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ABSTRACT

The static and fatigue propertiés of advanced epoxy-based composites
reinforced with carbon, glass or aromatic polyamide (Kevlar-49)

fibres have been measured for a range of different loading and
environmental conditions. Cross-plied laminates were tested in

tension in the 0/90 and #45° orientations and also under flexural
loading. The laminates were similar, except for the type of fibre.

The effects of environmental exposure were assessed by preconditioning
test specimens to equilibrium by either drying at 60°C, storage at

65%RH at ambient temperature or boiling in water.

Moisture absorption was through the resin alone for CFRP and GRP

and by additional absorption by the fibres for KFRP. Fatigue testing
revealed that the tensile performance in the 0/90 orientation is
strongly dependent on the level of cyclic strain. 0/90 CFRP

has excellent fatigue and environmental resistance but GRP exhibits
a steep fatigue curve and the static and low cycle fatigue strengths
are both reduced by boiling. The fatigue strength of 0/90 KFRP

is reduced by drying, more so than by boiling, and in all conditions
the stress/log-life curvesare characterised by a downward

curvature or 'knee'. Tensile preloads do not significantly affect
the residual fatigue properties or the equilibrium levels of
méisture uptake, although extensive damage involving cracking 1in
both longitudinal and transverse plies may lead to increased

absorption rates.



A tendency for Kevlar fibres to split or 'defibrillate'

plays an important role in most failures of KFRP. It limits
the shear strength and causes flexural failures to occur at
the compression surface at low stress Tevels. 0/90 CFRP also
fails at the compression surface in flexure but GRP fails at
the tensile surface, the environmental fatigue performance
resembling that under axial tensile loading. The #45°

tensile and low cycle fatiqgue strengths are sensitive to the
effects of conditioning, all laminates exhibiting optimum
performance after conditioning at 65%RH, although generally

these effects become insignificant at long lives.
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CHAPTER 1
INTRODUCTION



1.1 INTRODUCTION

Advanced composites have gained recognition as viable alternatives
to steels and alloys in structural and engineering applications
where high strength and modulus to weight ratios, impact re-
sistance and long term durability are important. They usually
consist of high volume fractions of continuous glass, carbon and/
or Kevlar-49 (aramid) fibres embedded in high quality polymer
matrices, often epoxies. Despite considerable research during

the last 10-20 years, funded mainly by the aerospace and defence
industries where the most immediate needs for such materials
exist, the general level of understanding regarding many aspects
of their use and performance still falls short of that for

metals. This must be improved if composites are to become more
widely accepted by both designers and engineers. Of particular
interest and concern for aerospace use is the detailed performance
under fatigue loadings and hostile environments and this forms the

subject of the investigations reported here.

1.2  GENERAL USE OF COMPOSITES

Although still not common in everyday use, high performance
composites are gaining widespread and increasing importance in
applications where their advantages over conventional engineering
materials outweigh the relatively high initial material costs
(which, for example, may be typically 2-5 times greater than
those of comparable metals on a strength/weight basis (1)).

These applications include aircraft, missiles, spacecraft (e.g.

the space shuttle orbiter), sports goods and motor racing (2,3,4).



In particular, composites are used widely in both military and
commercial aircraft, including control surfaces and door and

cowl assemblies. In recent years the trend has been for each

new generation of aircraft to make increasing use of composites

and manufacturers have predicted that in the foreseeable future
composites will comprise over 50% of aircraft structural components,
bringing savings of 10 to 20% in weight and reduction in cost

(3,4).

0f the actual and potential advantages of composites, it is their
high strength and stiffness (both in ultimate terms and perhaps
more importantly on the basis of material weight) and the
associated opportunity to tailor the structuralproperties in
different directions that are the most important, making

possible weight reductions that lead directly to improved fuel
efficiency and higher payload capacity. For instance, it has been
estimated that 1 kg weight reduction on a DC-10 airliner can

save over 2900 litres of fuel per year (5). The airframe of the
Lear Avia Lear Fan 2100 executive aircraft actually contains

70% by weight of carbon and Kevlar/epoxy, providing a weight
saving of approximately 45% over a conventional aluminium struc-
ture and predicted savings in operating costs (if the plane ever

goes into service) of the same order (2,3).

The material's anisotropy means that new design procedures must
be adopted if composites are to reach their full potential. In

comparison to metals this has often put composites at an



initial disadvantage.

Weight savings are not the only benefits to be gained from using
composites however. They offer good impact resistance and are
insensitive to electric or magnetic fields. Looking towards the
future, composites offer potential savings in manufacturing
(both fabrication and finishing) (2,3,5) and this, together

with falling material costs makes them attractive to mass
producers such as the automobile industry (2,6). Already General
Motors are fitting glass/epoxy composite springs

to some of theirmodels in the United States (2).

Advanced composites are commonly produced in the form of laminate
sheets consisting of bonded unidirectional plies, the numbers
and orientations of which are determined by the loads predicted

for the specific application.

1.3  PROBLEM OF ENVIRONMENTAL AND FATIGUE LOADINGS

A prime reason for using high performance composites is their
reputed resistance to long term environmental and fatigue
exposures. The possibility of failure as a consequence of repeated
loadings has always been a major problem when designing aircraft,
and sihce fatigue loadings are unavoidable 1in such applications,
it is essential that the fatigue properties of both materials and
structures are fully characterised. Also, depending on application,
location, season and time of day, components in service are

1ikely to experience a wide range of temperatures (from -40° to
70°C for helicopters and civil aircraft and up to 130°C for

supersonic jet fighters) and relative humidities(from 0 to 100%)(7).



While moisture in the atmosphere can lead to corrosion of metal
components, fibre reinforced plastics actually absorb moisture

as well as being sensitive to temperature and solar radiation.

Surface coatings cannot always be relied upon to give total

protection and may themselves degrade.

Although there is now a considerable amount of information
available concerning the separate effects of environment
(particularly moisture) and fatigue loadings, as reviewed in
Chapter 2, far less is known about the interaction between

these two. Clearly, any effect of environment on the static
strength will not necessarily reflect the sensitivity to fatigue
loading. For example, composites can sustain considerable
secondary damage without suffering a significant drop in strength.
It is possible however that such damage could allow enhanced
penetration by moisture and thus affect the subsequent fatigue

life. Such effects are not easy to predict.

Unfortunately, fatique performance is dependent on a large

number of variables, in particular the loading conditions, the
type and properties of the reinforcing fibres and the laminate
geometry. Further, the environment is likely to affect each

of the components-fibres, matrix and interface-differently.

The problem lies not only in relating test data to real struc-
tures but also in the range of systems and testing techniques used
to obtain such data. This has sometimes led to confusion and

has certainly made general comparisons between composites

difficult. For a systematic and comparative investigation of



environmental fatigue performance to be successful, it is clearly
necessary for the number of variables to be kept as low as possible.
Since there are certain advantages and disadvantages associated
with each of the main types of reinforcing fibres in current

use (Chapter 2) there is an obvious need for a clear understanding
of the contribution made by the fibre type to the environmental
fatigue properties in order that the optimum choice of fibre

or fibres may be made for specific applications.

1.4  GENERAL OUTLINE AND OBJECTIVES OF THE RESEARCH

The basic objective of the work was to determine the effect of
environmental conditioning, primarily the sensitivity to moisture
content, on the fatigue properties of high performance composites
(in this case laminates) representative of those used by and

of interest to the aerospace industry. An important and perhaps
unique aspect of the investigation was that the carbon, glass and
Kevlar fibre reinforced polymer (CFRP, GRP and KFRP) laminates
tested were nominally identical except for the type of fibre.
This meant that direct and valid comparisons could be made
between the laminates. For the same reason, details of the
testing and conditioning procedures were kept similar and

relatively simple.

Comparison of the results for the different laminates

should help to give some insight into the damage mechanisms
operating in each case. Clearly the differences in the three
types of fibres mean that damage is not necessarily similar

or dependent on moisture in the same way. However, the success or

failure of existing models in accounting for the results should



give an indication of the general relevance or applicability
of these models and also highlight any significant abnormalities

in the fatigue behaviour for any of the Taminates or conditions.

To keep the test programme within manageable bounds, fatigue
testing was confined to the pure tension and the flexural
modes (all the tests involved constant rather than variable
amplitude cycling). Cross-plied laminates were chosen for the
work. Thus by testing withthe fibres either orthogonal or
aligned at +45° to the load direction, both fibre dominated
and matrix-interface dominated properties could be measured
under tensile loading. Characterisation of the *45° perfor-
mance was just as important as the 0/90 since in real
structural applications secondary off-axis stresses (such as
torsional and shear) are often unavoidable. Also, +45° plies are

usually present in quasi-isotropic laminates.

Flexural Tloading involves combinations of tensile,

compressive and sometimes shear stresses and is commonly en-
countered in aerospace applications. The flexural fatigue
testing arrangement was such that the specimens experienced
only tensile and compressive stresses. Testing in this mode
allowed direct comparison of the tensile and compressive
fatigue strengths and the relative sensitivity of these to
environment. In static bending, various loading geometries were
used so that the shear mode and the effect of moisture on the
shear strength could also be studied. The aim was to compare

these results with the +45° tensile data.



The technique chosen for the investigation of the effect of
environment was to precondition specimens to known equilibrium
moisture contents, sometimes using elevated temperatures to
reduce the conditioning times, and to confine all testing to
room temperature and the laboratory environment (taking steps
to prevent significant moisture loss or gain during cycling).
Thus the characterisation of the basic moisture absorption-
desorption behaviour and the static mechanical properties (and
the effect of environmental conditioning upon these) was
necessary to establish a range of standardised equilibrium
conditioning exposures and was an essential preliminary

step before fatigue testing. It was also necessary to
determine any sensitivity of the laminates to the

rate of loading, so that valid comparisons between static

and fatigue data could be made.

Static preloads were used to establish the effect of moisture

on the build-up of secondary crack damage in each of the 0/90
Taminates prior to failure. The possibility was investigated that
such damage, which in practical situations might occur as a
result of static or fatigue loading, affects the moisture
absorption characteristics of the laminates and also the
subsequent residual fatigue properties (both before and after

environmental exposure).



CHAPTER 2

LITERATURE REVIEW :

COMPOSITES, ENVIRONMENTAL AND FATIGUE EFFECTS



2.1 COMPONENTS OF THE LAMINATES
2.1.1 Fibres

a) Glass

Glass fibres are the most long established and popular of the
reinforcing fibres used for composites. This is because they are
relatively cheap and easy to manufacture and with coupling
agents applied to their surface form strong bonds with a wide
variety of resin systems. The fibres are based on silica (5102)
and are made by drawing from the molten state at temperatures in
excess of 750°C. They cool rapidly into an amorphous structure
that consists of a 3-dimensional covalently bonded network of
linked S1'04 polyhedra. Normally various oxides are added to the
melt in order to control the properties of the glass both before

and after vitrification.

E-glass is the most widely used glass for composites. It is an
alumino-boro-silicate glass and is favoured because it draws

well and compared to many glasses it has good strength, stiffness
and resistance to environmental degradation. The main constituents
of E-glass are Si0, (approximately 54% by weight), A1203 (14.5%),
Ca0 (17.5%), B, 03 (8%) and Mg0 (4.5%).

The strength of freshly drawn, undamaged fibres is around 3.5 GPa.
However, glass fibres are brittle and in practice their strength
and failure strain are much lower due to fine, random flaws on
the surface caused by unavoidable abrasion during manufacture

and handling and interaction with water vapour and dust particles,



Table 2.1. The fibres are usually sprayed with a protective

size coating to help minimise such damage.

The main drawbacks of glass fibres in addition to a poor
resistance to moisture are their high density and fairly low
Young's modulus. This has led to the increasing use of the more
recently developed, but also more expensive, carbon and Kevlar
fibres. As shown in Table 2.1 these are stiffer, lighter and in
practice stronger than glass fibres and they also show far
superior resistance to degradation by water. The failure strains
(sf) are lower for these fibres however and they also possess

relatively poor transverse properties.

b)  Carbon

Production of Courtaulds carbon fibres involves the conversion

of polyacrylonitrile (PAN) precursor fibres into turbostratic
graphite by means of a complicated series of high-temperature
treatments, during which the fibres are kept under tension to
provide alignment of the molecular chains along the fibre

axis required for high strength and stiffness. The structure of
turbostratic graphite is similar to that of graphite single crystals,
except that there is no regular packing of the layer planes and

the interlayer spacing is slightly increased (8,9).

In carbon fibres, the turbostratic graphite is in the form of
small crystallites with their layer planes aligned roughly
parallel to the fibre axis. The high modulus of the fibres derives

from the strong covalent bonding of the hexagonal ring structure



of carbon atoms within the layer planes. However, the weak van
der Waals forces between the layers means that the radial

properties of the fibres are poor.

The mechanical properties of the fibre depend on the final heat
treatment temperature. 1500°C is used for HT-S (Type II) fibres,
since this is found to give the optimum tensile strength. Higher
temperatures produce fibres with increased moduli but reduced
strengths and this has been attributed to changes in the structure
involving the formation of larger and better aligned crystallites
(9,10,11). The fibre structure is inhomogeneous and far from
perfect, containing voids and flaws, both at the surface and
within the fibre volume. These act as stress raisers and limit the

tensile strength.

) Kevlar

Kevlar is the trade name given by Du Pont to their aromatic |
polyamide fibres. Specifically these are a highly crystalline and
oriented form of poly p-phenyleneterephthalamide which has the
chemical structure shown in Figure 2.1a (12,13). Kevlar-49, the
high modulus version of the fibre, is the only organic reinforcing
fibre to have gained wide acceptance for use in high performance
composites. This has been achieved by virtue of its high specific
tensile strength (which is greater than that of carbon fibres -
Table 2.1) and modulus, allied to reasonable cost and environ-

mental stability.

10



Kevlar fibres are produced from solution by an extrusion and

spinning process that includes a stretching and drawing treat-

ment to improve the tensile properties (9,12). Their high tensile
strength and modulus derive from alignment of the covalently

bonded polymer chains with the fibre axis and the fact that

the aromatic ring structure causes these chains to be rigid and

in an extended form (12, 13). The polymer chains are held together by
hydrogen bonding in rigid planar sheets (Figure 2.1b. It is believed
that these are arranged radially within the fibre and are wrinkled

or pleated along their length (Figure 2.1c).(14). The bonding
between the sheets is weak and consequently the fibres have poor
resistance to transverse, shear and compression loadings (12,15,16).
In flexure the fibres do not fracture in a brittle manner like

carbon and glass fibres but deform plastically on the compression
side by the formation of characteristic deformation or kink

bands (Figures 2.1d-e).

Kevlar fibres are known to contain an extensive internal network
of defects (14,17). These include microcracks and voids, mainly
oriented at small angles to the fibre axis (17), and clusters of
molecule end groups which form planes of weakness transverse
to the fibre direction (18). Such flaws limit the tensile
strength of the_fibres. Some ductility and necking is shown in
axial tensile tests before failure (9) and the fracture surfaces
are characterised by longitudinal fragmentation and splintering
into subfilaments (fibrillation) (12). There is evidence that
Kevlar-49 fibres have a duplex structure, with the core of the

fibre exhibiting far greater crystallinity than the skin (18).



The weak bonding in the transverse direction means that splitting
and skin peeling occur quite easily (Figure 2.1e-h) leading to
Tow abrasion resistance (16) and significant tensile weakening
(18). Unlike the inorganic fibres, Kevlar suffers genuine, if
slight degradation during cyclic tensile loading (19,20,21). Fibre

splitting appears to be the primary mode of damage.

Typical properties of the fibres are summarised in Table 2.1.
A1l the fibres actually show significant variability in strength.

In each case the stress-strain curves are approximately linear.

2.1.2 Interface
A strong interface depends primarily on the formation of chemical
bonds, although physical or mechanical bonding may also be

important,

a)  Glass

Coupling agents are usually applied to glass fibres to improve
the bonding between the fibres and the resin and also to help
protect the fibre surface and interfacial bond from attack by
moisture. Organic silanes are commonly used although the detailed
structure of these coatings and the nature of the bonding is not

fully understood and in practice is very complex (22, 23).

One end of the silane molecule is organic and may form covalent
bonds with the resin during the laminate cure (9,23). At the
other end, the bonding to the glass surface is believed to involve
both strong covalent oxane bonds (Si-0-M where M represents Si,

A1, Fe) and hydrogen bonding between hydroxyl groups of the silonal

12



(Si-0H) and the glass surface (M-OH)(22,23). Siloxane bonds
(Si-0-Si) formed between adjacent silanol molecules give

the coating a coherent structure.

b)  Carbon

Carbon fibres are surface treated to obtain good bonding with
resin matrices. This normally involves an oxidation treatment,
commonly immersion in nitric acid,to produce active functional
groups such as carboxylic ( C 0,H), hydroxyl ( C-OH) and
carbonyl ( C=0) groups on the surface of the fibre (10,24,25).
The strong interfacial bonding results from the formation of
chemical bonds (primarily hydrogen bonds) between these groups
and polar groups in the resin (24). Light acid etching may lead
to increased microroughness of the fibre surface, with a
corresponding increase in the sites available for chemical
bonding (9). Secondary or van der Waals forces may also contribute
to the bonding as a result of close contact between the fibre

and resin (26).

c)  Kevlar
In contrast to the other two materials, little information is
available regarding the interfacial bonding between Kevlar fibres

and epoxy resins. Although the interface is relatively weak,

some adhesion is known to occur (12, 18,27,28). This presumably
involves van der Waals forces and possibly hydrogen bonding.

It is of note that a high interfacial bond strength is not necessarily
beneficial for KFRP, owing to the low transverse strength of

Kevlar fibres (18,27).

13



2.1.3 Epoxy Resin Matrix

The role of the matrix resin is mainly to transfer loads to and
from the fibres and to hold the fibres together in a solid rather
than as just a loose bundle. The matrix also helps to protect the

fibres from any damaging effects of the environment.

Epoxies are the most widely used thermosetting resins for advanced
composites. They have good strength and stiffness properties

below their curing temperature and generally show good resistance
to environmental and chemical degradation. A major advantage of
epoxy resins is their ease of processing. They form good bonds with
most fibres, exhibit Tow shrinkage during cure and can be made

into flexible prepregs with a long shelf 1ife. Disadvantages
include their cost, high viscosity before cure and a requirement

for long cure cycles.

The resin used in this work, Code 69, is a proprietary epoxy resin
system produced by Fothergill and Harvey Ltd for use as a high
performance matrix material for advanced composites in the aerospace
industry. In common with most other 175°C cure epoxies (such as
Fiberite 934 and Narmco 5208) the main constituent of Code 69

is tetraglycidyl 4,4' diaminodiphenyl methane (TGDDM) epoxy,

cured with diaminodiphenylsulphone (DDS) hardener. The structures

of the unreacted TGDDM epoxide and DDS amine monomers are
illustrated in Figure 2.2. In addition to small amounts of other
materials (usually added to improve the handling characteristics

of the prepreg) a boron trifluoridemonoethyl amine complex BF3 MEA
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is used as an accelerator since the cure tends to be sluggish

even at quite high temperatures. This 'catalyst' is not active

at room temperature (29). TGDDM-DDS epoxies form rigid, highly
cross-linked networks and the cross-link density tends to increase

when BF; catalysts are used (30).

The actual structure of the resin depends on the chemical
composition and cure conditions. In practice it tends not to be
homogeneous but to consist of highly cross-linked regions embedded
in a less highly cross-linked matrix (31). As well as the covalent
bond network formed during cure, polar groups on adjacent
molecular segments within the structure may also bind together

via hydrogen bonding. In normal use, epoxy resins are in a non-
crystalline glassy state, well below their apparent glass
transition temperature range (Tg) which occurs at about 200

to 230°C for typical BF, catalysed TGDDM-DDS resin systems (19,32,33).

3
Typical properties of Code 69 resin are given in Table 2.1.

The tensile stress-strain curve is non-linear, but at room
temperature there is only a small reduction in modulus as the
strain is increased and the resin behaves in an essentfa]]y elastic
manner (34). Non-linearity and viscoelastic behaviour become

more marked at higher temperatures and over long periods of time,
although the highly cross-linked structure of Code 69 means that it

is less sensitive than many other epoxy resins (35).

Tensile tests on pure resin specimens show Code 69 to be a

particularly brittle resin system (34). Plastic yielding is



suppressed in tensile loading since failure tends to initiate
prematurely at flaws in the resin or on the specimen surface(9).
It is therefore probable that the strength and failure strain
values for the resin given in Table 2.1 are inferior to the actual
values in a composite where for high fibre volume fractions the
resin exists in the form of very thin films or fillets for which
the stress state, surface conditions and resin quality will

not be the same as the bulk resin(34,35).

Epoxy resins are degraded under cyclic loading (36,37). As for
metals this involves the initiation and propagation of fatigue
cracks (38) and is mainly a problem where viscoelastic flow

occurs that is not recovered upon unloading (9,37). Crack initiation
is thus most 1ikely in regions of high stress concentration, at
internal flaws or voids for instance, or in composites, at

debonds or broken fibres or where the fibre packing is high,

The ratios of the important constituents of Code 69 are roughly

as follows (35)

TGDDM (Ciba-Geigy MY720) 100 parts
DDS (Ciba-Geigy Eporal) 30 parts
BF ;MEA (BF3 400) 1 part

TGDDM is a liquid at room temperature while DDS is a crystalline

powder which melts at around 162°C.
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2.2 MOISTURE ABSORPTION

Epoxy resins are hygroscopic and absorb moisture directly from

humid environments. Typically the moisture content of resins similar
to Code 69 may reach a maximum of about 6% by weight for water
immersion (32, 39). In contrast, inorganic fibres such as carbon

and glass are impervious to moisture and consequently the resin
dominates the absorption characteristics of composites reinforced
with these fibres. ke]var fibres do contribute to the absorption
process however, absorbing up to 5-6% water themselves (12,40,

41,42,43).

2.2.1 Epoxy resins

The detailed mechanisms of absorption have not yet been fully
established. Generally the water, in the form of free molecules
or groups of molecules, forms hydrogen bonds with polar groups
in the resin. It is believed that the primary sorption sites within
TGDDM-DDS epoxies are the hydroxyl, sulphonyl and primary and
secondary amine groups (30). By bridging polar groups on
adjacent molecular segments the water molecules may effectively
be regarded as part of the glassy structure (44). In addition
to these strongly bound molecules, it has been suggested that
water may also exist as weakly or unbound molecules in the free

volume of the polymer.

Disruption of the interchain hydrogen bonding by the water causes
the resin to swell (47,48). This is associated with a progressive
but reversible resin plasticisation (softening) and lowering of

the glass transition temperature, Tg. Most recent results indicate

17



that 100% RH saturation reduces Tg by approximately 50 to 60°C
for highly cross-linked resins such as Code 69 (19,33,48) and
that reductions in strength and modulus due to moisture tend to
be small at room temperature but become more important as the

temperature is raised (31,49).

2.2.2 Equilibrium moisture contents

The equilibrium moisture content of a composite will depend on

both the relative humidity (defined as the partial vapour pressure
of water relative to the saturated pressure of pure water) of

the environment to which it is exposed and the chemistry, structure
and state of cure of the resin. Moisture content is usually found
to be approximately proportional to the relative humidity (50-54),
although there is sometimes a positive deviation from this behaviour,
especially at high humidities (39,53,55). Absorption by fibres

such as Kevlar and the accumulation of water molecules at

debonded fibre/matrix interfaces, voids or cracks may, where
applicable, also contribute to the moisture uptake. For most
purposes moisture content can be regarded as being independent

of temperature, although in some cases there is evidence of very
small increases in moisture content over broad ranges of increased

temperature (53).

2.2.3 Diffusion

Since composite materials are not isotropic and are inherently
inhomogeneous, the details of their moisture uptake are not
necessarily the same as those of the resin phase alone. The
absorption behaviour is best understood by first considering

the effect of this on diffusion in the resin matrix, and secondly,
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by looking at the applicability of simple diffusion theory to
epoxy resins and their composites in general., For a well made,
undamaged laminate containing inorganic fibres, absorption

is predominantly by diffusion through the resin matrix.

a) Non-isotropic effects in composites

Composites are not isotropic materials and consequently, they

cannot be described by single diffusion coefficients. Since
diffusion of moisture occurs only in the resin phase, the diffusi-
vity is less than that of the resin alone and varies for

different directions in the composite depending on the matrix volume
fraction and the orientation of the fibres to thedirection in
question. Diffusion is greatest in the direction parallel to the
fibres, where it is proportional to the resin volume fraction,

and is least perpendicular to the fibres, where for very high volume
fractions (in which all the fibres are touching) it is reduced to
zero. For most moisture uptake coupons, there is significant
moisture absorption at the specimen edges as well as at the top

and bottom surfaces. Shen and Springer (56) have developed
expressions which, when given the lay-up,volume fraction and
dimensions of a composite specimen, allow for the three-dimensional
diffusion resulting from edge absorption and are quite successful

in predicting the overall 'apparent' diffusivity in terms of the
diffusion coefficient of the matrix resin. This will be discussed

further in Chapter 4.
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b) Ficks Law and Non-Fickian diffusion

Fick's Second Law of Diffusion has generally been found adequate
to describe the absorption behaviour of TGDDM-DDS epoxy resins.
The rate of absorption for the one-dimensional case (diffusion

through the thickness of a semi-infinite plate) is as follows:-

ac  _ D 32c (2.1)

where ¢ is the moisture concentration at a distance x from
the laminate surface after a time t. Dx is the diffusion
coefficient in the x direction, normal to the surface, and is
assumed constant in this form of the equation. It is assumed
that the moisture concentration at the surface does not vary
and remains equal to the equilibrium moisture content for the

environment throughout the exposure.

The actual rate of moisture absorption depends on the value

of the diffusion coefficient. It tends to be very Tow at ambient
temperatures and for thick laminates the equilibrium moisture
content may not be reached during a components lifetime. Under
conditions of varying atmospheric humidity, the overall moisture
content will reflect the average state of the environment err

a considerable time period, with only the material close to

the surface showing any short term variations. The diffusivity
rises with increasing temperature however, following a simple
Arrhenius relationship (which should be the only dependence shown

by Dx)(44,47,50,52,53,55,57,58).
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Solutions of Fick's Law are available (with the appropriate
boundéry conditions) that can model the distribution of moisture
in epoxy resins and their composites by predicting the moisture
profiles as a function of time in a specific environment (59,60).
For a semi-infinite flat plate of thickness d absorbing moisture
through both surfaces the total amount of absorbed moisture Mt at
any time t during the exposure can be determined by integrating
such solutions over the material thickness. The most widely used
equation for predicting the moisture uptake based on simple

Fickian diffusion is given below

=

4 (pt)?
where Mm is the maximum, equilibrium moisture uptake.

