre orientation and hence the limiting strain below which no 
crack growth can occur in fatigue will be orientation-dependent. 
At an angle of 90°, when the applied loading is normal to the 
fibres, the crack growth will occur by opening mode only (Figure 
1.17). At this orientation failure will occur by the same 
transverse ply cracking mechanism dicussed in an earlier section. 
Figure 1.18 is the schematic fatigue-life diagram for off-axis 
composites, including 0° behaviour for completeness.

For fibre angles more than a few degrees the fibre breakage
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mechanism discussed earlier no longer occurs and thus matrix 
cracking and debonding are the predominant mechanisms. The 
sloping scatter band (hatched) will have a lower strain limit 
which will depend on the ply angle and the interfacial strength. 
For the limiting case of 90° the minimum strain required for 

transverse fibre debonding ( ) is the lower limit. Data
from Rotem and Hashin (52) Owen (45 ) and Talreja (43) suggests 
that this limit is around 0.1% strain in GRP.

Clearly, a single ply tested off-axis is a very poor material in 
fatigue and would never be used in practice. In almost all 
laminates where off-axis plies are used it is usual for each off- 
axis ply to be balanced by a symmetric ply. Without this 
balancing ply the composite would develop high levels of residual 
thermal (mis-matched) stresses after curing. Also this balancing 
ply reduces the matrix/fibre interfacial shear contribution to 
composite failure and hence enhances the material properties. 
However in balancing the interfacial shear component 
interlaminar stresses are created in the matrix layers between 
pairs of plies. Figure 1.19 shows the difference in the fatigue 
behaviour of off-axis laminates with and without symmetric plies. 
Discussion of the mechanisms and stresses involved in the 
failure of angle-plied laminates is beyond the scope of this 
work.

Final laminate failure occurs when the fibres in the load-bearing 
direction fail. In non-unidirectional laminates substantial 
damage can occur in the off-axis plies prior to final failure. 
Before any understanding of launinate failure is possible it is
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necessary to understand the interaction of the damage with tfie 
load-bearing fibres. To this end the 0/90 geometry is a useful 
case to study as the damage which occurs in the transverse plies 
is normal to the applied load and to the load-bearing fibres.

As discussed previously the 90° plies will fail in fatigue if 
the applied strain is larger than the transverse fibre debonding 
fatigue endurance strain. (The fatigue limit for debonding of 
fibres). The mechanisms involved in the failure of these 
transverse plies is similar to the mode of failure observed in 
static tension testing except that the development of a 
saturation state for transverse cracks is cycles dependent as 
well as applied strain dependent. Reifsnider and Jamison (53) 
have observed the development of the "characteristic damage 
state" in the 90° plies and have noted that an applied 
fatigue strain insufficient to cause saturation in static testing 
can cause saturation after several fatigue applications. They 
also note the formation of longitudinal splitting in the 0° 
plies as a result of Poisson constraint in their CFRP 0/90 
lEiminate.

In earlier discussion of static failure mechanisms it was stated 
that insufficient Poisson strain could be generated in CFRP 0/90 
laminates because the ratio of the failure strain of the carbon 
fibres to the transverse ply cracking strain was less than the 
Poisson’s ratio of the material. However in fatigue the Poisson 
generated strain is larger than the transverse ply debonding 
endurance strain so the continual application of the Poisson 

strain causes the 0° plies to split by fatigue. In the
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earlier discussion on static failure it was also noted that the 
presence of transverse ply cracks has little effect on the 
laminate final failure, this may be true in static testing but in 
fatigue these cracks do contribute to overall failure. Reifsnider 

and Jaunison observed transverse ply cracks progressively growing 
along the ply interfaces thus causing delaminations. This 
occurred most frequently in regions where transverse cracks meet 
longitudinal splits. To investigate the effects of transverse ply 
cracks on the 0° plies, Jamison (54) impregnated a specimen 
that had been fatigued nearly to failure with a gold chloride 
solution in diethyl ether. This specimen was then de-plied for 
fibre examination using a technique which involves pyrolysing the 
resin sufficiently to make ply separation possible. During this 
pyrolysis the ether carrier deposits the gold chloride in all the 
damage zones so that internal gold chloride traces are left of 
the transverse ply cracks and delaminations. Using an electron 
microscope, Jamison found that fibre breaks in the 0° plies 
were related to the gold particles marking the trace of a 
90°C crack. A strong relationship was found between the 
incidence of fibre failures and the locations of transverse ply 
cracks for crossply laminates. Further investigation showed that 
the sphere of influence of the 90° cracks was only a few 
fibres deep into the 0° ply, although any damage to the 
0° ply will cause the composite to fail earlier than if the 
off-axis plies were not present. Since this damage propagation 
between the 90° and 0° plies only occurs after fatiguing 
it will only effect the fibre-controlled region of the fatigue- 
life diagram for high modulus material (since for type 1 carbon 
composites all fatigue failures are fibre controlled) by
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increasing tlie number ot fibre failures and hence increasing the 
chance of random fibre failures localising into a critical flaw. 
For lower modulus materials this damage transfer will have a 
fairly strong effect on the matrix cracking mechanisms since it 

introduces broken fibres into the system by another route, thus 
substantially increasing the amount of damage present at any 
given number of cycles.

Mandell (37) has also found interactions between 90° cracks 
and the load-bearing plies for 0/90 glass epoxy laminates. It 
must also be remembered that in GRP the transverse ply cracks can 
carry water vapour to the ply interface thereby exposing the load 
bearing fibres to stress corrosion mechanisms.
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1.3.3. Fatigue models
For composite materials to be acceptable to design engineers 
something better than a simple phenomenological understanding of 
failure mechanisms is required. Design methods currently used for 
metal components, which are well understood, will not be 
applicable to composite materials.

Metal components exhibit cracks in the latter stages of fatigue 
and these cracks usually propagate in a predictable manner. Thus, 
a metal component can be inspected in service and removed from 
service prior to failure. Also the life times of components can 
be predicted using some suitable cumulative damage rule when 
components are subjected to a wide spectrum of fatigue loadings. 
Linear elastic fracture mechanics is also a useful tool and can 
be used to predict residual component strengths of a cracked or 
fatigued specimen.

The differences between the fatigue behaviour of a composite and 
that of a metal structure are illustrated in Figure 1.20 after 
Salkind (55). The primary mode of damage in a metal component is 
cracking. These cracks propagate in a well defined manner with 
respect to the applied strain, the critical crack size and 
materials toughness. The rate of crack propagation can be 
analysed using linear elastic fracture mechanics. In metal 
components the crack initiation time (defined as the time to 
detectable cracking) occupies a large part of the fatigue life.
It should be noted that all structures have some initial damage 
in the form of microcracks, surface imperfections, inclusions and 
other stress raisers and that the initiation time involves
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propagation ot this damage to a detectable size.

With composites there is no single damage mode which dominates 
failure. Matrix cracking, delamination, debonding voids, fibres 
and composite cracking can all occur in any combination.

Referring to Figure 1.20 the line representing the accumulation 
of damage in composites is less regular than the equivalent line 
for metals, indicating that the damage accumulation in composites 
is due to several different mechanisms. Salkind (56) believes 
that composites do not exhibit the two distinct regions of 
initiation and propagation as do metals. Although the crack 
initiation range in metals is just propagation to a detectable 
size there is a significant change in rate of change of damage 
size after detection which does not occur in composites.

However, there are two basic schools of thought on damage 
accumulation and failure in composites.

a) Weax out/wear in model
This model aissumes that the strength of a component is slightly 
reduced by each load application, that failure occurs when the 
fatigue strength has been reduced to the instantaneous applied 
loading and that strength-life equal rank exists. The 
micromechanisms involved in this strength degradation include 
matrix cracking, debonding of the fibre/matrix interface, 
delaminations and broken fibres. Competing with wear out in the 
early stages is "wear-in". This involves viscoelastic movement 
within the matrix leading to reductions in thermally generated
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residual stresses and to alterations in the fibre strength 

distribution (57) .

b ) Sudden death model
In composites where the matrix is well within its elastic range, 
when the composite fails, fatigue damage in the matrix will be 
negligible except at the sites of fibre breaks. Consequently, the 
modulus cind strength do not decrease in fatigue until fracture is 
iminent. ( 50, 58 ).
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1.4 ACOUSTIC EMISSION MONITORING
1.4.1 Introduction
Noises associated with materials deforming or failing have been 
observed for centuries. Workers in the tin industry have been 

aware of 'tin creak' ajssociated with twinning in tin and mine 
workers have often been warned by creeLking timbers of an 
impending cave-in. In recent years these emissions have been the 
subject of intense study for use in non-destructive testing.

The first systematic study of acoustic emission (AE) wais carried 
out by Kaiser (59). He employed transducers, amplifiers and 
oscilloscopes to study the AE from tensile tests of several metal 
samples. His conclusions regarding the sources of AE have long 
since been disproved but his observations regarding the 
irreversibility of AE has been confirmed many times and is known 
as the "Kaiser effect". The Kaiser effect can be summarised thus 
- if a specimen is loaded to a given load and then unloaded, upon 
reloading no AE will be observed until the previous maximum 
loading is exceeded.

A number of attempts have been made to model the AE source 
Birchon (60) has shown that only part of the energy released from 
a growing crack or moving dislocation, in a metal, may be emitted 
as AE (Figure 1.21). If the partition function of the failure 
event can be determined and the energy of the AE measured at the 
surface, it may be possible to estimate the energy of the source 
event. In practice, however, this has proved impossible because 
the fraction of the energy released as AE is not always a 

constant proportion of the released strain energy. The AE depends
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on the nature of the source micromechanism and the properties of 
the surrounding material.

Kinsler and Fry (61) have shown that, for metal specimens, the 

attenuation of the AE due to the material is universally 
proportional to the distance from the source to the surface. The 
propagation of the stress wave is further complicated by the 
presence of interfaces within the material which will attenuate 
and modify it.

Despite the difficulties mentioned, AE equipment is currently 
being used to monitor a military bridge (62) and grp plant (63). 
Also, acoustic emission equipment is now commercially available 
to perform quality control on spot welding (64).Also AE is being 
used to analyse the failure mechanisms of graphite (65) for use 
in the nuclear industry.

Several forms of AE processing are now available :

1.4.1.1 Ring-down counting
This is the simplest method of analysing AE signals. The signal 
is compared to a threshold voltage and a count is registered 
every time the signal exceeds the threshold (see Figure 1.22a).

The main limitation of ring-down counting is that it is often 
impossible to relate the micromechanical damage events which are 
the source of the emission with the count data obtained. A single 
high energy micromechanical event may produce a signal that will 
generate many counts and this will be indistinguishable from
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several low energy events each generating one count. However, 
this system of analysis is popular because of its simplicity and 
low cost.

1.4.1.2 Event counting
A more sophisticated method of analysing AE is event counting. An 
event is defined as a threshold crossing or group of threshold 
crossings separated from the next threshold crossing by a minimum 
period known as dead time (see Figure 1.22b).

This technique was developed within the intention of obtaining a 
one to one correspondence between AE signals and micromechanical 

failure events. The dead time, usually about lOO/i seconds, 
puts a limitation on the maximum count rate, but in most 
practical situations this limit is never reached.

1.4.1.3 Frequency atnalysis
This system analyses the frequency content of an event. Mu 11in 
and Mehan (67) have used frequency analysis on carbon and boron 
fibre reinforced plastics and claim that different frequency 
patterns were associated with different failure events. These 
results must be viewed with some scepticism in light of work by 
Curtis (68) reported in a review by Stone and Dingwall (69). 
Curtis (68) suggests that in nearly all practical situations the 
AE pulse will lose its frequency identity when passing through a 
material. This confusion of the stress wave is a function of the 
interfaces within the material and thus will be very significant 
in composite materials.
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The problem of frequency corruption by the interfaces within a 
material is not the only problem associated with frequency 
analysis of AE. Systems are not available which will perform real 
time frequency analysis of AE, with the current level of 

electronics technology. Because of these problems frequency 
analysis is not considered to be a useful tool in non-destructive 

testing of composites.

1.4.1.4 Amplitude analysis
This technique involves categorising the AE events by amplitude 
into a series of channels each with a standard bandwidth. The 
result is a distribution of amplitude levels. Peaks in these 
distributions have been identified by Wadin (70) as resulting 
from well defined failure mechanisms. Again these results must be 
viewed with scepticism because of the effects of geometric 
spreading and interference from the large number of interfaces.

Tfie problems associated with amplitude analysis can be partially 
overcome by the use of statistics or by using very wide 
bandwidths for each slot in the amplitude distribution and by 
taking into account the material effect on the distribution when 
analysing the data.

Phillips (66) believes that amplitude analysis is the most 
practical method of analysing AE available at the current time.

1.4.2 AE as applied to ccMnposites
The micromechanical events that lead to AE output from a 
composite are very diverse and include:
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a ) Res 1 n cr acking

b) Fibre failure

c) Rapid debonding
d) Interlaminar cracking

e) Fibre pullout

Attempts have been made by many authors (71,70,72,73) to
correlate amplitude distributions with specific failure 
micromechanisms. Becht (72) claims to have found a correlation 
between the slope of the curve of log cumulative counts versus 
amplitude and the operation of specific microfailure mechanisms. 
He claims slopes of 0.5 to 0.8 for fibre failure and 1.1 to 1.6 
for other mechanisms such as resin cracking and debonding. This 
implies that fibre failures are always high energy events 
compared to resin effects. This has been clearly disproved by 
Guild et al (73) who have shown that the amplitude of a fibre 
failure event depends on the condition of the local fibre/resin 
interface, the extent of debonding and the presence of an hostile 
environment (particularly in grp).

An indication of the difficulty of making generalisations can be 
seen in Figure 1.23 which shows a set of amplitude distributions 
from three different types of grp. It seems improbable at the 
current stage of progress that a single specific microfailure 
event can be unambigously identified using AE. A more realistic 
approach will have to be more statistically based or to involve a 
different type of analysis of the amplitude distribution.
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CHAPTER 2

MATERIALS

2.1 MATERIALS SPECIFICATIONS
The materials under study were 11 ply 0/90 laminates of either 
HT-S carbon, E glass or Kevlar-49 in Code 69 resin. As discussed 
earlier a common resin system has been chosen to aid in 
interpreting the results. Code 69 was chosen because at the start 
of this study it was of interest to the aerospace industry.

The prepreg materials were supplied by Rotorway Composites of 
Cleveland, Somerset and were produced from a single batch of Code 
69 resin. The laminates were layed up and autoclaved at the Royal 
Aircraft Establishment, Farnborough, (RAE) according to the 
manufacturers specification (74). The procedure involves heating 
under vacuum to 130°C, holding at 130° for 20 minutes, 
increasing the temperature to 175°C under a pressure of 
550-700 kPa, holding at 175° for 60 minutes. The operators 
have discovered that maintaining the pressure until the laminate 
IS completely cooled prevents thermal cracking of the laminates.

Details of the prepreg are given in Table 2.1. The resin content 
of the prepregs was selected to give nominally identical volume 
fractions in the cured material. The actual volume fractions 

produced were about 0.64 for the glass and Kevlar laminates and
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0.58 for the carbon laminates.

After autoclaving the laminates were ultrasonically 'c ' scanned 
in the Materials Department at RAE and were found to be of 
reasonable quality for this study. However, it was found 
necessary to scrap the edges of each plate to a depth of 30 mm.

2.1.1 Specimens
Initially the materials were cut up into 20 mm wide strips with a 
gauge length of 70 mm. However, the loadings required to cause 
failure, in monotonie loading and fatigue, were outside of the 
performance envelopes of the equipment available. To overcome 
this problem the specimen dimensions were standardised to 10 mm 
wide with a 100 mm gauge length. The change in gauge length was 
required to allow the fixing of an acoustic emission transducer 
onto the specimen as well as the extensometer knife edges.

2.1.2 Cutting
In the case of the glass and carbon composites, cutting was 
performed using a dry, diamond-impregnated slitting wheel. 
Provided the cutting rate was controlled carefully this gave an 
excellent surface finish for these laminates. However, in the 
case of the Kevlar laminates excessive heating occurred and the 
cutting wheel rapidly clogged with burnt resin. The best cuts for 
the Kevlar laminate were obtained using a high speed steel side 
and face cutter operating at IGOOrpm with a slow feed rate 
(4m/min). The whole laminate was cooled indirectly by means of 
liquid nitrogen. In general the quality of the cut edge was very 
good but in some cases the edge had a brush-like appearance which
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was removed using fine ('arborundum paper.

2.1.3 End tabbing
Aluminium end tabs were bonded to the specimens to minimise the 

effects of gripping the material in a testing machine. The end 
tabs were shot blasted on one side to improve the adhesion 
between the glue and end tab. Initially, the end tabs were bonded 
onto the specimen using twin-pack, slow-setting Araldite epoxy 
resin. This proved unsatisfactory when the specimens had to be 
exposed to moisture for any period of time. To overcome this 
problem, Araldite AV138/HV998 adhesive was used. This adhesive 
cured at room temperature and retained sufficient strength even 
after exposure to boiling water for 6 months.
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. 2 .1 Code 69 resin 
For aerospace users, as already mentioned, the composite, and 
hence the resin, must be able to withstand aggressive temperature 
and moisture environments. (In the case of thermosetting resins 
this normally means that the resin must have a high cross link 

density) The most common thermoset resins used, which show good 
environmental stability, are epoxy-based resins. These systems 
form a good bond with most fibres, are relatively easy to 
process, have good strength and stiffness (in their operating 
temperature range), have good chemical and environmental 
resistance and exhibit low shrinkage during curing. However, 
there are some associated problems including cost, high viscosity 
(at the cure temperature) and a requirement for a long 
complicated cure schedule.

Code 69 is a high specification, 175°C cure, proprietary 
epoxy resin from Fothergill and Harvey intended for use as a high 
performance matrix for aerospace composites. The main component 
of Code 69 IS tetraglycidyl 4, 4' diaminodiphenyl methane (TGDDM ) 
(see Figure 2.1) which is more commonly known by the Ciba-Geigy 

MY720 trade name. This is cured with d i ami nod iphe ny1suIphone 
(DDS) (Ciba Geigy trade name Eproal). The cure reaction tends to 
be quite sluggish even at 175°C so BF^MEA boron 
trifluoride monoethyl amine (trade name BF^400 ) complex is 
added as a catalyst. This catalyst is not active at room 

temperature so it has no effect on the shelf-life of the resin 
(76).
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Code 63 contains (76):

TGDDM 100 Parts
DDS 30 parts

BF^MEA 1 parts

together with some small amounts of unspecified proprietary 
additives.

The addition of BF^MEIA not only catalyses the curing but also 
increases the cross linked density of the cured epoxy (77). 
BF^MEA also promotes homopolymérisation of the TGDDM although 
the main reaction is between the epoxy groups of TGDDM and the 
amine groups of the DDS. Morgan and O'Neal (78) have shown that 
the structure of Code 69 resin is not homogeneous but consists 
of highly cross linked regions in a less highly cross linked 
matrix. The actual structure of an epoxy will vary with small 
chemical composition changes or different cure cycles.