The right hand side of Equation 2.2 is the first term in a

series which converges rapidly at short times. This relationship

is suitable up to around 0.6 Mm, above which the error introduced
by using only the first term becomes large. Up until then
interaction between moisture absorbed at the two opposing surfaces
is not significant (61,62 ). At high moisture uptakes, above 0.5 Mo
the rate of absorption decreases and the moisture level approaches
the equilibrium uptake asymptotically (Figure 2.3). Equation

2.2 is very useful, since it allows the apparent diffusion
coefficient to be calculated simply from the initial linear

slope of the weight gain against vt plot, provided that Mm is known.

21



For simple Fickian diffusion Equation 2.2 should apply for
absorption and desorption and these should both proceed at the

same rate and be independent of previous environmental conditioning.
The time to reach equilibrium moisture content should be insensitive
to all aspects of the environment, except temperature, and there
should be no net changes upon re-equilibrating a conditioned

specimen to its original moisture content.

In practice, few composites behave in a truly Fickian manner(44,46,
52,63,64,65) although systems based on high cross-link density |
resins such as Code-69 appear to be less susceptible to anomalous
behaviour than most. Thus Fick's Law provides a convenient,if only
approximate description of the absorption behaviour, with

Equation 2.2 yielding a pseudo or 'apparent' diffusion coefficient
which can be used as a means of quantifying the initial rate

of moisture uptake for a particular specimen in a particular

environment (44,46,51,52,58,63,64,65).

Deviations from simple Fickiandiffusion may take several forms
and depend strongly on the specific nature of the composite

and environment. Normally they are more likely to occur or are
more severe for higher exposure temperatures and humidities(65)
and are also common in specimens possessing an environmental
'history' (32,44,58,63,64,66). Anomalous behaviour may be
attributed to a number of phenomena associated either with the
resin itself or with the composite as a whole. It may result

simply from concentration or swelling effects in the resin (9,58,61),
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or may reflect irreversib}e damage in the form of debonding (32);
matrix microcracking (64,67),chemical degradation (31,66) or

Toss of low molecular weight constituents from the resin (42,66,68).
The presence of stress, whether applied externally or resulting
from transient internal thermal or moisture gradients (64) or
constraints imposed by the fibres (58), can influence all of

these,

2.3 EFFECT OF MOISTURE ON FIBRES AND INTERFACES
The effect of moisture on the epoxy matrix has already been
discussed. However, composite performance is also dependent

on the response of the fibres and interface.

2.3.1 Fibres
a)  Carbon
Carbon fibres are chemically inert in the operating range of
epoxy resins (up to 170°C). They are resistant to attack by

water and exhibit excellent stress-rupture properties (8,69).

b) Glass_

Glass fibres are susceptible to corrosion by moisture which
irreversibly breaks down the surface of the fibres. This has been
associated with the presence of hygroscopic alkali metal oxides, in
particular Nay0, in the glass (70). These do not form part of

the covalent glass network but are held interstitially by ionic
bonding to adjacent oxygen atoms and are able to diffuse to the

fibre surface. The basic corrosion mechanism, in both liquid water and

water vapour, involves the exchange of these metal ions in the glass
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with hydrogen ions (70).

[=Si - O(Na) + H,0] —> [=Si-0H] + Na*+OH™ (2.3)

The volume changes involved in this reaction produce tensile
stresses in the fibre surfaces which weaken the fibres since they
are independent of any applied external stress (71). Thus, even in
the unloaded state, the attack on the glass may be regarded as
stress corrosion. Break-up of the glass network involves the
subsequent rupture of the strong covalent silicon-oxygen bonds

under attack from the OH™ ions.

The content of alkali metal oxide in E-glass fibres is kept low,
below 1%, to minimise corrosion damage. Even so, E-glass fibres have
been shown to lose up to 60% of their strength after immersion in
water at 96°C for just one day, although at room temperature attack
is much slower with a corresponding strength drop of only 10%

(20% after 3 weeks exposure) (71). In very dry atmospheres or at
low temperatures corrosion is simply slowed down and failure is

delayed (70,71).

Degradation is accelerated under applied tensile stress. Donnet and
Ehrburger (10) have reported that E-glass fibres are weakened by

21% after 3 months in an atmosphere of 65% RH and 20°C and that

the strength loss rises to 36% if the fibres are subjected to a load
equal to 10% of their tensile strength under the same conditions.

Slow or sub-critical crack growth is believed to occur, eventually
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leading to 'delayed' or ‘'stress-rupture' failure if the stress

Tevel or time is great enough (71,72). It follows that the strength
of glass fibres is dependent on the rate of loading in tensile
tests. As the load-rate is increased, the time to reach a particular
load level, and thus the amount of sub-critical crack growth that can
occur, is reduced. Consequently the fibres become stronger and the
amount of corrosion cracking at failure (observed as a mirror

zone on the fracture surface) is diminished (71,72). Only where
sub-critical or corrosion crack growth causes flaws larger than

the original surface flaws should the glass exhibit rate dependence.

) Kevlar
It is believed that moisture penetrates Kevlar fibres via the
extensive defect structure of microvoids and cracks and accumulates
within the fibres by interrupting the weak interfibrillar
bonding (73). This causes the fibres to swell radially (Table 2.1)
and reduces the radial strength and modulus so that there is
increased likelihood of internal fibre splitting and core-skin
debonding (73). The tensile axial properties are not greatly
reduced by moisture or temperature within the service range

of epoxy resins however, presumably due to the stability of the
stiff covalently bonded polymer chains in the fibre direction (12,
13,43). Similarly, the tensile properties are little affected

by load-rate (12) and compared to glass fibres the stress-rupture
performance is good (69,74). The actual morphological or chemical
changes controlling the stress-rupture lifetimes have apparently

not been fully characterised. A major weakness is that the
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fibres are susceptible to ultraviolet radiation, and in sunlight
for instance this leads to discoloration and degradation (12).
In composites, surface coatings can be used to prevent such

problems .

2.3.2 Interface

Good bonding and close contact between the fibres and resin are
essential requirements if the interface is to exhibit good
environmental resistance. The effect of diffusion of moisture to
the interface will depend very much on the nature of the particular
interface concerned and the severity of the exposure. This has
contributed to a certain lack of understanding regarding the degree
and reversibility of any damage. Generally degradation is accelerated
as the exposure temperature and humidity are increased. Thus
boiling water must be regarded as a severe hygrothermal exposure
that, given time, is likely to break down the interfacial bonding

of most composites.

The interface of CFRP is reported to show good resistance to attack
by moisture (7,75). Although moisture does progressively displace
the resin at active sites on the fibre surface, the strong hydrogen
bonding is not usually destroyed completely (76). As long as the
environment is not too severe and debonding does not occur, the

effects of moisture should be mainly reversible (26,75).
The resistance of the interface in GRP depends very much on the

compatibility of the silane coupling agent with the fibre-resin

system. Attack normally involves hydrolysis of the bonds between the
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coupling agent and the glass and although suitable coupling
agents may slow this down (and thus slow down the attack on the
fibres themselves) they cannot totally prevent it (7,9,22,23,77).
There is evidence that a small proportion of the (covalent)

bonds remain resistant to quite severeexposures so that in some
cases degradation can be reversed by drying (which removes the
water competing with the coupling agent for the bonds at the

glass surface) (22,77,78).

It is reported that moisture disrupts the weak interfacial bonding
of Kevlar/epoxy composites (28,73), normally irreversibly (79,80).
However, the absorption and accompanying radial swelling of the

fibres themselves complicates the situation.

The greater contractionof the resin compared to the fibres

upon cooling from the cure temperature leads to a complex residual
stress distribution at the interface (81,82). The matrix con-
traction tends to compress the fibres along their axis, which

can be a particular problem in the case of Kevlar fibres.

Residual compressive stresses might be expected normal t6 the
interface, but at high volume fractions these may actually be
tensile in some directions and will vary around the fibre cir-
cumference (9,82). The problem of tensile normal stresses is

greatest for Kevlar fibres since these have a very large radial

expansion coefficient (Table 2.1).

27



Since absorbed water causes the resin to swell, it should
(simplistically) tend to relax the normal interfacial stresses.
Whether or not debonding occurs will depend on the complex stress
state, the compliance of the matrix and the extent of any reduction
in interfacial bond strength caused by the moisture. Debonding

is more likely where the composite is under applied external
stress. Where debonding does occur and the local fibre-matrix
alignment is disturbed, reformation of chemical bonds at the
interface may not be possible (76,83) and any apparent recovery
may simply be due to restoration of relaxed compressive radial

stresses around the fibres (84,85).

2.4 GENERAL SENSITIVITY OF COMPOSITES TO ENVIRONMENTAL AND
FATIGUE LOADINGS
The mechanical properties of a composite are governed by the
properties of the fibres, matrix and interface and also by its anisotropy
(Table 2.2).This is true for the basic static performance and
for the resistance to environmental and fatigue loadings.
Thus composite lay-up and mode of loading have a considerable
effect on the damage and failure modes (37,38,39,42,49,68,77,
79,81,86-101).

In fibre controlled situations - where all or a large proportion

of the fibres are in the direction of the load, as in the

axial loading of a unidirectional Taminate - the composite exhibits
good strength and stiffness. Generally, unless the load bearing
fibres themselves are degraded, there is little if any obvious

reduction in properties resulting from moisture absorption
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(even at elevated temperatures) and the tensile fatigue resis-

tance tends to be good (68,81,90,94,96).

In matrix-interface controlled situations however - where there are no
or only a very small proportion of fibres in the load direction -
the overall performance tends to be worse and to show greater
environmental/fatigue sensitivity. This is because the weaker

and more easily degraded matrix and interfaces are carrying most

of the load. This is the case for transverse tensile loading of a
unidirectional composite and also for shear loading, including +45°
laminates loaded in tension (90,102,103) and interlaminar

shear tests (104,105). Here failure is not dependent on fibre frac-
ture; Increasing amounts of absorbed moisture are usually found to
degrade the mechanical properties, often mirroring the effect

on the resin alone (7,49) and this is generally made worse (or
possibly for high performance resins like Code 69, may only occur)

when the testing temperature is raised (9,49,84,106).

Compression properties also depend strongly on the matrix and
interface, which provide support for the fibres against microbuckling,
and consequently (in contrast to metals) they are often inferior

to the equivalent fibre dominated tensile values in both monotonic

and fatigue loading, Figure 2.4 (9,81,95,107,108). This is reflected
in flexure where failure tends to occur at the compression surface,

at least for CFRP (36,68,96,109,110) and KFRP (19,111) despite the
presence of stresses of simiiaf'magnitude at the tensile surface.

With combinations of tension and compression fatigue stresses, the
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fatigue resistance is usually reduced with increasing com-
pressive component. Clearly moisture can degrade the compressive
(and the flexural) performance of a laminate even in cases where

the tensile properties are unaffected.

Generally, the performance in a particular environment depends on
the extent of moisture induced degradation and the contribution made
by the degraded phase (fibre, matrix or interface) to the particular
composite property dominating the mechanical response. It cannot be
assumed that there is a simple relationship between the effect of
moisture on the static properties and on the response under

cyclic loading.

2.5 FATIGUE DAMAGE AND FAILURE UNDER TENSILE LOADING

Static and fatigue failures of metals usually occur by the
nucleation and growth of a single dominant flaw. The appearance

of the first detectable crack in fatigue signifies the rapid onset
of failure. In the period before this, which occupies most of

the fatigue life, the crack has negligible effect on the

component or specimen. The crack propagates in a well defined
manner with respect to the applied stress and the remaining

life before failure can be adequately predicted using fracture

mechanics. The bulk of the material remains undamaged.

Composites behave differently. They tend to be more damage tolerant
than metals, so that random fibre-matrix debonding, resin cracking
or fibre fractures may begin to occur at low stress levels or

early in the fatigue life, perhaps even on the first loading cycle,
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and throughout the entire loaded volume. Stress transfer through
the matrix via the interfacial bonding means that early, individual
fibre breaks are not critical and initially the damage may not
necessarily have any significant effect on the strength. However,
it may cause deterioration in other properties such as the modulus
or resistance to moisture penetration and may leave the composite
more susceptible to subsequent environmental attack. Thus it is
important to define 'failure' since, unlike metals, composites may
become unsuitable for a specific application long before final

fracture.

The exact processes leading to composite failure have not been

fully characterised and depend strongly on the details of the
composite concerned. They involve the continued build-up of resin
cracking, debonding and/or fibre fractures. In fibre controlled
situations, which are where the benefits of composites lie,

failure can only occur as a result of fibre fracture. The formation

of critical 'cracks' consisting of multiple adjacent fibre breaks
(which lead to local overloading in the composite) are thought to

play an important role in initiating failures in these cases (89,
101,112,113). Often the failures consist of sub-bundles (of several
fractured fibres) limited by shear failure between them (112). In
fact, the mode of failure is strongly affected by the fibre-matrix
adhesion. If this is too low, isolation of fibre breaks in the
Tongitudinal direction becomes less effective and 'brush' type failures
tend to occur. If it is high, the stress concentration at individual
fibre breaks is large and localised and this leads to a characteristic

planar fracture surface with 1ittle or no fibre pullout.
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In order for failure to occur in fatigue loading the damage must re-
duce the strength of the composite to the level of the maximum
applied cyclic stress (Figure 2.5). Only that damage occurring

in fatigue over and above that in normal static loading can

be responsible for reduction in the residual strength. Furthermore,
the lower the stress ]evei at which failure occurs, the greater

this damage must be.

The relative fatigue resistance of composites is best compared
after normalising the data to the appropriate static strengths.
Often the S-1ogN curves are approximately linear for much of their

range and can be represented by a relationship of the form
o =0 - B logh, (2.4)

where o is the maximum stress during eachcycle, O¢ is the
static strength (measured at the appropriate loading rate), Nf is
the fatigue life and B is the slope of the fatigue curve in units
of stress per decade of cycles. The ratio g% » the fractional
loss of strength per decade, gives a comparative measure of the

degradation rate in fatigue loading (87,114,115) and is often in
the range 0.6 to 0.12 (101).

2.5.1 Unidirectional laminates

Interpretation of the static and fatigue properties of practical,
multiplied laminates requires an understanding of the performance
of the individual unidirectional plies. Only tensile loading is

considered here.
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a) Axial loading

When a unidirectional composite is loaded in the fibre direction

the strength and modulus are determined primarily by the properties
and volume fraction of the fibres. The relative fatigue performance
depends strongly on the working strain of the reinforcing fibres(36,98).
Where this is Tow, as in the case of Type I or HM carbon fibres

(ef = 0.5%), the axial fatigue properties are extremely good and

the slope of the S-logN curve is almost flat. As the failure strain is
increased however (falling fibre modulus) the fatigue curve becomes
increasingly steep(93). For glass fibres, which have the highest
failure strains (ef ~ 3%) of the fibres in common use, the fatigue
resistance is relatively poor, with a value of é% of about 0.1(87,116).
The correlation between the slope of the fatigue curve and the failure
strains is illustrated in Chapter 7 (Figure 7.19). Dharan (36), and
later Talreja (98), have shown that this relationship can be explained
by the fact that composite failure is initiated by fatigue induced
microcracking in the resin. The importance of the fibre strain is to
1imit the fatigue strains in the resin(98,117). By conducting fatigque
tests under strain rather than load control, Dharan demonstrated

that the performance of unidirectional GRP was independent of fibre
volume fraction (Vf) and that the fatigue curves tended towards a
limiting strain similar to that for pure epoxy specimens. Talreja

has suggested that the fatigue curve for a unidirectional composite can

generally be divided into three regions (Figure 2.6a).

At high cyclic strains, within the fibre fracture scatter band,

the performance is limited by the failure strain of the fibres.
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‘Fatigue' failure occurs by time rather than cycle dependent

mechanisms that are similar to those operating in stress-rupture

tests. The accumulation of damage involves local stress re-
distributions permitted by small viscoelastic movements in the

resin. These lead to, or may be caused by, random fibre breaks

which in turn cause local overstressing of adjacent unbroken fibres(36,

86,118,119).

At low cyclic strain levels, below the level required to initiate
progressive fatigue damage in the matrix, composite failures do not
occur, irrespective of the type of fibre (unless the fibre

failure strain happens to be exceeded)(36,98).

True fatigue failures, associated with progressive fatigue cracking
in the matrix, only occur at cyclic strains between these limits(98).
As cycling progresses, resin cracks (growing normal to the load
initially) multiply and interconnect. Where they intersect the
fibres, debonding or fibre fracture may occur, either of which can
lead to weakening of the composite. It is probably safe to assume
that near the end of the fatigue life there is a localisation of
damage and an acceleration in the rate of fibre breaks. The higher

the working strain then the more rapid thebuild-up of fatigue damage.

When the static failure strain of the fibres (i.e. composite) is
reduced, in moving from GRP to CFRP for instance, so the range of
strain for progressive fatigue failures becomes smaller and the
fatigue curve becomes flatter, indicating a less fatigue sensitive

material. Susceptibility to degradation by moisture may also be
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reduced, since the matrix and interface will be less heavily loaded

for the lower strain/higher modulus composite (94).

b) Off-axis loading

The strength, modulus and failure strain of unidirectional composites
are reduced as the angle of loading to the fibre direction (8) is
increased, reaching minimum values when loading is normal (i.e. at 90°)
to the fibres (e.g.Figure 2.7). The failure mode also changes from
one involving fibre fracture at low angles to shear failure parallel
to the fibresor a mixed shear-transverse tensile mode at intermediate
angles and transverse tensile fracture at high angles (9,77). These
latter modes involve only fibre-matrix interfacial failure and resin
cracking and are therefore more sensitive to environmental effects.
Which mode occurs first depends on the resolved components of the
applied load and the relative magnitudes of the longitudinal, trans-

verse and shear strengths.

Shear and transverse tensile failures are usually initiated at

the relatively weak fibre-matrix interfaces. The transverse debonding
stress-strain depends on the strength of the interfacial bond,

the fibre spacing (i.e. Vf) and the mismatch in the radial fibre
modulus and the resin modulus (82,120). For most fibre-resin com-
binations, the fibres have the higher modulus and this results in a
high concentration of strain in the resin layers between the fibres
in the load direction. It has been suggested that for Vf = 0.6

this strain magnification may reach a value of 20 in GRP, but only 4
in CFRP owing to the lower transverse modulus of carbon fibres (120).
Final failure occurs by the growth and coalescence of the debonds,

which form initially perpendicular to the load, via cracking in
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the matrix between them. Fibre splitting is often observed for KFRP
in addition to debonding(73). This is explained by the low radial

strength and modulus of Kevlar fibres.

Talreja(98) has demonstrated that the 1limiting strain below which

no fatigue damage occurs is reduced as the loading moves away from the
fibre direction (Figure 2.6b). The minimum value is at 90° to the

fibres, where the limiting fatigue mechanism is transverse fibre debonding,
at a strain level below the normal limit for matrix fatigue cracking.

The occurrence of debonding in fatigue at levels below those in monotonic
loading has been attributed to strain concentration effects arising

from plastic flow in the resin close to the interfaces (9). Subsequently,
transverse cracks in the resin are induced by the slight debond opening

and closing on each cycle (34).

2.5.2 0/90 Taminates

a) Transverse ply cracking

When a 0/90 or quasi-isotropic laminate is subjected to tensile
loading, the individual laminae fail successively as the load or
fatigue cycles are increased. The first signs of damage are normally
in the 90° plies in the form of transverse fibre debonding
(Figure2.8a)(81,83,120,121). These debonds lead to the subsequent
formation of transverse ply cracks which spread across the full
width and thickness of the plies, normal to the load, partly along
the weak interfaces and partly through the matrix (Figure 2.8b).
Since most of the load is carried by the 0° plies, it is more informative
to consider the behaviour of the constrained off-axis plies in terms
of applied strain rather than stress. Clearly the damage suffered by

these plies is limited by the ultimate failure strain of the 0° laminae.
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Cooling a well bonded 0/90 laminate from the cure to room

temperature causes residual stresses and strains in each ply,

tensile in directions normal to the fibres and compressive in
directions parallel to the fibres (85,120,122). These arise from

the mismatch in the transverse and longitudinal thermal expansion
coefficients of the plies (the transverse contraction upon cooling
being by far the larger) and act to pre-stress the laminate, effectively
reducing the transverse ply cracking threshold. The transverse tensile
strains for CFRP and KFRP may amount to a significant fraction of the
failure strain of the transverse plies but they tend to be lower for
GRP since the mismatch in transverse and longitudinal expansion and

stiffness coefficients is smaller for this material.

The absorption of water is actually beneficial in that resin swelling
causes the plies to expand, primarily normal to the fibres, and thus
reduces the previous residual thermal strains(85, 122). At high moisture
contents the strains may be eliminatedor even change sign(122). Furthermore,
any resin plasticisation should reduce the stress concentrations in the

resin that initiate the cracking.

Thus, the strains at which debonding and transverse ply cracking

occur depend on the temperature and moisture content in addition to

the properties of the fibres, matrix and interface and also the lay-up
and ply thickness(83,120,123,124). Generally the strains tend to be low
and are reduced under fatigue loading(34,81,121). However, the effect

of increasing temperature or moisture content is to raise these levels.



b) Characteristic damage state

The first transverse ply cracks occur randomly and at a high rate.

However, with increasing strain, the average crack spacing is reduced

and fewer new cracks are formed. Eventually a limiting and fairly uni-

form distribution is reached with a spacing of the order of the ply
thickness(120,123). This has been referred to as 'the characteristic

damage state'(CDS) of the laminate and is important because it

depends simply on the characteristics of the particular laminate

concerned rather than on the load history or environmental effects(101,125).
Thus the CDS should be the same whether attained in static or fatigue

loading.

The build-up of transverse ply cracking in fatigue depends on the
relative magnitude of the cyclic strain with respect to the transverse
ply cracking strain. If cycling is above this level, then transverse
ply cracks appear on the first cycle, in proportion to the amount by
which it is exceeded. Where the CDS is not attained on the first cycle,
the crack density rapidly increases upon cycling until the CDS is
reached, usually still very early in the fatigue 1ife(101,121). Where
cycling is below the transverse ply cracking strain, transverse ply
cracks may still form (being fatigue induced), but not on the first

cycle: (34,121,126).

Longitudinal cracks or splits may form in the 0° plies at high

strain levels, They are similar in nature to transverse ply cracks

(and thus may also be induced by fatigue cycling) and result from

the large mismatch between the longitudinal and transverse Poisson's
ratios and Young's moduli which cause transverse tensile strains in the

0° plies upon loading(89,120,121,127,128).
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Figure 2.8c is a schematic representation of a cross-ply
laminate containing a regular array of transverse ply cracks and

also isolated Tongitudinal splits.

c) Deterioration in Jongitudinal properties

The major danger of damage in the 90° plies is that it may affect

the ultimate failure of the Tongitudinal plies. The formation of
transverse ply cracks causes local increasesin the load, and thus
strain, in the adjacent longitudinal plies and this results in an
apparent reduction in composite modulus. Thus the build-up of transverse
ply cracking is often observed as a characteristic ‘'knee' in the stress-
strain plot for 0/90 laminates(128). Provided the interlaminar

bonding remains sound, the transverse plies continue to carry their

share of the load away from the cracks however.

Since the CDS should be the same for both static and fatigue

loading, transverse ply cracking during fatigue should not affect

the residual strength. However, as cycling proceeds, delaminations may be
initiated at the tips of the transverse ply cracks, induced by local
interlaminar tensile normal and shear stresses (100,101,129) and

often associated with longitudinal splitting(121,127) (Figures 2.8d and
2.9). In static loading such damage is only observed at very high strains
if at all. Thus, the growth of the delaminations (which is usually

most significant fairly close to failure) has been identified as the
first distinctive feature separating fatigue damage from normal monotonic

loading damage. The importance of the delaminations with respect to the

laminate strength is that, in the localised delaminated regions, the 0°plies

are no longer constrained laterally by the transverse plies and they
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therefore act independently, with no load transfer, under completely
uniaxial stress. Ultimately the strength is reduced locally to the

load capacity of the 0° plies alone, with the transverse plies making

no contribution at all. Reifsnider et al(101) have shown that such
effects alone are sometimes large enough to account for the strength
losses necessary for failure under long-term cycling, without even
considering fatigue damage in the longitudinal plies. Furthermore, there
is evidence that the stress concentrations in the longitudinal plies
adjacent to the transverse ply cracks can result in preferential
localisation of fibre damage in these regions, increasing the 1ikelihood
of a critical ‘crack' in the form of multiple adjacent fibre fractures(101,
127). Fortunately, actual propagation of the transverse ply cracks into

the longitudinal plies is rarely a problem in 0/90 laminates.

Talreja(98) has pointed out that the fatigue limit for a composite
represents the minimum cyclic strain required to initiate the lowest
energy damage mechanism. It should be added that this clearly refers

to a mechanism that leads to actual weakening of the composite. Thus,
transverse fibre debonding will only lower the fatigue limit and

reduce the fatigue resistance if it ultimately leads to ply delamination

or some other form of damage to the longitudinal plies.

2.5.3 +45° laminates

A single intralaminar shear crack, parallel to the fibres, will result
in the failure of a single 45° ply. Such a crack in a #45° laminate
leads only fo an increase in local stress and a reduction in modulus.
Failure in this case must also involve delamination at the interfaces
between the +45° and -45° plies (interlaminar shear). This is

illustrated for two adjacent plies in Figure 2.10.
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Damage is initiated by fibre-matrix debonding and this is the mechanism
limiting failure under fatigue loading(98). Where the alternating

plies are well dispersed, the failuresare progressive and characterised
by Tocalised multiple cracking(34), observed during cycling as
irrecoverable creep(130-134). Delamination, which occurs fairly close
to failure, is initiated by the intralaminar cracks. A major problem
with finite width +45° laminates is that, under load, out-of-plane
stresses occur in the vicinity of the edges (the interlaminar shear
stress being the most important). These may initiate failure and lead
to a dependency of strength on specimen width(9,77,135). The edge
effects tend to dominate failure of very narrow specimens, but as the
width is increased they become less important and the strength
approaches a value representative of the true shear strength(9).

The affected boundary layer is usually fairly narrow, equivalent to

a width of less than the laminate thickness(135). Thus, when investiga-
ting *45° laminates, there is a clear need to determine the effect

of width on strength to ensure that the specimens used provide a

realistic measurement of the shear properties.

Davis and Sundsrud(136) have shown, for GRP, that the fatigue
properties of +45° laminates are far more sensitive to differences
in the resin, cure or interfacial bonding (coupling agents in their

tests) than to the fibres themselves.

2.5.4 Observed Strength Degradation During Cycling
The term 'wear-out' is used to describe the situation where the
composite strength is reduced by a small amount each cycle throughout

the fatigue life. The random nature of the damage accumulation means that

41



the variability in residual properties compared to the undamaged
material is increased as cycling proceeds. Alternatively, 'sudden-death'
can be used to characterise situations where there is no significant change
in the residual strength until just before failure, as is the case for
metals. In reality the behaviour of most composites falls somewhere
between these two extremes. Laminates containing high modulus, Tow
failure strain fibres, such as carbon, with a high proportion of fibres
or plies in the load direction, tend towards the 'sudden-death' type

of behaviour, whereas those with lower modulus, high strain fibres,

such as glass, tend to exhibit earlier and more progressive degradation
during cycling and are therefore closer to the 'wear-out' behaviour(77).
Despite these differences, a catastrophic loss in strength leading to

final fracture appears to be common to all composites(87).