When produced as a cast resin Code 69 exhibits a non-linear 
stress/strain relationship at elevated temperatures but at room 
temperature the resin is essentially elastic (79), although it is 
reasonable to assume that any plastic yielding that might occur 
will be suppressed by premature failure initiated at flaws in the 
resin (24). Hence any resin properties, such as those obtained 
by Harrison and Bader (79), will be of little use in predicting 
the behaviour of the resin in a high volume fraction composite, 
where the resin only exists as a thin film between the fibres.
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2.2.2 Effects of moisture on epoxy resins

Although the detailed mechanisms of moisture absorption are not 
yet fully established it is generally (80) believed that the 

water forms hydrogen bonds with polar groups in the resin. This 
disrupts the interchain hydrogen bonding, increasing the 
intermolecular distances and thus causing a volume increase.

Morgan et al (81) and Tajuna (82) have given evidence to show 
that the primary sorption sites, within a TGDDM-DDS epoxy, are 
the hydroxyl, sulphonyl and primary and secondary amine groups.
By bridging polar groups on adjacent molecular segments, the 
water molecules are strongly bound to the structure and may be 
difficult to remove by drying. In addition to the strongly bonded 
water molecules there may also be water weakly bonded within the 
free volume of the polymer (83,84).

Resin swelling nominally increases linearly with moisture 
content: however, the volume increase is usually less than the 
volume of moisture absorbed (83,85,86). Hahn and Kim (86) and 
others (85, 87) have also reported a threshold level of moisture 
below which the resin expansion is non-linear. These anomalies 
can be explained by the behaviour of the unbound water molecules 
which are associated with the resin free volume and hence will 
not generate a volume expansion.

Associated with the bound water molecules is a reversible 
plasticisation of the resin and a lowering of the Tg. Many 
authors (88,89,90) have reported reductions in Tg of 50 to
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60°C for resin systems similar to Code 69 resulting from 
exposure to 100% RH environments. The fall in Tg is usually 
associated with the modification of the free volume by the water 
molecules (85,91). These assist the breakdown of the 

intersegmental hydrogen bonding as the temperature is increased 

and hence reduce Tg.

Moisture absorption also causes a reduction in tensile strength 
and modulus of the resin as found by Browning et al (90) and 
Adamson (83). This effect is relatively small at room temperature 
but increases at elevated temperature. There is evidence that for 
situations where the resin controls composite properties (e.g.

±45 cfrp), these properties follow closely the properties of 
the resin alone (83,90).

Moisture absorption is generally regarded as a reversible 
process. There is however a possibility of irreversible damage in 
the form of leaching and chemical degradation of the resin if 
exposure is severe, particularly at high temperatures. This 
irreversible degradation was considered when defining the fully 
saturated moisture environment (as discussed later).
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2.3.1 Glass fibres
Glass fibres are currently the most popular reinforcing fibre for 
composites, largely because of their low cost compared to carbon 
or Kevlar and because they easily form good bonds with a 

multitude of resin systems.

They are available commercially as three types :

a) E-glass (E for electrical) is the most commonly used because 
of ease of manufacture and because the fibre exhibits good 
strength, stiffness, electrical and weathering properties.
b) C-glass (C for corrosion) has higher resistance to chemical 
attack than E-glass but has lower strength and is more expensive.
c) S-glass has higher stiffness and is more temperature resistant 
than E-glass but is more expensive. This type of glass fibre is 
only used in special applications where the extra high modulus 
may justify the cost.

The fibre used for this study is E glass, which is a boro- 
silicate glass with approximately 0.8% Na^O and K2Û(24).

Glass fibres are produced by drawing fibres out of a tank of 
molten glass through a series of platinum bushings each of which 
has several hundred holes in its base. The fibres are then given 
a coating of size to protect them and wound onto a drum. The 
fibre diameter is controlled by adjusting the head of glass in 
the tank, the viscosity of the glass, the dimensions of the holes 
and the winding speed. The strength of freshly drawn fibres is 
about 3.5 GPa and the distribution of strengths is very small.
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However, in practice the fibre strength is limited by flaws winch 
arise from fibres rubbing together in the production process or 
from flaws produced by moisture attack. The size is applied at an 
early stage in the production in order to minimise this damage.

The size is usually applied as a thick coating of polymer by 
spraying the fibres with an emulsified mixture of water and 
polymer. The size performs many functions apart from protecting 
the fibres during production. It is very important that the 
appropriate size is chosen to be compatible with the resin matrix 
to be used, since the size is a critical component of the 
fibre/matrix bond.

The fibres consist of a 3-dimensional covalently bonded network 
of linked SiO^ polyhedra (a 2-dimensional representation is 
given in Figure 2.2). The oxide additions control the properties 
of the glass both before and after vitrification. Intermediate 
oxides such as Al^O^ actually form part of the network 
whilst basic oxides (of the alkali and alkaline earth metals) are 
held interstitially, by ionic bonding to the oxygen atoms and 
these oxides modify the network and control the properties.
Na^O and K^O must be kept below 1% in order to minimise 
the detrimental effect their presence has on the moisture 
resistance of the fibre.

The main advantages of glass fibres over their competitors are 
ease of manufacture, ease of handling and low cost. Glass fibres 
are also isotropic amd exhibit good radial and transverse 

strengths where as both carbon and Kevlar are weak radially and
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e xhibit high anisotropy.

The main disadvantages of glass fibres, their high density and 

relatively low Young’s modulus, lead to poor specific properties 

when compared to carbon and Kevlar fibres. However, these 

disadvantages are currently outweighed by the cost advantage of 

using glass fibres.

2.3.2 Effect of moisture on glass fibres

In contrast to carbon fibres, glass fibres are strongly affected 

by the presence of moisture. Water is adsorbed on to the surface 

of the glass fibres, primarily as hydroxyl groups and as 

molecular water held by hydrogen bonding to these hydroxyl groups 

(92) this moisture causes irreversible deunage to the fibres in 

the form of surface pits, caused by chemical attack. These pits 

act as stress raisers greatly reducing the strength of the 

fibres.

The pits are formed by moisture breaking down the covalent glass 

network by leaching the hygroscopic alkali metal oxides, in 

particular, Na^O. The generally accepted mechanism (93,94) in 

both liquid water and water vapour involves the exchange of metal 

ions in the fibre surface for hydrogen ions.

[ Si - 0 - Na] + H^O — > [ Si - OH] t Na^ + OH

The volume change associated with the replacement of a sodium ion 

with a hydrogen ion produces surface tensile stress that even in
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the absence of an applied loading will further weaken the fibre.

In order to improve the moisture resistance of E-glass fibres the 
alkali metal oxides are kept below 1%. Even so Metcalfe and 
Schmitz (94) have shown that E-glass fibres lose up to 60% of 
their strength after immersion in water at 96°C for just one 
day, although at room temperature the degradation is slower. 
Strength reductions of 20% are reported after 3 weeks exposure. 
Metcalfe and Schmitz have shown that ion exchange is the 
controlling corrosion mechanism; even where the atmosphere is 
nominally dry corrosion is simply slowed down. Pitting of the 
fibre will occur in regions of high sodium concentration, which 
may occur by phase separation in the glass.

The degradation of glass fibres in the presence of water is 
accelerated by an applied tensile stress. Donnet and Ehrburger 
(96) report a 36% drop in strength for E-glass fibres exposed to 
a 65% RH environment under load for 3 months as opposed to a 21% 
reduction for unloaded fibres in the same environment. Slow sub 
critical crack growth is believed to occur from surface damage 
caused by moisture corrosion leading to a delayed stress-rupture 
failure of the fibre if the eiqxDSure time is sufficient. The 
region of sub-critical crack growth has been observed by Metcalfe 
and Schmitz, as a smooth mirror zone' on the fracture surface of 

the broken glass fibre.

Metcalfe and Schmitz (94) have suggested that the flaws that lead 
to time dependent weakening are not necessarily the original 
flaws caused by abrasion damage during production, but can also
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be flaws created by moisture attack. There is no reason to assume 
that the conditions promoting crack growth by corrosion, such as 
high Na^O concentrations, should exist in the vicinity of 
abrasion damage. They arrived at this conclusion after observing 

an incubation period before which there is no loss of strength 
for fibres exposed to water under no applied loading. It was 
suggested that this incubation time represents the time taken for 
moisture induced flaws to grow to the same size as the original 
abrasion damage.

2.3.3 Effects of moisture on the glams fibre/epoxy interfaice 
The most complex component of the composite is the fibre/matrix 
interface. If the bonding is too good^Cook-Gordon crack stopping 
does not occur and the composite fails in a brittle manner, and 
if the bonding is too weak the stress transfer between the fibres 
and matrix, and hence the composite properties, are poor.

Interfacial bonding between glass fibres and an epoxy matrix has 
two components, chemical bonding and mechanical bonding. The 
mechanical bonding arises from the different thermal expansion 

coefficients of glass fibres and epoxy resins. The resin 
contracts more than the fibres on cooling from the cure 
temperature and this leads to an extremely complex stress state 
at the interface (24,45). The matrix tends to compress radially 
the fibres thus forming a mechanical bond. Since absorbed water 
causes resin swelling and plasticisation, moisture should relax 
this mechanical grip on the fibres and hence reduce the local 

stress state.
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The chemical borxiing between the fibres and resin is dependent on 
the effectiveness of the organic silane coupling agent, which is 
on the fibres. This coupling agent is designed to enhance the 
epoxy/glass bond and to reduce moisture attack on the glass 
fibre. One end of the silane molecule is an organic group, which 
is lipophilic, which bonds well to the epoxy resin. The other end 
of the molecule is a silanol group (Si-OH) which forms a strong 
oxane bond with the non hygroscopic metal ions in the surface of 
the glass fibre (92,96). The coating is made coherent by the 
presence of siloxane (Si-O-Si) bonding between adjacent silanol 
molecules. The oxane bonds (S-O Metal ion) can by hydrolysed in a 
reversible manner (96) with an equilibrium being set up between 
the strong oxane bonds and the hydrogen bonding between the 
silamol groups in the hydrolised oxane bond (see Figure 2.3). 
Plueddemann (96) proposed that this hydrolysis progressively 
pushes the equilibrium to the right weakening the glass/epoxy 
interface.

Although most of the oxane bonds are easily hydrolised Agarwal 
and Broutroan (49) have presented evidence that a small proportion 
of the covalent bonds remain resistant to quite severe moisture 
exposures.

The hydrolysis appears to be reversible providing the exposure 
has not been severe enough to chemically break down the silane 
itself. To remove all the water and restore the oxane bonding 
would require extensive drying (97).
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2.4.1 Carbon fibres
Carbon fibres are probably the most important reinforcing fibre 
type currently available. Their specific strength and modulus are 
considerably better than those of competing fibres. Fig. 2.4 

shows schematic stress/strain diagrams for different fibre types.

Apart from their excellent specific properties, composites made 
from carbon fibres exhibit good fatigue and environmental 
resistance. However, they are expensive so their use is limited 
to areas such as aerospace where their superior properties are 
cost effective.

Production of modern carbon fibres was pioneered by Johnson, Watt 
and Phillips (98) at the Royal Aircraft Establishment, 
Farnborough. The process involves several stages to convert a 
precursor fibre ( in this case polyacrylonitrile, more commonly 
known as PAN) into a high strength carbon fibre.

The first stage involves the production of the acrylic fibres 
from bulk PAN. Careful cleaning and handling of the PAN at this 
stage can dramatically improve the finished fibre properties ais 
demonstrated by Moreton (99). The PAN fibre (see Figure 2.5(a)) 
is then stretched to improve the chain alignment within the 
fibre, and is then heated in an inert atmosphere to 250°C 
which produces a ladder-type arrangement as shown in Figure 
2.5(b). Further heating to 600°C in air oxidises the polymer 
and produces the structure shown in Figure 2.5(c). The fibre is 
then heated to above 1000°C to produce the finished carbon 
fibre. During all of these heat treatments the fibre is
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restrained from shrinking, which progressively increases the 

degree of chain alignment within the fibre structure.

The last heating stage to above 1000°C is the stage which 
determines the final properties of the fibre Figure 2.6 shows 
the effect on fibre strength and modulus of the final pyrolysis 
temperature.

The maximum fibre strength is obtained by using a maximum 
pyrolysis temperature of 1500°C, which produces type II 
< EfT ) fibres. The maximum fibre modulus, together with reasonable 
strength, is obtained, at approximately 2000°C and this 
produces type I (HM) fibres. The higher heat treatment 
temperature results in larger and better formed crystallites, 
hence the higher modulus (77). The decrease in strength at the 
higher ten^>erature has been attributed to the formation of gross 
internal flaws formed by impnirities (100,101).

Types I and II carbon fibres are usually about 7 to 8 in
diameter and consist of small crystallites of 'turbostratic' 
grap>hite. The turbostratic graphite is in the form of small 
crystallites with their basal planes aligned roughly parallel to 
the fibre axis. The high strength and modulus of the fibre are 
derived from the strong covalent bonding of the carbon atoms 
within the aromatic rings. However, the basal planes are only
held together by weak van der Waals forces and hence the fibres
are weak radially (102) (see Figure 2.7).

Carbon fibres produced from PAN are currently expensive and can
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only find uses in high technology environments or as a sales 
promoter in the sports industries. However, Townsend (103) 
believes that carbon produced from pitch will provide cheap high 
quality fibres which could create a large volume market for 

carbon fibres.

2.4.2 Effecrts of nolsture on carbon fibre
Aveston, Kelly and Sillwood (104) and Riggs et al (105) have 
shown that individual carbon fibres are chemically inert in the 
operating temperature range of epoxy resins (up to 170°C) 
they are also resistant to moisture attack, they exhibit 
excellent stress rupture properties and their strength is 
independent of load rate. This environmental stability of the 
carbon fibre is reflected in the excellent environmental 
stability of fibre dominated carbon fibre composites.

2.4.3 Effects of moisture on the cajbon fibre/epoxy bond
The carbon fibre/epoxy bond, like the glass fibre epoxy/bond, has 
two components, one mechanical and one chemical. The nature of 
the mechanical bond is identical to that for the glass 
fibre/epoxy bond. However the nature of the chemical bond is 
totally different.

The carbon fibres are given a surface treatment to obtain a good 
fibre/matrix bond. This treatment involves oxidation, originaly 

with nitric acid but more recently by electrolysis or using 
hypochlorite solutions, to produce active functional groups on 
the fibre surface. Many authors (95,106,107) have identified 

groups such as carboxylic (-C-O-^H), hydroxyl (C-OH) and
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carbonyl (-C--0 ) on the surface of treated fibres. Fitzer et ai 

(106) believe that these groups form chemical bonds (primarily 

hydrogen bonds) with the polar groups in the resin.

Although moisture will progressively weaken the the hydrogen 
bonding it appears that an equilibrium is set up and the 
interfacial bonding is not totally hydrolised. Dorey (108) has 
shown that in carbon composites the interface shows excellent 
resistance to moisture attack.
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2.5.1 Kev lair f tbres
Kevlar-49 is Du Font's trade for poly( phenylene
terephthalamide ) and is one of a new generation of highly aligned 
organic fibres. The structure of Kevlar is illustrated in Figure 

2.8(a) and the crystalline structure is represented in Figure 
2.8(b).

Dobb et al (109,110) have shown that the molecular structure of 
Kevlar fibres is in the form of radially arranged pleated sheets 
(see Figure 2.9). Kevlar fibres are produced by an extrusion and 
spinning process from a solution of PPT in a solvent. In dilute 
solution PPT is isotropic but as the solution concentration 
increases spontaneous ordering of rod-like molecules takes place. 
Once extruded the fibres are stretched and drawn to improve their 
tensile properties (24,11).

The Kevlar fibre Is highly anisotropic, being very strong and 
rigid in the fibre direction by virtue of the aligned covalent 
bonding in the polytner chains. However, Greenwood et al (112) and 
Lafitte et al (113) have shown the fibre to be weak in 
compression and radial loading. This radial weakness arises from 
the weak hydrogen bonding between the aromatic chains.

Unlike carbon and glass fibres Kevlar fibres do not break in a 
brittle fashion when stretched in tension but defibrillate 
extensively, and exhibit some ductility and necking (24). In 
bending kink bands form in the fibre and the fibre undergoes 
gross deformation on the compression surface (112,113). In this 
manner the fibre may be completely bent back on itself to a zero
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radius ot curvature without failing. This bending beahviour 

highlights the basic drawback of Kevlar fibres in compression but 

does also illustrate the toughness of the fibre.

Kevlar fibres have been shown by Dobb et al (109,110) to include 
an internal network of defects. These include microcracks and 
voids mainly orientated at small angles to the fibre axis. These 
flaws have been shown by Pruneda et al (114) to limit the 
strength of the fibres. There is also evidence that the Kevlar 
fibre may have a duplex structure with a skin of lower 
crystalUnity than the core of the fibre.

Kevlar fibres are chemically inert in most environments although 
they are degraded by ultraviolet light. They are thermally stable 
up to 1 0 0 with practically no change in properties. Even at 
300^C they retain approximately 75% of their room temperature 
properties, but above 300°C there is a sharp deterioration of 
their properties.

The use of Kevlar fibres is severely limited by their poor 
flexural and compression properties. Filament-wound pressure 
vessels are a good exaunple of an ideal application for Kevlar 

where the fibres are only subjected to tensile forces as a result 
of the internal pressurisation of the vessel. However, Kevlar may 
well find its largest market in the hybrid composite field. Small 
additions of Kevlar to carbon composites can be made in order to 
utilise the intrinsic toughness of the Kevlar fibre. Kevlar 
should replace glass fibres for hybrid applications over the next 
decade because the fibres are lighter and stiffer than glass
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fibres.

2.5.2. The effect of moisture on Kevlaur fibres
Many authors (111,115,116,117) have shown that Kevlar fibres are 
chemically stable and show good moisture resistance within the 

service range of epoxy resins. Chiao and Chaio (111) have 
reported that the tensile properties of Kevlar fibres are not 
greatly affected by moisture at room temperature. They attribute 
this to the stability of the co-valently bonded fibrils that make 
up the Kevlar fibres.

However, Kevlar fibres do absorb large quantities of water 

(“6% by weight). This moisture is believed to diffuse into 
the fibre via the extensive defect structure of microvoids and 
cracks. The absorbed moisture breaks down the weak interfibriliar 
hydrogen and van der Waals bonding. Allred and Roylance (118) 
have noted that the fibres swell radially by some 5% per 1% 
moisture uptake and that the radial strength and modulus drop 
with moisture absorption. They also noted that this leads to an 
increased likelihood of fibre splitting and core/skin debonding.

Chiao and Chiao (111) have shown that the stress rupture 
behaviour of the fibre is superior to the behaviour of glass 
fibres. Also Kevlar fibres show no significant load rate effect. 
Cook et al have presented evidence that, although the tensile 
properties are little affected by absorbed moisture, the creep 
rate is increased and the stress rupture lives decreased.