2.5.5 Summary of Factors Affecting Fatigue Performance

The fatigue performance of a composite depends on a large number of
factors. These include material variables such as the type of fibres

and resin, fibre or ply orientation, volume fraction of fibres and
interface properties, and also loading variables, such as the cyclic
stress range, mode and frequency of loading, environment, and for

testing, specimen design. As a general approximation, the lower the

fibre modulus or proportion of plies (or fibre volume fraction) in the
loading direction then the more sensitive the composite will be to

fatique loading and also to moisture degradation, since for a particular
stress level, the strain in the matrix and associated stresses at the
interfaces will be greater. At deviations from the load direction, the
fibres are less effective in carrying the load and the fatigue performance
is undermined by the effect of the off-axis stresses on the matrix and inter-

face.
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CHAPTER 3

MATERIALS, EXPERIMENTAL



3.1 MATERIALS

3.1.1 Materials and Laminate Production

The fibre reinforced resin composites investigated were chosen

for their relevance to the aerospace industry and contained nominally
60% by volume of either HT-S carbon, E-glass or Kevlar-49 fibres

in the same epoxy resin matrix, Code 69 (see Chapter 2). Care was taken
that the fibre volume fraction and details of manufacture were as
nearly identical as possible in each case. Unidirectional prepreg
sheets supplied by Rotorway Composites Limited of Cleveland, Somerset
and made from a single batch of Code 69 resin were used to produce
eleven ply symmetric laminates. The Kevlar fibres were oven dried,

as recommended by the manufacturer prior to prepregging. Further

details of the prepreg sheet specifications are given in Table 3.1.

The 1 metre by 0.5 metre sheets were laminated in the

Materials Department autoclave at Royal Aircraft Establishment,
Farnborough, following the manufacturer's recommended schedule

for resin cure(106). Basically this involved heating under vacuum

to 130°C and holding for 20 minutes, followed by application of a
pressure of 550 - 700 kPa and increasing the temperature to 175°C

for 60 minutes. Although Fothergill and Harvey recommend removal

from the autoclave once the laminate has cooled to 100°C, pressure was
maintained until the laminates were cold in order to avoid the possi-
bility of thermal contraction cracking. The schedule did not require

the laminates to be postcured.
After laminating the sheets were examined for quality by ultrasonic

C-Scan at RAE. No specimens were cut from any parts of the sheets

which appeared to be of poor quality, either from the C-Scan traces
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or from visual inspection.

The thickness of the laminates was consistently in the range
2.7 to 2.8mm. Typically 30mm of scrap had to be removed from

around the edges of the sheets where they began to taper away.

3.1.2 Laminate Lay-Up, Coding

In the 0/90 (i.e.[(0/90),/0/90],) lay-up adjacent unidirectional
plies were arranged orthogonally such that when testing the laminate
with the surface plies in the load direction (referred to here as
tests on 0/90 specimens) there were six (load bearing) plies with
their fibres aligned parallel to the load (i.e. in the 0° or
Tongitudinal direction)and only five plies normal to the load

(90° or transverse plies), Figure 3.1. Most of the work reported is
for specimens of this type, since in practice laminates with 90°
surface plies are not selected for component design. In some in-
stances however, it proved informative to conduct tests on 90/0
specimens, where the outer plies were transverse to the load

direction.

For the +45°(i.e, [(i45)2/+45/-1535) specimens, to minimise material
wastage and facilitate cutting, laminates with the prepreg
sheets laid-up at 45° to the sides of the laminate plate were

produced. These were otherwise identical to the 0/90 material.
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3.1.3 Laminate Cutting

For specimen production, the laminates were cut into strips (normally
10mm wide) using a dry diamond impregnated slitting wheel rotating
at high speed on a milling machine. While the slitting wheel

produced good quality cuts for the CFRP and GRP, it was unsuitable
for the KFRP where the best results were obtained using a high speed
steel side and face cutter. Specimen heating in the latter case was
prevented by mounting the laminate on a metal sheet, indirectly cooled
by liquid nitrogen, during cutting. Occasionally the cut edges of

the KFRP strips had a slightly 'fuzzy' appearance and for the
moisture uptake specimens in particular it was necessary to clean

up the edges using fine grade carborundum paper.

3.1.4 Determination of Density and Fibre Volume Fractions

The mean laminate densities, shown in Table 3.2,were estimated by
weighing and measuring 8 specimens of each material. The true
volume fractions, also shown in Table 3.2, were measured using

a point counting technique in which photomicrographs were overlaid
with a fine grid pattern. Fibre volume fractions were determined
by counting the proportionof grid intersections under which there

were fibres.

3.2 MOISTURE ABSORPTION STUDIES

3.2.1 Conditioning Environments

Before genuine comparisons of moisture content could be made,

coupons had to be conditioned to standardised equilibrium states.

It was assumed that these were reached when the weight of the coupons

had stabilised. Theconditioning environments used were as follows:-
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a) Storage in an air-circulating drying oven at 60°C over
silica gel desiccant.

b) Exposure to an atmosphere of 65% RH at room temperature,
produced by a saturated solution of sodium nitrite in

a sealed chamber.

c) Immersion in water (distilled) at room temperature, about
23°C.
d) Immersion in boiling water in a reflux system.

Boiling water was the most severe of the environmental exposures

and must be considered as a hygrothermal exposure rather than simply a
means of accelerating the moisture uptake. Degradation occurring

in boiled samples cannot necessarily be assumed to occur in specimens
conditioned in water at 23°C. The 100°C conditioning temperature was
however well below the saturated glass transition temperature of

140 to 150°C representative of resins similar to Code 69(19,33).

Some specimens were subjected to combinations of the standard exposures.
For example, weight gain in boiling water was measured for specimens
from the following equilibrium states:- 65% RH; dried; dried, boiled

and redried.

3.2.2 Measurement Techniques

The 0/90 lay-up was used for the majority of the work. The coupon
dimensions were 90mm x 10mm unless stated otherwise. To ensure-
reproducible moisture uptake measurements, the specimens were

usually conditioned to 65%RH before subsequent exposures.
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Changes in moisture content were recorded as weight gains or losses.
These were monitored periodically by removing coupons from the chosen
environment and weighing immediately. Specimens conditioned in water

were dried with tissue paper to remove any surface moisture before weighing.

3.2.3 Standard Conditioning Treatments
On the basis of the results to be reported in Chapter 4, three different
conditioning treatments were adopted as standards for the mechanical

testing. These were (from 'as-received').

1) Drying at 60°C over desiccant for at least 4 weeks ('dried')

2) Holding in an atmosphere of 65% RH at room temperature for
at least 4 months ('65%RH').

3) Exposure to boiling water for 3 weeks, followed by

storage in water at room temperature until test ('boiled').

Exposures 1) and 2) bound the range of moisture contents expected
in normal service (e.g. ref.84). Although somewhat extreme,
exposure 3) gives a useful indication of the ultimate hygrothermal

stability of the laminates.

3.3 STATIC TENSILE TESTING

3.3.1 Specimen design

The tensile monotonic and fatigue specimen dimensions were standardised
at 200mm long by 10mm wide, with a total uniform central gauge section
of 100mm, the latter in order to accommodate both an extensometer

and an acoustic emission transducer which was used for some of the

monotonic tests. A small number of tests were also carried out on
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selected specimens with non-standard widths (mainly 20mm). Plane
sided specimens were used throughout, since not only did this design
allow easier specimen preparation and the retention of the excellent
surface finish to the cut edges, but also avoided the problems of
stress concentrations due to specimen curvatures. Increased
susceptibility to failure in the vicinity of the grips is an
acknowledged drawback of this design however, and to minimise grip
initiated damage and also prevent specimen slippage, soft aluminium
end-tabs (50mm x 13mm) were bonded to the specimen ends under Tow
pressure. To ensure good bonding the specimens were lightly

abraded and the end-tabs grit-blasted and degreased before being
glued together using Araldite AV138/HV998 adhesive. This adhesive
cured at room temperature and maintained its integrity even after

6 months in boiling water.

3.3.2 Testing Programme

The tensile mechanical properties of the 0/90 and #45 laminates in

the standard environmental conditions were measured using a screw

driven Instron 1195 machine at a constant cross-head speed of 0.5mm/
minute and also at much higher Toading rates, equivalent to those

used in the fatigue test programme, using an Instron 1332 servo-hydraulic
machine under load control. Both machines were of 100kN capacity and

had wedge action grips (hydraulic in the case of the Instron 1332).
In the 'sTow' tests it took from between 3 and 15 minutes for the

specimens to fail., The average effective stress and strain rates in

these tests are given in Table 3.3 for each of the materials and
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conditions. Strain was measured using an Instron dynamic knife-edge
extensometer over a 12.5mm gauge-length. The load-rates quoted for
the +45° laminates are average rates up to the (initial) peak load
because these materials exhibited strongly non-linear stress-strain
curves and consequently constant strain-rate and constant load-rate

tests are not strictly comparable.

The properties were also measured for a limited number of specimens

that had been subjected to non-standard exposures. These were:-

a) exposure to 100°C in air for 3 weeks prior to testing.

b) immersion in water at room temperature (23°C) for 2 years.
c) redriedat 60°C after the standard boiling water exposure.
d) immersion in boiling water for 6 months.

These treatments were intended to help isolate the causes of any
changes in the mechanical properties resulting from the standard
boiling water exposure. Exposures a) and b) were chosen to help
determine whether any effects of boiling water could be attributed
to the high temperature conditioning or the presence of moisture

alone, while c) should indicate the reversibility of any such effects.

For the reasons explained in Section 3.5.1, the load-rates used in the
‘fast' tests were 200kN/s (7.2 GPa/s) for the 0/90 CFRP,

100kN/s (3.6 GPa/s) for the 0/90 GRP and KFRP and 25kN/s (0.9 GPa/s)
for the +45° Taminates. These are around 3 to 4 orders of magnitude
greater than the rates in the equivalent slow tests. Additional tests

were performed on the three 0/90 laminates in the 65%RH condition (using
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the Instron 1332) at load-rates of 10, 1.0, 0.1 and 0.01 kN/s to
determine the nature of any changesin strength with increasing
load-rate. It should be emphasised that all tests using the servo-
hydraulic machine were conducted under load control and consequently
are referred to in terms of loading rate for the standard 10x2.75mm
cross-section specimens. The testing rates are also shown as rates
of stress application (in brackets). This is actually the important
parameter and where wider than standard specimens were tested the
load-rate was adjusted so as to maintain the original rate of stress
application. An oscilloscope was used to monitor the load-time
traces to ensure that the demanded load-rates were actually achieved
throughout the high speed tensile tests. Despite the use of a dynamic
extensometer, strain measurements were not very reproducible and
because of the short testing times a minicomputer (DEC MINC-11)

was required to collect the load-deflection data. The slow tests

were therefore essential for the acquisition of accurate strain and

modulus data.,

A1l tests were performed under laboratory conditions immediately after
removal from the conditioning or storage environment. The build-up

of secondary crack damage in both longitudinal and transverse plies
was assessed by visual observation, sectioning and polishing of

preloaded specimens and acoustic emission monitoring.
Preliminary investigations indicated that exposure to UV radiation for

2500 hours (in a Heraeus Suntest cabinet) had no measurable effect

on the tensile properties of any of the laminates.
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3.3.3 Preloading

a) Prior to moisture absorption measurements

0/90 specimens were preloaded to different fractions of the

failure loads so that the effect of damage on the moisture absorption
characteristics in boiling water could be investigated. Most preloads
were applied at 0.1 GPa intervals using an Instron 1195 machine (0.5mm/
minute cross-head speed). The maximum applied stress ranged from

0.2 to 0.8 GPa for the CFRP and 0.1 to 0.6 GPa for the KFRP and

GRP. These were chosen so that the lowest loads did not produce any
visible cracking whilst the highest loads induced the greatest

amount of damage in the specimens without causing failure.

Full sized 100mm gauge-length tensile specimens preconditioned at

65% RH were used to apply the preloads, with the moisture uptake
coupons being cut from the gauge-lengths prior to the boiling water
exposure. The coupon dimensions were limited to approximately 50x10mm
since transverse and longitudinal sections were also taken for

microscopic examination of the damage (Section 3.3.2).

In addition, the GRP was loaded at the much higher rate of 100kN/s

(as used in the fatigue test programme) in an Instron 1332 servo-
hydraulic machine (under load control). Since the tensile strength

of GRP increases with testing load-rate (Chapter 5) this provided the
unique opportunity to investigate GRP specimens that had undergone
preloads and therefore secondary crack damage greater than at failure
in slow loading. Overshoot meant that it was more difficult to

control the maximum load in these tests and as a result, the increments

of preload up to the maximum of 0.79GPa were not evenly distributed.
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b) Prior to fatigue testing

Groups of specimens were also preloaded and subsequently tested in

fatigue until failure, either immediately (at stresses below the

preload level) or after 3 weeks conditioning in boiling water (in

which case the monotonic strengths were also measured). The fatigue

testing procedures followed those described in Section 3.5. The

prestress levels were 0.7 GPa for the CFRP (representing about 75%

of the tensile strength), 0.6 GPa for the KFRP (84%) and 0.4 GPa and

0.7 GPa for the GRP (68% and 80%). The preloads were applied under

'slow' loading except for the 0.7GPa GRP which was applied at 100kN/s.

In this case stress is quoted as a percentage of the 100kN/s tensile strength
The preloads were chosen so as to introduce extensive amounts of secondary
crack damage into the specimens in a controlled manner. This damage consisted
primarily of high densities of transverse ply cracks and, in addition,

considerable longitudinal ply splitting in the 0.7 GPa GRP.

3.4 BEND TESTING
Bend testing was confined to 10mm wide 0/90 specimens. An Instron
1195 was used for the ILSS, 4-point and 3-point bend tests. The cross-

‘head speed was 1, 5 and 10mm per minute respectively.

3.4.1 Interlaminar Shear Strength (ILSS) Tests

The ILSS of 20mm coupons was measured in the three standard environmental
conditions. A short beam 3-point bending jig (Figure A2.1) with a

14mm span was used for the tests. This gave a span (S) to specimen
thickness (d) ratio of 5 to 1 which was low enough to produce ‘shear’
rather than flexural failures. 3mm loading rollers were used to

prevent excessive indentation or crushing damage of the specimens.
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As far as possible the experimental details conformed to those in BS2782:

Part 3: Method 341A:1977.

3.4.2 4-Point Bend Tests

90mm long specimens were tested in a standard, symmetrical Hounsfield
4-point bending jig (Figure A2.2). The inner load point spacing was
equal to half the outer load point span (S) of 63.5mm (2.5 inches).

This gave an overall value for S/d of 23 to 1.

Specimens were tested after the three standard exposures and also
after non-standard periods of immersion in boiling water ranging from

1 hour to 4 weeks.

3.4.3 3-Point Bend Tests

A standard Instron bending attachment (load-roller diameters of Smm)
was used for 3-point bend tests, which were confined to specimens

in the 65% RH condition (and the boiled condition for the KFRP).

To ensure a true flexural mode of failure, a high value of S/d of
40/1 was used (S = 109mm; 180mm specimens). The deflections at
failure for the GRP specimens were very large and comparative tests

were therefore run with S/d = 30/1 for this material (S = 84mm; 120mm

specimens).

3.4.4 Avery Flexure Tests
Specimens (90mm) were tested in the 65%RH and boiled conditions.
The Avery (Type 7305) machine, which produced pure bending stresses

and is described in Section 3.6, was operated by hand.
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3.5 TENSILE FATIGUE TESTING

3.5.1 Dynamic Fatique Tests

The tensile fatigue tests were conducted using the 1332 servo-hydraulic
machine operated in load control. Unless stated otherwise, a stress

ratio R (minimum stress/maximum stress) of 0.1 was used.

The tests were performed at constant average rates of applied loading
rather than at constant frequeﬁcy in order to minimise any load-

rate or hysteretic heating effects. The advantages of constant load-
rate tests have been explained by both Sims and Gladman(114) and
Mande11(87). A benefit is that it means higher frequencies are

used at Tower stress amplitudes, thus reducing the time taken to
failure in the high cycle regime. In all the tests, the point of

failure was taken as final specimen separation.

The load-rate used for the fatigue testing of the 0/90 GRP and

KFRP laminates was 100kN/s, for which the resultant frequencies ranged
from about 2Hz (for cyclic stresses of 0.8 GPa) to 19Hz (0.1 GPa).
This rate was necessarily a compromise between being high enough

to give a reasonably productive testing rate and low enough to

prevent large autogenous heating effects in the specimens.>Temperature
rises of up to 30°C were measured using a surface mounted thermocouple
for the KFRP at the higher stress levels, but no heating was

observed for the GRP using this method.
A testing rate of 200 kN/s was used for the 0/90 CFRP, since the lower

strains and conduction by the fibres reduce the heating effects for this

material, The *45° laminates were all tested at the much lower rate of
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25 kN/s, which was consistent with their lower strengths and
resulted in a range of cycling frequencies similar to those used

for the 0/90 laminates.

The load-rates quoted are average values because the wave-form used for the
tests was actually sinusoidal. Thus the instantaneous load-rate varied from
a maximum at the mean load level to zero at the maximum and minimum

loads. A series of fatigue tests were performed on the 0/90 GRP (65%RH)
using a triangular wave-form to determine whether this affected the fatigue
performance. Steps were taken to prevent large changes in moisture content
of conditioned specimens during testing in case this affected the out-
come of the fatigue tests. Boiled specimens were prevented from drying

out by surrounding the gauge-length with moist tissue paper and plastic
film during the tests. The dried specimens were also wrapped in

plastic film to minimise any absorption of moisture. These precautions

were considered adequate in view of the fact that all fatigue tests

were conducted at room temperature (at which the diffusion rates were
relatively Tow - Chapter 4) and that the tests seldom lasted for

longer than 1 week.

3.5.2 Stress-Rupture Tests
A limited number of stress-rupture tests on 65% RH specimens were
performed using the Instron 1332.The initial rate of loading in these

tests was approximately 4 kN/s.
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3.6 FLEXURAL FATIGUE TESTING

The flexural fatigue performance of the 0/90 laminates in the 65% RH
and boiled conditions was measured using an Avery dynamic fatigue
machine (Type 7305). The testing arrangement is shown in Figures A2-3a

and b.

For testing, the specimens (90x10 mm) were clamped between two

sets of grips such that the clear span (42mm) to specimen thickness
ratio was 15 to 1. In this arrangement, the mid-span was subjected

to pure bending stresses, always maximum tensile at one surface and
maximum compression at the other, while the clamped outer spans
experienced neither bending nor shear stresses. The loads were imposed
at one end of the specimen by movement of the grip attached to an
oscillating spindle driven by means of a connecting rod, crank and
double eccentric. The grip holding the other end of the specimen

was firmly attached to a torsion bar dynamometer, the amount of

twist 1n which was measured by a dial gauge pre-calibrated to enable
determination of the bending moment and hence the apparent maximum

surface stress.

The fatigue tests were carried out over a range of initial surface
stress levels under constant cyclic angular deflection in one direction
only (such that one surface experienced only tensile stresses and

the other only compressive stresses). This enabled direct comparison
of the relative tensile and compressive fatigue performance. The mag-
nitude of the first cycle surface stress range was determined by

the laminate flexural modulus (and thickness) and the pre-set angular
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setting on the eccentric. The latter was limited to only 24° in
fatigue and this meant that the GRP and KFRP laminates (which had
Tower moduli than the CFRP) could only be tested in the high
cycle fatigueregime. Minimum angular deflections were kept

slightly positive to prevent the possibility of reversed bending.

Fatigue damage sustained by the specimens was indicated by decreasing
stiffness which was monitored periodically during each test

(at durations not exceeding one decade of cycles) by stopping

the machine and moving the eccentric by hand to take each reading.
Except for the first 100 cycles, which were applied by hand
comparatively slowly to allow representative readings to be taken

in this range, the cyclic frequency was 8.2Hz, the machine's slowest
speed. There was no obvious increase in specimen temperature during
cycling, the greatest stresses being at the surfaces where heat was
most easily dissipated. Boiled specimens were prevented from

drying out by surrounding them with wet tissue paper kept moist

during testing using a capillary action technique.

57



CHAPTER 4

MOISTURE ABSORPTION STUDIES



4.1 MOISTURE ABSORPTION AND DESORPTION
4.1.1 Exposure to 65% RH

In the 'as-received' condition specimens had been exposed to the
laboratory environment (approximately 23°C; 35% to 55% relative
humidity, with occasional excursions beyond this) for varying
periods of time. These specimens absorbed moisture when exposed

to the 65% RH environment, Figure 4.1. Absorption was relatively
slow at ambient temperatures, with over four months being required
for the moisture contents to even approach the equilibrium level
for 65% RH. The evidence of other weight gain curves at 23°C (see
later) indicates that in fact the final equilibrium moisture content
may not have been attained for a considerable time., Past 4 months
however, the absorption was very slow and probably insignificant
as far as conditioning for mechanical testing was concerned. One
benefit of this was that specimens already preconditioned at

65% RH could be tested in the normal laboratory atmosphere without

the need to maintain humidityat 65% RH.

4.1.2 Drying

Figure 4.2 shows that all three Taminates required at least 4 weeks
in the drying oven to reach a stable weight, which was taken as
nominally 0% moisture content. For consistency, the test coupons
were preconditioned to 65% RH before exposure. A1l weight losses
were attributed to loss of absorbed moisture alone, since the
fibres and Code 69 resin should not have been affected by the 60°C
drying temperature, at least over the relatively short time periods

involved(19,60,106).
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Drying curves were also obtained for 20mm, 40mm and 200mm coupons.
These were basically similar to those reported except that the

results for the shortest specimens showed greater scatter.

As for the as-received specimens (Figure 4.1), fully dried coupons
re-exposed to 65% RH at room temperature absorbed moisture

very slowly (Figure 4.3).

4.1.3 MWater at 23°C

Figure 4.4 shows that specimens immersed in water at 23°C absorbed
moisture very slowly, which was to be expected in view of the
previous results at room temperature. This effectivelyprecluded the
use of water at 23°C as a standard preconditioning environment for
mechanical test specimens and highlighted the need to employ an
accelerated conditioning technique using elevated temperature to

reach saturation over realistic periods of time.

4,1.4 Boiling Water

a) 0/90 laminates

The absorption rates were very much greater when specimens were
immersed in boiling water, with the weight gains stabilising after
about 3 weeks exposure. This was the case for both 65% RH and fully

dried specimens (Figures 4.5a and b).

Discoloration of the water and weight losses indicated irreversible
degradation for exposures longer than 3 to 4 weeks. This was
confirmed by redrying specimens that had previously been boiled for
5 weeks from dry (Figure 4.6, ref. Figure 4.5b). The weight losses

were presumably due to the loss of small quantities of leachable
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resin constituents, such as Tow-molecular weight material or
residual monomer or catalyst. Some additional effects, probably
associated with the fibres themselves, must account for the larger
weight loss for the KFRP (approximately 0.7% cf. 0.1-0.2% for the
CFRP and GRP). Polished sections revealed significant cracking in
specimens boiled for 6 months, although there was no such damage

after only 3 weeks exposure (Figures 4.7 and 4.8).

Accurate measurement of moisture uptake in boiling water was not
possible. Not only was there the problem of material losses, but
also the specimens began to lose moisture as soon as they were
exposed to the Taboratory atmosphere for weighing. This was a
particular problem for the KFRP (although it probably accounted

for no more than 0.2 to 0.3% of the coupon weight at most) and

the difficulty in achieving a good reproducible surface finish

to the cut edges may have added to the scatte? in weight gain
measurements for this material. To help reduce moisture losses
during weighing, the specimens were held in water at room temperature
except when actually on the balance. Surprisingly, all the laminates
gained in weight slightly as a result (over a period of one week

for instance, the CFRP and GRP gained up to 0.2% in weight and the
KFRP up to 0.5%). This may reflect the regain of moisture initially
lost from the hot surface of the specimens or may simply be a

manifestation of the reverse thermal effect noted by Adamson(45).
Weight gain curves for 20mm, 40mm and 200mm long specimens were

generally similar to those in Figure 4.5 for 90mm coupons. The only

exception was for the 20mm KFRP specimens, which showed substantially
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higher moisture uptake rates early on. As in the case of the
drying curves (Section 4.1.2) the results for the shorter specimens
were generally more scattered, probably due to the increased

influence of weighing errors in these tests.

b) Effect of voids

The CFRP and KFRP laminates were generally free from voids, but the
quality of the GRP was more variable with significant voidage in
some regions, e.g. Figure 4.9. Voids were present in both 0° and 90°
plies and were usually non-spherical in shape, being elongated in
the direction of the fibres. They were often associated with ply
interfaces and varied greatly in size, extending sometimes up to 5Smm
in length and typically 0.05 to 0.15mm in cross-section. The semi-
transparent nature of the GRP laminates meant that the voids were
clearly visible to the naked eye and this was used to screen the
specimens so that poor quality material could be eliminated from

the testing programme,.

The effect of the voids on the weight gain of the GRP in boiling
water is shown in Figures4.5a and 4.5b,where specimens of quality
more similar to that of the CFRP  and KFRP,  containing few
voids, are compared with much poorer quality samples in which the
void concentration was significantly higher. Both figures show
that the weight gain for specimens containing high void con-
centrations is typically about 0.4% greater than the gain for

Tow void content material. For oven drying at 60°C from 65% RH
(Figure 4.2) there was little or no effect of void content on

weight change however,
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Taking 0.4% as the additional weight gain of the void containing
material and making the assumption that this is entirely due to
filling of the voids with liquid water during the boiling water

immersion, then a rough estimate of the void content can be made

W eV
W W W
LU = 0.004 (4.1)
wc Ecic
where ww, Qw and Vw are the weight, density and volume of the

water contained in the voids and %?PC and V. are the corresponding
terms for the composite. Taking values of 2.01 x 103kgm™> for (o

(Table 3.2) and 1.0 x 103kgm™3 for Pw, Equation 4.1 yields a
v

value of about 0.8% by volume for the excess void content Vﬂ of
c

the poor quality GRP.

c) +45° laminates

Although most moisture absorption studies were conducted on
specimens in the 0/90 orientation, weight gains in boiling water
were also measured for +45° coupons to see if the change in fibre
orientation at the cut edges (which constituted 24% of the total
surface area for the standard 90 x 10mm coupons) affected the
uptake rate. As Figure 4.10 shows, absorption rates and times

to saturation were similar for both lay-ups.