A major weakness of Kevlar fibres is their susceptibility to
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ultra violet radiation, as present in sunlight, which leads to 
discoloration and degradation of the mechanical properties (111, 
119). However, few composites are exposed to direct sunlight 
since most components have a gel coat or are painted.

2.5.3 Tïïe effects of moisture on the Kevlar fibres/epoxy bond
In contrast to the interfaces in carbon and glass fibre 
composites, little is known about chemistry of the interfacial 
bonding between Kevlar fibres and epoxy resins. There will still 
be a mechanical bond, due to differential thermal contraction 
from the cure temperature. Chiao and Chiao (111) have shown that 
although the interface is weak some adhesion is known to occur. 
This bonding is presumably van der Waals or hydrogen bonding.

Both Pruneda et al (114) and Mumford et al (119) believe that a 
strong Kevlar fibre/matrix bond would not necessarily benefit the 
materials properties owing to the low transverse strength of 
Kevlar fibres.

Vaughan (121) and Allred and Roylance (118) have reported 
reductions in interfacial bond strength with increasing moisture 
content. This is probed)ly due to the water molecules disrupting 
any hydrogen bonding at the interface. The absorption of moisture 
and its accompanied radial swelling of the fibres will greatly 

complicate the localised stress state in the resin surrounding 
the fibres. This together with the effect of moisture weakening 
the transverse strength of the fibres has made detailed 

investigation difficuIt.
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1 SPECIMEN PREPARATION
10mm wide specimens were cut from the laminates produced at the 
RAE using the procedures outlined in the previous section.

Aluminium end tabs were bonded onto each specimen such that a 
100mm gauge length was produced. The composite surface was 
prepared by light abrasion followed by degreasing with methylated 
spirit. The aluminium surface was lightly shot blasted and 
degreased in an ultrasonic bath of acetone prior to bonding with 
Araldite AV138/HY998.

This procedure produced a sufficiently good bond which did not 
degrade in any of the conditioning environments used and survived 
the fatigue testing.

3.2 ENVIRONMENTAL STABILISING
As discussed earlier in Chapter 2 the moisture content of a 
composite affects its material properties. It is therefore of 
great importance to equilibrate the moisture content of test 
specimens to a known moisture level prior to testing.

The three most common environmental states chosen for test 
programmes are dry, as received and fully saturated.
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3.2.1. The dry condition
The dry condition was obtained by heating the laminates in a oven 
at 60^C. The drying curve for the three laminates is given in 
Figure.3.I. All three laminates had reached equilibrium after a 
period of 28 days, so the standard dry state for this work was 
defined as that obtained after a minimum of 4 weeks in a 
desicating oven at 60°C.

3.2.2 As—received
This is arguably the normal state of a composite and results from 
an undetermined period of exposure to the laüDoratory 
environment. However the laboratory environment in the United 
Kingdom can vary markedly with the season (BO^C, 40% RH in 
summer and 20^, 90% RH in winter). For experimental
purposes it is important to have a stable environment so that the 
moisture content of all the specimens is constant and hence any 
variation of materials properties will not be seasonal.

Constant humidity environments can easily be obtained by placing 
saturated salt solutions into a sealed container. By varying the 
salt used different humidities can be obtained. The relative 
humidity selected for this study was 65% RH and this was obtained 
using a saturated solution of sodium nitrite in distilled water.

Figure 3.2 shows the moisture uptake curves for the three 
laminates for conditioning to 65% RH from the as-received state. 
As mentioned earlier the as-received state is variable. However, 

this has no effect on the time to equilibrium which is only
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dependent on temperature and apparent diffusion coefficient (as 
discussed earlier). Saturation is achieved after a period of 120 
days so the standard 65% RH state is defined as a minimum of 4 
months in 65% RH at 20^C.

3.2.3 Fully saturated
Several methods of obtaining the fully saturated state were 
considered and inversion in boiling water was chosen. The 
elevated temperature increased the rate of uptake and the 
presence of water ensured that full saturation would occur. With 
hindsight an immersion in water at 90°C would have been a 
more practical choice.

Figure 3.3 shows the weight gain curves for the three laminates 
immersed in boiling water. Saturation in this case is difficult 
to define because after about 700 hours leaching of the resin 
becomes significant. However by 500 hours the specimen is almost 
saturated so the fully saturated state is defined as 3 weeks (504 
hours) in boiling water followed by storage in room temperature 
water.

3.2.4 Moisture levels associated with the stamdard 
conditioning treatments
The actual moisture contents obtained for each composite in each 
environment are given in Table 3.1. Water uptake expressed as 
weight percentage for equilibrium at the 3 environments. Values 
given for the GRP and carbon laminates are mean values. However 
for KFRP the whole spread of results is given because of the high 
variability of the moisture uptake results.
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3.2.5 Humidity emd thermal cycling
In an attempt to simulate accelerated weathering of the 
materials, the laminates were subjected to a thermal/humidity 
cycle (12 hours at 0% RH (nominally) 2°C and 12 hours at 100%
RH 85°C). These treatments were carried out in a Fisons 
environmental chamber. Specimens were carefully positioned to 
ensure that they did not contact any liquid resulting from 
condensation at the cycle turnover. Exposure times varying from 
several days to three years were used.

3.3 TESTING EQUIPMENT
3.3.1 Static tests
Slow crosshead speed tests (< 2mm/sec) were performed on an 1195 
screw driven Instron machine with a lOOkN capacity.

Tension tests were conducted on parallel sided specimens lOOram 
wide at a crosshead speed of 0.5 mm/minute. This speed was 
selected as the fastest rate of testing possible without 
saturating the acoustic emission equipment that was attached to 
the specimen.

Interlaminar shear tests were conducted at a crosshead speed of 
Imm/minute according to BS2782 Part 3, method 341A (British 
Standards Institution, 1977) with a span to depth ratio of 6.

High speed static testing of the composites at loading rates up 
-1to 200kN sec were performed on a 133 2 hydraulically powered 

Instron and the stress/strain data were collected on a mini
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computer. These tests were performed to ascertain the loading 
rate dependence of each composite and to provide half-cycle data 
for the fatigue curves at the appropriate rate of loading.

The minicomputer used was a Digital Equipment Corp MINC, and the 
software used will be discussed later.

3.3.2 Fatigue Tests
The tensile fatigue work was carried out exclusively on 13 series 
hydraulic Instron machines with load capacities of lOOkN.

As discussed earlier all the fatigue tests were conducted at 
constant rates of stress application. The individual rates used 
for each material were arrived at empirically and were selected 
as the fastest rate possible without causing significant heating 
of the specimen. The rates used as given in Table 3.2

Some fatigue tests were stopped prior to failure and the 
specimens tested for residual strength. Initially the residual 
strength tests were performed with acoustic emission monitoring 
at a crosshead speed of 0.5 mm/minute. These tests yielded no 
useful data. However, when the residual strength tests were 
conducted at the appropriate rates of loading, useful results 
were obtained, ats discussed later.

3.3.3 Acoustic emission
The acoustic emission equipment consisted of an AETC Series 203 
Event Amplitude Analysis system coupled to a DEC MINC 
minicomputer (which collected load, strain and acoustic emission
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informaton in real time). This, in turn, was connected to the 
Avon Universities Honeywell Multics system for post-test analysis 
and off-line data archiving (see Figure 3.4).

The AETC system sorts acoustic activity into fifty one amplitude 
channels each having a band width of 1.2dB. Channel O has a 

threshold of lO^V and channel 50 a threshold of lOV. The 
frequency range accepted by the AETC is 100kHz to IMHz and the 

system defines an 'event' in relation to a lOOftS dead time.
The transducer used was an AETC FAC-500 PZT flat-response 
detector with a nominal resonance at about 500kHz. This 
transducer was always located as close to the centre of the gauge 
length as possible so as to minimise specimen damping of the 
acoustic waves eis discussed earlier. Computing aspects of 
acoustic emission monitoring will be discussed in Section 3.4.

3.3.4 Computer equipment
The DEC MINC IS an ÎS I -11 -based minicomputer produced by Digital 
Equipment Coporation, Maynard, Massachusetts. The processor in 
the MINC used in this work is an LSI11/02 complimented with 
hardware floating point capacity.

Analogue signals (load and strain) are monitored via a MNCAD 
module which converts them (in the range —5V to +5V) into a state 

acceptable to the processor. These analogue signals are tapped 
directly from the Instron load cell and extensometer amplifiers.

Digital signals (acoustic emission event information) are 
collected via a MNCDI module which converts the 12 bit-word
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describing an AE event, from the AETC system into a format 
acceptable to the processor. The system timing is controlled by a 
MNCKW 10 MHz external clock. Once collected all the data are 
stored onto an RX02 floppy disc, from which it can easily be 
retrieved for post-test analysis.

Post-test analysis is carried out at the Avon Universities 
Computer Centre, Bristol, via a remote link. The mainframe 
computer used is manufactured by Honeywell Ltd, USA, and uses the 
'MULTICS' operating system. The machine has two processors each 
of 2 Atlas computing power and lOM bytes of main memory together 
with a large amount of hard disc storage capacity and off-line 
archiving facilities on 1 inch magnetic tape. Also attached to 
the system is a Calcomp remote plotting facility which was used 
to produce all of the acoustic emission diagrams for this study.

3.4 COMPUTER SOFWARE
3.4.1 CALIB
The Fortran source code listing of CALIB is given in Appendix 2. 
This program is a simple analogue input monitoring routine which 
is used during the calibration of the testing equipment. Analogue 
sampling is performed by the "polling" algorithm. Effectively the 
program converts the MINC into a digital voltmeter.

3.4.2 DCOL5 and DOOL6
The data collection program, DCOL5, is a macro-II program written 
by Alan Hill of AKH Software which is the main back bone of the 
acoustic emission data collection. In simple terms, the program
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collects all digital inputs on an interrupt basis (i.e. every 
time a signal arrives it interrupts the system and is recorded) 
and it collects the load and strain analogue signals on a polling 
basis (i.e. after a fixed number of system clock pulses). Once 

collected, the information is buffered in the computer's memory. 
The contents of this memory are rapidly dumped onto disc in a 
binary format when the processor is idle, i.e. waiting for an 
interrupt from the AETC or clock. The program is sufficiently 
faet acting to be able to cope with 2,000 events per second 
whilst sampling the load at 10 millisecond intervals.

DCOL6 is a version of the original DCOL5 program that has been 
modified to collect only analogue data. Sampling rates up to
1,000 points per second can be achieved, thus making it possible 
to gather data sufficiently fast to obtain stress/strain plots 
for the high speed tensile tests.

The source listings for DOCL5 and DCOL6 are not given because of 
copyright limitations.

3.4.3 DIXON 1
DIXONl is baaed on a program AESTAT which was produced by Jay 
Ackerman (Visiting Lecturer to University of Bath from the 
Lawrence Livermore Laboratories, California, USA). The AESTAT 
program was designed to perform simple statistical analysis on 

the acoustic emission data stored on disc.

The AESTAT program was significantly modified to permit DIXONl to 
take acoustic information on discs in binary form and analyse it
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to produce an output which is readable by both the Honeywell 
Multics system and the operator. (Binary information cannot be 
transmitted over the data link with AUCC ).

The Fortran source listing of DIXON 1 is given in Appendix I. 
However, no source listings are given for the system sub-routine 
calls made by DIXON I for copyright reasons.
3.4.4 MULINK
MLTLINK is a BCPL program written by Dr J Hanson of the School of 
Mathematics, University of Bath. This program sends the output 
file from DIXONl to disc storage on the Multics System. Like most 
data transfer routines, data checking and limited data correction 
occurs thus guaranteeing error free transfer.
3.4.5 DOOER
DOOER is a Fortran program which calls the appropriate Fortran 
subroutines (mainly read plotter) to perform post-test 
analysis on the acoustic emission files.

Read plotter is the main number processing subroutine that 
holds all data for one test in a series of large arrays. Although 
the filling of these arrays is time consuming the processing 
speed is increased in the later stages of the program by this use 
of large arrays.

Program options that can be user-selected include a facility to 

normalise the acoustic emission plots with respect to the total 
number of counts occurring during the test so as to assist in 
comparing tests. The user may also select a representation of 
count rate versus applied stress, total cumulative counts versus
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applied stress, or both. Automatic scaling of the plot axes 
occurs normally but can be over-ridden to allow manual scaling by 
the user. When plotting AE count rate the program offers an 
opportunity to smooth out the random peaks that occur and to
produce curves similar to Figure 3.5.

Figure 3.5 was obtained by selecting un-norma1ised count rate 
versus applied stress with a smoothing factor 10. This means that
every point is an average of 10 points (representing
approximately 5 seconds of the test). The upper line in Figure
3.5 represents the total count rate for all 50 channels whilst 
the lower lines represent events in preselected amplitude ranges. 
Each range covers 10 channels (12dB) and the subdivided groups 
represent successively higher channels as indicated in Figure 
3.5.

Although this style of representation only involves a small part 
of the program it was found to be the most useful in assisting in 
the interpretation of the data and was used exclusively for this 
study.

The Fortran source for dooer and read-plotter are given in 
Appendix 2.
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CHAPTER 4 

RESULTS AND DISCUSSION

4.1 STATIC TESTING
4.1.1 0/90 Mechanical properties
The mechanical properties and saturation moisture contents of the 

three laminates after exposure to the three standard environments 
(dried, exposed to boiling water and eaqx^sure to 65% RH) are given 
in Table 4.1 and 4.2.

Exposure to the three standard environments seems to have had 
little effect on the standard mechanical properties of the carbon 
fibre laminates. This good resistance to environmental degradation 
results from the fact that carbon fibres themselves are resistant 
to attack from moisture (104). Furthermore, the carbon 
fibre/matrix interface has been shown to have good resistance to 
attack by moisture (108 ). Any effect that the moisture content 
will have on the matrix will not be significant, since composite 
failure is totally dominated by the low failure strain carbon 
fibres.

In contrast to the carbon fibre laminates, exposure to moisture 
does have a significant effect on the mechanical properties of 
glass fibre composites. The difference in environmental behaviour 
is due to two factors. Firstly, the failure strain of glass fibres 
exceeds the matrix failure strain, and thus the resin, (with its 
moisture-dependent properties) makes an important contribution to 
overall failure. Secondly, the glass fibres themselves are
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susceptible to moisture attack, 60% reductions in strength having 
been reported after immersion in water at 96°C for just one 
day (94).

Exposure to the 65% RH environment results in a moisture content 
of approximately 0.6% in the glass laminates. This level of 
moisture is sufficient to cause a small increase in the strength 
of the composite and a significant primary modulus drop. It is 
interesting to note, however, that there is little change in the 
secondary modulus. This indicates that the effect is limited to 
the transverse plies and is almost certain to be an effect 
resulting from the relaxation of residual thermal stresses.

The small increase in strength will result from resin swelling and 
plasticisation, leading to the removal of residual thermal 
stresses, thus effectively increasing the matrix failure strain 
and hence, the composite strength. Both the strength increase and 
primary modulus drop were reversible, indicating that the nature 
of the effect was not permanent, thus ruling out fibre damage. The 
main effect of the moisture will be to hydrolyse the coupling 
agent on the fibres, a process which will be reversible unless 
the exposure is so severe that the silane itself is broken down 
(122). In this case, exposure is mild and thorough drying results 
in recovery of the original dry material properties. This is in 
good agreement with the work of Lee (97).

However, for composites immersed in boiling water, the 
environmental effect on the material properties was both marked 
and non-reversible. Both the failure strain and strength were more
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than halved, but neither the primary nor secondary moduli were 
affected. It is clear that the environmental attack was sufficient 
to break up the silane coupling agent and thus expose the fibres 
to irreversible moisture attack. White and Phillips (123) have 
shown that once the coupling agent has been damaged, pitting 
attack occurs on the fibre surface (Plate II). This pitting attack 
will dramatically effect the fibre strength and hence the 
composite strength.

The effect on the composite strength of varying exposure times to 
boiling water is shown in Figure 4.2. The strength has reached a 
minimum after 500 hours exposure, a point taken into account when 
arriving at the standard exposure time of 500 hours for the 100%
RH environmental treatment.

The Kevlar fibre laminate appears to exhibit a more marked 
variation in strength with moisture content. The most damaging 
environmental treatment appears to be drying although boiling 
water exposure also has a detrimental effect on the strength.

It is probable that the drying causes a contraction of the fibre, 
thus reducing the efficiency of the fibre/matrix bond. Allred and 
Roylance have noted that Kevlar fibres swell laterally by some 5% 
per 1% weight gain. Hence, if the prepreg is not fully dried and 
the laminate produced with already slightly swollen fibres, drying 
out will result in a greatly reduced efficiency of the 
fibre/matrix interface. Not only are the effects of boiling water 
exposure irreversible, but drying after exposure also results in 
a further decrease in the strength. The extra strength drop on
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drying out shows that the drying damage mechanism is independent 
of the boiling damage mechanism and that the combined mechanisms 
are more detrimental to the composite strength than either 
operating independently. To check that the effect was not merely 

the effect of exposure at elevated temperature (100°C) rather 
than the combined moisture/heat 'as received' effect, samples were 
then subjected to lOO^C for 3 weeks using the standard drying 
out procedure. This control test resulted in a much smaller drop 
in strength than the boiled and dried specimens had shown, 
indicating that the extra degradation does indeed result from the 
combined effects of moisture and drying.
Allred (124) and Allred and Roylance (118) have studied the effect 
of moisture on the mechanical properties of Kevlar composites.
They observed that moisture weakens the Kevlar filaments by 
penetrating into the extensive internal defect structure of 
microvoids and cracks, and by weakening the interfibrillar 
hydrogen bonding causing extensive internal splitting of the 
fibre. (Plate III shows similar splitting observed in Kevlar 
fibres during this study ). They also noted that composites 
weakened by water absorption did not recover their original 
properties on drying.

4.1.2 Inter laminar and ±45 tests
The mechanical properties of the three laminates tested at the 
±45° orientation, after exposure to the three standard 
environments, are given in Table 4.3. The interlaminar shear 
strength (ilss ) of the three laminates, at the three moisture 
levels are given in Table 4.4.
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Ttie interlaminar shear and ±45 results are more sensitive to 
the effects of environment, presumably because of the controlling 
effect of the matrix and interface in these tests.

In each laminate both the ±45 strength and the ilss were lower 
for the dried laminates them for those exposed to the 65% RH 
environment. Since this effect occurs in the carbon fibre 
laminate, which we know contains both fibres and matrix/fibre 
interfaces which are not degraded by this level of moisture 
absorption, it is reasonable to conclude that the differences are 
due to resin effects. Curtis (125) has shown that residual thermal 
stresses that exist in the laminates can be greatly reduced after 
exposure to 60% RH for a few days. It is therefore reasonable to 
conclude that the improvements shown in all three laminates result 
from resin plasticisation and swelling leading to a reduction in 
residual stresses within the resin, thus resulting in improved 
matrix properties.