4.1.5 Swelling

Table 4.1 shows the results of measurements of specimen swelling
caused by moisture absorption during immersion in boiling water

for up to six months. The measurements were limited to six 0/90

specimens (200x10mm) for each laminate,
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As expected, in each case swelling was substantially greater
through the thickness than within the plane of the laminate,

there being no fibres to constrain the swelling in this direction.
The greater swelling for the KFRP was due to the fact that the
Kevlar fibres absorb moisfure themselves, with quoted axial and
radial swelling coefficients of 0.06 - 0.09% strain per %

moisture uptake and up to 1.0% per % respectively (Table 2.1). The
swelling coefficient of the resin is probably of the order of

0.2-0.3% per %.

The increased swelling, particularly in the plane of the laminate,
after 6 months boiling cannot be due to changes in moisture content.
It most likely results from a degree of relaxation in the con-
straining effect of the fibres due to the resin cracking observed

after this prolonged exposure.

4.2 EQUILIBRIUM MOISTURE CONTENTS AND STANDARD ENVIRONMENTAL
CONDITIONS
On the basis of the results reported in Section 4.1, the following
exposures provided specimens with near equilibrium moisture contents
approximating to the 'dried','saturated' and '65% RH' conditions.
1) storage in a drying oven at 60°C over desiccant for at
least 4 weeks.
2) immersion in boiling water for 3 weeks
3) exposure to an atmosphere of 65% RH at room temperature

for not less than 4 months.
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The corresponding weight gains relative to the dried state

are summarised in Table 4.2. Ranges rather than single values

are quoted because of the scatter in measured weight changes,
particularly for the KFRP laminate. The results are presented

in two ways, firstly as percentage weight increases over the dry
condition and secondly in terms of weight gain per unit volume.
Problems arise with the first, more traditional method when

trying to compare composites with different components or fibre
volume fractions (or fibre types, as here) because of their
different initial densities. For otherwise identical specimens
absorbing equal amounts of moisture, the percentage weight gains
are less for a laminate containing denser fibres, for example

glass fibres instead of carbon. It is more informative therefore

to quote weight gains per unit volume of composite. In the case

of inorganic fibre composites, if the weight gain is assumed to

be due simply to moisture absorption by the resin, then for

equal fibre volume fractions, the weight gains should be independent
of Taminate density. Percentage weight gains have been converted

to weight gains per unit volume of material (kg m™2) by multiplying

by the dry laminate density (kg m=3) as indicated below

Total weight gain  x Dry laminate density
Original dry weight

Weight gain/unit volume =

(4.2)

The dry laminate densities used in these calculations were as

follows:
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CFRP : 1.49 x 103kgm~3
GRP : 2.00 x 103kgm=3
KFRP : 1.32 x 103kgm~3

An overall view of the relative absorption behaviour of the three
laminates is shown in Figure 4.11 where the saturation moisture
contents (kgm=3) from Table 4.2 are plotted as a function of the
relative humidity of the conditioning environment. Moisture

content is roughly proportional to relative humidity over most of
the range except for the boiling water treatment, where the weight
gains are larger than expected. This could indicate that additional
absorption mechanisms are acting in boiling water. However, TGDDM-
DDS epoxy resin systems commonly show positive deviations from
linearity on this type of plot at high humidities(39,55). Edge(84)
and Long(47) have shown that water immersion tends to give

higher equilibrium moisture uptakes than predicted from relative
humidity data and that this is true for room temperature conditioning(47)
as well as exposure to boiling water(84). Long showed that the
effect is associated with the resin matrix rather than the composite
as a whole. This is in accord with the results here, since close
comparison between the curves for the three laminates shows that

the effect is present in each but is less pronounced for the

KFRP, presumably because of the greater scatter and overall

higher weight gains for this material.
The specimens immersed in water at 23°C for 2 years had not

reached saturation and it is hard to estimate what their final

equilibrium moisture uptakes would have been.
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The weight gains for the inorganic fibre composites are approximately
similar, confirming that moisture uptake is confined to the resin
which is the same in each case. The slightly higher gains for the
CFRP reflect the higher measured volume fraction of the resin for
this material. The boiled weight géins are somewhat anomalous,
indicating a marginally greater moisture uptake for the GRP in this
condition., This may have been due to liquid water in the voids

which were present in even the better quality GRP specimens selected
for testing. It has already been shown in Section 4.1.4b that void
content markedly affects the moisture uptake of the GRP laminates.
An initial voidage of around 0.4% in the nominally 'void-free'

GRP specimens could explain the discrepancy. Quantitative analysis
of several polished microsections (using a microscope fitted with

a grid in the eyepiece to allow point counting) confirmed that the
void content of the GRP was typically of this order. Up to 1%

void content is usually considered acceptable for well-fabricated

laminates.

Assuming that the resin has a density of 1.268x103kgm=3 (35) and

an equilibrium moisture content in boiling water of 6%, maximum
moisture uptakes for the inorganic fibre laminates can be estimated
in terms of the volume fractions of the absorbing resin phase.

For Code 69, a 6% weight gain is equivalent to an increase in
weight of about 76kg per metre® of resin. The composite weight gain
is equal to the weight gain of the resin fraction of the laminate
and in cases where the fibres absorb moisture, the weight gain of
the fibre fraction as well. The predicted moisture uptakes for

the carbon and glass/epoxy laminates are thus 31.9 kgm=3 and 27.4 kgm-3
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respectively. These are of the order of the boiled values in

Table 4.2.

Moisture contents are generally 2 to 3 times higher for the KFRP
than for the other two laminates. In this case the absorption

by the fibres must also be considered. Assuming that the fibre
gain in boiling water is 5% (41) and that the fibre density is
1.45x10%kgm=3, the predicted weight gain for the composite is

73.8 kgm=3, which is within the measured scatterband.

The measured weight gains are generally representative of those
reported in the literature for similar composites and environmental

conditions.

4.3 MEASUREMENT OF DIFFUSION RATES
4.3.1 Fick's Law Plots and Apparent Diffusivities

The curves of weight change with time for the various exposures
shown inFigures 4.1 to 4.5a are re-plotted against the square root
of time in Figure 4.12. One of the requirements of simple Fickian
diffusion is that such curves should be linear up to around 60%

of the total weight gain (Chapter 2). This generally appears to be
the case for the CFRP and GRP laminates for all the exposures, but
the KFRP tends to show non-1inearity much earlier, indicating
strongly non-Fickian behaviour for this material. This has been
observed by other investigators (19,43) and is to be expected.
Although the fibres and resin both absorb moisture (and there is
evidence that weight gain in Kevlar fibres can also be represented
by a Fick's Law plot (43)), the rates and manner in which they do

so are quite different(41,43).
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There is no reason to suppose a priori that the absorption by

the inorganic fibre composites is fully described by Fick's Law,

despite the characteristics of such behaviour shown in Figure 4.12.

It was not the aim of the work to fully characterise the absorption/desorption
behaviour of the laminates over the full range of environments,

temperatures and hygrothemal histories used. However, evidence of

small overall weight losses upon re-drying and increased uptake

rates on secondary boiling water exposures (Section 4.4) do indicate

that none of the laminates behaved in a truly Fickian manner.

It is useful to have a means of comparing the initial rates of moisture ab-
sorption for the various laminates and conditions used and to have

an indication of how well they follow the initial vt relationship
characteristic of Fickian diffusion. Here,absorption data in each

case have been fitted to a Ramberg-Osgood type curve. Such analytical
curves are traditionally used to fit stress-strain data or similar
load-deflection data for metals in the elastic-plastic range and

are of the form
n
x=Ay + By +C (4.3)
where A is the effective linear slope

Byn is the trend away from the linear and C may be the experimental

offset.

M
For the relationship between M%-and vt the Ramberg-0Osgood equation

is written as
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M M\ "
vt = A(Wt—) + B(ME) + C (4.4)

m m

The apparent diffusion coefficient for each specimen can thus

be determined from Equation 2.2 rewritten in the form

d2m Mt 2

M -
since initially (Nﬁ?‘z) is equal to A 1 in the Ramberg-0sgood

equation.

For each separate set of data, the values of A, B, C and n for
Equation 4.4 were obtained using a least squares best fit method ,

Appendix 1. The curves thus generated are plotted in Figure 4.12.

An advantage of the Ramberg-Osgood analysis is that there is no
assumption that the absorption is Fickian. This avoids the normal
requirement that all the data points up to 0.5-0.6 Mm be included

in a conventional straight line data fit. Obviously this last

method would be unsuitable for the KFRP and could result in inclusion
of inappropriate data points for the other laminates if these

showed early deviations from linearity. This would include situations
where the specimen geometry is such that absorption through

the edges is significant.

A further advantage of the Ramberg-0Osgood analysis is that

an indication of the relative 'strength' of the linear portion

can be gained from the magnitude of the parameter gu A comparatively
large value of %—indicates a strong trend away from linearity and

consequently a greater deviation from Fick's Law.
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In practice, although the Ramberg-0sgood analysis was found to
be excellent for determining the initial slope and the apparent
diffusion coefficient there were sometimes too few data points

for accurate curve fitting in the non-linear region.

The apparent diffusion coefficients have been calculated for the
different exposures and are presented in Table 4.3. No values are
quoted for conditioning at 65% RH from 'as-received' since accurate
data for the equilibrium weight changes were not obtained in these
tests. The diffusivities are meant only as a rough guide. For example,
inconsistences can arise as a result of the relatively small

numbers of specimens tested, scatter in weight gain data, differences
in specimen dimensions and resultant edge effects, and errors in
estimating Mm (especially at the lower temperatures). Values for

KFRP are quoted merely to indicate that absorption rates were

higher for this material (the v/t uptake curves were generally non-
linear, leading to considerable errors in the determination of

the initial slope).

4.,3.2 Edge Corrections

Apparent diffusivities calculated using Equation 2.2 can only be compared
when specimens are of the same dimensions and lay-up since the test
coupons do not approximate to semi-infinite plates and consequently

some absorption occurs through the cut-edges. This is particularly
important where the fibres or fibre/resin interfaces contribute to

moisture transport through the laminate.
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Provided that the diffusion is limited to the resin and remains
Fickian and that the volume fraction, lay-up and dimensions of the
specimen  are known, expressions developed by Shen and Springer(56)
can be used to predict the apparent diffusivity in terms of the
diffusion coefficient of the resin, Dy. Their expression for

the diffusivity normal to an exposed surface (along the x-axis

say) is
Ve
= Dr[(1-Vf)Cosza+(1-2 7;-)sin2a] (4.6)

where Vf is the fibre volume fraction and o is the fibre
orientation with respect to the x-axis. This assumes square
array fibre packing but nevertheless is often found to be
satisfactory. As one might expect, Equation 4.6

indicates a reduction in diffusion coefficient as the fibres

diverge from the normal to the surface.

The early interaction free diffusion coefficient of a composite can

be estimated by considering the diffusion at each surface independently,
so that for a multi-layer laminate consisting of N plies, all

with their fibres in the same plane i.e. parallel to the top and

bottom surfaces, the following expression can be used to determine

the overall diffusivity (56):

N N
- Y h. 2g. 2
V. X (1 Vf)J=1hJcos B; J y hysin?g;
=D (1-2/ — )1+
r 0

T (1-2ij/n)JE;hj }3_1hj

- N 1n2 2
+% (1 vf)j::'] hjsm B. J'Zth .COS B

T2

+

[}
(1-2 ‘1?") j=1 hj j

=
n-~ =
=

1 J
(4.7)
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In this equation, hj is the thickness of the jth ply, while L, n

and h are the specimen length, width and total thickness respectively.
B is the angle between the fibres in each ply and the length

axis. Vf is assumed to be the same in each ply. The first term in

the expression refers to the diffusion through the top and bottom
surfaces,where the fibres are parallel to the surface, while the
latter terms refer to diffusion through both pairs of cut edges.

It is assumed that there are no diffusion discontinuities across

the ply interfaces and that diffusion does not occur through the
fibres, interfaces or any cracks in the resin. The equation is

therefore not valid for KFRP.

Substituting the apprépriate values for the standard 90 x

10mm specimens used in this work into Equation 4.7, together with

Vf = 0.6, yields diffusivities of 0.26 Dr for both the 0/90 and 45°
specimens. Despite the limitations of Equation 4.7, the predicted
similarity in the absorption rates for both lay-ups is consistent
with the experimental results (Figure 4.10). Equation 4.7 predicts
that edge effects cause the diffusivity for the standard specimens

to be double that for absorption through the upper and lower

surfaces alone (0.13 Dr)’ while for 20x 10mm specimens the
diffusivity is raised to 0.32 Dr' In the latter case the proportion
of edge to total surface area is significantly increased. Unfortunately,
the inherently greater scatter in results for the smaller coupons
meant that it was not possible to detect this increase in diffusivity

experimentally for the inorganic fibre composites.
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The increase in initial uptake rate noted for the KFRP on moving

to smaller specimens can be explained by the more significant

effect of absorption through the cut edges for this laminate. Moisture
is known to diffuse rapidly along the axis of Kevlar fibres and

Allred and Lindrose(41) have shown that for KFRP laminates the
diffusion coefficient parallel to the fibres may be up to two

orders of magnitude greater than that of the pure resin, which is

in turn, several times greater than the diffusivity in a direction

perpendicular to the fibres.

Assuming that absorption is through the resin phase only and that
the diffusion coefficient for Code 69 resin at 23°C is typically

-10

8.95x10 cm25'1(59,65) then Equation 4.7 predicts an apparent

diffusivity for the standard specimens at room temperature of

2.33x10"10cm25_1

, which is of the order of the experimentally
measured values in Table 4.3. This, together with the similarity in
absorption rates between the 0/90 and #45° specimens and the
absence of any large increase in rate on moving to shorter 0/90
specimens (in contrast to KFRP) suggests that diffusion through

the resin rather than wicking up the fibre-matrix interfaces

is the primary mechanism of moisture absorption for the carbon

and glass fibre reinforced laminates. This does not necessarily

discount the possibility of degradation of the fibre/matrix

interfacial bonding however.
Equation 4.7 is very sensitive to the values of Vf. Using the

measured volume fractions instead of the nominal value of 0.6,

yields apparent diffusivities for the standard specimens of 0.30 Dr
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for CFRP (Vf = 0.58) and 0.22 D,. for GRP (Vf = 0.64). A
trend to higher diffusivities for CFRP was indeed exhibited for

most of the environmental exposures.

4.4 SECONDARY BOILING WATER EXPOSURES

Figure 4.13 shows that the absorption rates for specimens that
had been previously boiled for 5 weeks and then redried were
increased for secondary exposures. The weight gains tended
towards the original saturated values during the second boil,

but on redrying the weight losses were even greater than before.
Compared to the original dried weight, the losses on redrying were around
0.3% for the CFRP and GRP specimens and around 1.1% for the
KFRP. The corresponding losses after the first boil were only

0.1 to 0.2% and 0.7%. Once again the weight loss for the KFRP

was greater than that for the inorganic fibre composites. If this
irreversible behaviour was due to further loss of material,

then the moisture uptake for the second boil was greater than for

the first boil.

Thus, while it appears that initially at least most moisture
entered the CFRP and GRP by diffusion through the resin, the
greater absorption rates recorded for secondary exposures to
boiling water indicate that in this case moisture was entering by
mechanisms that were different from or additional to the original
ones. These must result from changes to or degradation of the
interface or matrix. Increased absorption rates for secondary
moisture exposures have been commonly observed in the past and do
not necessarily depend on immersion or high exposure temperatures

(32,44,58,64,66,137). The effect is evidently due to changes occurring during



the first exposure rather than as a result of environmental
cycling, since the rate for the initial desorption is also
reported to be increased(44,51,58,64,66). Since optical microscopy
revealed ho significant resin cracking after 4 weeks in boiling water,
it must be assumed that the accelerated absorption was due either
to wicking facilitated by prior degradation of the interfaces, as
has been observed by Kaelble(32), or to some irreversible

change in the matrix. The latter could, for example, have involved
microvoid formation caused by the leaching out of unattached low
molecular weight material(31,64,66). This would correlate with the
increased weight losses upon drying. Fibre damage, in the form

of internal splitting or debonding, could explain the very high
secondary absorption rates for the KFRP. However, no direct

evidence was obtained to substantiate these suggestions.

4.5 EFFECT OF PRELOAD ON MOISTURE ABSORPTION

The weight gains in boiling water for the preloaded specimens are
compared in Figures 4.14 to 4.16 with the results for the
standard,undamaged material (taken from Figure 4.5a). The
difference in dimensions and resulting edge effects between the
standard and preloaded coupons means that the curves are not
directly comparable. However, the saturated moisture uptakes are
independent of such effects and furthermore, the analysis of Shen
and Springer (56) indicates that differences in absorption rates

should be small(less than 5%, Section 4.3.2).

Predamaging the specimens might be expected to affect the moisture
absorption in two ways, by increasing the saturated moisture

content and also by increasing the rate of uptake.

75



4.5.1 Equilibrium Weight Gains

a) GRP

The curves for GRP (Figures 4.14a and 4.14b) suggest that there is
no regular pattern of behaviour to reveal the effect of
preloading. (The large scatter in uptakes for undamaged GRP

was attributed to the presence of voids in the specimens - Section

4.1.4b).

Theequilibrium weight gains, taken from Figure 4.14 after 4 weeks in
boiling water, are plotted as a function of preload in Figure 4.17a.
Contrary to expectation, the damage caused by prestressing at
either the low or high rate did not obviously increase the water
taken in , despite the presence of large amounts of fibre debonding,
transverse ply cracking and (for the high lToad-rate tests)

longitudinal splitting in the samples preloaded to close to failure.

Figure 4.18a shows the overall weight losses when the GRP specimens,
preloaded and then boiled for 4 weeks, were dried to constant

weight at 60°C (for 15 weeks). Since the specimens were dried to

the 0% RH condition, the weight losses were greater than the

original gains from 65% RH. Unlike the data in Figure 4.17a, they

are also independent of any material losses incurred during boiling
or any small differences in moisture content between specimens
originally conditionedto (rominally) 65% RH. The results simply
represent the amount of moisture lost during drying i.e. the moisture
contents of the boiled specimens. It is clear from Figure 4.18a that with-
in  the sensitivity of the measurements, this was independent of

damage due to preloading (at either load-rate).
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It is concluded that, in the absence of a load, the cracked areas
did not accommodate large quantities of moisture as might be
supposed. Presumably the cracks were tightly closed. The relief

of any residual thermal contraction or curing stresses present in
the laminate upon moisture absorption would tend to close transverse

ply cracks in a 0/90 laminate.

The sensitivity of the weight gain measurements was approximately
0.01%, representing 2.5 x 10'49 of water for a typical 2.5¢g

sample of 50mm gauge-length. Since 6 x 1023 (Avogadro's number)

water molecules weigh 18g, the limit of sensitivity represents around
8 x 1018 water molecules. Transverse ply cracking reached a saturation
level for high preloads with a spacing of the order of the ply
thickness or 0.25 mm (actually the spacing was slightly greater

than this). Over a 50mm gauge-length this gives 50/0.25 cracks

per ply and a total crack area in all five transverse plies of 2500mm2
(assuming an area of 10x0.25mm for each transverse ply crack). Making
the further assumption that the diameter of a water molecule

is of the order of 3 X 10'10m(138), it follows that a 'theoretical'
monomolecular layer of water in all the transverse ply cracks would

17 molecules, which is significantly below

amount to about 3 x 10
the sensitivity of the weighing experiments. Thus, although based

on a number of assumptions which tend to oversimplify the true
situation, this calculation clearly indicates that substantial quan-
tities of water can in fact accumulate at damage such as transverse
ply cracks without being detected by simpleweighing measurements.
Such water could affect the properties of the composites, for

example by causing localised degradation of the reinforcing

fibres. The effect on the fatigue properties of preloading to a known
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damage state prior to boiling water conditioning is

investigated in Chapter 7.

b) CFRP
There was no obvious effect of preload on the weight gain curves

for the CFRP, Figure 4.15. The influence of preload is not
clear fromvthe maximum weight gains (Figure 4.17b) but the re-
drying results in Figure 4.18b show that the overall moisture
contents were similar for all the boiled specimens and were un-
affected by preload. Although further, more detailed tests are
required in order to confirm these findings, it appears that,
as in the case of the GRP, the moisture content of the boiled
CFRP was not measurably altered by the presence of transverse

ply cracks.

c) KFRP

The large scatter in the weight gain curves for both standard and
preloaded KFRP samples (Figure 4.16) is associated with difficulties
in obtaining reproducible uptake measurements for this material

in boiling water (Section 4.1.4a). Weight gains from 65% RH appeared to be
independent of preload (Figure 4.17c) as did the saturation moisture con-

tents after 4 weeks boiling indicated by the drying curves in Figure 4.18c.
Overall weight changes were Tlarger for KFRP; owing to absorption by the

fibres as well as the resin, and this served to hinder identification of
any possible effects of preloading.

4.5.2 Apparent Diffusivities
Although the damage caused by prelcading did not produce any
consistent, measurable increase in the overall water uptake for any

of the Taminates, there remains the possibility that such damage
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could alter the absorption characteristics of the coupons. Cracking

might be expected to increase the apparent diffusion coefficient
and also reduce any correspondence to Fick's Law. This can be
investigated by analysing plots of weight gain against v/t for
immersion in boiling water. In this Section the slopes and
‘strengths' of the initial linear portions of the plots are
compared using the Ramberg-0sgood curve fit analysis outlined

in Section 4.3.1.

Apparent diffusion coefficients for the standard preloaded specimens
were calculated using Equation 4.5 from values of A obtained in the
Ramberg-0Osgood curve fit. The apparent diffusivities for the GRP and CFRP are

plotted as a function of preload in Figure 4.19.

The effect of preload on the diffusion coefficient for CFRP

appears to be slight up to the maximum preload of 0.8 GPa. GRP

also appears to be unaffected at or below 0.45 GPa, but above this
the data points are more scattered and show a definite trend towards
higher diffusivity. At 0.79 GPa preload (fast loading) the apparent

8 2 -1
cms

diffusivity has risen to about 9 x 10 compared to

—8cm25—1

2 x 10 originally. The situation is shown more clearly

in Figure 4.20 in which the diffusion coefficient is plotted against
the prestrain corresponding to the appropriate preload. Strain gives
a better indication of the damage suffered by the composite and
allows direct comparison between laminates since the damage inflicted
by a particular preload depends very much on the modulus of the

load bearing fibres. The absence of any change in diffusivity for
CFRP is not surprising in view of the fact that even at 0.8 GPa

the strain is still well below that which causes an increase for
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GRP (v 2.0% €).

The saturation density of transverse ply cracks is approached in
both laminates without any change in the apparent diffusivity.

It is not until the onset of longitudinal ply splitting (which
occurs only in the GRP) that increases in diffusivity are

observed. Although the increases might be associated with general
damage in the resin at these strain levels, the correlation with the
longitudinal splitting suggests that the two could be related.

No resin damage was actually observed under the microscope and
Morgan, 0'Neal and Fanter(30)have shown that diffusion in epoxy
resins similar to Code 69 is not affected by preloads (unless there
are permanent dilatational changes, as caused by crazing close

to failure).

Except after very high preloads for GRP, the longitudinal plies, including
those at the top and bottom surfaces of the specimens, are undamaged. The
fibres running parallel to the surface limit the diffusion and as a

result the cut edges, which have a much lower surface area, play a
significant role in absorption of moisture (Section 4.3.2.). Transverse
ply cracks come into direct contact with liquid water only at the edges
and in an orientation (parallel to the fibres) where absorption rates are
already high. When longitudinal splits are formed, those in the outer

plies intersect the top and bottom surfaces. They also intersect the cracks
in the transverse plies forming a network of interconnecting transverse

ply cracks and longitudinal splits through the specimen thickness.

A thin film of water spread throughout this network could provide

a plausible explanation for the observed results. Although not great enough
in itself to affect the weight gains of the specimens within the
sensitivity of the measurements, the film could nevertheless

allow more rapid penetration of water into the
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interior of the specimen by capillary flow and increase the
surface area for absorption (by up to 5-6 times for the

50x10mm specimens).

The ratio of %-in the Ramberg-0sgood curve fit

gives an indication of the strength of the deviation from the
initial linear slope (from which the apparent diffusion coefficient
was measured) and as such can be used to indicate trends away from
Fick's Law. The plots of-% against preload for CFRP and GRP

(Figure 4.21) are genera]]y'similar to those for the diffusion
coefficients, with the only strong effect occurring for GRP above
0.45 GPa, where the values of‘% increase and become more

scattered. The increased non-linearity in the weight gain against
vt plot indicates that different or additional absorption
mechanisms are operating, and is consistent with the mechanism

for increased diffusivity discussed above. There is no reason

to expect the diffusion to remain 'Fickian' in these circumstances.
The rate of preload itself had noobserved effect on the absorption

characteristics.

The apparent diffusion coefficients for the KFRP specimens are

plotted as a function of preload in Figure 4.22 and the corresponding
prestrain in Figure 4.23. The generally higher diffusivity for

the preloaded specimens is most likely due to a greater proportion

of cut edges to total surface area compared to the standard coupons.
The absorption by the fibres has a strongeffect on the diffusion
characteristics of this material, the diffusivities being an order

of magnitude greater than for the CFRP and GRP. Figure 4.23 shows that
increases in rate of absorption occur at lower strains than for the
inorganic fibre composites. This could substantiate later suggestions

(Chapter 5) that in addition to normal transverse ply cracking, damage
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also occurs in the longitudinal plies at low stress levels,
possibly involving fibre splitting. The greater nonlinearity in
the initial vt plot for the KFRP, associated with the absorption
by the fibres, is reflected in higher %-ratios with values of

2 to 2.5 compared to about 1 for CFRP and GRP. These help to
account for the greater scatter in measured diffusivity for this
material. The %-ratio shows a general rise with increasing

preload (Figure 4.22), up to a value of about 7 for 0.6GPa,

mirroring the increased absorption rates.

4.5.3 Support for Observed Effects

It is important to draw a distinction between the results reported
here, in which a preload was applied and the moisture absorption
measured afterwards in the unloaded state, and those where the
uptake is measured for material actually under load. The presence

of applied external load, whether static or cyclic, is usually

found to increase both rates and levels of moisture uptake in
composites(42,102,139). Often such increases do not become
significant until a certain critical level of stress or strain is
reached. This has usually been found to correlate with some form

of damage, such as transverse ply cracking in 0/90 laminates(57,139),
and the effect is therefore greatest where the failure strain is
high or a large proportion of the fibres or plies are angled away
from the load(140). It is likely that tensile Toads 'hold open'
debonds and resin cracks, allowing moisture to penetrate the
composite by capillary action. It has been suggested that there

may also be a contribution arising from an increase in free
volume in the resin under volumetric strain. Although any damage will

remain when the load is removed, a reduction in moisture uptake under
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these circumstances is not surprising.

The absence of any large changes to the equilibrium moisture content
and (for most preloads) the apparent diffusion coefficient is
supported by recent results of Curtis and Moore(141), who found no
significant changes in the absorption characteristics of a
[02/-452/902/+452]2 CFRP laminate in a 70°C/95% RH

environment after various compression fatigue loadings, despite
cracking in the 90° and 45° plies and in some instances limited
delamination between these, but notably no damage to the outer 0°
plies. There is some corroboratory evidence that diffusivity may
be increased where crack or debond damage is excessive, as is
likely to be the case for preloaded woven cloth reinforced
laminates for instance. McGarry(142) observed a three-fold
increase in the moisture absorbed by a cross-laminated glass/epoxy
composite after preloading to 75% of the failure stress and
subsequent immersion for 1 day in water at room temperature

(this was a measure of uptake rate since equilibrium moisture
content would not have been reached in this short time) and was
able to correlate moisture uptakes for various preloads with the

area of transverse ply cracks formed.
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CHAPTER 5

STATIC TENSILE TESTS



The monotonic tensile properties of the laminates, after various
environmental exposures, are presented in Tables 5.1 to 5.4. The

main emphasis was placed on testing at the 'slow' loading rate

for which a comprehensive set of data for the full range of
conditions (as defined in Chapter 3) was obtained (Tables5.1 and 5.2).
The 'fast' tensile properties (Tables 5.3 and 5.4) correspond

to those conditions used in the fatigue test programme (Chapter 7).

For practical reasons the strain and moduli data in Table 5.3

are based on single test results only.

5.1 INFLUENCE OF ENVIRONMENT ON TENSILE STRENGTH OF 0/90 LAMINATES
5.1.1 CFRP

Tables 5.1 and 5.3 show that the tensile properties of the 0/90 CFRP
were not significantly affected by any of the standard environmental
exposures. This can be attributed primarily to the resistance of

the carbon fibres to temperature and moisture but also to the relative
environmental stability of the Code 69 epoxy matrix. Moisture did affect
the formation of secondary crack damage but this did not alter the

strength and is discussed further in Section 5.2.

The only degradation observed for the CFRP laminate was a 10% loss of
! strength after 6 months in boiling water. This was a very severe
i hygrothermal exposure for the epoxy resin and caused crack damage in
both longitudinal and transverse plies (Figure 4.8) and deterioration
in strength in all three laminates. Similar losses in strength for CFRP
have been observed during temperature/humidity cycling (with 12 hours
at 2°C and 0% RH alternating with12 hours at 85°C and 100% RH) after about
350 cycles (1 year) and these were also accompanied by large amounts of

cracking in the laminate.
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The failure appearance, shown in Figure 5.1, was similar for all
conditions and involved extensive damage which usually occurred

over most of the gauge-length, even when initiating c]osé to the Instron
grips (no results are reported for any specimens where failure actually
occurred at the grips). The damage included extensive splitting and
delamination of the longitudinal plies and frequent delamination

and Toss of the transverse plies close to the specimen surface.

5.1.2 GRP

The 0/90 GRP showed strong load-rate dependence (Section 5.4)

and this means that the data obtained in the fast and slow load-rate
tests (Tables 5.1 and 5.3) are not directly comparable. Nevertheless,
each set of data is self-consistent and the basic effects of
environmental conditioning are the same in each case. The strength

and failure strain were similar in the dried and 65% RH conditions,
but 3 weeks immersion in boiling water reduced both to less than

one half of their original values. The rate of loss of strength of the
GRP in boiling water decreased with time, as shown in Figure 5.2, in
this case for fast loading although the trend was similar for slow
loading. Prolonged boiling for 6 months resulted in further weakening,
reducing the strength and failure strain to approximately one third

of the 65% RH values.

Little if any of the strength and failure strain were recovered on
redrying the laminate, which indicates that the damage caused by the
boiling water exposure was irreversible and most 1ikely involved
degradation of the glass fibresthemselves. The deleterious effect of

water was confirmed by the fact that exposure to high temperature alone
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(100°C for 3 weeks) had little effect on the laminate properties,
and may actually have caused a slight increase in strength and

failure strain for both the GRP and CFRP laminates.

Immersion in water at 23°C for two years caused a 10% loss in strength
and failure strain for the GRP. The specimens had not quite reached
saturation but the degradation was sti]].much less than expected for

a similar weight gain in boiling water. It would appear that as well

as accelerating the rate of moisture uptake, the elevated temperature
of the boiling water exposure led to increased corrosion of the glass
fibres, presumably facilitated by localised breakdown of the interfacial

bonding and silane coupling agent.

An attempt was made to discover more about the nature of the fibre degra-
dation after 3 weeks in boiling water by examining the fracture surfaces
using a scanning electron microscope (SEM). As Figure 5.3 shows, the
fibre surfaces were smooth and free from the type of extensive pitting
damage observed by Ashbee and Farrar (143) for fibres in E-glass/
polyester specimens that had been immersed in boiling water for 400

hours and by Ishai(139) for fibres in E-glass/epoxy after 864 hours
immersion at 80°C. This would indicate that in the present work the

coupling agent provided relatively good protection for the glass fibres.

The failure appearance of 65% RH and dried GRP specimens (Figure 5.4)
was basically similar to that for the CFRP, although damage tended to
be more extensive with increased longitudinal splitting, notably for
the faster loading rate tests (Figure 5.5). Failures of specimens that

had been boiled were generally much more localised with less extensive
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delamination or longitudinal ply damage. The fracture surfaces were
quite flat, with cracks passing directly from weakened fibre to

weakened fibre along the main crack plane.

The stiffness of the GRP laminate was not significantly affected

by any of the environmental exposures despite the reported large
changes in strength and failure strain. This is not unexpected in

view of the fact that the modulus of the glass fibres is an

intrinsic property of the glass and corrosion damage affects only

the fibre surface. The fibre strength and failure strain are controlled
by surface flaws and this explains their sensitivity to the

environment.,

5.1.3 KFRP

The 0/90 KFRP showed only a moderate reduction in strength after 3 weeks
exposure to boiling water. This is not unexpected in view of the
environmental stability of the fibres. Strength losses of 2%(12)

and 18%(13) have been reported for Kevlar fibres themselves after

immersion in boiling water for 4 to 7 days. The strength loss of

the composite after boiling for 6 months was much more serious and
presumably reflected damage to the matrix in addition to further de-
gradation of the fibres. This was an extremely severe hygrothermal exposure

however,

The increase in strength after 2 years in water at 23°C is somewhat
surprising, although it is comparable to the 10 to 15% increase
reported by Roylance(19,144) for a unidirectional KFRP composite immersed

in water at 50°C for 2-3 weeks (saturation). Roylance attributed the
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strengthening to the relief of residual thermal stresses or possibly
to improved alignment of the fibres under load facilitated by limited
plasticisation of the resin (Fiberite 934). Alternatively, the effect

could be due to optimisation of the interfacial bonding.

The absence of any dégradation in water at room temperature

and the similarity in the strength reduction after 3 weeks immersion

in boiling water and after exposure to air at 100°C for the same

length of time (Table 5.1) could suggest that it is the high temperature
alone that causes the weakening of the Kevlar fibres rather than the
combined action of water and temperature. However, there is no evidence
in the literature of any substantial reduction in room temperature
strength for fibres previously exposed to air at 100°C, although
exposure at 160°C is known to cause some degradation(9,13,43).
Furthermore, the resin matrix should help to protect the fibres from

oxidation(43).

Drying at 60°C caused a reduction in the tensile strength and failure
strain of the KFRP Tlaminate. This behaviour was not expected and

contrasts with that of the other two materials. Such drying

does however account for the reduced properties of the specimens

conditioned for 3 weeks at 100°C. Furthermore, redrying the 3 weeks

boiled specimens did not lead to recovery (despite the reported reversible
effects of moisture and temperature on Kevlar fibres themselves(43)) but
instead resulted in a further substantial reduction in strength. Allred(79)
also found that saturated KFRP composites did not recover their original
strength (in flexure) upon redrying although he did not observe any

additional degradation below the wet strength,
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Since Kevlar fibres themselves should not be significantly affected
by prolonged exposures to temperatures up to 60°C, it must be assumed
that the degradation caused by the drying is associated with the inter-
face and the loads imposed on the fibres via the interface. It is
interesting to note that while the 65%RH tensile strengths for the
CFRP and GRP were close to the values expected from typical fibre

and unidirectional ply properties (Tables 2.1 and 2.2), based on a
simple mixture rule, the strength of the KFRP falls somewhat below. .-
the predicted values. This discrepancy could be associated with the
strength of the interfacial bond. While some degree of bonding is
essential for shear load transfer, excessive bond strength can lead
to reduced tensile strength as a result of transverse or shear

loadings on the radially weak fibres (18,27).

Drying increases the residual stresses present in 0/90 laminates and
the high radial contraction of the Kevlar fibres, which is 0.5-1%/%
moisture loss compared with around 0.27%/% for the resin

(Table 2.1), means that there is a tendency for the fibres to
shrink away from the matrix. It therefore seems likely that the
strength reduction is due to damage resulting from increased tensile
stresses transverse to the fibres. This damage, in the form of fibre
debonding and/or fibre splitting and fibre skin-core debonding,

will impair load transfer within both the composite and the fibres
themselves. It may occur immediately, during the cool down from

the drying temperature or subsequently during tensile loading.

Since the tensile failure of Kevlar fibres occurs by the propagation of
cracks at a small angle to the fibre axis, involving the splitting
of successive bundles of fibrils(20), transverse tensile stress

might be expected to aid this process. The initial high concentration
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of water in the boiled specimens, and the degradation that this
causes, should promote increased damage of the type discussed above

upon drying.

The failure appearance of the KFRP specimens was generally similar
to that for the CFRP and GRP except that it involved extensive
internal splitting of the fibres in addition to the normal damage

modes (Figures 5.6 and 5.7).

As in the case of the CFRP, temperature/humidity cycling for

periods in excess of one year reduced the strengths of both the

GRP and KFRP below the three weeks boiled values to the level of the
6 month boiled laminates. Both exposures caused environmental

cracking in the laminates.

5.2 EFFECT OF ENVIRONMENT ON THE BUILD-UP OF TRANSVERSE PLY
CRACKS AND LONGITUDINAL SPLITS IN 0/90 LAMINATES

The tensile stress-strain curves for the 0/90 CFRP and KFRP
laminates were basically linear to failure for all environmental
conditions, Figure 5.8. Close examination sometimes showed an
increasing modulus with increasing strain for CFRP. This has
commonly been observed with fibre controlled carbon reinforced
plastics and has been associated with preferential reorientation

(straightening) of the fibres (145).
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The 0/90 GRP exhibited a reduction in modulus during loading

(by up to 35%, Table 5.1) mainly at the characteristic 'knee' in

the stress-strain curve, Figure 5.8. This was due to the formation

of transverse ply cracks which were clearly visible to the naked

eye and were also observed by sectioning and polishing preloaded
specimens (Figure 5.9a). The latter technique confirmed the occurrence
of transverse ply cracks in the CFRP and KFRP laminates (Figures 5.9b-c),
although the much lower contribution of the transverse plies to the
overall stiffness negated any significant change in modulus for

these laminates.

The build-up of transverse ply cracks and longitudinal splits
(where applicable) in the GRP and CFRP is shown in Figures 5.10a-b.
The data were obtained by counting the cracks in polished 10mm
transverse and longitudinal sections taken from preloaded specimens
and viewed under an optical microscope. The general form of the
damage accumulation curves follows the predictions of Garrett

and Bailey (123) and Bailey et al (120) for transverse ply cracking

in 0/90 laminates.

Damage accumulation was also monitored by recording acoustic
emission (AE) output from specimens during loading. Typical
graphs of AE event counting rate against stress (with the top
curves giving the total count rates in each test and the lower
curves representing successively higher amplitude events as
indicated) are presented inFigures 5.11 to 5.13 for each of the
laminates and environmental conditions. Only the general AE

patterns are of interest here. Full details of the technique and
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analysis of the results have been presented elsewhere (146, P1,P4,
P5). Comparisons between the AE plots and the curves in Figures 5.10a-b
indicate correlations between crack formation and AE count rates.
These become clearer if the slopes of the crack density curves
(i.e. the rates of crack formation) are plotted as a function of
stress, e.g. Figure 5.10c. Clearly the initial peaks in the AE
plots (for the CFRP and GRP) are associated with transverse ply
cracking while the secondary peaks for the drier GRP are due to
longitudinal ply splitting. A characteristic common to all the

AE plots is a rapid upturn in emissions at high stress levels

that signals the onset of the high damage rate leading to failure

and includes AE resulting from fibre fractures.

The AE plots confirm that the onset of transverse ply cracking
occurred at different stress/strain levels for each laminate and
that these levels were raised with increasing moisture content.
While the drier GRP underwent both transverse ply cracking and
longitudinal splitting, the boiled GRP and the CFRP, with

much lower failure strains, exhibited only transverse ply cracks.
In fact, transverse ply cracking occurred so close to failure
for the boiled GRP that the saturation crack density was not
reached (even in the 100kN/s tests where the failure strain and
thus crack density were greater) and the emissions were swamped
by the overall acoustic activity in this region. Generally, where
longitudinal splitting occurred, the density of the cracks
remained well below the levels observed in the transverse plies

(e.g. Figure 5.10a).
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Figure 5.10a indicates that transverse ply cracking and longitudinal
splitting showed a slight sensitivity to load-rate, although this
was far less than the effect on the ultimate strength of the 0/90
GRP. For a given stress level, the crack density was greater at

the higher rate and this was also reflected in the saturation

crack densities. This presumably indicates a 'stiffer' response

in the direction transverse to the fibres, dominated by the resin.

The early onset of AE for the 0/90 KFRP (Figure 5.13) can be
attributed to the lateral weakness of the Kevlar fibres and to the
comparatively poor interfacial bonding, which together lead to
transverse ply cracking at low stress levels. Split Kevlar fibres
associated with transverse ply cracking can be observed in

Figure 5.9c. Unlike the other laminates, the emissions did not
fall away again with increasing stress but continued until the
characteristic rise approaching failure. This may indicate fibre
démage (in the form of fibre tearing or splitting) in the
longitudinal load bearing plies at quite low stresses, as
suggested previously to explain the relatively low strength of the
composite compared to that expected from the bare fibre strength.
This may also help to explain the disappointing high cycle

tensile fatigue performance outlined in Chapter 7.

5.3 TENSILE STRENGTH OF #45° LAMINATES

5.3.1 Influence of Environment

In theory, the laminates tested were not ideal for +45° shear
strength measurements since they were not balanced and were
therefore free from shear coupling stresses only when tested in

the orthogonal directions. Where the laminate consists of a
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large number of plies this is not usually found to be a problem
however(147). For instance, of the eleven plies making up the
+45° laminates tested here, there is a net total of just one

ply that is not balanced.

The laminates were much weaker and were generally more sensitive
to the conditioning exposures when tested in the #45° orientation.
This reflects the domination of the matrix and interface, which
are subjected to maximum shear loading, and the relatively small
effect of the fibres in this orientation. The stress-strain curves
were all non-linear, exhibiting a rapidly falling modulus with
increasing stress (Figure 5.14). This results from the non-linearity
of the resin and progressive cracking in the 45° plies, parallel
to the fibres, under shear deformation. This cracking, often
initiated at the specimen edges, became visible in the outer plies
as the peak load was approached, confirming that the laminates
retained substantial stress and strain capability beyond the onset
of damage. Final failure involved delamination along the ply
interfaces, commonly initiated at the specimen edges at the tips
of 45° cracks. Once the delamination damage became excessive in
one particular region, the specimen became unstable and the

strain became concentrated in that region (Figures 5.15 to 5.17).

The 65% RH GRP was unique in that it exhibited a characteristic
double peak in the load-extension curve (Figure 5.14). After

the initial peak, which was accompanied by cracking in the outer
45° plies and occurred at about 1.8% strain (close to the peak

for the CFRP), the load fell only slightly and with increasing strain
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rose to a second, higher level peak before final failure. By

this time the specimen had undergone extensive +45° cracking and
delamination. The failure strain, which was far higher than for
any of the other laminates, is indicative of large shear displace-

ments for this material(148).

The strengths of the GRP and CFRP were quite similar and these two
were significantly stronger than the KFRP under all conditions.

The latter showed considerable damage in the form of fibre splitting
or tearing (Figures 5.17 and 5.18a) indicating that the shear strength
in this case was limited by the poor shear and transverse properties
of the fibres themselves rather than by the matrix or interface

as for the inorganic fibre composites. Indeed, the strength was
actually quite high compared with the values reported for other

+45° KFRP laminates (147), confirming that in relative terms the

interfacial bonding was good.

A1l three laminates exhibited optimum strength in the 65% RH

condition and were weakened by either drying or boiling water

exposure (Tables5.2 and 5.4 and Figure 5.19). Although moisture

is normally expected to reduce the matrix-interface dominated

properties of a composite, in cross-plied laminates there is the
additional effect of a reduction in the residual thermal stresses
(Section 5.2) which may lead to a limited improvement in shear
behaviour. The latter effect appears to dominate between 0% RH

and 65% RH, which presumably reflects a relatively minor (and at

low moisture levels probably beneficial) plasticising effect of moisture

on the resin at 23°C. Boiling water however does reduce the strength,
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although this is a more severe, hygrothermal exposure which

is also more likely to lead to weakening of the interfacial
bonding, particularly for GRP and KFRP, and degradation of the
glass and Kevlar fibres. In fact, the amount of moisture in the
fibres probably made a major contribution to the performance of
the KFRP in all the conditions investigated, although no
obvious differences in fibre damage with moisture content were

observed.

The trend with increasing moisture content was generally towards
a more progressive, less sudden mode of failure and an increase
in failure strain, consistent with reduced residual stresses and
limited resin plasticisation. The only exceptions were the boiled
GRP and KFRP both of which showed a reduction in failure

strain which was presumably associated with fibre weakening. The
involvement of the fibres in the failure of the boiled GRP is
illustrated in Figures 5.16 and 5.18b. Broken fibres remained a
dominant feature of the fracture upon redrying, where the laminate
strength was not recovered, confirming that the degradation was
irreversible. As in the 0/90 tests, prolonged boiling caused a

further small reduction in strength.

The drier GRP and the CFRP did not exhibit broken fibres in the

fracture surfaces (Figures 5.15, 5.16 and 5.18c-d). The CFRP actually

showed most clearly the effects of conditioning on the load-
deflection curve. While drying from 65% RH caused failure to

occur in a more brittle manner, at reduced failure strain,

without altering the curve to any great extent, boiling tended to lower
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and flatten the curve. For all the laminates, the main

effect of drying boiled specimens was to reduce the failure strain.
The fact that in this condition the CFRP was weaker than the
dried laminate indicates that at least some of the degradation

caused by boiling water was irreversible.

The scanning electron micrographs of the fracture surfaces in

Figure 5.20 clearly show considerable localised plastic flow

of the matrix despite the fact that Code 69 is normally regarded

as a brittle resin. This is the case for all the conditions, including
fully dried, and is presumably a reflection of the way in which

the resin properties are modified under the complex 3-dimensional

stresses in high fibre volume fraction composites.

5.3.2 Effect of Specimen Width

In view of the fact that the failure modes in #45° laminates are
complicated by edge effects, a limited investigation was made
into the effect of specimen width on the tensile strengths and
failure strains of the laminates (under slow loading). The
results for 65% RH CFRP, shown infigure 5,21, suggest a slight
increase in both strength and failure strain over a range of
widths from 5mm to 21mm. There was also a change in failure mode
from sudden, catastrophic failures for the 5mm specimens to much
more progressive failures, with a gradual load drop, for the
wider coupons. The GRP and KFRP laminates (in both the 65% RH
and boiled conditions) behaved in a similar manner to the CFRP,
showing a small increase in strength and failure strain (Table 5.5)

and a tendency towards a more progressive failure past the peak
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load for the wider specimens. Although not shown in the table,

the strain and stress level of the initial load peak for the

65% RH GRP were not altered by increasing the specimen width. The
excessive increase in failure strain observed for the boiled KFRP was
due primarily to strain after the peak load. At the peak, the

strain was a more reasonable 2.8%.

The relatively weak dependence of strength and

failure strain on the specimen width may be

explained by the fact that the edge effects are quite low for

+45° Taminates in comparison to laminates with lower fibre angles(9,130).
Certainly the strengths and failure strains of the 65% RH 10mm specimens
are fully representative of values reported in the literature(34,130,
147,148) ,revealing no unexpected shear weaknesses for any of the
laminates. The standard 10mm wide specimens were therefore judged

as acceptable for the fatigue test programme. The only doubt concerned

\
1
|
|
\
|

the KFRP laminate which did show a somewhat greater sensitivity to
specimen width than the other two laminates. A Timited number of
comparative fatigue tests were therefore run on 20mm wide 65% RH
KFRP specimens to assess the importance of the edge effects on

measured fatigue life. These results are reported in Chapter 7.

5.4 SENSITIVITY TO LOAD-RATE

It is clear from Tables 5.1 to 5.4 that the tensile properties

of some of the composites were sensitive to the rate of loading.
Figure 5.22 shows that while the strengths of the 65% RH CFRP and
KFRP 0/90 laminates were basically unaffected by varying the loading
% rate over 4 orders of magnitude, the GRP laminate exhibited a

strong rate dependence of about 75 MPa per decade of testing speed

over this range. This is equivalent to a strength increase of 9 to 13%
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(depending on the reference strength) per decade. Although not
shown, the modulus was not significantly altered since the

failure strains were also increased with load-rate.

Table 5.6 summarises the effects of loading rate on the tensile
strengths for all the laminates and standard environmental
conditions reported in Tables 5.1 to 5.4. Changes in strength are
assumed to be proportional to the logarithm of load-rate as
indicated by the 65% RH GRP laminate in Figure 5.22. The 0/90 CFRP
and KFRP remain insensitive to testing rate, irrespective of
environmental conditioning, Although the strength increase for

the boiled GRP is only about one half of that for the 65% RH and
dried material, the values are similar when expressed as per-

centages of the respective strengths.

The rate-dependence of reinforced plastics is often associated

with the resin matrix. However the fact that the CFRP and KFRP were
not significantly affected by testing speed indicates that the
increase in strength for the 0/90 GRP is due primarily to the
properties of the fibres which control the behaviour in this lay-up
and, as explained in Chapter 2, are known to be rate sensitive,

unlike carbon and Kevlar fibres,

The rate-dependence of E-glass fibres results from their susceptibility
to stress corrosion damage at the surface (Section 2.3.1b) and has

been reported by Metcalfe and Schmitz(71) to be about 300MPa per
decade over the appropriate range of strain-rates. This represents

about 10% of the strength of their fibres, which were very strong.
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They also observed that strength effects in individual fibres
due to corrosion damage were proportional to the fibre strength.
A limited study at Bath into the rate-dependence of single glass
fibres (50mm gauge-length) taken from rovings of commercial
Silenka E-glass and with strengths more representative of those
used in the laminates, has indicated a strength gain of 104 MPa

per decade, about 7% of the fibre strength.

These fibre values compare well with the percentage strength
increases for the 0/90 GRP Taminates and also with those for fibre

controlled GRP composites reported elsewhere(99,114,149).

Any direct contribution made by the resin to the composite
rate-dependence should be negligible(31,149) and well within

the tensile strength scatter bands of the 0/90 Taminates.

The +45° Taminates showed a moderate increase in strength with
testing speed. The increases for the GRP were generally no greater
than those for the other laminates, indicating presumably that the
effect was due primarily to the matrix rather than the fibres

in this orientation.

5.5 COMPARISON OF SPECIFIC PROPERTIES

Since high performance composites are of primary importance in
situations where weight must be kept to a minimum, the measured
tensile strengths and moduli for both the 0/90 and #45° laminates
(65% RH, slow loading) are compared in Table 5.7, after normalising

for their different specific densities. Some values for typical
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engineering materials are also included. It is clear that even in

the cross-plied lay-up, the specific properties of the CFRP and

KFRP Taminates are excellent, although only in the main fibre

directions. The Tlower specific properties and lower cost of the

fibres makes GRP something of a compromise choice where weight

saving is not of the utmost importance.
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CHAPTER 6

STATIC FLEXURE TESTS



The results for the static bend tests are reported in this Chapter.
Short beam shear was used to measure the effect of environment on the
ILSS. Flexural strengths (required for comparison with the Avery
flexural fatigue data) were obtained in 4-point bending, 3-point
bending and Avery flexure, although only the 3-point bending actually

produced flexural failures for all of the laminates.

6.1 SHORT BEAM INTERLAMINAR SHEAR TESTS

The ILSS data, calculated from the measured failure loads using
the simple beam theory equation for 3-point loading (Appendix 2,
Equation A2.3), are presented in Table6.1 and Figure 6.1. (The
data provide a qualitative guide to the shear properties rather

than absolute values of the shear strength).

Drying from 65% RH caused significant reductions in the ILSS of
all the laminates (Table 6.1). Furthermore, the GRP and KFRP

were both weakened by boiling water exposure, although the CFRP
was little affected. Despite the difference in failure modes, the
results tend to confirm the observation made for the +45° tensile
tests that the optimum shear strength occurs in the intermediate

condition,

The lay-up plays an important rolein the interlaminar shear failure

of 0/90 laminates since it results in a different, more complex failure
mode to that exhibited by unidirectional composites and this makes
interpretation of the results difficult. A typical failure is shown in
Figure 6.2 (for 65% RH CFRP). In addition to the expected delamination at

ply interfaces, the failure exhibits cracks in the 90° plies, but unlike
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the transverse ply cracks in normal tensile tests these cracks are formed
at an oblique angle to the 0° plies. Such a failure mode is charac-
teristic of interlaminar shear failures in cross-plied laminates(81, 107,
109,150,151). Morris(150), who worked on an eleven ply carbon/epoxy
laminate of identical lay-up and thickness to that used here, demonstrated
that the oblique cracks can be accounted for by the position and
orientation of the maximum principal stress in the layers and that it is
these cracks that initiate failure. The shear, and thus the resolved
tensile stress component, is greatest through the central ply. In other
plies, the flexural stresses are non-zero and therefore affect the
angle of the cracks such that they remain orthogonal to the resolved
tensile stresses in the ply. The ILSS reported in Table 6.1 are generally
Tower than the values expected of unidirectional material, where cracking
is confined to the shear mode parallel to the fibres. This can be explained
by the low strength of the plies transverse to the fibre direction

(Table 2.2). This is particularly poor in the case of KFRP where fibre

splitting can also occur.

As for the *45° tests, the effect of moisture on the strength depends

on a number of factors, including resin plasticisation, changes to the
residual thermal stresses, degradation of the interfacial bonding and,

in some instances, fibre weakening. On the basis of the failure mode, it
would appear that factors affecting the strength of the transverse plies
should be particularly important. Drying tends to increase the residual
thermal stresses (Chapter 5) and might therefore be expected to lower the
load required for the formation of the oblique transverse ply cracks. In
KFRP debonding or fibre splitting may occur as a result of the mismatch in

fibre and resin swelling coefficients. Drying also tends to make the resin
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more brittle, less compliant. While immersion in boiling

water causes a relaxation in the residual thermal stresses, other
mechanisms must be acting which weaken the composites. Any resin
plasticisation should reduce the strength of the ply interfaces and
also increase the importance of any weakening of the fibre-matrix
interface (or the fibres). It may be that since the principal tensile
stresses are not parallel to the neutral plane, any drop in transverse
strength is reflected more directly than in normal tensile loading
(where the high modulus longitudinal plies limit the stresses in the
transverse plies). The retention of ILSS by the CFRP during boiling
may indicate that the fibre-matrix interface is less susceptible to
degradation than for the other two materials. It also indicates that
degradation of the matrix properties, whether by plasticisation or,
more permanently, by resin cracking or chemical breakdown, is not
great. This is in accord with the 4-point bend test and Avery flexure

results that follow.