Exposure to boiling water, however, does not have such a uniform 

effect on the three laminates. There is a reduction in ±45 
strength for the carbon fibre laminate with an increase in failure 
strain which is indicative of further resin plasticisation 
effectively resulting in a lower strength, higher failure/strain 
resin. This increase in failure strain is not reflected in the 
glass laminates because there is a change in failure mode after 
boiling, and in the case of Kevlar laminate because the fibres 
have been weakened, as discussed earlier, by the moisture causing 
defibrillation.
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The various failure modes of the three laminates are illustrated 

in Plate IV which shows electron micrographs of ±45 fracture 
surfaces. The failures in the drier glass and carbon fibre 
composites are clearly resin-dominated and this is reflected in 

the almost identical ±45 strengths. However, in the boiled 
specimens there is a change in failure mode for the glass fibre 
laminate to a fibre—dominated failure. This is reflected in the 

±45 strength results where the glass laminate fails at a 
greatly reduced strength in comparison to the small decrease in 
strength for the carbon laminate. It is clear that the boiling 
water treatment has caused severe fibre damage in the glass 
laminate. In fact, the fibres have degraded sufficiently to be the 
cause of failure in a test that generally produces a resin- 
dominated failure for all the environmental treatments. The Kevlar 
laminate exhibits a fibre-dominated failure for all the 
environmental conditions. Such behaviour is caused by the poor 
transverse properties of the Kevlar fibres themselves. As 
demonstrated in the previous section, and by Allred and Roylance 
(118), Kevlar fibres are damaged both by drying and by moisture 

absorption. These two effects are reflected in the ±45 
behaviour of the Kevlar laminate.

In summary, it is clear that exposure to 65% RH is beneficial by 
virtue of reducing residual stresses through resin plasticisation, 
but the more aggressive boiling treatment degrades the resin, and 
in some cases the fibres and the fibre/matrix interface, 
unacceptably.
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4.1.3 AE results from 0/90 auid ±45 tests
4.1.3.1 0/90 lay-up

During testing of the 0/90 and ±45 laminates the acoustic 
emissions resulting from the tests were monitored. Figure 4.3 

illustrates the typical behaviour of a 0/90 glass Iciminate for 
each of the environmental treatments.

The onset of transverse ply cracking is signalled at a low stress 
level (10% of the failure stress) by an extremely high counting 
rate which subsequently drops to a low level when the transverse 
ply cracking is complete. The connection between the acoustic 
emissions and the transverse ply cracking was confirmed by direct 
observation of the ply cracking occurring, by back lighting the 
translucent glass laminate. In the fully dried glass laminate 
there is a second small peak of acoustic activity at about 70% of 
the failure stress which is associated with longitudinal 
splitting. This was also confirmed by direct observation of the 
cracking. As the moisture content of the glass laminate is 
increased the longitudinal cracking peak is apparently suppressed, 
In fact this small peak is moved to the right by virtue of the 
effect of moisture on the longitudinal splitting behaviour of the 
glass laminate, and is now swamped by the large acoustic activity 
associated with final failure.

From Figure 4.3 it is clear that large numbers of events occur 
during transvese ply cracking including a significant number of 
events with amplitudes in excess of 48dB (above threshold), a 
clear indication that the transverse ply cracking is associated
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with the release of large amounts of strain energy. Becht et al 
(72) have associated high amplitude events with fibre fracture. 
This is clearly not the case as close examination of the 
transverse ply cracking ( for GRP ) has shown that no fibre 
fractures have occurred. This belief that high energy events are 

not necessarily indicative of fibre fracture is also held by Guild 
et al (73) who have also demonstrated that high amplitude events 
often occur without accompanying fibre fractures.

By contrast with the transverse ply cracking peedc, the 
longitudinal splitting peak is relatively small and contains few 
high amplitude events. Although the mechanisms of the two types of 
cracking have the same origin, they give rise to two quite 
different AE characteristics because of the difference in 
orientation of the two families of cracks. The transverse plies 
fail in opening mode with an associated rapid release of strain 
energy because as each crack forms its faces are rapidly pulled 
aipart in the direction of the principal stress. There is therefore 
a sudden local increase in compliance accompanying each crack. By 
contrast, a longitudinal split is accompanied by a much smaller 
amount of crack opening, since the effective splitting stress is 
only due to Poisson constraint. The 0° plies continue to 
support the tensile load on the composite and there is no tendency 
for the crack faces to be rapidly pulled apart. Also the majority 
of the growth of these longitudinal splits is slow and controlled, 
by contrast with that of the transverse ply cracks, and there is 
no significant change in compliance and much less strain energy 
released.
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Figure 4.3 shows that as the moisture content of the glass 
laminate is increased, the height of the transverse ply cracking 
peak is reduced and the longitudinal splitting peak is lost in the 
final failure events. The gradual fall in peak height can be 

aiscribed to the increasing level of resin plasticisation which 
renders it less brittle, resulting in a cracking process which is 
accompanied by relatively less strain energy release. The drop in 
count rate with moisture could be related to a change in the 
attenuation of the glass laminate with increasing moisture 
content. However if this were the case there would be an absence 
of the 48dB+ events since they would have been attenuated into a 
lower band. As is clear from Figure 43 that there is no such drop 
off of 48dB4 events, the contribution of resin attenuation changes 
on the AE characteristic must be small.

In addition to the peak height changes, the onset stress for 
emissions is also affected by the moisture content. Increasing 
moisture content is accompanied by am increase in the onset stress 
for AE. This is in accordamce with the observations of Bailey et 
al (33) who relate the onset stress for transverse ply cracking to 
the resin state and residual stress levels. Figure 4.4 shows a 
plot of transverse ply cracking acoustic emissions versus moisture 
content for two different criteria, firstly, the actual onset 
stress and secondly the stress at which the count rate reaches a 
100 counts per second. Both curves show the same general trend, 
which is roughly linear with increasing moisture content up to 
that relating to the 65% RH environment, but turns sharply upward 
for the boiling water treatment. The onset stress for acoustic 
emission is related to the first microfailure events, probably
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debonding of the fibre/matrix bonds in the transverse plies. There 
is however a problem with identifying the onset stress so a second 
crition is applied, the stress at which the count rate reaches 100 
counts/second, this is an arbitary count rate chosen for its ease 

of identification. This again indicates that exposure to boiling 
water is a much more aggressive treatment than the other 
environments. Also included in Figure 4.4 is a measure of the peak 
width ( as far as the width was measurable) assessed at the half 
peak height. This shows a gradual broadening of the peak with 
increasing moisture content. This broadening of the peak reflects 
the changes in the transverse ply failure with moisture content. 
The lower part of Figure 4.4 shows the fall off in peak height 
with increasing moisture content.

That the changing character of the AE plots is due to resin
softening effects is confirmed in the last diagram, (Figure 4.4),
which shows that when the boiled laminate is redried the resin 
resumes it former state of brittleness and the AE peak associated 
with transverse ply cracking returns. The onset seems lower thaui 
for the dry specimens but this is probably a function of 
irreversible interfacial damage produced by boiling which affects 
the transverse ply cracking by reducing the debond stress. Also
the fracture stress is greatly reduced as a result of the
irreversible damage to the glass fibres caused by boiling (see 
Section 2.3.2).

In the CFRP laminates the AE characteristic provides a much more 
useful tool for following internal cracking. Glass laminates are 
translucent, and cracking can be directly observed by back
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lighting the specimen, but this technique is not applicable for 
opaque carbon and Kevlar fibre laminates.

Figure 4.5 shows typical AE characteristics for the CFRP laminates 

after exposure to the three stamdard environments. The results for 
the dry laminates are similar to those for the glass fibre 
composites, but there are some important differences. In the dry 
state there is no longitudinal splitting peaik visible, by contrast 
with the dry glass fibre launinate. This is to be expected since 
longitudinal splitting is neither predicted nor observed in carbon 
laminates in simple tensile testing (see Section 1.2).
In the carbon laminate, the onset of AE occurs at a slightly 
higher stress than for the glass laminate and the peaüc height is 
smaller. The stress for onset of AE rises rapidly with increasing 
moisture content, much more rapidly than for the glass laminate, 
until at the 100% RH environment the threshold stress has risen to 
0.76GPa, some 70% of the fracture stress. Also the height of the 
transverse ply cracking peak is reduced by moisture aüDSorption, 
but it should be noted that the true peak height is not easily 
deduced because the peeüc overleaps with the final failure pecik. The 
effect of moisture plasticising the resin and thus affecting the 
onset stress for transverse ply cracking was discussed earlier and 
the arguments are equally valid for the carbon composite. In this 
case the residual thermal stresses are likely to be much larger 
since the CFRP is more highly anisotropic than the gleiss fibre 
material, hence the larger increase in threshold stress. The 
higher threshold stresses are also due to the anistropy of the 
carbon fibres, themselves. The transverse stiffness of carbon 
fibres has been estimated to be less than one tenth of their
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longitudinal value (126,127). As discussed in Section 1.2 the
onset stress for transverse ply cracking is a function of the
fibre modulus/res in modulus ratio, vdiich is much smaller for
carbon fibre laminates than for laminates made from isotropic

glaiss fibres. Stress concentrations associated with modulus
mismatch are much lower for the carbon fibre hence a higher onset
stress for transverse ply cracking is to be expected. Once again
most of the high amplitude counts occur mainly in the transverse
ply cracking peak and the proportion of 36dB+ counts is higher in
the transverse ply cracking region than in axeais known to be
associated with fibre fracture. Taking account of scale
differences in Figure 4.3 and 4.5 the peak counting rates for
channel 3 (24-36dB) for example, in the transverse cracking region
arre 78 events per sec in the glass laminate and 51 events per sec
in the carbon laminate, a ratio of 3:2. Higher counting rates and
amplitudes might be expected to occur in materials in which the
transverse cracking is associated with larger elastic strains
prior to each microfailure event. The transverse ply cracking
peaks in the dried glass laminate and carbon laminate are at about
130MPa and 300MPa, respectively. And since the effective elastic
moduli of the two composites at these stress levels axe 22GPa
< secondairy modulus ) aind 79GPa, the macroscopic levels of stored

2elastic energy per unit volume, a /2E, in the two
—3composites at the transverse peak AE rate are 38^Jm (glass

—3laminate) and 570kJm (carbon laminate). This is a ratio of 
2:3 but in this case is the inverse of what would have been 
expected on the basis of the simple total elastic strain energy 
argument.
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However, the transverse stiffness of carbon fibres has been
estimated to be less than a tenth of its longitudinal value,
whereas glass fibres are isotropic. Reynolds has in fact suggested 
a value of the order of 28GPa (126,127). The transverse stiffness 

of a laminate is not very sensitive to either volume fraction (for 

less than about 0.6) or to the fibre/matrix stiffness 
ratio, E_/E . But if we assume Reynolds’ value for the

t Rt

transverse fibre stiffness, we obtain an effective modulus ratio
of 8 for the carbon composite, compared with the usual value of
about 20 for glaes. Using the square array predictions of Tsai et
al (128) for the appropriate reinforcing factors, we find that the
transverse stiffness of the glass laminate must be about four
times the resin stiffness, compared with a factor of three for the
carbon laminate. The composite (macroscopic)strain levels
corresponding to the AE peaOc stresses are 0.006 for the glass
leuminate and 0.004 for the carbon laminate. If these strains are
now used with the transverse ply stiffnesses just calculated
( 14GPa for the glass laminate and 10.5GPa for the carbon laminate)

2the corrected values of stored elastic energy, E€ /2,
available in the composites during transverse ply cracking are 

—3 —3252kJm emd 84kJm , respectively, for the glass laminate 
and the carbon laminate , a ratio of 3:1. On this basis and even 
accepting the crudity of the assumptions made, it can be seen that 
under equivalent circumstances higher count rates (and probably 
also higher event amplitudes ) should indeed be expected from the 
glass laminates as has been observed.

The AE characeristics obtained from the Kevlar laminate are 
totally different in character from those of the glass and carbon
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laminates. There is no clearly discernible transverse ply cracking 
peak. Once the acoustic activity hais started the rate of activity 
gradually rises until failure. Interpretation of these results is 
more difficult than for glass and carbon laminates since not only 

is the AE characteristic very different but other techniques such 
aus back lighting and optical microscopy yield few or no useful 

results. Looking at polished sections of Kevlar laminate it is 
clear that transverse ply cracking occurs but by a different 
mechanism that probably also involves transverse fibre splitting 
(Plate V).

The general level of activity that is maintained after the initial 
high rise in count rate is indicative of a continuing damage 
process that is not present in the composites of the more brittle 
carbon and glass fibres.

The three details that can be extracted from Figure 4.6 are
a) that the threshold stress for AE in the dry material is very 
low,
b) that this stress rises with moisture content only ais far as 65% 
RH, with a small fall in threshold stress from 65%RH to the boiled 
treatment,
c) that the overall level of acoustic activity is greatly reduced 
by increasing moisture content.

The low onset stress for the dried material is a very important 
detail which reflects the lateral weakness of the fibres 
especially in the dried state. The weakness of the boiled fibres 
is probably the cause of the drop in onset stress from the 65% RH
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treatment to the boiling water treatment. Both these details 
reflect the poor transverse properties aind environmental 

sensitivity of the Kevlair fibres.

The drop in overall acoustic activity is a function of resin 
plasticisation amd of moisture damage causing defibrillation of 
the Kevlair fibres, thus allowing cracks to propagate through the 
fibre with a minimum of strain energy release.

The overall level of AE activity in the Kevlar laminate is clearly 
much less than for the two composites with brittle fibres, as 
would have been predicted by Fuwa et al (129), who have shown that 
carbon and gleiss fibres break in a brittle manner resulting in a 
minimum of new surface area, but Kevlar fibres defibrillate and a 
laxger fraction of the available strain energy is used in creating 
new surface area. Figure 4.7 indicates that the amount of energy 
available for producing acoustic emission is only about a quarter 
of that which would be available if Kevlar failed in a brittle 
manner. The pattern of behaviour in Figure 4.6 shows much less 
energetic levels of emission in the transverse ply area of the 
chauracterist ic for the Kevlar laminate than for carbon or glass 
laminates. These lower amplitudes reflect the different mechanisms 
involved and the fact that the microfailure processes in Kevlar 
generate much less strain energy.

Plate V illustrates the differences in transverse ply cracking 
mechanisms between carbon and glass laminates, and Kevlar 
laminates. In CFRP and GRP the transverse ply cracks involve the 
coalescence of fibre matrix debonds, whereas in the Kevlar
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laminate the cracks mainly consist of split fibres. Roylance (90) 
has shown that when Kevlar fibres fail in transverse loading 
defibrillation occurs, which will absorb strain energy by creating 
new surface area. Hence the expected acoustic emissions from kfrp 

will be a lower amplitude than those resulting from a fibre/matrix 

debond.

4.1.3.2 ±45 lay-up
Most of the data obtained for the acoustic emission tests of the 

±45 lay-up were lost as a result of a computer malfunction.
The following section therefore gives only the surviving results.

Figure 4.8 shows the acoustic emission characteristics for the 
glass laminate for the 65% and 100% RH environments. These 
characteristics are shown with time as the abscissa instead of 

stress ajs previously used because the ±45 laminates exhibit a 
large non-linear region in their stress/strain diagram. Each AE 
characteristic is accompanied by a stress/time plot so that the 
data may be interpreted with respect to the applied stress.

In comparison with the 0/90 AE characteristics the ±45 
characteristics show a much lower amplitude range with very few 
events over 36dB. This reflects the different failure modes of 

the two lay ups. The ±45 failures are dominated by interfacial 
shear and plaistic deformation of the resin whereae the mechanisms 
associated with the 0/90 layups are fibre fracture and resin 
cracking.

Figure 4.8(a) shows the stress/time plot for the 65% RH
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conditioned glass laminate. The material behaves elastically up to 

" llSMPa at which point plastic behaviour commences, amd so 
does the acoustic emission. The emissions gradually increase until 
there is a burst of emission associated with final failure. This 

indicates that the plastic behaviour is associated with 

interfacial shear rather than plastic flow in the matrix, since it 
is unlikely that plastic flow would generate acoustic emissions.
In the case of the glass laminate subjected to boiling water 
( figures 4.8c&d) there is not such a clear cut change between the 
elastic and plastic regions. In this case, acoustic emissions do 
not start until a significant amount of non-linearity has occurred 
indicating that this behaviour is caused by interfacial shear but 
probably also resin flow. The acoustic emissions start at a stress 
of about 90MPa. If it is assumed that emissions start at the onset 
stress for interfacial shear it is not unreasonable to expect the 
onset stress to be lower in the boiled material since boiling will 
damage the fibre/matrix bonding.

Figure 4.9 shows the AE characteristics of a ±45 laminate 
exposed to the 65% RH environment. The Kevlar once again has a 
very low onset stress (20MPa) for acoustic emissions, indicating 
that a failure mechanism is occurring which is quite different 
from the glass laminate. As can be seen in Plate IV the failure of 

the Kevlar laminate in the ±45 orientation is strongly fibre 
dominated. The electron micrograph shows a very "woolly" 
appearance indicating that a large number of fibres have split 
longintudinally. The acoustic emissions early in the test indicate 
that some fibre damage, such as defibrillation, is occurring even 
at these low stress levels.
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Unfortunately no acoustic emission data are available for the 
CFRP laminates or for amy environments other than those shown.
4.1.4 The effects of simultaneous temperature amd humidity 
cycling
The tests conducted so far have involved exposure of the materials 
to a constamt temperature/humidity environment. This is not a very 
realistic approach since most aerospace composites are subjected 
to several different temperature/humidity environments during 
their service lives. For example, aircraft during flight could be 
exposed to extreme cold at high altitudes then on lauiding in an 
equatorial region could be subjected to high temperatures and high 
humidity. It is, therefore, important to try and establish the 
effects of simultaneous temperature and humidity cycling on the 
composites under study.

The environmental cycle chosen was 12 hours at 2*C, 0% RH 
(nominally) and 12 hours at 85^0 100% RH. This cycle may be 
considered to be extreme but was intended to produce a significant 
effect on a realistic time scale. Care was taken to ensure that 
during the cold cycle the temperature never fell below 0°C so 
that any damage resulting from the environmental cycle was not 
caused by freezing of the absorbed water.

Figure 4.10 shows the effect of this environmental cycling on the 
strength of the glass fibre laminate. Also shown is the normal 

tensile strength scatterband (mean strength ± 1 standard 
deviation) and the strength of boiled material. The strength of 
the glass laminate has fallen to the boiled strength after about
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150 24—hour cycles. However, on further cycling the strength 
continues to fall and is still gradually falling after one year 
which was the longest exposure time for the glass laminate. The 
reduction in strength after 350 cycles is 62% compared to that of 
55% for the standard boiling water treatment.