6.2 4-POINT BEND TESTS

Under 4-point bending, the CFRP and KFRP failed in a shear mode and

the GRP in a flexural mode, irrespective of environmental conditioning.
The 'apparent' flexural strengths (Table 6.2) and shear strengths
(Table 6.3) were calculated using Equations A2.2 and A2.3. Only

the maximum flexural stresses survived are reported for the CFRP and
KFRP. The effect of moisture content on the 4-point bend‘strengths for
each of the laminates must be considered separately according to the

failure mode (Figures 6.3 and 6.4).
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It should be noted that only those specimens tested at the two lowest
moisture levels (dried and 65%RH) and the highest level (boiled

for 4 weeks) had been brought to equilibrium with their conditioning

environments. The others (boiled for 2 weeks or less) had non-uniform
moisture distributions, with falling moisture concentrations moving

away from the surface into the specimen.

Typical load-deflection curves for all three laminates (65%RH) are

presented in Figure 6.5.

6.2.1 Shear Failures - CFRP and KFRP

a) Failure mode

The CFRP and KFRP Taminates failed by interlaminar shear in the
highly consistent pattern shown schematically in Figure 6.6. The

mode was basically similar to that in the ILSS tests (Section 6.1)
and involved oblique transverse ply cracking in the 90° plies
(initiated just outside the central span) and delamination along

the adjacent 0/90 ply interfaces. Often these modes were not

confined to single events or just one side of the specimen as depicted
in the figure. The interlaminar shear cracks usually propagated into
the region between the inner load points and along the full length

of the specimen. The location of the oblique cracks, close to one

of the central load points and in the second 90° ply from the tensile
surface (rather than in the mid-ply where the shear stresses were
greatest) indicates that the tensile flexural stress, which wasquite
large in this region (but zero along the mid-plane) influenced the
failure. This was substantiated by a steeperangle to the oblique

cracks.
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Further evidence indicating the importance of the flexural

stresses is provided by the fact that the 4-point bend shear
strengths reported here are lower than the short beam ILSS values.
Ideally the shear strength should not be affected by 1loading span
(Equation A2.3). However, Figure 6.7 shows that the calculated ILSS
(for 65%RH CFRP) falls as the S/d ratio (and thus the magnitude of
the flexural stresses) is increased and that the 4-point bend

shear strength is similar to the ILSS provided that the equivalent

span is based on the outer sections only (S = 31.75mm).

The usual reservations apply to the calculated 4-point bend test data,
particularly since failure did not actually occur at the neutral

or mid-plane nor in a truly interlaminar shear mode. Also, while the
flexural load-deflection curves for the CFRP (Figure 6.5) were basically
linear to sudden failure, the KFRP showed non-linear response above about
one half of its maximum load and the specimens were permanently de-
formed after bending to large deflections, unlike the other two
laminates. This can be explained by the known poor non-Tinear
compressive behaviour of this material(79,111,152), caused by fibre
buckling or kinking which was most prominent under the central
(compression) load points. This damage, illustrated in Figure 6.8, was
noticeable mainly after the peak load (upon which the calculation of

the shear strength was based) and might therefore be expected to have
influenced the strength measured. Indeed, it could be argued

that the specimens had already failed in a flexural modeat the
compression surface by fibre microbuckling prior to shear failure.

No similar damage was observed for the CFRP.
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b) Influence of Environment

It is difficult to draw any firm conclusions about the effect of

moisture on the strength of the laminates from Figure 6.3.

The data for CFRP show a great deal of scatter, although there is
an indication that the mean strength was slightly higher at
intermediate moisture contents, corresponding to short periods in
boiling water (less than 24 hours, at which the moisture was not
evenly distributed throughout the specimen). The KFRP exhibited
far less scatter but was not significantly affected by drying or
boiling water except for a small reduction in strength close to
saturation (after 2 weeks conditioning). The extremely complex
failure mode inhibits analysis of the data, and while the effect
of moisture appears to be basically consistent with the interlaminar
shear test results, it is much less pronounced. This may reflect
the increased importance of the flexural stresses in these tests.
The lack of any significant effect of moisture on the flexural
strength is in agreement with the observations of Allred(79)

for a quasi-isotropic [i45,0/90]6 KFRP Taminate, although his
results suggest that there may be a significant reduction in

strength at elevated temperature (150°C).

6.2.2 Flexural Failures - GRP

a) Failure Modes

The GRP, which failed in a flexural mode, showed a much greater
dependence of strength on moisture content in 4-point bending
than the CFRP and KFRP laminates. At low moisture contents, failure

occurred progressively by cracking and delamination (into thin strips)
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of the surface ply on the compression side, initiated at the two
load points and confined to the region petween them. Often
random multiple interlaminar shear failure occurred before total

failure of the outer ply was complete.

At higher moisture contents the mode changed and tensile surface ply
cracking became evident such that compression and tension surface
failures initiated almost simultaneously at about 0.9% moisture
(corresponding to 24 hours in boiling water). Above this, only

tensile failure occurred, by progressive cracking and strip delamination
within the central span of the outer ply. At or near saturation

(2-4 weeks in boiling water) failures were sudden and much more
localised, usually adjacent to one of the central load points. There

was little longitudinal cracking.

b) Influence of environment

Since failure was dominated by two different modes, Figure 6.4
has been divided into two parts, each with a distinctly different
slope,and separate straight lines have been drawn through the

two sets of data, crossing at the point where compression and

tension ply failures were initiated simultaneously.

The failures indicate that at low moisture contents the effective
compression strength was below the tensile value, causing failure
to occur at the compression surface. The results show a gradual

reduction in compression strengthwth increasing moisture content.
This was presumably due to reduced support provided by the matrix

against fibre microbuckling - associated mainly with interfacial
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degradation rather than increased resin compliance since the
flexural strength of the CFRP in boiling water was hardly

affected (Section 6.4) - and reduced buckling strength of the fibres
themselves. Also, it must be assumed that the compression performance
was influenced by the stress concentrations or damage at the inner
load points, since failure for the 65%RH 3-point bend test and

Avery fatigue test specimens (Section 6.3 and Chapter 8) occurred at
the tensile surface. In Chapter 5 it was shown that while drying had
little or no effect on the tensile strength of the 0/90 GRP,

boiling was much more damaging. This is reflected by the slope for
the tensile failure mode in Figure 6.4, which is more severe than
that indicated for the compression mode. Thus failure occurred at
the tensile surface when the tensile strength had fallen below the
effective compression value, which was for moisture contents above

about 0.9%.

6.3 3-POINT BEND TESTS

The 3-point bend strengths, calculated using the simple beam
theory Equation A2.1, are given in Table 6.2 for the 65% RH
condition. While all failures occurred under the central load

point in the flexural mode, the details differed for each laminate.

The :CFRP failed by cracking (and subsequent delamination) of the
outer ply on the compression surface. By contrast, the GRP

failed by jagged fracture (accompanied by extensive cracking
parallel to the fibres and delamination) of the outer tensile ply.

Initially, failure for the KFRP appeared to be at the tensile surface,
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but close examination showed buckling and cracking of the
outer compression ply also. Damage in boiled KFRP was confined

to the compression surface.

Fracture at the tensile surface for GRP and the compression
failures for CFRP and KFRP correspond to the modes normally reported
for these materials and as such, reflect the relative magnitudes
of their tensile and compressive strengths. Although the values
reported in Table 6.2 are useful, the simplified analysis used in
their calculation means that they bear little resemblance to the
‘true' flexural strengths and are not strictly comparable. This is
highlighted by the GRP, where the shorter span reduced the non-
linearity in the load-deflection curve (which was common to all
the Taminates) and increased the calculated strength.

6.4 AVERY FLEXURE TESTS

Table 6.2 includes 65%RH bend strength data for specimens tested

in static flexure using the Avery machine.

The tests were performed primarily to obtain static flexural
strength data for comparison with the flexural fatigue results
obtained using the same machine. The surface stresses were calculated

using simple isotropic beam theory as explained in Appendix 2.

The CFRP failed in compression by cracking initiated in the outer
ply at both grip points and delamination at or close to the first
ply interface. The angle of flexure at failure for the three

specimens tested was within the range 28° to 31°,
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The stresses quoted in Table 6.2 for GRP and KFRP are the

maximum attained, since the flexural failure strains of these
laminates were outside the range of the machine which was limited

to flexural angles of about 50° in static bending (and only 24° in
fatigue). This necessitated the use of independent 3 and 4-point bend

tests (Sections 6.3 and 6.2) to enable estimation of the bend strengths.

The flexural stress noted for KFRP is only very approximate. The material showed
'significant ¢creep effects such that the flexural surface stress at constant

deflection decayed even.over aperiod of a few minutes (Figure 6.9).

Also the flexural load-deflection curves were non-linear, presumably
due to the non-linear compressive behaviour of this material
resulting from 16w stress level kinking or buckling of the Kevlar

fibres as occurred also in 3 and 4-point bending.

The CFRP and GRP showed no such creep and their load-angular

deflection curves were basically linear throughout.
Preconditioning in boiling water for 3 weeks slightly increased

the flexural strength of the CFRP from 0.9 to 1.0 GPa (mean of 3

tests), although the failure mode was not altered.
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6.5  EFFECT OF 3/d RATIO

The results in Sections 6.1 to 6.3 show clearly the trend from shear
to flexural failures as S/d and thus the ratio of flexural to shear
stresses is increased. It can be shown that the flexural stresses

in the surface plies at shear failure in the short beam shear tests
(S/d = 5/1) were well below the longitudinal strengths shown in
Table 2.2. Similarly, the predicted shear stresses at flexural failure
in the 3-point flexure tests (S/d = 30 or 40/1) were much lower than
those that caused shear failure in the other bend tests. For the
intermediate 3/d ratio of the 4-point bend tests (°/d = 23/1

which is equivalent to 11.5/1 in 3-point bending) the ratios of
flexural stress to flexural strength and shear stress to shear
strength were more evenly matched. The different failure modes can
be accounted for by the different ratios of flexural to shear
strength for each of the laminates. This is evidently lower for the

GRP than for the CFRP,

The use of different bend tests and geometries makes comparison of
the flexural strengths difficult and also inhibits comparison with
the longitudinal tensile strengths. This is because flexural loading
gives greatest weight to the material at or near the surface and,
additionally, simple beam theory underestimates the flexural

stresses for the 0/90 laminates tested (by up to 35% for the CFRP and
KFRP). The results from the 3-point, 4-point and Avery flexure

tests are discussed further in Chapter 8 in conjunction with the

flexural fatigue results.
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CHAPTER 7

TENSILE FATIGUE TESTS



The tensile fatigue results are presented in the form of

S-TogN (cyclic stress versus log cycles to fail) curves. The

static tensile strengths, taken from Tables 5.3 and 5.4, are

plotted conventionally at one half-cycle and represent the strengths
of the laminates in monotonic loading when tested at the load-rates
used in the relevant fatique tests. This approach is particularly
important for materials, such as the GRP, where the strength

variation with load-rate is large.

S-TogN curves for the laminates in the 3 standard environmental
conditions form the basis of the results reported in this Chapter.
Additional fatigue tests are reported where they help in the

interpretation of previous results or are of particular interest.

7.1 TENSILE FATIGUE PERFORMANCE OF 0/90 CFRP

Figure 7.1a shows that the tensile fatigue performance of the (/90

CFRP was not significantly affected by any of the standard environmental
exposures. The fatigue resistance is generally excellent with

a reduction in fatique strength of only 3-4% per decade of cycling.
Although the results exhibit some degree of scatter this is not
unexpected in view of the relatively flat nature of the S-logN curves.
There is a tendency for the fatigue curves to flatten slightly upon
extrapolation to the tensile strength scatter bands. Such behaviour

is not uncommon and as explained for the GRP and KFRP laminates
(Sections 7.2 and 7.3) reflects the importance of static rather than
dynamic failure mechanisms at low cycles. The data show no clear

sign of a fatigue. limit at 107 cycles.
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It appears that (as reported elsewhere ( 68,81,94,96))the environmental
and fatigue insensitivity of the carbon fibres in the 0° plies
dominates the fatigue performance and that any environmental de-
gradation of the matrix, interfaces or changes in the residual and
transverse ply cracking stresses are of little importance. It may

be that the impact of any such effects is limited also by the low

working strains of this composite.

The appearance of fractured specimens was generally similar to
that in monotonic loading, although splitting of the longitudinal

plies tended to be more extensive in the high cycle regime.

A characteristic of the high cycle tests in particular was

the formation of strip type delaminations in the surface plies
during cycling. These formed early on (usually within the first
third of the total life) and multiplied and grew progressively
along the gauge-length as cycling continued until failing at the
end-tabs, commonly well before final specimen fracture. Although
neither longitudinal ply splitting nor delamination were observed
in normal monotonic tests (Chapter 5) it is known that this type
of damage can be induced by fatigue loadings(34,101,127). Jamison
et al(127) have shown that Tongitudinal splits are often nucleated
at the tips of transverse ply cracks and accompanied by local
delamination at the ply interface. They suggest that this is due
to the transverse tensile stress component generated at the crack
tip and that delamination is caused by the out-of-plane tensile
stress components of both the transverse ply cracks and the
longitudinal splits which are additive and therefore greatest

where the cracks intersect.
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A series of fatique tests were carried out on 65% RH CFRP in the
90/0 Tay-up to see if the presence of 90° plies on the outside
improved the fatigue performance by shielding the inner 0° load
bearing plies from stress concentrating effects associated with
the glued-on end-tabs at the grips and also by preventing

strip delamination of the type observed in the outer plies of
the 0/90 laminate. As Figure 7.1b shows, the fatigue results for
the 90/0 specimens lie within the scatter of the 0/90 data when
normalised to account for the lower tensile strength in this
orientation, indicating that the above mentioned effects do not

significant]y alter the fatigue performance of this material.

7.2 TENSILE FATIGUE PERFORMANCE OF 0/90 GRP

7.2.1 Influence of Environment

The tensile fatigue curves for the 0/90 GRP, shown in Figure 7.2a,
indicate that boiling causes a large reduction in the low cycle
fatigue strength of this material. However, there is no observable
difference in the fatigue resistance of specimens in the dried
condition compared to those conditioned at 65% RH. This reflects
the similarity in monotonic properties and, as in the case of

the CFRP, indicates that differences in the residual thermal
stresses and moisture content of the matrix are of little
importance with regard to the ultimate fatigue resistance of

the laminate in these conditions and orientation.

The fatigue curves for the GRP in the 65% RH and dried conditions
are non-linear, becoming flatter at very high stress levels
(for the extrapolation to the monotonic strength) and also at very

Tow stress levels where there is a tendency towards a fatigue
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limit at about 0.1 GPa. Since the load-rate was the same in all
the tests and heating effects should not have been important at
the 100kN/s load-rate used(114), it appears that in this case
the non-linearity in the S-logN curves is genuine and cannot

be accounted for by inconsistences in the testing conditions

in the manner proposed by Sims and Gladman(114) and Mande11(87).
The S-shape of the curve is in fact very similar to that
presented by Dharan(36) for a unidirectional glass/epoxy
laminate. Dharan's tests were also conducted under constant (low)
loading rate conditions to ensure against rate and heating
effects, and like the results in Figure 7.2 do not support the
view that the S-1ogN curvesfor GRP composites areinvariably linear
with no signofa fatique 1imit. In fact, as Figure 7.3 shows,
the fatigue results (excluding the static strength) closely
follow a power law relationship and the fatigue life (Nf) can

be predicted quite accurately using the following expression

TogNg = 22-7 Tlogo

where o is the maximum stress per cycle (in MPa). Dharan's(36)

fatigue results also produced a linear logS-logN plot.

The fact that the monotonic tensile strength falls below a linear
extrapolation of the S-logN curve at high stress levels, despite
the use of similar loading rates, is not surprising since it is
shown in Section 7.2.2 that stress-rupture or creep damage (i.e.
damage that occurs under constant load as opposed to that caused by

actually cycling the load) plays an increasingly important part in
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limiting the strength at high stress levels. At 590 MPa, the
‘slow' static strength, the fatigue life is approximately

100-200 cycles.

The S-1ogN curve for the boiled GRP shows greater linearity

than for the 65% RH and dried laminates. The slope of the curve

is also less steep indicating a slower build-up of fatigue damage.
Although the shallower slope might be expected because of the
much reduced monotonic strength and the corresponding reduction
in fatigue strength at shorter lives, what is surprising is the
fact that the curves cross so that for cyclic stress levels be-
Tow about225MPa (i.e. for fatigue lives greater than 10° cycles)
the boiled material actually survives more fatigue cycles

than the drier laminates.

Figure 7.4, which shows the fatigue curves after normalising

to the appropriate tensile failure stresses for the different
preconditioned states, indicates that the relative fatigue
resistance of the boiled GRP is superior to the drier laminates
over the full range of Tifetimes investigated and that in the
work reported here the differences in fatigue performance

cannot simply be resolved in terms of reduced monotonic strength.

Because the common S-1logN curve for the drier GRP Taminates is
non-linear, it is not possible to characterise the slope by a

single value of the ratio ;i (as defined in Chapter 2). However,
f
a value forélé of 0.16 (i.e. a 16% strength loss per decade of
f
cycles) gives a good indication of the slope for the initial
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part of the curve (before the curve deviates towards the fatigue limit)
while the ratio is closer to 0.13 if all the fatigue data points are
considered. By contrast, the value for the boiled laminate is only

0.074. These values differ quite significantly from the ratio of 0.1
proposed by Mandell and his co-workers (87,116) for a wide variety of
glass fibre reinforced composites. Far from the degradation rate being
constant and independent of factors such as the interfacial bond strength
and the matrix, the large reduction in the normalised slope of the fatigue
curve suggests that boiling water conditioning results in significant

changes in the mechanisms of damage build-up during cycling.

In absolute terms fatigue lifetimes approaching those of unconditioned

specimens have been reported previously for weakened moisture
conditioned GRP specimens at low cyclic stress levels(115,153,154).
For example, Sims and Gladman(115) have presented results for

a finely woven 0/90 glass/epoxy laminate which showed that

while the monotonic tensile strength was reduced by 24% after
immersion in boiling water for 64 hours, the long Tife (above 104
cycles) fatigue results were indistinguishable from those for
unconditioned specimens. Boiling caused a reduction in the

slope of the normalised S-logN curve (i.e. rate of degradation)
although not to the same extent as that shown in Figure 7.4.
However the authors gave no indication of the variation in
strength and moisture content with immersion time and it

is likely that both the magnitude of the reduction in monotonic
strength and the effect on the slope of the fatigue curve would
have been greater if the period of boiling had been longer.

Sims and Gladman found that conditioning in water at room
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temperature for 100 days caused only a minor (5%) loss in

strength and that the slope of the normalised S-logN curve was unaltered.

The reason for the reduced fatigue sensitivity of the GRP laminate
after boiling water conditioning is not totally clear. There is
no reason to expect the mechanisms governing the development of
fatigue damage in the composite, and thus the relative importance
of the fibres, resin and interface in controlling this, to be the
same as those governing the monotonic tensile strength, which
depends primarily on the strength of the fibres. Thus, if the
properties of the components of the composite are altered, as in
boiling, a reduction in the monotonic tensile strength does not
necessarily mean that there 1is a corresponding fall in the
relative fatigue resistance. That the rate or mechanisms of
damage accumulation and/or the state of damage causing final
fracture are altered by boiling, as indicated by the superior
lifetimes of the boiled material, is confirmed by the difference

in shape of the residual strength curves presented in Section 7.5.

A number of effects may contribute to the superior fatigue

resistance of the boiled laminate. It is possible that resin
plasticisation by moisture may improve the crack growth resistance
and Tong life fatigue strain of both resin and composite(37). However,
the lack of any notable effect of moisture content on the fatigue
response of the CFRP Taminate and the GRP in the drier conditions
suggests that matrix plasticisation, which is probably small for

Code 69 at room temperature,is of little importance by itself.
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Similarly, the relaxation of residual thermal stresses by resin
swelling and plasticisation (Chapter 5) appears to have little
direct influence on the fatigue performance. Boiling may be
expected to weaken the interfacial bonding, thus reducing the
stress transfer capacity of the interface. Consequently stress
concentrations in the vicinity of resin microcracks or broken
fibres should be reduced. The range of fibre strengths is also
altered by boiling. In conclusion, the improved fatigue performance
probably derives from a combination of the effects mentioned

above. One possibility is that the 'critical crack nucleus' size
for failure is larger in the boiled condition (or the rate of
growth is lower). Such concepts have been discussed in Reference P1,
including comparisons with the CFRP. The relative fatigue

performance is discussed further in Section 7.7.

The failure appearance in fatique was generally similar to that in
monotonic loading. There was again a tendency towards more localised
failures for the boiled specimens. In the high cycle tests the accumulation
of damage, in the form of Tlocalised delaminated regions with central
cracks of obvious fibre damage, was often observed well before final
specimen fracture. However, none of the specimens exhibited the outer

ply strip delamination characteristic of the CFRP(and KFRP)

laminates. This presumably derived from the smaller mismatch in

transverse and longitudinal ply properties for the GRP.
7.2.2 Stress-Rupture Tests

The dependence of the tensile strength of the 0/90 GRP Taminate

on load-rate indicates that time under load has a strong effect
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on the performance of this material. The stress-rupture curve

for 65% RH specimens confirms this (Figure 7.5). There is an
approximately linear drop in strength with the logarithm of

time of about 6% per decade over the range investigated. It

has been shown that such strength losses can be explained by

stress corrosion weakening of the load bearing glass fibres(69,87,116),
although there may also be a minor contribution from viscoelastic

relaxation effects in the matrix(119).

Figure 7.5 also includes the dynamic fatigue data (R = 0.1) for

the 65% RH GRP laminate. These data points are the same as

those in Figure 7.2a except that each has been divided by the
appropriate testing frequency in order that it can be plotted

on a time to failure basis. It should be noted that for these

results the stress represents the peak stress per cycle rather

than a constant stress level as in the stress-rupture tests and

that the time spent at or close to the peak is actually far less

than the total time to failure. Bearing this in mind, some interesting

observations can be made.

It is clear that for most stress levels cycling the load causes
failure over much shorter time periods than continuous exposure

to the peak load. Generally the mechanisms of stress-rupture

appear to be much less damaging than thoseof cyclic loading and
time under load appears to have little effect on the fatigue life.
Harris(86) drew the same conclusion from tests on a unidirectional
glass/polyester composite using AE monitoring. Under constant load,

AE activity died out rapidly while for fatigue cycling to the same
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stress level, emissions continued at a rapid rate.

Figure 7.5 indicates that the fatigue 1ife exceeds that in
stress-rupture only at very high stress levels. Thus raising

the peak load should be expected to increase the influence of
creep damage (and thus dependency on frequency and waveform
shape). This presumably explains the deviation of the

fatigue curve at high stress levels to the monotonic tensile
strength since this is determined by the time-dependent mechanisms
that also control the stress-rupture strength rather than

those mechanisms dominating the cyclic response.

7.2.3 Differences Between Static and Dynamic Fatigue Degradation.
A number of experimental observations confirm the differences between
static and dynamic loading and the small effect of time under load

on the fatigue resistance of the GRP laminates.

1) The fatigue lives in tests using a triangular waveform were no
greater than in the sinusoidal tests (Figure 7.2b) despite the

fact that in the latter the load-rate and thus the instantaneous
tensile strength varied throughout the cycle, with relatively long
periods under high loads and low loading rate. For the sine wave,

the maximum rate of loading is at the quarter cycle (i.e. at one

half of the peak Toad) where it is about 50% greater than the average
value (of 100 kN/s). The rate falls to zero as it approaches the peak
Toad and the situation is reached where the instantaneous strength
falls below the current stress level. Specimen failure does not

necessarily fiollow however, since the rate-dependence of strength
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actually depends on the growth of corrosion damage in the glass
fibres with time under load and in the fatigue tests, particularly
at lower peak stress levels, there is insufficient time per cycle

for significant damage of this type to occur.

2) Figure 7.2b shows that increasing the minimum stress level in
the fatigue tests to one half of the peak value (so that the stress
ratio R = 0.5) whilst maintaining the rate of loading at 100kN/s, had
little effect on the fatigue performance of the 65% RH GRP laminate.
There is a small increase in fatigue life (by a factor of the order
of 2-3 at all stress levels) but the shape of the curve and the
degradation rate (g%-) are not altered significantly. Thus, despite
the increase in the average load levels and time close to the peak
load, lifetimes continued to be dominated by dynamic fatigue mechanisms.
This is in agreement with the results of Mandell et al (87,116), who
found that there was very little change in the normalised slope

of the fatigue curve for stress ratios between 0.1 and 0.7. For

stress ratios above this (i.e. as the alternating stresses became

even smaller and the average stress level approached the peak value)
the slope fell rapidly, ultimately to the value for the stress-rupture
curve (plotted at R = 1). This correlates well with the results
reported here. The fall in slope marks a change in the dominant damage
mechanisms from those operating in dynamic fatigue, which become

less important as the alternating stresses are reduced, to those
controlling the creep-rupture strength. Mandell attributed the effect
of increasing the R value to reduced abrasion damage to the fibres

caused by interfacial movements during cycling.
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3) The fatique life was generally insensitive to cycling

frequency within the range 1 to 25Hz.

4) Prior creep damage had no effect on the fatigue life
even in cases where specimens had been preloaded for times within the

stress-rupture scatter band (Figure 7.6).

Instantaneous tensile preloads as high as 0.7 GPa (80% of the monotonic
tensile strength) did not alter the residual fatigue lives of the

GRP Taminate in the 65%RH condition (Se€tion 7.4.1). It was therefore
of interest to determine whether damage sustained under constant load
for various proportions of the stress-rupture life affected the
residual fatigue performance. The tests were limited to 2 stress
levels, 0.53GPa (Figure 7.6a) and 0.58GPa (Figure 7.6b), which

gave stress-rupture and fatigue failures over fairly short time
periods. Specimens were subjected to the chosen static creep load

for different periods of time (indicated by the x-axis in the
figures) and then fatigue tested (R = 0.1) to the same stress level
until failure (indicated by the y-axis). The residual fatigue lives
for the predamaged specimens were all close to the values for

the undamaged material (plotted at zero time under preload).

The results highlight differences between the damage sustained

under static and fatigue loading. Metcalfe and Schmitz (71) have

shown that glass fibres themselves exhibit no reduction in

strength for most or nearly all of their stress-rupture lives.

While the composite stress-rupture strength is controlled by the fibres,

fatigue damage is initiated in the resin or at the interfaces and
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involves progressive weakening of the composite on each cycle.
Thus, although the GRP can sustain preloads very close to the
static strength or for a high proportion of the stress-rupture life
without the fatigue performance beingsignificantly affected, both
residual monotonic strength (Section 7.5) and stress-rupture life

(Figure 7.6c) are reduced by prior fatigue cycling.

7.3 TENSILE FATIGUE PERFORMANCE OF 0/90 KFRP

7.3.1 Influence of Environment

The fatigue curves for the 0/90 KFRP were non-Tinear in all three
standard environmental conditions (Figure 7.7a). The data points
show considerable scatter although the trend is clear (and similar)
in each case. At higher stress levels (within 10 to 20% of the
tensile strength) the fatigue performance is excellent, if somewhat
unpredictable owing to the scatter in strength, with a very flat
S-TogN curve extrapolating to the appropriate tensile strength
scatter band. However, at Tower stress levels, corresponding to
fatigue Tifetimes beyond about 104 cycles, there is a drastic
reduction in fatique resistance as indicated by the sharp downturn

or 'knee' in the fatigue curves.

Over most of the stress range the 65%RH laminate appears to have

the best fatigue performance and the dried laminate the worst.

The fatigue data are replotted in Figure 7.7b after normalising to the
respective tensile strengths for each condition. A1l the data fall
within the same fairly wide scatter band indicating that environmental
conditioning does not affect the basic mechanisms of fatigue damage or

the downturn in the S-TogN curve. The differences in the curves simply
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reflect the effect of conditioning on the tensile strength.

The 'knee' in the S-TogN curve is particularly unfortunate in view of the
fact that the low cycle fatigue performance is superior to that of

the other Taminates. It also places serious doubt on the future
usefulness of KFRP laminates in primary structural applications

where large alternating loads are expected and illustrates the

dangers involved when extrapolating fatigue data from short

lifetimes. It is clearly important to try to identify the cause of the
rapid increase in degradation rate and to confirm that the effect

is not simply due to the testing arrangement or particular testing

conditions used.

7.3.2 'Knee' in S-1ogN Curves

a) Possibility of damage to surface plies or autogenous heating

associated with test techniques

It has generally been recognised that unidirectional KFRP possesses
excellent fatigue performance, with a linear S-logN curve approaching
that of CFRP (77,87,155). Such behaviour is not consistent with the
results reported here however. In appearance the fatigue failures
resembled (but were possibly more extensive than) those in monotonic
loading and exhibited considerable splitting of the broken fibres.

There were no obvious differences (Figure 7.8a) that could be associated
with the change in slope and environmental conditioning

did not significantly alter the fracture mode. However, longitudinal
strip delaminations were observed in the surface plies early in the

tests at low stresses. These were similar to those which formed in the
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CFRP specimens and continued to grow as cycling progressed.

In order to investigate the possibility that the delamination

damage was responsible for the poor high cycle fatigue performance, a
series of fatigue tests were carried out on 65%RH samples in the

90/0 orientation i.e. with the fibres in the surface plies angled

at 90° to the load direction. These were similar to the tests
performed on the 90/0 CFRP (Section 7.1). The results are included

in Figure 7.7b where all data are normalised to the appropriate
tensile strengths. As for the CFRP, the data points all fall within the
scatter band of the 0/90 Taminate. The outer 90° plies were seen

to eliminate the delamination mode of damage and effectively shielded
the 0° plies from any stress concentrations or abrasion damage

near the end-tabs and grips. Since the 'knee' in the fatigque curve

is still present, these factors clearly did not affect the overall

fatigue performance.

Another possibility is that the high cycle fatigue performance was
limited by hysteretic heating effects causing the composite to
deteriorate prematurely. Such effects have been well documented for
GRP(114). Cycling to 0.6GPa at 3Hz caused surface temperature

rises of up to 30°C in the fatigue tests on the 65%RH material.

The higher frequencies used for the lower stress levels could

have led to even greater temperature increases, although the use

of a constant average rate of loading should have helped to avoid
any serious problems of this kind since even at 0.3GPa (the lowest
cyclic stress level tested for this laminate) the frequency was only

6.2Hz.
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Roylance (19) has published results which lend support to the
view that hysteretic heating did not influence the fatigue
performance at the cycling rates employed here. She found that
increasing the test frequency from 4.5 to 10Hz had no measurable
effect on the fatique lifetimes of a unidirectional Kevlar/epoxy
composite (V§ = 0.7) cycled to high stress levels (1.1 GPa),
despite an increase in the surface temperature from 40°C to over
100°C. This is presumably explained by the excellent thermal
stability of the fibres and also the resin, which was of a type
similar to Code 69. Miner et al (156) found that increasing the
frequency from 10 to 30Hz however can lead to reductions in the

fatique 1ife of unidirectional KFRP.

Bunse11(21) has shown that after the first loading cycle Kevlar
fibres themselves behave elastically with almost no creep or
hysteresis, and that internal heat generation is negligible even

at 50Hz. Roylance(19) has suggested that (in addition to the

contribution made by theresin) hysteretic heating results from the rubbing

together of the internal fracture surfaces of the Kevlar fibres
which sustain longitudinal splitting damage during cycling. In this
case the autogenous heating would appear to occur as a result of

the fatigue degradation rather than to be a cause of it.

b) Support for 'Knee' in the Titerature

Having concluded that the 'knee' in the S-TogN curve is genuine,
and not simply a consequence of the testing techniques used, its
cause still needs to be established. Furthermore, the discrepancy

with the Tinear S-logN curves normally reported for KFRP needs
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to be accounted for. In fact, surprisingly few original data

actually appear to have been published concerning the tensile fatigue
performance of KFRP. The earliest and most widely quoted results are
those of Miner et al (156), for a unidirectional Kevlar/epoxy
laminate (Vf = 0.63, R = 0.1) tested at the rather high cycling

rate of 30 Hz. The fatigue curve, which included run-outs at 107
cycles, exhibited a strength reduction of approximately 4-5% per
decade of cycles (which predictably is greater than that for

Kevlar yarn) but showed no sign of a downward curvature similar to

that reported here. However, the authors also presented limited fatigue
data for a Kevlar fabric reinforced/epoxy laminate in the same

paper. The results are reproduced in Figure 7.9. Although the tensile
strength was not reported, it is clear that the data might be

better represented by a curve of the type shown in Figure 7.7 rather

than the straight line used by Miner et al.

More recently, Roylance(19) fitted a straight line to her quite
extensive tensile fatigue data for a unidirectional Kevlar/epoxy
laminate cycled at 10Hz (R = 0.1) in both dry and wet conditions.
The strength loss was approximately 6.5% per decade of fatigue
cycling in both cases. Straight sided specimens were used, as in the
work of Miner et al, although to fit the linear extrapolation of
the fatigue data the monotonic strengths of the normal specimens
were considered to be too low and higher values obtained using
special 'streamline' specimens of different design were plotted
instead. The results for the dry specimens ( straight sided only)

are replotted in Figure 7.9. The points clearly indicate a downward

129



curvature similar to that reported here. The wet specimens (not
shown) exhibited a similar trend although they reflected the higher
tensile strength previously noted for Roylance's material in this
condition (Chapter 5). Roylance (19) concluded that the fatigue
resistance, which was Tower than predicted, resulted from abrasion
damage to the fibres caused by fretting not only at the internal

surfaces of split fibres but also at the fibre/matrix interfaces.

Further support for the 'knee' in the fatigue curve is provided by

the recent results of Hahn and Chin (90,157,158) which also

show an increase in the slope of the S-logN curve below about 80% of the
tensile strength (typically for fatigue 1ives greater than 10° cycles).
These tests were performed at 4Hz on a unidirectional composite

(Vf = 0.65, R = 0.1) at both room temperature and at 75°C, the

latter having little effect on the fatigue performance. Increases

in surface temperature of up to 15°C were recorded but were not

considered to be a problem.

Thus, the majority of published data tend to confirm the downward
curvature of the tensile fatigue curve for KFRP, although this is
not always clear from the presentation of results. It appears that
the effect derives fromthe 1oad bearing 0° plies rather than as a

consequence of the cross-plied lay-up.

c) Stress-rupture (time-dependent) effects

The increase in slope at the 'knee' of the S-logN curve suggests
a change in mechanism governing the fatigue life. Figure 7.10 shows

the 65%RH fatigue data plotted on a time to failure basis.
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Also included in this figure are the results from stress-rupture tests
in which 0/90 KFRP specimens were held under constant load until
failure (or the test was terminated). The KFRP exhibited very good
resistance to creep-rupture with only a very small reduction in
strength over the time span investigated. This can be attributed

to the known good resistance of Kevlar fibres themselves(69,74) and
contrasts markedly with the far inferior performance of the 0/90

GRP Tlaminate under similar conditions (Figure 7.5).

For lifetimes before the knee in the fatique curve (i.e. below

104 -3 x 104 seconds) there is relatively little difference between
the fatigue and stress-rupture data. Beyond this however the curves
diverge rapidly with the creep failures showing no sign of a

downward trend similar to that in fatigue loading. Since the time
under load in the stress-rupture tests is much greater than the effec-
tive time at an equivalent load in the cyclic tests, the poor fatigue
resistance of the KFRP at lower stress levels cannot be attributed to
creep damage. Creep is far more likely to be important in the

high stress region of the fatigue curve where the slope and

thus fatigue sensitivity are Tow.

d) Effect of minimum cyclic stress (R - ratio)

For a stress ratio R of 0.1, the fatigue performance of the KFRP

may be summarised as follows. At high stresses, before the knee,

the fatique strength seems to be limited by mechanisms closely related
to those which determine the monotonic strength. These presumably
depend primarily on the initial defects and the stress-rupture

behaviour and their comparative insensitivity to load cycling is
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reflected in the relatively shallow slope of the fatigue curve

in this region, The specimens apparently survive too few cycles
for progressive fatigue damage to cause failure. Beyond the knee
however, the cycle dependent mechanisms dominate, as indicated
by the much steeper slope to the S-logN curve. Failure now occurs
in too short a time period for the previous, much less severe
static mechanisms to be important. In many ways the situation is
comparable to the competing stress-rupture/fatigue mechanisms

operating at high stress levels in GRP,

It can be inferred from the preceding discussion that the

fatigue performance should be sensitive to the cyclic stress ratio.
A small number of fatigue tésts were therefore performed with

the minimum stress level raised to one half of the peak, i.e. R = 0.5.
The results, Figure 7.7c, show a dramatic improvement in high cycle
fatigue life, far greater than that shown by the GRP under the same
circumstances (Figure 7.2b). The effect on the fatigue curve appears
to be an extension of the flat upper region. There is no sign of a
'knee' over the limited stress range investigated, fatigue lives

at 0.6GPa being raised by a factor or 10 or more. Since the loading
rate was maintained at 100kN/s, the high fatigue Tives confirm that
autogenous heating at the higher frequencies is not deleterious

to the fatigue performance.

e) Influence of environment

It is somewhat surprising that environmental conditioning had
no obvious effect on the position of the 'knee' in the fatigue curves.

However, the scatter in results could mask any small effects and since
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the change in slope occurs gradually it is hard to define the knee
accurately in any case, The fact that the normalised data overlap
may indicate that the low stress, cycle dominated damage occurs
earlier in the dried and boiled conditions, as might be expected.
However, since the damage caused by both environmental conditioning
and fatigue loading is complex and not fully understood, it is
difficult to predict how the two should interact and their subse-

quent effect on the fatigue curve.

7.4 EFFECT OF PRELOADING DAMAGE ON RESIDUAL FATIGUE PERFORMANCE

OF 0/90 LAMINATES
7.4.1 Effect of Preload Only
Only the GRP and KFRP were tested in the 65%RH condition after
preloading. As Figures 7.11a, b and c show,there does not appear to be
any significant effect of preload on the residual fatigue performance
of either laminate. This is in general agreement with results reported
elsewhere (115,159,160) for fibre dominated laminates preloaded

at up to 90% of their static strength.

Secondary damage similar to that in monotonic loading, such as

transverse ply cracking and longitudinal ply splitting, occurs

at lower stress levels fn fatigue (34,101,121,126,127) and it has

been suggested that such damage may lead to weakening of the load

bearing plies during cycling(101,127). Transverse ply cracking was
observed early in the fatigue life for the GRP and presumably also for the
other laminates, at all stress levels investigated, and this most likely
explains the absence of any effect of preload. For the fatigue loading

of undamaged specimens, a level of damage equivalent to that produced
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by preloading should be reached after relatively few cycles and
these should be insignificant on a logarithmic life plot.
Alternatively, the results may indicate that secondary crack

damage has little or no effect on the fatigue performance.

7.4.2 Effect of Preloading and Boiling

The fatigue lives for the preloaded and boiled CFRP and KFRP

specimens are similar to those for the undamaged samples (Figure 7.11c
and d). Although the data points for the preloaded CFRP fall largely
near the bottom of the scatterband for the undamaged material, it

had been necessary to cut these samples from a laminate sheet

that was slightly weaker than the others and one that was not used

for any other tests.

The arguments put forward in the previous Section are also applicable
here, except that since moisture tends to relax the residual stresses
in the laminate, fatigue induced secondary cracking might be expected
to build up at a lower rate in these boiled specimens. Even if

access of moisture to the load bearing fibres in the longitudinal
plies were increased by preloading damage, any effect should be
limited since thé carbon fibres are not degraded by moisture and the

Keviar fibres are already rapidly saturated.

The fatigue results for the GRP preloaded to 0.4GPa prior to boiling fall
on the curve for specimens boiled without preload (Figure 7.11a). As in
the case of the CFRP and KFRP, preloading damage did not lead to an
increase in the damage (weakening) resulting from subsequent boiling
water exposure, presumably because cracking was confined to the non

load-bearing transverse plies,
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The GRP specimens preloaded to 0.7GPa did suffer extra damage

during boiling however, as indicated in Figure 7.11b. Both the monotonic
strength (Table 5.3) and the S-logN curve fall substantially below

those of the composite boiled without preload, although the two curves
converge at the lower stress levels (long Tifetimes). The reduced
performance must derive from damage introduced into the longitudinal
plies during the preload. In particular the longitudinal splitting and
fibre-matrix debonding should expose the load bearing glass fibres

to increased attack by water. It was shown in Chapter 4 that such damage
results in an enhanced rate of moisture uptake in the composite

whereas when damage is confined to the transverse plies alone as in

the case of the 0.4 GPa preload, the rate of water ingress is little
affected. There is also the possibility of matrix cracks im the tongitudinal
plies transverse to the 1dad direction at such high strains although-

microstructural examination did not reveal significant damage of this type.

It appears that the lower fatique strength of the preloaded specimens
is simply a reflection of the degraded tensile strength and that
the mechanism controlling the long-life fatigue resistance of the

boiled laminate is independent of preload.

7.5 INFLUENCE OF FATIGUE LOADING ON THE RESIDUAL STRENGTHS OF

0/90 LAMINATES
An assessment of the strength loss as a function of cycles endured
can provide useful information regarding the mechanisms and build-up of
fatigue damage. This section summarises the results from a limited
investigation that involved the measurement of the residual monotonic

strengths of 0/90 specimens that had been cycled to various stress levels
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and proportions of the predicted lives. The loading rate was the

same as that used in the fatigue tests.

A full presentation and analysis of the residual strength results
is given in References P1 and 146. Clearly, strength losses can
only occur between the monotonic strength at one half-cycle (of)
and the cyclic stress level (o). Thus the residual strength ratio

can be defined as

. (og -0)
Og -0
where Op is the residual strength measured after n cycles. Since
these losses occur between one half-cycle and the fatigue life (Nf)
corresponding to o, the cycle (or log-time) ratio can be defined

similarly

_ (Tog n - 1og 0.5)

0
t= TTog Nf- Tog 0.5)

For each material/condition examined it was found that the shapes of
the residual strength against cycles endured (oR vs logn) curves were
basically similar and could be superposed if the above normalising
procedures were adopted to account for the stress-dependence of the
rate of damage accumulation. All residual strength data could be

presented by single interaction curves of the general form

where x and y are curve fitting parameters and are unique to each material.
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These curves and the appropriate values for x and y are shown in

Figure 7.12.

There appear to be important differences in the mechanisms of

fatique degradation for all three laminates and for the boiled and

drier GRP, but in each case the basic response is little affected by
stress level. The GRP shows the classic 'wear-out' behaviour expected of
this material, with early reductions in strength accelerating as

cycling (plotted logarithmically) continues. Boiling appears to delay
the onset of significant degradation however. The strength of the CFRP
remains unaffected by cycling until just before failure, when

there is a sudden rapid loss of strength. The KFRP shows wear-out

behaviour similar to the GRP,

7.6 TENSILE FATIGUE PERFORMANCE OF +45° LAMINATES

The fatigue results for the *45° laminates in the three standard
environmental conditions are presented in the S-logN curves shown
inFigures 7.13 to 7.15. It is clear that the #45° laminates were
much weaker in fatigue than their 0/90 counterparts. This reflects
the differences in monotonic strengths (Chapter 5) and the fact that
in the +45° orientation the performance is limited by the resin and
interface rather than by the much stronger and stiffer fibres.

The fibre type therefore had much less influence on the fatigue

properties than in the 0/90 orientation.

The failures were localised and generally similar to those in monotonic

loading, although there was a tendency towards more extensive secondary
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damage, in the form of debonding and cracking parallel to the fibres

away from the fracture surface, particularly for the high cycle tests.

7.6.1 CFRP

Compared to the 0/90 laminate, fatigue cycling was far more damaging in
the #45° orientation. Furthermore, while the fatigue properties of

the 0/90 CFRP were unaffected by environmental conditioning, the #45°

laminate was weakened both by drying and boiling water exposure (Figure 7.13).

Figure 7.13 shows that the effect of conditioning was only significant ai
short lives,where the performance reflected directly the relative tensile
strengths. At 1ongtlives, the fatigue curves merged, indicating that
changes to the residual stress state, matrix plasticisation (or
interfacial bonding) brought about by environmental conditioning were of
little importance in this range. When normalised to the appropriate
tensile strengths all three curves show a slope of approximately 7 to 7.5%
loss in strength per decade of cycles (compared to a value of

only 3-4% for the 0/90 CFRP). Thus it appears that the basic

mechanisms of fatigue damage are not affected by environmental

exposure.

It is worthy of note that, allowing for small differences in the
overall strengths, the results for the 65%RH condition compare
closely with those reported previously by Sturgeon for 40mm wide

8-ply +45° HT-S/epoxy specimens(130,131,133).
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7.6.2 GRP

As in the case of the CFRP, the fatigue results for the +45° GRP
(Figure 7.14) reflect the domination of the resin in this

orientation., The 65%RH results for the *45° CFRP and GRP are

compared in Figure 7.16, where it can be seen that the two sets

of data overlap. This reflects the similarity in tensile strengths and
also the strains to the (initial) peak load for these two materials
and emphasises the fact that the fibres, with their very different

mechanical properties, are of secondary importance.

Drying had little or no effect on the fatigue properties of the GRP.
Although this contrasts with the reported deterioration for the CFRP,
it is consistent with the relatively small reduction in the monotonic
tensile strength, Boiling, on t he other hand, reduced not only the
tensile strength but also the fatigue properties throughout the
stress range so that even at long lifetimes the boiled performance
was inferior to that for the drier conditions. Thus, when the data are
normalised to the appropriate tensile strengths, the slope of the
S-1ogN curve for the boi]ed specimens is slightly steeper than the
slopes for the dried and 65%RH samples (éi = 0.09 compared to

0.08 for the drier 1éminates). This indithes that the fatigue
degradation mechanisms are more severe in the boiled condition,
presumably due to the fact that the fibres themselves are involved

in the failures. For the CFRP, where the fibres were not degraded

by boiling, the normalised slope of the fatigue curve was unaffected.
Thus fibre fractures appear to be associated with a lowering of the
fatigue Timit in the *45° orientation. However, it should be

emphasised that fibre degradation is much less important than in

the 0/90 GRP, particularly at shorter lifetimes.
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It is interesting to compare the normalised fatigue performance of the
+45° GRP with that of the 0/90 GRP, sincethe latter was found to be
weakened by fatigue loading to a far greater extent than the 0/90
CFRP. Figure 7.4 confirms that in the 65%RH and dried conditions

the fibre controlled 0/90 GRP is actually more fatigue sensitive than
the +45° laminate. Of course, for a specific load level, the 0/90
laminate has superior life and in fact the tensile strength of the
+45° specimens is below 150MPa, the Towest stress level for which

fatigue failures in the 0/90 orientation were recorded.

The normalised +45° curves actually correlate well with the 0/90

GRP in the boiled condition, for which the slope of the fatigue curve
(é%) is 0.074. This could be interpreted as an indication that the
resin/interfaces play dominant roles in the fatigue response of the
boiled 0/90 laminate whereas the fibres are more important in the
drier conditions since they allow the composite to attain high strain
levels and thus a steep slope to the S-logN curve. The curves for the
+45° and boiled 0/90 laminates are certainly less steep than would

be expected from the value of éi- = 0.1 predicted by Mandel11(87,116)

f
for fatigue failures dominated by the glass fibres.

7.6.3 KFRP

The fatigue performance of the +45° KFRP, shown in Figure 7.15, was
inferior to that of the other two materials in all three standard
environmental conditions. This is high]ighfed in Figure 7.16 for the
65%RH laminates. The Tower fatigue strength can be attributed to the
lateral and shear weakness of the Kevlar fibres themselves, as

indicated by the split or torn fibres in the fracture surfaces. This
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was also the cause of the poor monotonic strength (Chapter 5). In the

+45° orientation, the fatigue performance is dominated by the weakest
or most fatigue sensitive part of the composite. Normally this is the
resin or interface. However, for the KFRP (and presumably the GRP

in the boiled condition) it appears that the fibres are so weak

that they initiate or accelerate the damage leading to failure. That
the fatigue curves do not show the characteristic 'knee' of the 0/90
KFRP is explained by the fact that the stresses and damage mechanisms

are completely different in the +45° orientation.

The KFRP exhibited its best fatigue resistance in the 65%RH condition,

with the drying and boiling water treatments both reducing the low

cycle performance by roughly similar amounts. Presumably this is

related to the effect of moisture on both the epoxy matrix and the

fibres as discussed for the monotonic tensile results. At high Tifetimes

the three fatigue curves converge, as in the case of the CFRP but

at a lTower stress level consistent with the fibre damage mode,

indicating that the main effect of conditioning is on the monotonic strength
rather than the basic fatigue mechanisms and level of the

‘fatigue limit'.

As for the monotonic tests, shear cracking and delamination damage
tended to initiate at the specimen edges as a result of the out-of-
plane stresses in these regions. This presents the possibility that
fatigue life could show a dependence on specimen width. Figure 7.15
includes a small number of results for 20mm wide KFRP specimens in

the 65%RH condition. Within the scatter of the data, which is generally
greater for the KFRP than for the other two materials, there appears

to be no obvious effect of specimen width on the fatigue strength.
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7.7 FURTHER COMPARISONS OF FATIGUE PERFORMANCE OF 0/90 LAMINATES

7.7.1  Comparison of Slopes of Fatigue Curves.

The 65%RH fatigue data for the 0/90 CFRP and GRP laminates are
compared in Figure 7.17 with typical fatigue curves for unidirectional
composites reinforced with the three common types of carbon fibre(93)
and with E-glass fibres(87). The curves are directly comparable

since differences .in strength have been eliminated by normalising to
the monotonic strengths. Thus it is reasonable to assume that any
effect of the transverse plies, and associated damage, on the

fatigue resistance and accumulation of damage in the 0° plies would
result in a deviation of the 0/90 data away from the unidirectional

fatiqgue curve for the same fibre type.

Most of the data points for the CFRP lie fairly close to the
unidirectional HT-S (Type II) line (and well above the transverse
ply cracking stress level in monotonic loading,Figure 5.10b),
indicating that mechanisms operating in the longitudinal plies only,
presumably matrix fatigue cracking, control the fatigue behaviour.
However, close examination of the results shows that at Tonger lives
there may be a tendency for the 0/90 data to fall below the unidi-
rectional curve. Such behaviour might be expected if stress con-
centrating effects of the transverse ply cracks or delamination at
the crack tips accelerate the rate of accumulation of critical

fibre damage in the longitudinal plies, in the manner proposed by Talreja(98)
and Reifsnider and his co-workers (101,127). The behaviour
would indicate a change in the way in which the critical level of
damage in the longitudinal plies is built up, with that initiated by
the transverse plies becomingdominant after large numbers of cycles.

It could after all indicate an effect of the characteristic outer ply
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delamination observed in the high cycle tests and in any case
highlights the dangers associated with the extrapolation of fatigue
curves from data obtained at short lifetimes only. It should be

emphasised though that the effect (if present) is small,

The results for the 0/90 GRP fall below the unidirectional curve
(plotted with a slope é%- = 0.1, after Mandell (87,116)) throughout
the range tested, indicating a much stronger effect of the transverse
plies in this case. Presumably the stress-rupture sensitivity of the
fibres and differences in the local stress system compared to the
CFRP lead to accelerated localisation of fibre damage in the longi-
tudinal plies adjacent to the transverse ply cracks. Figure 7.18 presents
photomicrographs showing possible evidence of such an effect. The
behaviour is consistent with Reifsnider's model (101,127) rather than
that of Mande11(87,116) where the normalised fatigue performance
should not be affected. The data for the boiled GRP fall somewhere
between the lines for the unidirectional GRP and XA-S CFRP in

Figure 7.17. The problem with Figure 7.17 is that it takes no

account of the cyclic strains, although these actually control the

fatigue response.

The normalised slopes of all the curves are compared by plotting
against the static failure strains in Figure 7.19. The strains for

the unidirectional composites are assumed to be similar to those
measured for the 0/90 laminates. There appears to be a simple linear
relationship for the unidirectional composites, and the 0/90 CFRP falls
on this line. The linear relationship might be expected from the

critical strain model of Talreja, which indicates that the slope is
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governed by the range of working strain above the fatigue Timit. It
follows that there is actually no reason to expect the line

drawn through the points in Figure 7.19 to pass through the origin.
The 65%RH and boiled 0/90 GRP both lie above the line, confirming
that for this material the slope and thus the degradation rate is

increased by the presence of the transverse plies.