To understand this difference it is necessaxy to look at the two 
environments a little more closely. The boiling water environment 
is a very aggressive form of treatment which causes significant 
fibre damage. In addition, further damage to the fibres will take 
place in the room temperature storage tanks after the boiling 
treatment haa ceased. However, this extra damage will be 
insignificant in comparison with the high level of damage induced 
by boiling. By contrast, the environmental cycling consists of 
periods of exposure to a hot/wet environment which is nearly as 
aggressive as the boiling water treatment. However, the rate of 
moisture uptake of the cycled material will be lower in 
comparison, to the boiled specimens, because desorption will 
occur during the cold/dry cycles. Therefore it is reasonable to 
expect longer exposure times to achieve the same damage level and 
this has proved to be the case (150 days of cycling gives the 
same reduction in strength as 21 days in boiling water). It would 
be expected that further exposure to the cyclic environment would 
lead to a further deterioration in composite strength.

In the carbon laminate the same moisture degradation mechanisms 
are not operative. Figure 4.11 shows the effect of 
temperature/humidity cycling on the strength of the carbon 
laminate together with the normal strength scatter band and the
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mean strength for the boiled carbon fibre composite (near the 
lower limit of the normal strength band). It can be seen that the 
abscissa for Figure 4.11 is log cycles (whereas Figure 4.10, 
showing similar data for the glass laminate, was a linear plot of 
cycles). It is necessary to plot the carbon (and Kevlar) data on 

a log scale so that the longer exposure times for these laminates 
(up to two and a half years) may be included. It is interesting 
to note that the first 350 cycles had little or no effect on the 

carbon laminate whereas for the glass laminate it caused a 62% 
reduction in strength. The fibre damage mechanisms which occur in 
the glass laminates are not the same for carbon laminates, since 
there is excellent moisture resistance of both the fibres and 
fibre/matrix interface in the carbon composites. Only after one 
year's exposure to the cyclic environment was there some 
deterioration in strength. Resin cracking was observed in the 
long exposure specimens and when being sectioned for micrographie 
analysis the specimens were observed to disintegrate through 
delamination of the constituent plies. Therefore, although there 
were insufficient specimens available to perform ILSS tests it 
would appear that the ilss of these materials must have fallen 
dramatically. In view of these observations and since the 
stability of carbon fibres is well documented, it may be 
concluded that the reduction in strength is essentially due to 
the resin degradation.

Figure 4.12 shows the response of the Kevlar laminate to the 
cyclic environmental exposure. Initially, there is some evidence 
that the Kevlar laminate is strengthened by the cycling. This is 
not unexpected since the strength of the Kevlar laminate is
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highest for the 65%RH environmental treatment, which suggests 
that small amounts of moisture may be beneficial to the 
mechanical properties of the laminates. However, after about 100 
cycles, the strength begins to deteriorate below the mean 
strength and carries on decreasing until, after 2.5 years, the 

strength is significantly lower than the boiled strength. The 
strength after 2.5 years exposure is also much less than the 
boiled and redried strength for Kevlar.

Comparing Figure 4.12 with Figure 4.11 it is clear that the 
decrease in strength occurring in the Kevlar laminate is not just 
caused by resin degradation but rather by damage to the fibres as 
well as the resin. The resin damage was visible in the longer 
life specimens where a significant blackening of the matrix had 
occurred, and, as previously observed for the carbon specimens, 
these materials also disintegrated during sectioning, indicating 
that the ilss must have dropped dramatically during the 
environmental cycling. In addition to this resin damage is the 
response of the Kevlar fibres which takes the form of a slight 
initial strength increase followed by a gradual fall in strength. 
The damage mechanisms are probably the same ae those that cause 
the boiled and dried strength to be so low for normal tensile 
testing.

That small amounts of moisture in the resin produce improvements 
in the mechanical properties of the Kevlar composites, would 
again seem apparent.
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4.1.5 Exposure to ultra violet light
Knowledge of the response of fibre reinforced plastics to 
exposure to ultra-violet light is of importance in composite 

applications where there is no gel coat or paint layer to protect 
the composite from exposure to daylight.

A small number of specimens of the glass and Kevlar laminate 
specimens were exposed to uv light in a Heraeus Suntest cabinet. 
Carbon laminates were not subjected to this environment because 
the carbon fibres will filter the uv radiation before it can 
effect the resin and uv light will not effect the carbon fibres 
themselves.

Figure 4.13 shows the AE characteristics of the glass and Kevlar 
laminates after exposure to 2,500 hours in the Suntest cabinet. 
Table 4.5 gives the material properties of the laminates after
2.500 hours exposure. It app<»ars that the irradiated specimens 
were slightly stiffer and more brittle after exposure, and the AE 
characteristics confirm this. However, because of the proximity 
of the uv lamp to the specimens in the cabinet they were kept at 
approximately 30°C above ambient temperature. This exposure
to elevated temperature will have caused significant drying out 
of the laminates. After restabilisation at 65% RH both the AE 
characteristics and the materials properties returned to the 
unexposed leveIs.

In conclusion, it appears that high levels of uv exposure up to
2.500 hours has no significant on effect on the materials 
response to any of the laminates tested. To reconcile these
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results with those of Chiao and Chiao (111) and Smith (119) who 
reported uv degradation of the Kevlar fibre the screening effect 
of the resin must be taken into account. Also, the uv light is 
unlikely to penetrate into the composite more than a few fibre 
diameters, thereby not affecting the bulk of the fibres.

99



4.2 FATIGUE TESTING
4.2.1 Rate effects
As discussed earlier some materials exhibit a rate-of-loading 

dependence of their mechanical properties. To ensure that all the 
tests were comparable it was necessary to characterise this rate 

dependency for the three laminates. The logic of conducting 
tensile tests at rates of stress application comparable to those 
of the fatigue tests has already been demonstrated 

(35,37).

Table 4.6 - 4.8 gives the results of the rate-dependency tests 
for the three laminates. The carbon and Kevlar laminates are 
essentially unaffected by varying the rate of applied loading 
through four orders of magnitude. However, the glass laminates 
exhibited a strong rate dependence, (Figure 4.14), of aibout 75MPa 
per decade of testing speed. The modulus of the glass laminate 
remained constant across the full range, since the failure strain 
also increases with loading rate. The rate sensitivity of the 
strength of the boiled glass laminate was apparently about half 
that of the 65% RH glass laminate, although, when the failure 
strengths of the two materials are normalised, their rate- 
sensitivities are essentially the same.

A simple model for the rate effect could be based on viscoelastic 
effects in the resin. For an 11 ply (0/90) laminate the tensile 

strength, is

= 6/11 + 5/11  (1)
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by the rule of mixtures, where is the longitudinal ply 
strength and the transverse ply strength. Also using 
the rule of mixtures

“l =  ........

where is the volume fraction, is the fibre
strength, and is the matrix stress at the fibre

failure strain. An upper bound value for will be the
matrix strength. Since the presence of the fibres causes debonds

and stress concentrations, will be less than the
matrix strength but for this calculation the following
simplification will be used

where o is the matrix strength. This now makes the m
composite strength,

= 6/ll[a^v^ + o^(l-v^)]
+ 5/ll[aJl-v^)] .... (4)

Since the transverse ply strain is regulated by the longitudinal 

ply strain, should be used in the transverse 

contribution to Thus,

a^=6/ll o^V^+a'Jl- V^) .... (5)

The volume fraction of these laminates is approximately 65%, and
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substituting this into the previous equation

= 0.35 + 0.36  (6)

Thus the rate dependence, do^/dlogc, is given 
by

da^/dlog€ =0.35 da^/dlog€
+ 0.36 da'^dlogé .... (7)

Results from Ward (130) and Vincent (131) for the rate dependence 
of the strength of glassy thermoplastics and other polymeric 
materials suggests that a value of 5MPa/decade is a reasonable 
value for da'^dloge- Thus the contribution to
the overall composite rate dependence would be less than 2MPa per 
d(x:ade which is within the experimental accuracy of the testing.

Since both carbon (100) and Kevlar fibres (90,110) are 
insensitive to load rate effects the strengths of composites 
containing either of these fibres should also be rate 
independent. Hence, for the glass laminate the rate dependence 
must be fibre dominated. Measurements were taken to try and 
aesess the rate dependence of the strength glass fibres by 
testing hand drawn fibres (0.3mm diameter) from borosilicate 
glass rod. The rate dependence of the strength of these fibres 
was 10.3MPa/decade which is close to the generally agreed value 
for the rate dependence of bulk glass (132,133). Fibres of 
diameter O .3mm are probably, therefore, still behaving like bulk 
glass rather than glass fibres.
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Further tests were conducted on individual fibres taken from 

rovings of commercial Silenka E-glass. These yielded a rate 
dependence of 104MPa/decade for a fibre of diameter 16.4 microns 
and 50mm gauge length. In Equation 7 this value of 

da^/dloge gives a composite rate effect of 
38MPa/decade, which is about half the measured value of 
75MPa/decade. Such a discrepancy may arise because the effective 
gauge length of a fibre in a composite will be much smaller than 
50mm, and hence the fibre strength will be higher. Metcalfe and 
Schmitz (94) have reported strain rate effects of 300MPa/decade 
over the same range of strain rates. This represents some 10% of 
the fibre strength per decade, by comparison with the 
experimental value of about 7% for the Sihînkn glass referred to 
above. Norman (134) also found rate effects for E-glass fibres of 
the order of 250-280MPci/decade, which is again approximately 10% 
of the fibre strength. The rate dependence of the glass fibres 
W3LS found to vaxy with composition, but insufficient details were 
given in this paper for any conclusions to be drawn.

The generally accepted mechanism for this rate sensitivity ( 94, 
135,136) is environmental stress corrosion of the glass fibre (ais 
discussed in Section 2.32). This could not be confirmed by drying 
out the specimens since the level of moisture required to cause 
stress corrosion of the glass fibres is well below what can be 
achieved with simple drying methods, although Cameron (137) has 
managed to inhibit moisture-induced stress corrosion in glass 
fibre by prolonged drying in a vacuum oven.
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4.2.2. Environmental fatigue of the carbon laminate 

Figure 4.15 shows the fatigue S/logN curves for the carbon 
laminate exposed to the three standard environments. There is a 
degree of scatter in the results which appears to be about 1.5 

decades of life. However, it should be noted that scatter is 

better r<pr<îsented in terms of the applied load rather than the 
fatigue life, since then any scatter will be due to individual 
material failure strength variation. Viewed in these terms the 
scatter is approximately one standard deviation.

There is no significant difference in the fatigue response of the 
carbon laminate at the three standard moisture levels. This is 
not surprising, since it has already been demonstrated that the 
carbon laminate has an excellent resistance to moisture-induced 
damage. The working strains in these samples during fatigue are 
relatively low, so that the fibres, which are unaffected by 
water, dominate the fatigue behaviour.

In order to assess the effect on composite fatigue performance of 
the presence of 90*̂  plies, the 0/90 fatigue results obtained 
in this work are compared with fatigue curves obtained by 
Sturgeon (50) working on unidirectional CFRP laminates, in Figure 
4.16. sturgeon has shown that S/logN curves for undirectional 
carbon laminates containing the three common fibre types are 
linear over a wide remge of lives and that the slopes of S/logN 
curves are therefore characteristic of the fibre type. Figure 
4.15 contains Sturgeon's data, normalised to the static tensile 
strength, for types 1, 2 and 3 carbon fibre unidirectional 
laminates and the results from the 0/90 carbon laminate under
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study. Many of the high stress/low cycle points lie on Sturgeon's 
line for HTS carbon but as the stress is lowered there is a 
slight downward deviation for the 0/90 carbon laminate results.
Tt is therefore reasonable to conclude that at short lives the 
failure mechanisms operating are similar to those occurring in 
the unidirectional laminates, the effect of the 90° plies 

being sufficiently small as to be insignificant. However, when 
tlie applied cyclic strain falls below the scatter band of fibre 
strengths and the mechanisms enter the second region of fatigue 
as modelled by Talreja, (43) the contribution of the transverse 
plies becomes significant in relation to the accumulation of 
damage in the 0° plies. Jamison (54) has found broken fibres 
in the 0° plies in close proximity to 90° ply cracks but 
noted that this damage was limited to the first few fibre layers 
in the 0° ply. These observations were made close to failure 
and agree with the theory that the transverse plies make a minor 
contribution to overall failure which increases in importance as 
the applied strain is reduced.
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4.2.3 Environmental fatigue of the glasB laminate 

Figure 4.17 shows the fatigue S/logN results for the GRP laminate 
exposed to the three standard environments. The scatter in the 
results appears to be much lower than for the carbon laminate but 

this is a function of the steeper S/logN curve. The vertical 
scatter is still of the order of one standard deviation.

The importance of plotting the half cycle (static) strength from 
data collected at the appropriate rate of loading is obvious from 
Figure 4.17 where several np<»cimens survived over 100 cycles at a 
stress greater than the slow loading failure stress. Once the 
higher loading rate half-cycle strength is plotted, the data form 
a linear portion in the low cycle region of the S/logN curve.
This l i r K ï a r  section ends in a reduction in slope that suggests 
the existence of a fatigue limit, as exhibited in data presented 
by many other authors (37,43,46).

The fatigue responses of the dry and 65% RH laminates show no 
detectable differences. The curve for the boiled material, 
however, is significantly different, and these results again 
illustrate the importance of quoting the half-cycle strength at 
the appropriate rate of load application. Specimens tested at the 
slow loading rate failure stress survived for approximately 
lOOO cycles.

The curve for the boiled material falls more gradually by 
comparison with that of the drier materials, and the two curves 
cross over at low stress levels. If the fatigue curves are 
normalised to the appropriate half-cycle strength (Figure 4.18)
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it appears that the composite in the degraded state is less 

susceptible to fatigue damage than it wae before degradation.

Thus at equivalent fractions of the fracture stress the boiled 

composite exhibits longer fatigue lives, although in reality the 

very much lower failure strength of the boiled laminate means 

that for any applied stress the life of the boiled composite will 

be lower. However, the un-normalised curves do crons over in the 

region of 200MPa which implies that the boiled material then has 

superior fatigue properties to the undamaged material. This 

appears unlikely, but great care was taken to verify the crossing 

over of the curves. The results of Sims and Gladman (138), who 

have studied the behaviour of woven glass/epoxy composites, show 

that the material subjected to boiling water has a lower slope 

than their common normalised curve. Their S/logN curves for 
boiled and 'as received' material converge at low stresses (about 
10^ cycles), an effect alno previously noted by Boiler (139).

Tt should be noted that Sims amd Gladman only boiled their 
material for 64 hours, (as compared to 500 hours), which will not 
have as strong an effect as observed in this study. Sims and 
Gladman (35) agree with Mande 11 (37) that the linearity of the 

S/logN curve implicates fibr<ï damage as the mechanism dominating 

composite failure. Both the dry 6b%RH and boiled S/logN curves 
exhibit a levelling out to an apparent fatigue limit. Many 

authors (37,43,46) have related this supposed fatigue limit to 

the fatigue endurance strain of the matrix below which no matrix 

fatigue damage occurs.

Using th<? assumption that the fatigue limit is set by the matrix 

fatigue endurance strain, one of the possible mechanisms for the
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cross over in the fatigue curves can be postulated. Using the 

±45 carbon tensile results it is clear that the resin failure 
strain is dramatically increased by the addition of large amounts 
of water, equivalent to the levels observed in the boiled glass 
laminate. The carbon laminate is the obvious choice to highlight 

the resin effects since neither the inferface nor the fibres are 
affected by moisture at this level of exposure. The moisture 
plasticises the matrix, increasing its failure strain and 
allowing relaxation of residual thermal stresses and there will 
probcibly also be an associated increase in fatigue endurance 
strain Wiich will show up as an improved fatigue limit for the 
laminate.

A second possible mechanism could involve the stress transfer 
capacity of the resin/fibre interface which will have been 
severely damaged by boiling. This weaücened interface is likely to 
reduce the stress concentrations associated with a broken fibre 
since it will transfer the load back into the composite over a 
greater distance as well as producing a significant amount of 
debonding. This effect, coupled with the plasticisation of the 
matrix, will tend to increase the critical number of fibre 
fractures that must occur in a given volume to initiate overall 
failure.

However, the proposed mechanism involves the initiation of a 
critical flaw rather than the propagation of that flaw. Once a 
crack has started to propagate through the resin it will meet a 
weaüc fibre/matrix interface and be blunted by the classical Cook 
Gordon mechanism. A stress concentration, albeit reduced, will
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thus be applied to the fibre, the effect being largest in the 
plane of the resin crack. Since the boiled fibre contains a large 
number of flaws it is likely that failure will occur on or close 
to the plane of the resin crack, hence causing a planar fracture 

surface (Plate VI).

A third possible mechanism could involve the transverse ply 
cracks being blunted more efficiently at the ply interfaces 
because of decreased interfacial strength properties. As will be 
demonstrated later in this section, the transverse ply cracking 
makes a contribution to the overall fatigue of the glaes 
laminate. For the boiled laminate it is possible that the reduced 
interfacial strength will negate or reduce the effect of the 
transverse plies on failure and hence make the material's 
response much more similar to unidirectional behaviour.

Fourthly, the nature of the fibre flaw distribution will be 
dramatically aff(x:ted by the boiling treatment. In Table 4.2 it 
is clear that the coefficient of variation (standard 
deviation/mean) is much lower for the boiled material than for 
the 65% RH material. This will be reflected in the fatigue 
response by reducing the section of the fatigue curve which was 
identified by Talreja (43) as the fibre-dominated section. Thus 
any applied stress which is significantly outside the static 
scatter band will fall into the region defined by Talreja as 
resin-dominated. The apparent fatigue limit is 5 standard 
deviations from the mean static strength and must therefore be 
within the resin-controlled region of the fatigue response. Since 
the failure mechanisms in this region are resin-dominated the
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effect of damaged fibres on the fatigue response will be 

minimised.

It is not unreasonable to suggest that all four mechanisms could 

be acting together to give 'improved' fatigue performance for the 
hoi led laminate at long lives. However the apparent gain in 
performance is of no practical use since most of the contributing 
mechanisms would have a distastrous effect on compression 
properties. Also no structural component is ever subjected to a 
constant stress amplitude in practical situations and any 
transient increase in the stress amplitude would precipitate 
failure in any component produced from the boiled laminate.

Referring back to Figure 4.16 this diagram also contains a 
notional fatigue line for unidirectional E-glass laminates (37) 
and the fatigue response of the 0/90 (65%RH) glass laminate. It 
is clear that the results obtained in this study fall 
significamtly below Mandell's undirectional glass line, which 
suggests that the transverse plies do contribute significantly to 
the overall failure, since any strength differences between the 
unidirectional and cross-plied composites will have been removed 
by the normalising process. The carbon laminate by contrast wais 
relatively insensitive to the effects of the transverse ply 
cracks. This resistance to transverse ply cracking probably 
results form the lower working strains in the carbon laminate and 
the dominance of the fibres in the failure mechanism. The glatss 
laminate, by contrast, has a major contribution from resin 
cracking to the failure process and hence any damage initiation 
site ( transvese ply crack) will result in a decreased fatigue 
resistance.
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4.2.4 Oonpeurison of the fatigue behaviour of the carbon and 
glams laminates
The results for the carbon and glass laminates have been 
presented in stress terms which maikes comparison difficult 

because of the difference in the fibre modulus. Dharan has shown 
that by studying fatigue data in terms of cyclic strain amplitude 
the relative fatigue behaviour of the different lauminates can be 
assessed and the effects of resin in each case can be compared. 
Dharan (46) studied the relative fatigue behaviour of his glass 
and carbon laminates in this way. (Figure 4.19) and to help in 
the interpretation included the fatigue curve of the pure resin.

Comparison of his composite strain/logN curves with the 
equivalent curve for the pure resin shows that for the carbon 
laminate curve is very flat (as for all type l carbon fibre 
composites) and falls well below the pure resin curve, while the 
scatterband for the glass laminate lies well above the pure resin 
curve. The static failure strain of Dharan's glass laminate was 
greater than the fatigue limit for the pure epoxy and so cycling 
in this resin leads inevitably to cracking of the matrix which in 
turn leads to composite failure. However, the static failure 
strain of the carbon laminate is less than the matrix fatigue 
limit, hence no matrix cracking occurs and the failure is fibre- 
dominated .

Comparing the fatigue behaviour of Dharan*s glass laminate to 
that of the purcï matrix shows that for fatiguing between 10 and 
10^ cycles the life of the glass laminate is up to two orders 
of magnitude better than the pure resin alone. However, cycling
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the glass laminates at the matrix fatigue limit results in lives 
of the same order as the pure resin alone. Dharan proposed that 
the long life behaviour of the glass laminate must depend on the 
matrix fatigue behaviour.

Figure 4.19 shows the carbon and glass laminates plotted in terms 
of strain after Dharan. The fatigue response of Code 69 resin is 
estimated using data from the Ministry of Defence Resin 
Properties Handbook and using Dharan's hypothesis that the long 
life fatigue behaviour of the glass laminate approximates to the 
matrix fatigue limit.

The carbon laminate behaviour indicated in Figure 4.20 is 
somewhat anomalous in terms of Dharan's model. The carbon 
laminate curve falls above the postulated long-life fatigue 
strain for Code-69, but the fact that its fatigue response is 
almost entirely unaffected by any of the conditioning 
environments implies quite clearly that it is the fibres, (which 
are not affected by these treatments), that are determining the 
fatigue behaviour. This discrepancy may have arisen from the 
different laminate geometries used, or because Dharan used 
different resin systems for his carbon and glass laminates, or 
because Dharan tested his carbon laminate in bending and his 
glass laminate in tension. All the work in this study was carried 
out using a common resin system (Code 69) and on similar 
specimen geometries in tension.

Figure 4.21 shows the relationship between composite failure 
strain and the slope of the normalised .S/logN curves for
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unidirectional glass and carbon composites after Sturgeon (50) 
and Mandell et al (37). The slope of 10% per decade for glass 
fibres is from the analysis of Mandell et al who have forced 
S/logN curves to fit a linear law of the form

0 = 0 ^ -  Blog

where a is the maximum tensile stress per cycle,
is the composite tensile sLrength, N^ is the fatigue life and
B is a material-dependent constant.

For a wide range of glass fibre composites, Mandell et al (37) 

show that a ratio of a^/B is a constant value of about
10. Although the results for our boiled GRP laminate were 
reasonably linear, those for the dryer material were definitely 
not linear. If an attempt is made to fit the results given in 

Figure 4.17 to Mandell's model, the ratio a^/B for the 
boiled material is 7.8, and the linear part of the S/logN curve 
for drier material gives a value of 16.

Also plotted on Figure 4.21 are data obtained in this study for 
the 0/90 glass and carbon laminates. The slope of the S/logN 
curve for the 0/90 carbon laminate falls on the predicted line 
for unidirectional laminates, which, as discussed earlier, 
suggests that the transverse plies contribute very little to the 
final composite failure. However, there is a deviation from the 
predicted slope at long lives suggesting that, for low applied 
stresses, the transverse ply damage does contribute to overall 
failure.
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By contrast neither 65 RH or boiled glass laminates fall on the 
predicted line for unidirectional material, highlighting the 
contribution made to overall failure by the transverse ply 
damage. The deviation from the undirectional line is smaller for 

the boiled GRP than for the 65% RH material reflecting the lower 
contribution made to overall failure by the transverse ply 

damage, as discussed earlier.
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4.2.5 EnvlronraenteLl fatigue of the Kevlzur laminate 
Figure 4.22 shows the fatigue S/logN curve for the Kevlar 
laminate exposed to the three standard environments. It is clear 
that the fatigue response of the Kevlar laminate is of a 

different nature from that of the other laminates.

At the higher stress levels the positions of the three curves 
reflect the relative strengths of materials in those conditions, 
and their slopes, which are similar, are lower than those for any 
of the other laminates. However, for lives over 1,000 cycles the 
curves all fall rapidly downwards. As in the static tensile tests 
the 65% RH exposed material shows the best performance over most 
of the range studied and dry material shows the worst response. 
However, at the long-life end there is a cross-over and the most 
seriously degraded material appears to have the best long-life 
response.

The most serious aspect of the Kevlar laminate fatigu<î results is 
the sharp downward turn in the S/logN curve which clearly has 
serious limiting consequences for the designer. Other authors 
(49) have published results for unidirectional Kevlar lamiantes 
which suggest that the S/lgN curve falls linearly with only a 
slight slope. Two possible explanations suggests themselves. In 
the first place, the Kevlar laminate exhibited outer ply 
splitting and delamination early in the fatigue test and it 
seemed likely that this was causing a change in failure mode. To 
investigate this possible effect several fatigue tests were 
conducted on samples of 90/0 orientation, i.e. with the stress 
aligned with the direction of the laminate containing five
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instead of six plies. The only difference observed when the outer 
plies are 90° plies instead of 0° plies, is that the 
S/loc^ curve is proportionally lower because of the smaller 
number of load-bearing plies now aligned with the applied stress. 

The fatigue curve for the 90/0 material has the same approximate 
shape as the 0/90 laminate notwithstanding the different modes of 
outer ply damage.

A second possible explanation for the downward turn could be that 
hysteretic heating in the composite is causing premature 
deterioration, but work by Roylance (90) on the tensile fatigue 
of similar laminates suggests that this is not so. She gave 
results for wet and dry laminates, and showed that the fatigue 
resistance of the dry material was signiflcantly poorer than that 
of the wet. It is noteworthy that although she attempted to fit a 
straight line to her results, after Mandell, the data points 
would seem to indicate a downward curvature. Temperature 
measurements at the surface of Roylance's fatigutî specimens 
showed temperature rises of up to 100°C for her lOHz tests 
and increases of about 40°C were observed while testing at 
the lower frequency of 4.5Hz. Roylance reported no difference in 
the fatigue behaviour of the two sets of tests and she concluded 
that the hysteretic heating of her Kevlar laminates was due to 
the failure mechanisms of the Kevlar fibre rather than that the 
composite failure was due to autogeneous heating.

Bunsell (140) has reported results of fatigue tests on individual 
Kevlar fibres. Bunsell found that after the first cycle the 
behaviour of the fibre was almost entirely elastic with no
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hysteresis and there was no fibre heating at frequencies up to 

50Hz. It is therefore reasonable to conclude that since Roylance 
found little difference in the fatigue behaviour at 100° and 

40°C, the modest temperature rise of about 30° observed 
on the surface of the Kevlar laminate will not be responsible for 

the down-turn in the fatigue response of the Kevlar laminate.

It appears therefore, that neither of these mechanisms is likely
to be responsible for the dramatic down turn in the KFRP fatigue
curve. In order for this to be further investigated, tests were
conducted on the Kevlar at different values of R

(o . /o ). All the tests reported so far were ' min ' max
conducted at R values of o.l, but a small number of tests were
carried out at R values of 0.5 and as a control, similar tests
were conducted on some specimens of the glass laminate. The
effect on the glass laminate was simply to raise the S/logN curve
by a small amount without changing its shape, the increase in
life being a factor of two at all stress levels. The result for
the Kevlar laminate, by contrast, was much more dramatic. For
stresses in the region of the downward curve, raising the
o . value has the clear effect of extending the flat mxn
upper region of the curve and prolonging the sample lives by
factors of five to ten. Work carried out by Bunsell (140) on
single fibres shows similar increases in fatigue life by

increasing a . , for a given o .inxn iuolx

This effect of increasing the fatigue life by increasing the 
minimum stress is of great importance for potential Kevlar 
composite users. This effect of R ratio might be predicted from a

117



situation in which complete or nearly complete removal of the 
load results in a residual stress state which contains a 
significant bending or compressional load. This state could arise 
if the fibres are creeping under the applied loading, which would 

result in compression loads being applied after long exposures to 

the loading cycle. The effect of increasing would be
to increase the amount of fibre strain that would be necessary 
before compression loads would be felt by the fibre. The creep 
need not occur uniformly through the whole fibre but may arise 
within the fibres as a result of their duplex nature.

Tl'je Kevlar Icuninate exhibits a crossing over of the fatigue 
curves of the three environments, which occurs at 10^ cycles.
A possible daunage mechanism that will account for the longer 
lives exhibited by the damaged laminates involves the splitting 
of Kevlar fibres in fatigue as observed by Bunsell. Splitting 
occurs more intensely in dried fibres (140) but Roylance (90) has 
also observed splitting in fibres which have absorbed large 
quantities of water. The splitting of the fibre could increase 
the energy required to break the fibre, the defibriHated or 
split fibre behaving in a similiar manner to a multistrand cable 
vhich is always chosen in preference to a solid rod in a load 
bearing environment because of its better reliability.

Splitting of the fibre will also reduce the possibility of 
compression stress occurring during fatigue and will therefore 
make the slope of the down-tum section of the fatigue curve much 
more gentle, as observed in Figure 4.27. However, as with the 
apparent increase in fatigue resistance of the boiled GRP at long
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lives the contributing mechanisms will be very detrimental to the 
compressive properties of the composite, thus rendering it almost 
useless to the designer.

Looking at the fatigue response of the Kevlar laminate in terms 

of strain versus life (the curve for Kevlar is given in 
Figure 4.20) th<» Kevlar laminates have excellent fatigue 
resistance up to 10^ cycles despite the high composite 
working strain of over 2% which easily exceeds the safe working 
strain for the resin. The subsequent sharp fall in the S/logN 

curve which can be moved to longer lives by raising 
is probably due to compression stresses building up in the fibres 
during fatigue cycling. Even though the fatigue resistance is 
dropping the fatigue lives for Kevlar laminates are considerably 
better than those of glass laminates for similar working strains 
(and stresses since the moduli of glass and Kevlar laminates are 
similar ).

Tn both the glass and Kevlar laminates the applied strain levels 
in fatigue are high enough to generate extensive resin damage.
The glaiss fibres are highly sensitive to the presence of these 
resin cracks, but experience with Kevlar laminates, which are 
very difficult to saw or cut, suggests that Kevlar fibres may be 
more resistant to damage from resin cracking as long as they 
retain their tensile integrity. They are therefore able to 
maintain composite integrity at strain levels well above the 
resin critical strain for longer periods than the glass fibres, 
until the Kevlar fibres become damaged by non-tensile stresses.
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In order to establish whether or not Kevlar fibres are to replace 
glass fibres for many applications it is of great importance that 
the long life behaviour of Kevlar laminates (> 10® cycles) is 
studied to see whether the rapid down-turn in the fatigue curve 
levels out and ejdiibits a fatigue limit at long lives.
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4.3 RESIDUAL STRENGTH TESTS
In order to follow the damage developments during fatigue several 
tests were interrupted and the residual strengths of the 
specimens were obtained.

The residual strength tests were conducted using the same machine 
as the fatigue tests so that it was not necessary to disturb the 
specimen alignment. The loading function used was a linear ramp 
function and the rate of loading was the same as used in the 
fatigue cycling. The failure load was measured using a mini
computer running the program DCOL6 (as discussed i n Chapter 3).
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4.3.1 Residual, strength of glauss lauuinates
Tests were conducted after exposure to the 65% RH conditioning 
and after boiling in water. For the 65% RH grp there were four 
load levels used from 22% to 65% of the dynamic fracture stress 
and for the boiled GRP three load levels from 47% to 71% were 

used.

Figure 4.23 shows the effects of fatigue on the strength of the 
glass laminate after conditioning to 65% RH. The four curves for 
the different load levels are very similar in nature amd appear 
to show a gradual deterioration in strength with cycling.
Assuming that a fatigue failure occurs when the residual strength 
has fallen to a level less than the maximum applied cyclic stress 
it is reasonable to plot points from the fatigue curves on 
Figure 4.22 as end points. The data from the S/logN curves are 
average values resulting from approximately five tests each.

Similar tests on cross-plied glass fibre laminates were 
conducted by Broutman and Sahu (141). Their results resemble 
those given in Figure 4.23 although the deterioration of their 
material is less severe at comparable stress levels. This 
difference arises because Broutman and Sahu used higher modulus 
S-glass fibres which reduces the matrix working strain and hence 
the damage.

The shape of the curves in Figure 4.23 are similar in character 
to those that would b<» predicted from the wear out' model of 
Halpin et al (142). The wear-out model is usually represented as 
in Figure 4.24 where the residual strength of the composite falls
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gradually with cycling until it reaches the maximum applied 
cyclic load, when failure occurs.

Since all four curves are similar in nature and the most data 
exists for the 200MPa fatigue stress, the 200MPa data will be 

used for further analysis. The mechanisms operating for all four 
fatigue levels should be similar since the working strains, for 
all four levels, fall within the resin dominated region of the 
fatigue regime.

Presenting the residual strength data on a semi logarithmic plot 
can to some extent disguise the true nature of the damage 
mechanism. Figure 4.23 clearly shows a long period in the early 
life of a sample during which there is little or no change in 
the strength. However, replotting the 200MPa data on a line au: 
life scale (Figure 4.25) shows that the reverse is true. There is 
an initial rapid reduction in strength early in the specimen’s 
life (Region A). After a certain level of damage has been 
achieved a levelling out of the curve occurs at approximately 55% 
of the dynamic strength. After this levelling out there is little 
change in strength ( Region B ) for the remainder of the specimen 
life.

The lower points on Figure 4.25 represent specimens that failed 
by fatigue (i.e. the specimens whose residual strength had fallen 
to less than 200MPa). The scatterband represents a coefficient 
of variation of 50% which may seem large but in terms of fatigue 
data is quite good. Many authors present fatigue data with more 
than a decade of scatter in the lives (which represents a
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coefficient of variation of 90%).

The main point of interest is that the scatterband for the 
fatigue data occupies most of region B, suggesting that failure 

could occur at any time within region B. It is clear from 
Figure 4.25 that any failure in region B will not be by wear-out, 

rather failure in this region is of the sudden death type, as 
proposed by Halpin (42).

It appears that the data fits the wear-out model in the early 
damage accumulation but that final failure occurs in a sudden- 
death manner. A mechanism for the early damage can be resin 
microcracking which occurs since the applied fatigue loading is 
above the resin endurance fatigue strain. The stresses are 
transmitted into the cracked resin by shear transfer between the 
fibres and undamaged matrix. A saturation state will occur when 
the length of the undamaged matrix is insufficient to transfer 
enough stress from the fibre to cause a further resin failure. 
Region A represents the growth of resin mi crocracks until they 
reach saturation and the material enters region B.

In region B the residual strength of the material varies by 
approximately the standard deviation of the dynamic strength, 
indicating that the residual strengths of the specimens are 
constant. Within this region random fibre failures are occurring 
throughout the volume of the specimen. These are being induced by 
stress concentrations associated with the matrix cracking. 
Individual fibre failures will have little effect on the overall 
composite strength but once t.<»v<?ral br<»aks occur close to each
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other, a critical crack will be formed and failure will occur on 
the next cycle.

The shape of region A in Figure 4.25 resembles the kind of decay 

curve that is familiar in viscoelasticity or relaxation studies 

in which the fractional change in some property, say ÔX/X, is 
given as a function of time. Substituting Qo/o for 
ÔX/X and cycles for time there should be a simple 
relationship between log (residual stress) and cycles (on a 
linear scale). Figure 4.26 shows that for the four stress levels 
used the deterioration is reasonably linear for region A of the 
residual strength characteristic.

The relationship indicated in Figure 4.25 is of the form.

log = A — BN

where B is a constant at constant cyclic stress, tlie 
residual strength and A is the logarithm of the tensile failure 

stress, o^. Thus

log = log - BN

The constant B given by the negative slope of the residual
strength curves in Figure 4.26 is strongly dependent on the
cyclic stress level. Values of B taken from these curves are
plotted as log/linear and log/log functions of the cyclic stress,
a , in Figure 4.27 and 4.28. It can be seen that there max
is a very good linear fit on the first of these plots
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(Figure 4.27), and that even when the largest possible error in 
determination of th<îse slopes is considered the log/log plot 
gives a less satisfactory straight line. The best relationship is 

therefore

logB = ca + constant

Taking appropriate values of the constants from the graph, the 
parametric: relationship for B in terms of the applied cyclic 
stress is then

— 7B = 10 exp(l6a)

and the expression of th<? residual strength becomes 

Inc^ - Ina^ - DNexp(16a)

—7where D is 2.303 x 10 . The overall expression for the

residual stress as a function of cyclic stress, a, and number 
of cycles, N, is then

exp[-DN exp(l6a)]

Poursartip and Beaumont (143) have devc?loped a model of fatigue 
damage accumulation in which the damaged state is defined in 
terms of the reduction in modulus with number of cycles. They 
suggest that the early drop in stiffness (also reflected in our 
early strength reduction in Figure 4.25) indicated the occurrence 
of general damage, and this is followed by a long and relatively
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shallow transition state prior to the onset of a further rapid 
fall in stiffness which is indicative of localised damage 
preceding failure. Their model leads to a predictive relationship 
having some similarity to Equation 6.

Since all four stress levels can be fitted into the same model 
for the initial region of strength drop it is clear that some 
mechanism is responsible for the strength loss. Unfortunately, 
insufficient specimens were available for micrographie study to 
confirm that this mechanism is resin microcracking.

Figure 4.29 shows the residual strength/log cycles behaviour of 
the boiled glass fibre laminate. The nhape of the curve is 
significantly different to Figure 4.23 and is more characteristic 
of a sudden-death mode of failure. Even when the data are plotted 
on a linear scale in Figure 4.30, the mode of failure is still 
clearly sudden-death. However, there» is a slight initial fall off 
in strength during the very early life of the specimens. As 
demonstrated in the previous section (4.2). The effects of 
transverse ply cracking on the overall fatigue process are almost 
negligible for the boiled glass laminates. Any contribution that 
transverse ply cracking may have made to region A in Figure 4.22 
will not occur in the boiled laminate.

The small initial fall off in strength occurs over a smaller 
percentage of the life and is less than the strength reduction in 
region A of Figure 4.25. Since this reduction is related to level 
of matrix cracking, the materials modification resulting from 
boiling must reduce the saturation crack density. This saturation
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level will be much lower in the boiled laminate because the resin 
has been plasticised by moisture absorption(as demonstrated in 
Section 4.1) and because the stress transfer capacity of the 
fibre/matrix interface has been drastically reduced.

Once the saturation level of cracking has been reached the 
material enters region B where random fibre failures are 
occurring throughout the volume under load. The rate of fibre 
fractures will be lower in the boiled material because there is a 
lower density of cracks present to induce the failures. A lower 
rate of growth of a critical flaw will result in a larger scatter 
in the fatigue lives as shown in Figure 4.30.

This suggested relationship between the saturation microcrack 
density and the scatter in the fatigue lives fits data presented 
by Halpin et al (142). Halpin et al noted that the statistical 
spread of results increased with increasing lives. The smaller 
scatter in their results can be attributed to the increased 
saturation microcrack density resulting from the higher applied 
cyclic loading and the i ncreaix'd scatter at low lives to the 
reduced saturation microcrack density.
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4.3.2 ReslduaLL strength of carbon laMlnates
Figure 4.31 shows a plot of residual strength against log cycles 

for a fatigue load level of 700MPa. Insufficient material was 
available for more than one fatigue load level to be studied and 
700MPa was selected. The strain resulting from 700MPa is 84% 

which is below the static failure strain but above the fatigue 
endurance strain of Code 69.

The scatter in the fatigue lives of specimens loaded to 700 MPa 
is approximately two orders of magnitude. With this high 
scatter, (which results from the shallow slope of the S/logN 
curve), little meaningful analysis of the data can be performed. 
Specimens that appear to be fatigued to 90%+ of their lives could 
have been exposed to cyclic loading only 9%, or less, of their 
fatigue lives.

There is an indication in Figure 4.31 that the failure mode is 
sudden death. Even such a simple observation is not totally valid 
since decreases in strength were recorded in a group of 
specimens. These three specimens at the right hand side of 
Figure 4.31 have exhibited varying strength reductions, which is 
inconsistent with the sudden death type of failure.

Since the applied strain level is below the resin failure strain, 
resin microcracking will not appear after the first few cycles 
but will develop by fatigue. If this incubation period for damage 
is taken into account the mixed mode of failure proposed for the 
glass fibre laminate may still be applicable. This involves the 
wear-out mechanisms for the initial damage accumulation and
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failure occurring by the growth of a critical nucleus of cracks 

and fibre failures leading to a sudden death type failure.

In order to predict more accurately the proportion of a 

specimen's life, for residual strength testing, another parameter 
other than number of cycles is required. Many authors 

(45,48,53,54,143) have Shown that the modulus of the composite is 
reduced with fatigue. If the modulus of a specimen can be 
monitored in real time and a test stopped at a specific modulus 
drop, the residual strength data generated will be of more use 
for mathematical modelling.
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4.3.3 ResiduaüL strength of Kevlzur lasdLnates
The residual strength curves for the Kevlar fibre laminate are 
given in Figure 4.32. As with the residual strength tests on the 
carbon fibre laminates there were a limited number of specimens 

aval Table.

The KFRP curves seem similar in nature to the GRP curves with one 
notable exception, residual strengths approaching the applied 
fatigue stress have been found.This indicates that the final 
failure mode is not sudden death as found in the glass fibre 
laminates, but perhaps the only mechanism operating is wear out.

The applied fatigue strain is well in excess of the resin fatigue 
endurance strain so resin microcracki ng will contribute to the 
damage accumulation. Other possible contributary mechanisms 
include fibre defibriHation, abrasion damage and compression 
damage (as discussed in Chapter 4.2).

Once again there are insufficient data to make a more than 
superficial interpretation.
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CHAPTER 5

CONCLUSIONS

Changes in mechanical properties of reinforced plastics laminates 
brought about by hygrothermal conditioning have been studied by 
means of conventional mechanical tests backed by acoustic 
emission monitoring. Comparisons have been made between the 
response to moisture of 0/90 laminates reinforced with carbon, 
glass and Kevlar-49 fibres.

Changes in mechanical properties can be identified in terms of 
the effect of moisture on the controlling failure mechanism for a 
given type of test. Major effects occur for resin-dominated 
failure modes in all three laminates, but only the glass and 
Kevlar composites suffer fibre damage. Weakening of the glass 
fibres by boiling drastically reduces load-bearing ability of a 
glass laminate, and the Aramid fibres are susceptible to damage 

by splitting which even in shear and ±45^ tensile 
failures can result in fibre-induced weakness.

Acoustic emission monitoring identifies certain obvious failure 
mechanisms and distinguishing features characteristic of the 
failure of the different types of laminate. It is particularly 
evident that the AE response from Kevlar/epoxy composites is 
quite different from those of glass and carbon composites which 
closely resemble each other.
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The mechanisms of transverse ply cracking and longitudinal 
splitting or delamination are easily distinguishable from the 
acoustic emission versus load curves for drier samples of carbon 
and glass laminates, and the AE response relating to these 
mechanisms is altered by exposure to moisture in a reproducible 

fashion. These changes are interpreted in relation to observed 
changes in failure mode and mechanical properties.

The fatigue response of laminates has been studied in repeated 
tension (0/90), and the effects of three standard hygrothermal 
preconditioning treatments have been studied. The standard 
treatments are drying at 60°C; 65% RH at ambient temperature; 
and boiling in water, all treatments being carried to saturation.

In carbon fibre composites exposure to extreme conditioning 
treatments has no effect on 0/90 tensile fatigue response. Glass 
fibre laminates are affected only by boiling which weakens the 
composite and appears to render the material relatively less 
susceptible to further damage by fatigue. The fatigue resistance 
of KFRP composites is reduced more by drying than by boiling in 
water, and in all conditions the material shows very good fatigue 
resistance at high stresses, but behaves poorly at low and 
intermediate stress levels with a downward curving S/logN curve. 
This appears to be due to the occurrence of fibre damage 
resulting from complete unloading of the composite on each cycle. 
The residual strengths of laminates after cyclic loading is 
investigated and some relationships between cycles and damage are 
suggested.
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Fibre types SilenXa E glass, 600 tex, epoxy size
Grafil HT-S carbon fibre, 32/1.55/KlO, grade SF, 
Kevlar-49 aromatic polyamide fibre, 4560 denier,

Resin type Epoxy resin. Code 69, Fothergill and Harvey.

Resin wt.% Glass, 28±2.5%
Kevlar, 40±2.5%
Carbon, 35±2.5%

Moulded thickness 0.25 mm.

Table 2.1. Prepreg Specification.



Material

CFRP GRP KFRP

Dry 0 0 0
65% 0.88% 0.55% 2.8-3.4%
100% 1.96% 1.70% 4.9-5.65%

Table 3.1 Saturation Moisture Contents

0/90 lay up ±45 lay up
— 2 — 1CFRP 200kN sec 25kN sec
—1 — 1KFRP lOOJcN sec 25KN sec

— 1GRP lOOkN sec 25kN sec

Table 3.2 RSAs used in Fatigue Tests.
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Materials

CFRP GRP KFRP
Dry 0 0 0
65% 0.88% 0.55% 2 . 8-3.4%
100% 1.96% 1.70% 4.9-5.65%

Table 4.7. Saturation Moisture Contents of the Three Laminates 
at the Three Stauidard Conditions.



c
■ri2
n
<D dfipdrH
•H
S

1
2-P
CO

ro in ro
o  H  CM
en en
H  <j*

rH CM 4"
O O O 
O  CO in 
rH rH CM

en CO en 
O O O 
en en en
CM eM CM

CM If) rH CM 4" CM en CM en
lO en U3 en CD en O enrH CM en rH CM O co en lOH H rH rH rH

•S
£
c
•H

03
e
du
c
•HedP
■P03\0303
2

1
2 
3U
ü

?a2

â
è

1
1g
MH0
03 .2
2I04
•H03I1
C0
03
2

§ rHen -Pc
•iH C
.2 P ■H
?
8 4. 41

N p0
P
CC •H0 03 03•H 4) P dP d U eu•H ro V d rH 4> P'0 d K eu V K V d 5 eu ed P 03C 4> K »H eu S H 41 S rH > • P 410 •rH dP rH •rH dP rH •rH dP -rH C W Pu P 10 O P lO 0 M lO 0 03 0C3 CO m û CO m O CO m d •H en 03



Id
ÊJ 00 r* O O CD ro CM CD 4" CD HS CM 4" ro ro vO CM CM H O ro ro CM
co m ir> 4" O CD CM r* H en CDCQZ] H CD if) O 1—1H CM CD CM CM CDM If) cO 4" 10 in CM CM CM 4" CM H

c
s
2
1
8

U U0 0 uo O 0CD CD oCD
V O O"D B $ -O E <U "D 4)O) 2 H 0) 2 i—i 4) H•H dP H •H dP ■H •H dP •HP 10 0 P 10 0 P 10 0Q CD m û CD m Q CD m

VQ)en u c DO 0 c opH -H œ
2 & p 04 o (d

•SM si!
$



KFRP
Modulus, GPa 
strength, MPa 

Failure strain, %

Conditioning State 
65%RH UV exposed
33.5 42.0
711 687

2.2 1.7

Reconditioned
34.6
714
2.3

GRP
Modulus, GPa 33.5
Strength, MPa 592
Failure strain, % 2.5

36.2
610
2.4

32.5
598
2.6

Table 4.5 Effects of Exposure to UV Radiation on the Tensile 
Properties of the GRP and KFRP Laminates (0/90 orientation).

Conditioning State

-1Slow = .038kNs 
Strength, MPa 
Modulus, GPa 
Failure strain, %

Dry 
944( 78) 
79.4 
1.2

65% 
932(57 ) 
82.6 
1.1

100% 
934(47) 
83.0 
1.1

Fast = 200 kNsec 
Strength, MPa 
Modulus, GPa 
Failure strain, %

-1

916
87.6
1.1

920
85.4
1.1

928
78.3
1.1

Table 4.6 Load Rate Effects on the Tensile Properties of 
CKRP (0/90 Orientation).



Slow = 0.27kNz“  ̂

Strength, MPa 
Modulus, GPa 
Failure strain, %

Conditioning State 
Dry 65%
674(16) 711(15)
36.8
1.9

33.5
2.2

100% 
684( 13) 
32.4
2.3

Fast = lOO kNs~^ 
Strength, MPa 
Modulus GPa 
Failure strain, %

664(26) 724(18) 710(27)
44.4 35.5 40.3
1.5 1.6 1.8

Table 4.7 Load Rate Effects on the Tensile Properties of KFRP 
(0/90 orientation).

Slow = .023 kNs”  ̂

Strength, MPa 
Modulus, GPa 
Failure strain, %

Conditioning State 
Dry 

578(42) 
37.4/21.8
2.4

65%
592(39)
33.6/22.3
2.5

ioo%

272(11) 
32.1/21.7 
1.0

Fast = 100 kNs~^ 
Strength, MPa 
Modulus, GPa 
Failure strain, %

869(58 ) 
25.1 
3.1

875(6)
25.5
3.4

4L6(20) 
25.5 
1.6

Table 4.8 Load Rate Effects on the Tensile Properties of GRP 
(0/90 orientation).
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Figure 1.9 Schematic stress/strain behaviour of a cross
plied laminate.
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Figure 1.10 Model of transverse fibres in matrix after Kies
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Figure i.l1 Model of transverse fibres in resin matrix after 
Kies (22).
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Figure 1.12 Sch(?matic of fatigue stress/time curves
illustrating the variations in RSA with amplitude 
after .Sims and Gladman (35).
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Figure 1.13 Schematic S/logN curve

Figure 1.14 Fatigue damage accumulation mechanisms for
unidirectional composites
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Figure 1.16 Normalised S/logN curves for Type 1, 2 and 3
after Sturgeon (50).
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3— failure(268Mf̂ l

1 —  1 7 * *J 2— 3456*
3 —  51 VoOf

o, - 610MPa

LU
<

failure

amplitucie level,

Figure 1.23 AE data after Guild et al (73)



TETRAGLYCIWL 4 4 'DIAMINO DIPHENYL METHANE ( T.Q.D.D.M.:

0.
CHj-CH - C l i  

CH-CH -C H r

/Os 
^CHj— CH— CHj

\C H — C H -C It

Figure 2.1 The chemical structure of MY720

DIAMINO DIPHENYL SULPHONE (D.D.S.

Figure 2.1(b) The chemical structure of DDS



-e + -

•+

.SILICON ATOM 
o OXYGEN ATOM 
•  SODIUM ION

Figure 2.2 Two dimensional representation of SiO^
polyhedra.

R

0=Si =0 

6

M

I  I0 — Si— 0 0 — Si— 0

0

M M

Figure 2.3 Reversible hydrolisation of th<‘ glass/silane
interface.



A

'£z

kevlar 49
carbon
Itype ll)I—

carbon 
(type I)

00

00 e-glassz
L UT

Figure 2.4

0 1 2  3
— TENSILE STRAIN (% ) -

Stress/strain curves of various fibre types

(a)

C = N  C = N  C = N

.  / \  / \  / \  , 
CH:, CH: CH: CH:

lb) CH CH, CH.

CH:
\  / " \  y  \

CHI CHl CHC

(c)

N N :Nn

/CH^ /CH CH^

0 0
F i g u r e  2.5 The increasing chain alignment of carbon atoms in

the production of carbon f i l t r e s .



Figure 2.6

Youngs mpduius

streng>h
200

1500 2000 2500
— HEAT TREATMENT TEMPERATURE^

(°C )
The effect of heat treatment temperature on the 
properties of carbon fibres.

f ib re
axis

Figure 2.7 A schematic representation of the structure of
carbon fibres after Bennett (102).



—  N — c
Cv

I
H

N — C 
II 
0

—  N r  —
— r. 0

- l -

Figure 2.8 (a) The chemical structure of Kevlar

r -

— 0 51 nm— »

Figure 2.8 (b) The crystalline structure of Kevlar



Figure 2.9 The molecular structure of Kevlar after
Dobb et al (109, 110).
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***********************************************************************
c ***********************************************************************
c **** ****
c **** ****
c **** ****
c **** DIXON - MINC CODE TO REFORMAT DATA FILE * * * *
c *★** PRODUCED BY DC0L5 OR DC0L6 ****
c **** F. J. ACKERMAN 3Q-APR-81 ****
c **** MODIFIED DICK DICKSON 28-OCT-81 ****
c **** REV 1 - ADDED PLOTS ****
c Hr*** REV 2 - DEC0L3/4/5 INPUT 20-JAN-81 ****
c **** REV 3 - REFORMATS DATA ****
c **** - LOAD MUST BE ON CHANNEL 0 ****
c **** REV 4 - AUTO REFORMATS FOR MULINK ****
c **** REV 5 - ASSUMES GROUP=5 lO-NOV-81 ****
c **** REV 6 - ALLOWS FOR THE PROCESSING OF FST FILES ****
c **** - ASSUMES IF INPUT FILE NAME=*.FST THEN ****
c **** - IT IS DELING WITH A FST FILE OTHERWISE ****
c **** - IT ASSUMES IT IS A STANDARD DCOL FILE ****
c **** ****
c **** ****
c **** FOR USE ONLY ON A PDP-11 ****
c **** TO COMPILE : FORTRAN DIXONl/LIST:DIXONl.LST ****
c **** TO LINK : LINK DIXON,SUBJ,SYSF4(added rev4) ****
c **** TO RUN ; R DIXONl.23 ****

***********************************************************************
***********************************************************************

PROGRAM DIXON 
SET UP THE ARRAYS
DIMENSION IBUF(256),NAM(3),NAIN( 8),NAIN1( 8),NAIN2(8)
DIMENSION JBUF(512),XC(64),XT( 64),XV( 16),TITLE(30)
LOGICAL*l BliOGGS
SET CONSTANTS
IRB = O
I0PT=0
NP=0
NNP=0
IR=0
IiR=Q
IU3=0
XNC=0
XNT=0
XCOUNT=0
NAD=0
NADT=0
IESC="33
IPAST=0
CALL LOAD(0,XT,128)

--------- INPUT —

SET UP INPUT FILE NAME 
TYPE 1 ! heading



TYPE 2
CALL GETSTR(5,NAIN,10,BLOGS) I GET FILE NAME

C
C ASSUME .DAA FILE UNLESS OTHERWISE STATED

CALL CONCAT( NAIN, ' . DAA' ,NAINl, 10, BLOGGS ) 1 PUT .DAA ON THE END
C
C NAME OUTPUT FILE .AE

CALL CONCAT(NAIN,•.AE ',NAIN2,10,BLOGGS) I PUT .AE ON THE END
C
C OPEN INPUT FILE
C
C
C FIRST TRY FOR THE .DAA FILE

OPEN( UNIT=2,NAME=NAIN1,TYPE»'OLD',ACCESS»'DIRECT',RECORDSIZE»128,
& ASSOCIATEVARIABLE»NRIN,ERR»8 9)

C
C IF NO ERROR RECORDED GO AND GET ON WITH THE PROG

GOTO 87
C
C IF THE .DAA FILE DOSEN'T EXIST TRY A .FST FILE

89 CALL CONCAT(NAIN, ' .FST',NAINl,10,BLOGGS)
C
C TRY TO OPEN FILE AGAIN

OPEN (UNIT=2,NAME=NAIN1,TYPE»'OLD',ACCESS»'DIRECT',REC0RDSIZE=128, 
& ASSOCIATEVARIABLE=NRIN,ERR=90)

C
C RENAMNE OUTPUT FILE TO .FAS

CALL CONCAT(NAIN,’.FAS',NAIN2,10,BLOGGS)
IFAST=1

C
C DETERMINE IF DC0L3/4 or DCOL5 INPUT

87 IC=-1
ICH^l
CALL CHAR(NAINl,16,NAL,1,IC)
IF(IC.GT.O) CALL EXIT 
NBYTE=3
IF( NAL. EQ. 2HN ) NBYTE=1 I N=1 BYTE A,B=3 BYTE

C
C OUTPUT TYPE ???
C

TYPE 3 I 1 LINE OF ASCII TITLE
ACCEPT 14,TITLE 
lOUT » 3 

C SET UP THE OUTPUT FILE
NREC— 1
OPEN( UNIT»3,NAME»NAIN2,TYPE»'NEW',ACCESS»'SEQUENTIAL',

& ASSOCIATEVARIABLE=NROT,INITIALSIZE=NREC,ERR»92)
IU3 » 1 

22 CONTINUE
C
C SET GROUP SIZE TO 5

NGP=5
IF(NGP.GT.O) TYPE 17,NGP

C
C PRINT TITLE TO OUTPUT FILE

WRITE(lOUT,14)TITLE
C
C SET UP OPTION.... OBSOLETE UNDER REV 4



24 IOPT-1
C
C INPUT XCOUNT

ACCEPT *,XCOUNT 
NSEC - XCOUNT 
IP( NSEC.LE.0 ) NSEC=60 

26 CONTINUE
IF(lOPT.EQ.l) NOPT = IHA

C
C NUMBER BYTES

TYPE 5, NAIN2, NOPT, NGP, NBYTE
C
C FIRST RECORD

Il = 1
C SET UP FOR REPORT OF ERRORS ONLY

IF( lOPT. NE . 7 ) GO TO 28 
IRB = 1 
Il = LR-2 
IF(Il.LT.O) 11=10

28 CONTINUE
C
C PROCESS RECORDS
C
C START

GO TO 30
C

30 IREC = Il
C

32 DO 500 JB = 1,1000
C

CALL RBUF(IREC,IBUF,JBUF,IRB,IBUG,IJ)
IRECL=IREC-1

C
C CHECK FOR END OF FILE

IF(IRB.EQ.2) GO TO 460
C
C ***********************************************************************
C NOW SORT OUT LOAD CELL READINGS TO BLOCK OUT DATA
Q ***********************************************************************
c

250 DO 260 J=IJ,512
JJ - JBUF(J)

C
C IS IT A PRESSURE READING

IF(JJ.GE.64) GO TO 280
C
C IS IT THE END OF THE DATA

IF(JJ.EQ.60) GO TO 400
C
C CONVERT CHANNEL TO INDEX

JJ = JJ 4 1
C
C COUNT CHANNELS

XC(JJ) » XC(JJ) + 1
XT(JJ) = XT(JJ) 4 1
XNC = XNC 4 1 
XNT = XNT 4 1

260 CONTINUE



c
c GOTO NEXT BUFFER

GO TO 500
C
C FOUND A LOAD CELL READING NOW PROCESS ; :

280 IJ = J + 1
IF( NBYTE.NE.3) GO TO 290

C
C DCOL5 3 - BYTE A/D

ICH=JJ-128
IF( IJ.GT.512) CALL RBUF( IREC,IBUF,JBUF,IRB,IBUG, IJ )
PP=JBUF(IJ)
IJ=IJ+1
IF(IJ.GT.512) CALL RBUF( IREC,IBUF,JBUF,IRB,IBUG,IJ)
PP = PP + 256.*FLOAT( JBUF( IJ))
PP = (PP-2048.) * 0.0025 
IJ=IJ+1 
IRECL=IREC-1 
IF(IRB.EQ.2) GO TO 460

C
C DETERMINE IF PRESSURE OR OTHER

IF (NGP.LE.O) GOTO 300 
IF (ICH.EQ.O) GOTO 300 
P1=PP 
ICH1=ICH 
GOTO 320 
GO TO 300

C
C DCOL3/4 PROCESSING NOW OBSOLETE

290 PP = JJ - 64
C

300 NP = NP + 1
NNP = NNP + 1
IF( IBUG.GT.O)TYPE *, NBYTE, NP, XNT, JJ, ICH, I J, JBUF( IJ-1 ), JBUF( IJ )

C
C PROCESSING OPTIONS
C
C A C M S D T E
301 GO TO (310,302,304,306,350,320,500) lOPT

C
302 IF( XNC.LT.XCOUNT) GO TO 314

GO TO 310
C
C PRINT AT 1 MIN INTERVALS - NO SUM

304 IF(NNP.NE.NSEC) GO TO 318
NNP=1 
GO TO 310

C
C PRINT AT 1 MIN INTERVALS - SUM

306 IF( NNP . NE . NSEC ) GO TO 320
GO TO 310

C
C A/D DATA OPTION

350 IF(ICH.LT.LICH) NAD=NAD+1
XV( ICH)=PP
IF( NAD.GE.NSEC) GO TO 352
LICH=ICH
GO TO 320



c PRINT A/D RESULT
352 NADT-NADT+NAD

ICH1»ICH I ICH2=LICH
C
C SCREEN OUTPUT OPTION NOW DISABLED
C WRITE( I0UT,20) NADT,XNC,XNT,(K,XV(K),K-ICH,LICH)

NAD=0
LICH-ICH
IF(NPL.EQ.l) CALL HIST(NP,XT)
GO TO 314

C
C COMPUTE STATISTICS
C NOW FULLY DISASBLED..REV4

310 CONTINUE
C ........ PLOT..........................................
C XT IS A FLOATING POINT ARRAY THAT CAN BE PASSED TO SUBROUTINE

IF (NPL.EQ.l) CALL HIST(NP,XT)
C
C STAT

CALL STAT( NP, ICH, PP, XC, XNC, IRECL, NNP, lOUT, NPL, NGP, PI, IFAST )
C

314 NNP=0
C RESET COUNTERS

318 XNC = 0
CALL L0AD(0,XC,128)

320 IF(IJ.LE.512) GO TO 250
C
C CONTINUE TO PROCESS DATA - NEXT BUFFER

500 CONTINUE
C
C LAST DATA >>>> FINAL STATISTICS

400 PP=0
NP=NP+1
CALL MESS( 7,8,' TOTALS ; ' )
NNP = NP

C CALL STAT(NP, ICH, PP,XT,XNT, IRECL, NNP, IOUT,0, NGP, PI, IFAST)
IF(NPL.NE.l) TYPE 9, XT

C
C
C LOOK FOR LAST RECORD —  REPORT ERRORS
C
C CHECK FOR END OF FILE

IRB»1
IF(LR.GT.IREC) IREC = LR - 1 
GO TO 32

C
C END OF FILE-REPORT ERRORS AND TIDY UP

460 TYPE 8,(IBUF(J),J=l,2)
C
C
C END OF PROG CLOSE O/P AND I/P FILES AND TIDY UP

ICL=2
CLOSE( UNIT=2, ERR=98 )
ICL=3
IF(IU3.EQ.l) CLOSE( UNIT-3,ERR»98 )
TYPE 21,IESC 
CALL EXIT



c
c ERROR MESSAGES

90 CALL ERR(12HC0PYB - MAIN ,5,90,1,40,
& 'OPEN ERROR ON UNIT 2 - FATAL - ' ,-1,0,0,0,0,0,0)

92 CALL ERR(12HC0PYB - MAIN ,6,92,1,40,
& 'CREATE ERROR ON UNIT 3 - FATAL - ' ,-1,0,0,0,0,0,0)

C
96 CALL ERR(12HCOPYB - MAIN ,7,96,1,40,

& 'WRITE ERROR ON UNIT 3 - FATAL - ' ,-1,0,0,0,0,0,0)
98 CALL ERR(12HC0PYB - MAIN ,8,98,1,40,

& 'ERROR ON CLOSING FILE UNIT = ',-l,ICL,0,0,0,0,0)
C
C FORMATS

1 FORMAT( ' CODE TO REFORMAT A DCOL DATA FILE: ' 8A2 )
2 FORMAT(' INPUT FILE >',$)
3 FORMAT( ' GIVE TITLE FOR FILE >'$)
5 FORMAT(' OUTPUT TO '8A2 ' OPTION ',A2' n =*I4,

& 16' BYTE A/D DECODE')
7 FORMAT(//)
8 FORMAT(/' ANALOG INPUT ERRORS ='I6/' DIGITAL OVERFLOW'
& ,' ERRORS ='16,5X,1016)

9 FORMAT(10F8.O )
12 FORMAT(60A1)
13 FORMAT(' For Reporting only for Counts >n give n >'$)
14 FORMAT( 30A2)
15 FORMAT(' FOR Option M or S give n (seconds) > '$)
17 FORMAT(' GROUP OUTPUT SIZE IS'13'TO 1')
18 FORMAT(' FOR Reporting A/D every n cycles give n >'$)
20 FORMAT(I5,2F8.0,16(I3,F7.4))
21 FORMAT(' SORRY I TOOK SO LONG BUT lam DONE NOW 'Al'< OK')

STOP ' ERROR EXIT ' 
END
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Q  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C ***********************************************************************
Q * * * *  * * * *
C **** ****
C **** PROGRAM DOOER........ ****
Ç  * * * *  * * * *
C **** AE MASTER PROGRAM ****
Q * * * *  * * * *
C **** TO COMPILE TYPE <<fortran -map -table dooer>> ****
Q  * * * *  * * * *
C **** TO RUN TYPE <<dooer>> ****
C  * * * *  * * * *
C **** AUTHOR : DICK DICKSON **«*
C **** SCHOOL OF MATERIALS SCIENCE ****
C **** BATH UNIVERSITY,BATH,UK. ****
C  * * * *  * * * *
C **** COMPLETED : JAN 1982 ****
Q  * * * *  * * * *
C * * * *  * * * *
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
c
c CLOSE ANY OPEN FILES FROM APREVTOUS RUN

close(1,status="Xeep")
C
C SET UP THE CHARACTER STATUS AND COMMON AREAS

character *10 h 
integer record
common aJ.O(1000),b20(1000),b30(1000 ),b40(1000 ),b50(1000),btotal( 1000) 
common time( 1000 ), load( 1000 ), strain( 1000 ), a5( 1000 ), aJ.O( 1000 

/, ai5( 1000),a20( looo) 
common a25(1000),a30( 100),a35( 1000),a40(1000 ),a45(1000),a50(1000) 
common aover(1000),atotal( 1000)

C
C INVOKE THE SUBROUTINE read_plotter TO PERFORM MAIN PROCESSING

1 call read_plotter
C
C CLOSE THE FILES RESULTING FROM THAT INVOKATION OF read_plotter

close( 1,status="keep")
c
C CLEAR THE VDU SCREEN AND BLANK THE GRAPHICS SCREEN

2 call clear
C
C SEND PROMPT TO SCREEN REQUESTING A COMMAND TO BE INPUT

write(6,200)
C
C READ COMMAND FROM KEY BOARD

read(5,l00) h
C
C PROCESS COMMAND
C REPLOT THE PREVIOUS GRAPH

if (h.eq. "new__plot" .or .h.eq. "np" ) call replot(k,j)
C PRINT THE COMMAND LIST

if (h.eq."help".or.h.eq."h") call help 
C PROCESS A NEW FILE

if (h.eq."new_file".or.h.eq."nf") goto 1 
C STOP THE PROGRAM

if (h.eq."quit".or.h.eq."q") stop "stopped at users request"



c SEND A LINE TO THE MULTICS COMMAND PROCESSOR WITHOUT QUITTING PROG
if (h.eq."multics".or.h.eq."m") call multics 

C FACILITY TO OBTAIN PRINT OF DATA FILE
if (h.eq. "haxd_copy" .or .h.eq. "he" ) call hard_copy( astring)

C COMMAND NOT IN VALID LIST SEND MESSAGE
write (6,102)

C RETURN TO ASK FOR COMMAND AGAIN
goto 2

c
C FORMAT STATMENTS
C

100 format (v)
102 format ( " Non capisco III! please retype or type help for

/instructions")
200 format ( " Command ........?" )

C
C STOP AND END

Stop 
end

Q ***********************************************************************
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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Q  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Q  * * * *  * * * *
Q  * * * *  * * * *

C **** SUBROUTINE READ^PLOTTER ****
Q  * * * *  * * * *

c **** AE MAIN SUBROUTINE ****
Q  * * * *  * * * *
C **** TO COMPILE TYPE <<fortrcLn -map -table read_plotter> > ****
C **** ****
C **** AUTHOR : DICK DICKSON ****
C **** SCHOOL OF MATERIALS SCIENCE **«*
C **** BATH UNIVERSITY,BATH,UK. ****
C **** ****
C **** COMPLETED : JAN 1982 ****
C  * * * *  * * * *
Q * * * *  * * * *
Q  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C ***********************************************************************
C

subroutine read_plotter(filename )
C
C SET UP COMMON SPACE AND VARIABLE FORMAT

external plot_( descriptors),plot_$setup(descriptors) 
integer record,w,q 
real time,load 
character*50 title
common blO(1000),b20( 1000),b30(1000),b40(1000),b50(1000),btotal( 1000) 
common time(1000),load(1000),strain(1000 ),a5(1000),alO( 1000),al5( 1000) 

/,a20( 1000)
common a25( 1000 ), a30( 1000 ), a35( 1000 ), a40( 1000 ), a45( 1000 ), ci50( 1000 ) 
common aover(1000),atotal(1000)

C
C SET UP THE INPUT FILE USING VARIABLE IFILE

character *20 ifile 
C CLEAR SCREEN

call clear
C
C ASK FOR FILE TO BE PROCESSED

write (6,1000) 
read (5,100) ifile

C
C OPEN FILE

open (1,mode="in",form="formatted",file=astring)
C
C RETURN FILE TO BEGINNING FOR READING

rewind 1
C
C ASK FOR SPECIMEN DIMENSIONS

write (6,299) 
read (5,200 ) areal,area2

C
C CALCULATE CROSS SECT AREA

area=areal*area2
C
C ASK FOR FULL SCALE LOAD ON INSTRON USED IN TEST

write(6,2991)



c PUT VALUE IN VARIABLE fsd
read (5,200 ) fsd

C
C ASK IF DIVIDING BOX WAS IN PLACE

write (6,2992) 
read (5,200 ) iest 
if (iest.It.1) goto 37

C
c IF BOX WAS IN PLACE MULTIPLY fsd BY TWO

fsd=fsd*2 
37 continue
C
C READ TITLE OF GRAPHS FROM FIRST LINE OF FILE

read(1,200 ) title
C
C READ IN THE DATA FROM THE FILE ifile

do 1 i=2,1000
read( 1,200,end=10)time(i),load(i),strain(i),aS(i),alO( i),al5( i),a20( i), 

/a25(i),a30( i),a35(i),a40(i),a45( i),a50( i),aover( i),q,w
C
C SET UP THE a(i) AND b( i ) ARRAYS

blO(i)=alO(i)+a5(i) 
alO( i)-alO(i)+alO( i-l)+a5(i) 
b20(i)=al5(i )+a20(i) 
b30( i)=a30(i)+a25( i ) 
b40(i)=a40(i)+a35( i ) 
b50(i)=a50( i)+a45( i ) 
a20(i)=a20(i)+a20( i-l)+al5( i) 
ai30( i )=a30( i )+a30( i-l )+a25( i ) 
a40(i)=a40(i)+a40( i-l)+a35( i ) 
a50( i )=cl50( i )+a50( i-l )+a45( i ) 
aover( i)=aover(i)+aover( i-l)
atotal(i)=alO(i)+a20(i)+a30(i )+a40(i )+a50( i)+aover( i) 
btotal(i)=blO(i)+b20(i)+b30(i)+b40(i )+b50( i)

C
C TEST FOR FAILURE BY COMPARING THE LOAD TO THE PREVIOUS LOAD
1 if(load(i)-load(i-2).le.-0.25) goto 10

goto 12
C
C SET VALUE OF RECORD TO THREE SECONDS EARLIER THAN FAILURE
10 record=i-3
C
C PROCESS THE LOAD AND ELONGATION INTO STRESS AND STRAIN

do 29 i=l,record 
strain(i)=strain( i )*.666 

29 load(i)=load(i)*fsd/(area*10)
C
C CALL SUBROUTINE TO PRODUCE A STRESS STRAIN PLOT

call stress_strain(title,record)
C
C CALL SUBROUTINE TO SET UP AXES FOR NORMALISATION OF DATA

call norm(k) 
if(k.ne.2)goto 103

C
C NORMALISE DATA TO TOTAL COUNTS

do 104 i=l,record 
blO(i)=blO(i )*10/atotal( record) 
b20(i )=b20(i )*10/atotal( record)



104
C
C
103

106
C
C
105
C
C
12

C
C

C
C
20002

20003
20001
C
C

b30(i)-b30(i)*10/atotal( record)
b40(i)-b40(i)*10/atotal( record)
b50(i)-b50(i)*10/atotal( record)
btotal(i)-btotal(i)*10/atotal(record)
alO( i )-clLO( i )/atotal( record )
ai20( i )=a20( i )/atotal( record )
a30( i)=a30( i)/atotal(record )
a40( i)=a40(i)/atotal(record )
a50( i)=a50( i)/atotal(record)
atotal(i)=atotal( i)/atotal( record)
continue
NORMALISE DATA TO CHANNEL TOTAL
if(k .ne.3 ) gotol05
do 106 i=l,record
alO(i)=alO(i)/alO(record)
a20( i)=a20( i)/a20( record)
a30(i)=a30(i)/a30( record)
a40( i)=a40(i)/a40(record)
aSO(i)=a50(i)/a50(record)
atotal(i)=atotal( i)/atotal(record)
blO(i)=blO(i)*10/al0(record)
b20( i)=b20(i)*10/a20(record)
b30(i)=b30(i)*10/a30(record )
b40( i)=b40( i)*10/a40(record)
b50(i)=b50(i)*10/a50(record)
btotal(i)=btotal( i)*10/atotal(record)
continue
CALL SUBROUTINE TO ASK ABOUT FORMAT OF FINAL PLOTS 
call asker(j )
ASK ABOUT AXIS SCALING 
write (6,20000) 
read(5,100) irep
CALL SUBROUTINE TO SCALE AXES AND LABEL FOR AUTO SCALE
if(irep.eq.1) goto 20002
call title_plot5(k,j,title,record)
CALL SUBROUTINE TO SCALE AXES AND LABEL FOR MANUAL SCALE
if (irep.ne.1) goto 20003
call title_plot(k,j,title)
continue
format (v)
IF CUMULATIVE AE ANALYSIS HAS BEEN SELECTED PRODUCE PLOTS 
if (j.eq.2) goto 101 
call plot_$color(1)
call plot_ (load,atotal,record -1,1,"0") 
call plot_5color( 2)
call plot_ (load,alO,record -1,1,"1") 
call plot_ (load,a20,record -1,1,"1") 
call plot_ ( load,a30,record -1,1,"5") 
call plot_ ( load,a40,record -1,1,"6") 
call plot_ (load,a50,record -1,1,"8")
IF RATE ANALYSIS SELECTED PRODUCE PLOTS



101
c
c

1131
C
C
102
C
C
100
200
299
1000
2991
2992 
20000

if(j.eq.1 )goto 102

ASK FOR LEVEL OF AVERAGING OF DATA REQUIRED 
call smoother(record) 
call plot_$color( 1)
call plot_ (load,btotal,record ,1,"+" ) 
call plot_Scolor(1 ) 
call plot_ (load,blO,record ,1,"1") 
call plot_ ( load,b20,record ,1,"2") 
call plot_ (load,b30,record ,1,"3") 
call plot_ (load,b40,record ,1,"4") 
call plot_(load,bSO,record ,1,"5") 
do 1131 i=l,record 
cont inue
RETURN TO DOOER 
return
FORMATS 
format (v) 
format (a50)
format ( 
format ( 
format ( 
format ( 
format ( 
end

What were the specimen dimensions in mm ? 
Input file name please .... " )
Wahat wais the full scale load in kN ?" ) 
Was the divide by 2 box in place O ... no 2 
Do you want auto scale 1...yes O ... no ?")

.yes ?")



PLATE I Isoohromatio fringes in a macromodel composite
material loaded in transverse tension taken from 
Puck (25)
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PLATE IV Scanning electron micrographs showing the 
fracture surfaces of laminates tested in 
tension at ± 45° to the fibre axes.

a) dry Kevlar/epoxy h) boiled Kevlar/epoxy
q ) dry carbon/epoxy d) boiled carbon/epoxy
e) dry glass/epoxy f) boiled glass/epoxy
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