7.7.2 Importance of Cyclic Strain

To examine the effect of cyclic strain onthe fatigue performance in
more detail, the S-logN curves for the laminates in the three standard
environmental conditions are plotted in Figure 7.20 against maximum strain
rather than stress. Of course, under load control as in these tests,

any reduction in modulus during cycling causes an increase in the
alternating strain. Previous authors, such as Dharan(36) and Talreja(98),
have tended to ignore this when plotting their data. Consequently the
strains given in Fiqgure 7.20 are only meant as a guide. They were
calculated using the modulus as given by the monotonic strength divided
by the failure strain for each of the laminates and conditions. Thus,
for 65%RH GRP, which shows a distinct drop in modulus after failure

of the transverse plies in monotonic loading, the calculated strain

at a particular stress level is generally somewhat higher than that
obtained in a normal monotonic test. Since transverse ply cracking
builds up rapidly early in the fatigue Tife at all the stress levels
tested, the secondary modulus gives a better indication of the

average cyclic strain,
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a) GRP and CFRP

The curves in Figure 7.20 confirm the {mportance of

cyclic strain.on the fatigue performance. They can be interpreted
according to Talrejas(98) critical strain theory, falling from the
tensile strain scatter bands down through the region of fatigue
failures to limiting strains at high cycles which, although generally
similar, appear in detail to depend on the actual laminate and environ-
mental condition. It is not possible to be certain of these Timiting
levels because of the uncertainty regarding the true cyclic strains
at long lives (for example, although the drier GRP laminates show

the lowest limiting strain, they should also exhibit the greatest
reduction in modulus during cycling). However, on the basis of the

curves shown, some observations can be made.

None of the composites exhibited failures below 0.6% strain,

which was the limiting strain for the drier GRP Taminates. This
coincides with the fatigue 1imit proposed by Dharan(36) and Talreja(98)
for cracking in the epoxy matrix and hence for fatigue failure of
unidirectional composites. However, it was suggested in Section 7.7.1
that the critical damage in the longitudinal plies of the GRP is that
caused by the cracking in the transverse plies, initiated by trans-
verse fibre debonding. The fatigue limit for transverse debonding has
been quoted at around 0.1% strain(81,98) although this value actually
depends on a number of factors, including the interfacial bond strength,
the modulus of the resin, the transverse modulus of the fibres, the
fibre volume fraction and any residual strains present. Talreja has
noted that where failure for 0/90 laminates is induced by 90° debonding

and delamination, the fatigue 1imit is commonly around 0.46%c. This
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should also be sensitive to the factors mentioned above and additionally
to the actual way in which the longitudinal plies are weakened. Thus

it seems more likely that the CFRP, which appeared not to be

greatly affected by the transverse plies, gives a better indication of
the fatigue limit for the resin, at approximately 0.8% strain. No fatigue
data for Code 69 resin are available, but in view of the high rigidity

of Code 69 compared to Dharan's resin, Shell Epon 815, this value

seems reasonable. Curtis and Moore(117) have quoted a limiting fatigue
strain of 0.8 to 1% for unidirectional glass and carbon (XA-S) reinforced

composites using Ciba-Geigy type BSL913 epoxy resin.

The observation that extensive preloading damage (transverse ply
cracks, longitudinal ply splits) does not affect the residual fatigue
lifetimes, even at very low cyclic stress levels (Section 7.4)
confirms that the initiation of such damage is not in itself critical.
The cracks only become important if they develop during cycling 1in a
way that is deleterious to the strength of the composite. Even in the
case of the GRP, preloaded to 0.7GPa and then boiled, degradation can
be attributed to the reduced static properties, the high cycle fatigue

performance and limiting fatigue strain remaining unaffected.

Generally, the GRP possesses superior lifetimes to the CFRP, indicating
a greater tolerance of matrix fatigue damage. This is primarily due

to the higher strain capacity of the glass fibres. Only at low levels,
where the different limiting fatigue strains become important, does

the CFRP survive more cycles,
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Figure 7.20 shows that the limiting strain for fatigue failures in the
boiled GRP is above that for the drier laminates, which is consistent
with the cyclic stress plots (Figure 7.2a). Previously it was suggested
that this could indicate an effect of moisture on the build-up of
fatigue crack damage in the 0° plies and a change in the size of the
‘critical nucleus' of fibre breaks precipitating fracture. The analysis
presented in this section suggests an additional mechanism. Boiling
reduces the level of residual thermal stresses (thus increasing the
transverse ply cracking strain, Chapter 5), and weakens the interlaminar
bonding (Chapter 6) and might therefore be expected to reduce the
stress concentrating effects of the transverse ply cracks on the
longitudinal plies. The limiting fatigue strain, although higher, is
still below the level for the CFRP, supporting the supposition made
from Figure 7.19 that the transverse ply cracks continue to influence
the fatigue performance of the 0/90 GRP in the boiled condition. The
CFRP, being far less sensitive to transverse ply cracking, is not
affected by moisture. This could indicate that moisture actually has
little effect on the fatigue cracking in the resin (in the longitudinal
plies). Tests on unidirectional composites, otherwise identical to the
0/90 laminates, would indicate more clearly the importance of trans-
verse ply crack damage and help to differentiate between effects due to
this and effects confined to the longitudinal plies alone.

The trend towards higher limiting strains, from the drier GRP to the
boiled GRP to the CFRP, corresponds to the trend away from wear-out
towards sudden-death type failures. It also reflects the trend towards
lTower normalised slopes to the S-logN curves and reduced ranges of
cyclic strain in which fatigue failures occur. It should be noted

that the limiting cyclic strains discussed above are those at 106-‘107
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cycles rather than true fatigue limits. Thus, it is possible that
the curve for the CFRP may fall to the level for the GRP, but
after very many more cycles consistent with the lower rate of

damage accumulation in this material.

b) KFRP

The 0/90 KFRP does not follow the pattern of behaviour set by the
other laminates. The slopes before the 'knee' of the S-logN curves
are shallower than predicted both when normalised to the monotonic
strengths and in terms of working strains. The strain-log life plots
in Figure 7.20 illustrate the resistance of the KFRP to fatigue.

The curves extend beyond those for the drier GRP, despite the higher
ultimate failure strain of the latter, and even at 106 cycles, which
is well beyond the ‘knee' in the fatigue curves, the KFRP survives
higher cyclic strains than either the CFRP or GRP. The accumulation of
fatigue damage in the matrix should depend on cyclic strain but not
fibre type. Thus the Kevlar fibres appear to have a greater tolerance
of matrix fatigue cracking and debonding, both in the longitudinal
and the transverse plies, than the brittle glass and carbon fibres.
It was suggested in Section 7.3.2 that the increase in the sliope of
the fatigue curve past the 'knee' indicates a general change in the
mechanisms controlling the fatigue life, the transition apparently
being from predominantly time-dependent to cycle-dependent failures.
The nature of the mechanisms operating in the cycle-dependent region
are far from clear however. The superior tolerance of cyclic strains
indicates significant differences compared to the CFRP and GRP,

for which the high cycle performance was evidently limited by fatigue
cracking in the matrix. Unlike carbon and glass fibres, Kevlar is

known to suffer damage and weakening under tensile cyclic loading(19,20,21,161).
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The damage is reported to occur by the development of splits along

the fibre length, at very small angles to the fibre axis. These

splits, initiated at surface or internal flaws, weaken the fibre by
gradually reducing the load bearing cross-sectional area(20,21).
Inevitably such splitting is more extensive than in normal static
loading (Figure 7.21(20)). Konopasek and Hearle(20) suggest that

cycling causes a general 'loosening' of the weak interfibrillar bonds,
which facilitates the formation of the splits. Thus the fatigue
performance of the KFRP should be strongly dependent on the build-up of

fatigue damage in the fibres themselves.

A number of authors have reported fatigue data for single Kevlar

fibres. It has generally been found that fibre weakening is relatively small
under tensile fatigue loading “(19,20,21,161); Roylance(19) has

reported a strength loss of approximately 1.7% per decade of cycles, and
there is no sign of a 'knee' in the S-logN curve similar to that exhibited
by the KFRP composites. Clearly therefore the performance of the

Taminate cannot be explained by the tensile fatigue properties of the
fibres alone. In the composite the fatigue 1ife may be undermined by

of f-axis loading of the fibres or fatigue damage associated with the

matrix.

Internal fibre damage, in the form of splitting or skin/core debonding
is likely under tensile Toading. Transverse tensile stresses in the
radially weak fibres will result from Poisson mismatch effects.
Although no data are available in the literature, it is Tikely that
the properties of the fibre skin, in particular the elastic, thermal

expansion and moisture expansion characteristics, differ from those
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of the fibre core. This will lead to the formation of residual stresses
within the fibres themselves and under tensile loading it is unlikely
that the stress distribution through the fibres will be uniform and

free from shear. In Chapter 5 it was suggested that such effects lead

to transverse fibre damage at relatively Tow stress levels in normal
monotonic loading. In fatigue more extensive damage would be expected.
There is also the possibility of fretting damage during cycling,

caused by relative movement both within the fibres and, where debonding
has occurred, at the fibre-matrix interfaces. Roylance(19) proposed

that such abrasion damage accelerates the deterioration of the fibres.
It is known that surface damage can lead to a reduction in fibre
strength(18) and that in contrast to glass and carbon fibres, Kevlar

is particularly sensitive to surface abrasion(16).

Consider also the effect of matrix f;tigue cracking, specifically a
crack whose plane is normal to the applied 1oad meeting a fibre which
is parallel to the load direction (Figure 7.22). Not only is there an
intensification of the applied stress at the crack tip (01), tending

to cause fibre fracture, but there is in addition an associated
transverse tensile stress (02) in the plane of the crack (which is at

a maximum just ahead of the crack tip) and a shear stress (t) parallel
to the fibre(9). These latter stresses, which depending on the relative
values of the Tongitudinal tensile, transverse tensile and shear strength
may cause debonding, will also tend to promote defibrillation and

fibre splitting in the KFRP. While such damage will absorb strain energy
and relax the stress concentration in the fibres, making complete trans-
verse fibre fracture less likely and thus reducing the relative sensi-
tivity of this Tlaminate to matrix fatigue cracking, it will nevertheless

tend to reduce the fatigue strength of the fibres themselves (fibre
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splitting being the major damage mode).

The substantial increase in the fatigue life obtained by raising

the stress ratio (i.e. raising the minimum stress for a given maximum
stress) is far greater than that reported for the 65%RH GRP. Over

the range R = 0.1 to R = 0.5 the high cycle fatigue life of the KFRP
is more sensitive to the cyclic amplitude than to the level of maximum
stress whereas for the GRP the reverse is true. There is insufficient
data to be certain of the actual extent of the improvement in fatigue
life. However, it is probable that the effect simply reflects the
response of the fibres to the reduced amplitude of oscillation.
Bunse11(21,61) found that increasing the stress ratio resulted in
appreciable improvements in the fatique life in tests on individual
Kevlar fibres. His data indicated that only for stress ratios below
about R = 0.3 did accelerated failures occur which could be reasonably
attributed to true fatigue mechanisms (internal fibre fretting was
suggested, in support of Roylance) rather than to simple creep. Thus
Bunsell's fibre results are consistent with the increased lives

reported here for the composites.

In addition to the reduced cyclic amplitudes, there is also the
possibility that the effect of increasing the R-ratio reflects the
absence of more serious damage caused by cycling to low stress levels.
Konopasek and Hearle(20) tested single Kevlar fibres in tensile fatigue
and found a reduction in performance in tests where the fibres were
allowed to go slack at the bottom of each cycle. Similarly, Hearle

and Wong(16) have shown that the tensile strength of Kevlar fibres is
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reduced by up to 25% in cases where the fibres have suffered

kinking damage as a result of repeated buckling. In both cases, the
compression stresses appeared to initiate or accelerate axial fibre
splitting and defibrillation, the major damage modes in tensile
fatigue. Thus, inthe composite, the possibility that the fibres
experience compression or bending at the bottom of each cycle (and
that this no longer occurs when the stress ratio is raised to 0.5)
must be considered. How these compression stresses could arise under
purely tensile fatigue loading is not clear however. For the drier
laminates, they could involve the original residual compressive thermal
stresses induced in the fibres during the cool down from the cure
temperature. The problem is that increasing moisture contents did
not alter the basic fatigue response, even though swelling should

have relieved the residual stresses.

Alternatively, they could occur as a result of relaxation effects

within the composite, especially after large numbers of cycles.

Significant tensile creep inthe fibres at high stress levels, over

and above any similar effects in the resin, could lead to fibre

unloading or buckling at the bottom of each cycle. However, data

published by Bunsel1(21) for single fibres suggest that Kevlar fibres

creep very little in fatique, perhaps up to 0.2% plastic strain during

the first few cycles but no more. Localised creep might occur within

the fibres themselves though, especially in view of the weak interfibrillar

bonding.

It is not possible to be certain of the shape of the fatique curves

for the 0/90 KFRP beyond 2-3 x 106 cycles, the highest level for which
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fatigue data are available, without further testing. However, data
points in Figure 7.7a do indicate that there may be a tendency for

the curves to begin to level off at very low stress levels, although in
view of the preceding discussion it cannot be assumed that the KFRP
possesses a fatigue 1imit determined by cracking in the matrix or

transverse plies, as for the other two laminates.

A very careful study would be required in order to confirm the mechanisms
of fatigue damage in KFRP. As already noted, there were no obvious
features of the fracture surfaces that could be positively attriibuted

to differences in fatigue life or stress-ratio, since extensive

splitting was common to all failures (Figure 7.8).

c) +45° laminates

It is interesting to note that, based on the first cycle stress-
strain relationship, the limiting cyclic strain for the 65%RH £45° GRP
and CFRP at 10° cycles is in the region of 0.4 - 0.45%, compared to
strains of approximately 0.7% and 0.9% for the corresponding 0/90
laminates. The *45° KFRP, being dominated by the fibre splitting mode,
has a limiting strain below those of the other laminates. Since it

is likely that the true strains are increased most in the +45° laminates
during cycling, and least in the 0/90 CFRP, it is possible that the
actual values are much closer together. However the difference in
stress states and failure modes between the 0/90 and +45° laminates
makes it hard to substantiate any proposal that the same mechanisms

limit the fatigue failures in each case.
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CHAPTER 8

FLEXURAL FATIGUE TESTS



Although fatigue testing of composites has been concentrated
mainly on the axial tensile mode, an important feature of fibre
reinforced plastics, in contrast to metals, is their relative
weakness under compressive loading. In service, compressive fatigue
stresses frequently occur as a result of flexural loadings and
can result in increased sensitivity of the composite to moisture.
Consequently flexural testing is not only a useful but also an
important method for assessing the effects of compressive fatigue

damage.

This part of the investigation is concerned with establishing the
flexural fatigue behaviour of the 0/90 laminates and the effect of
environmental conditioning upon this.

8.1 PRESENTATION AND ANALYSIS OF RESULTS

8.1.1 Variation in Flexural Stiffness with Cycles Endured
Figures 8.1 to 8.3 show the maximum surface stress as a function
of number of cycles endured. Since the tests were conducted under
conditions of constant cyclic angular deflection these smoothed

curves represent the change in stiffness with number of cycles.

The basic form of the curves is a period of initial stability

in which changes in flexural stiffness were small, followed at some
critical stage by relatively rapid (or at high stress levels quite
sudden) reduction in stiffness. Similar curves have been reported

by other workers for constant deflection flexural and torsional
cycling (68,80,109,162,163,164). The loss of stiffness,

which generally occurred earlier at higher cyclic stresses, was caused

by the onset of significant amounts of cracking and delamination
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associated with one of the surface plies, although the actual

mode depended on the Taminate concerned. Complete specimen fracture
or total separation did not occur in these deflection controlled

tests and the cyclic stress level stabilised at the much reduced level
carried by the inner undamaged plies. The CFRP and KFRP generally
failed at the compression surface and the GRP at the tensile surface.
The outer 90° plies on the tensile side exhibited extensive trans-

verse ply cracking for all three laminates.

The initial stable portions of the stiffness-cycles curves show some
interesting features. They are near horizontal for the GRP. Reductions
in flexural stiffness due to observed transverse ply cracking are small,
as might be expected in view of the through the thickness stress
distribution in bending. The curves for the CFRP are very similar to the
GRP at high cyclic stresses, close to the failure level. One

specimen, whose strength was actually above the statistical mean, shows
a quite rapid loss of stiffness from the outset and this must be
associated with actual surface ply damage and delamination. At Tow
stress levels however, the tendency is towards a slight increase in
stiffness before serious damage occurs. Such cyclic strengthening or
stiffening has been reported elsewhere for CFRP and is normally
attributed to small improvements in alignment of the load bearing

fibres(86,164), which in this case are mainly in the surface plies.

The response of the KFRP is complicated by non-linear time-dependent
behaviour associated with damage at the compression surface involving
fibre kinking or buckling. The static Avery flexure tests (Chapter 6)
showed that this becomes significant at around 40% of the estimated

flexural strength. The build-up of such damage may explain the
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progressive loss of stiffness for 65% RH specimens cycled at
stresses above this level (Figure 8.3a). The initial 100 cycle flat
portions are probably due to the lower cycling rate here, which
implies that an extrapolation back to the surface stress axis

(at % cycle) should give an indication of the maximum surface

stress in the case where little or no relaxation has occurred.

At low cyclic stress levels the corresponding changes in stiffness
are very much smaller, indicating that the stresses here are too low

to cause significant buckling or damage at the compression surface.

The curves for the boiled KFRP are basically similar to those for

the 65% RH specimens at high stress levels. They all show significant
reductions in stiffness with increasing cycles in the 'stable’

region. Although further curves at lower cyclic stress levels would
be informative, it appears that the compressive ‘'yield' strength is
reduced by the boiling water exposure. As discussed in Section 8.4
this is most probably due to weakening of the fibres themselves rather

than to any effects of resin plasticisation .

The calibration plots in Figure 8.4 show that environmental conditioning
did not affect the flexural stiffness (i.e. maximum surface stress on
the first cycle for a particular angle of flexure) of the CFRP and

GRP, but boiling caused a reduction in the stiffness of the KFRP,
Unfortunately interpretation of the flexural results for this material

is complicated by the non-linear time-dependent behaviour.
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8.1.2 S-logN Plots

a) "Failure criterion

Relative fatigue performance is most easily compared in the form

of stress-Tife (S-logN) curves. Since the flexural fatigue tests

did not result in specimen fracture or total separation, it was
necessary to use an alternative criterion for failure based on

changing specimen stiffness. Logically this would have been the upper
knee on the stiffness-cycles curve, but its position appeared to be
somewhat erratic. Therefore, an objective criterion for the life, shown
schematically in Figure 8.5, was chosen as the number of cycles to

the point at which the stiffness (maximum surface stress) had fallen

to 85% of its original, first cycle value. This ensured that 'failure’
occurred at a point on the curve where observable damage was causing
rapid stiffness loss. This was especially important in the case of KFRP
where there were significant stiffness reductions long before this.
Similar criteria have commonly been used in the analysis of fatigue
data in constant cyclic deflection tests in both torsion and
flexure(36,68,109,163,165) and are clearly relevant to composite
applications where the component stiffness is the primary design

requirement (for example, in leaf springs or rotor blades).

In the S-logN curves shown in Figure 8.6, specimen life (as defined
above) is plotted as a function of first cycle maximum surface stress.
The results appear to show a greater scatter than those obtained in

the axial fatigue tests, presumably because of the more complex failure
modes and the greater problems associated with establishing 'failure'.
The limited angular deflection of the Avery machine and the relatively

lTow flexural moduli of the GRP and KFRP meant that failures were only
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obtained after large numbers of cycles for these laminates.

b) Static flexure strengths

It is customary to include the static strengths on S-logN plots,
usually at one half cycle when the loading is in one sense only.

This facilitates comparison between the fatigue performance (and

in these tests the effect of moisture on this) and the relative static
strength. Since static failures using the Avery machine could only

be obtained for CFRP, it is necessary to use alternative flexural
strength data for the GRP and KFRP. Although flexural strength is
sensitive to test geometry, the 3 and 4-point bend test results
reported in Chapter 6 can be used to provide an approximation of

. the Avery flexure strength.

The 4-point bend test geometry is closest to, but not quite equivalent
to that of the Avery test. The mid-spans are quite similar (32 mm
compared to 42mm for the Avery) and both theoretically experience pure
bending moment. However the major difference is in the gripping
arrangement and the fact that inthe 4-point test, there are bending and
in particular shear stresses present outside the central span, whereas
for the Avery, deflection is restricted by the grips. This limits

the usefulness of the 4-point bend tests.

As explained in Chapter 6, true flexural failures in 4-point loading
were only obtained for the GRP-failuresfor the CFRP and KFRP were
initiated by the shear stresses outside the central span. Thus, in
Figures8.6a and b, the static flexural strengths measured in the Avery
are plotted for the CFRP while for the GRP the 4-point bend strengths

are used, Although the failures for GRP in Avery fatigue were at the

158



tensile surfaces for both environmental conditions, in static 4-point
bending only the boiled material showed a similar mode of failure
since damage in the 65% RH specimens occurred at the compression
surface initiated at the inner load points. While the change in
failure mode for GRP in 4-point bending gave an indication of the
changing relative compressive and tensile strengths of this laminate
with exposure to boiling water, such behaviour is not absolute since
it depended on the loading geometry and damage or stress concentration
effects at the inner load points. Failure in 3-point bending was at the
tensile surface and it is therefore probable that the failure mode
would have remained tensile in static flexure if greater deflections
of the Avery machine had been possible. Consequently, tensile 4-point
bend strengths have also been plotted. These were estimated from an
extrapolation of the results for the tensile surface failures shown

in Figure 6.4 to the moisture content at 65% RH.

3-point bend strengths are plotted for the KFRP in Figure 8.6c since
flexural static failures were not obtained in either 4-point bending
or the Avery machine. The standard boiling water conditioning lowered
the mean bend strength from 427MPa to 356MPa and caused the specimens
to fail at much reduced deflections. Similar strength losses in
3-point bending have been reported by Smith (43) for Kevlar fabric
reinforced epoxy specimens after exposure to 95% RH at 82°C

for 21 days.
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Although failure occurred at the compression surface as

for the high deflection Avery fatigue tests, the two flexure
tests have quite different 1oading-geometries. 3-point bending
tends to give higher 'flexural strengths' as evidenced by the
results for the CFRP and GRP. The strengths plotted are therefore

meant only as a rough guide.

c) Rate - effects

No attempt has been made to account for the fact that the

maximum surface strain-rates in static bending were much lower than
those in the flexural fatigue tests. The use of different bend tests
to measure the static and fatigue properties of the GRP and KFRP

meant that comparisons would be subject to considerable errors anyway.
In the case of the GRP, the difference in rates was about three orders
of magnitude - in fact similar to the difference in rates between the
'slow' tensile tests (Instron 1195) and the tensile fatigue tests

(Chapters 5 and 7).

8.2 FLEXURAL FATIGUE PERFORMANCE OF CFRP

The failure modes for the 65% RH and boiled CFRP specimens were similar

for both static and cyclic flexural loading. Localised transverse cracking

in the outer compression surface ply, initiated near one or both grip

points and delamination at or close tothe first ply interface (which effectively
blunted the crack, preventing further propagation towards the neutral

plane) led to reduction in stiffness. Sometimes longitudinal cracking

in the outer compression ply occurred. Initiation of failure at the

compression surface can be attributed tothe fact that the axial com-

pressive strength of unidirectional HTS-Code 69 at room temperature is

only about % of the tensile value (Table 2.2).
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The fibre micro-buckling mode is common to compressive failures of

most carbon/epoxy composites and is due to the relatively low shear
moduli of the supporting resins currently used for these systems(108).
At the high volume fractions associated with modern advanced composites,
the fibres tend to buckle 'in-phase’ and usually along two planes

in the form of kink zones with fibre rotation between the planes(9).

In fatigue, these zones propagate by fibre buckling followed by fibre
fracture (for carbon and also glass fibres but not Kevlar) and matrix
shearing. However the transverse plies in cross-plied laminates can,

as reported here, prevent the buckling damage from extending into the
specimen beyond the first ply (initially at least) by diverting the
crack along the ply interface as a delamination(166). The broken
fibres in the compression zones have been shown to exhibit the fracture
morphology of a single fibre broken in bending i.e. brittle

fracture in the tensile region and crushing or shear failure in the

compressive region of each fibre(9,36).

Fatiqgue failures occurred quite suddenly and without a more sophisticated
method to enable constant monitoring of stiffness, it was not possible

to stop a test and examine a specimen in the important period of

rapidly falling modulus. Polished microsections of specimens taken in

the prior stable region showed no evidence of compression surface damage,
although an accumulation of transverse ply cracking near the tensile surface
was observed (Figure 8.7). Localised delamination at the first ply

interface could well have precipitated buckling failure of the sub-
sequently unsupported surface ply in a manner similar to that reported

by Bader and Johnson(110) for a unidirectional multiplied laminate.

Similarly, Owen and Morris(167) found axial static and fatigue
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compression failures occurred by splitting along the ply interfaces
and buckling of the individual plies. Conners et al(168) have noted

a similarity between the normalised slopes to their compressive S-TogN
curves for 0/90 glass and carbon/epoxy laminates and those reported

by Owen(81) for interlaminar 1oéding and suggest that for these
systems compression fatigue could be governed by interlaminar

performance.

The 65%RH CFRP showed good fatique resistance in flexure, with a
fatigue strength at 106 cycles of approximately 65% of the static
flexural value (Figure 8.6a). This compares well with the 60%

recorded by Bevan and Sturgeon(109) for a carbon (II)/epoxy laminate

of similar lay-up in 4-point bending fatigue. The effect of boiling
water exposure on the subsequent flexural fatiqgue performance is not
clear owing to the considerable scatter in the results for the boiled
specimens. Although more results are required in order to make positive
conclusions, there does appear to be a trend towards a small increase
in Tife at long lifetimes and in static flexure. The reason for this

is uncertain since no such strengthening was observed in any of the
axial tests and, if anything, moisture would be expected to reduce the
compressive strength by reducing the matrix stiffness (and thus support
for the fibres against microbuckling) via plasticisation and perhaps

by weakening the fibre-matrix interfacial bondingi

While there is some evidence that moisture reduces the compressive
fatigue strength of fibre éontro]]ed CFRP laminates(169), mainly by
promoting delamination damage(94), a large number of authors have, in
practice, found moisture to have little or no significant effect on the

static and fatigue properties in either axial compression(141,168) or
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flexure(49,68,96). Gillat and Broutman(57) noted a small increase in
flexural strength for cross-plied CFRP. They suggested that this may

have been due to a relaxation in the residual thermal stresses (set

up by diffefentia] contractions during cooling from the cure
temperature) caused by the absorbed moisture. Specifically the small
compressive residual stresses in the longitudinal plies and the balancing
tensile stresses in the transverse plies are reduced with increasing
moisture content and may even change sign. Such a mechanism qou]d help

to explain the effect observed here. Presumably matrix plasticisation

and degradation of the interfacial bonding is limited.

8.3 FLEXURAL FATIGUE PERFORMANCE OF GRP

Flexural fatigue damage in the GRP was confined to the tensile side of
the specimen. In contrast to CFRP, GRP has often been found to possess
superior static and fatigue properties in compression than in tension
(9,168,170,171), as j]]ustrated by the constant 1life diagrams in

Figure 2.4. This has been attributed to the lower tensile strength

of glass compared to carbon fibres, which brings the uniaxial composite
tensile strength down below the compressive value. The latter, being
controlled substantially by matrix shear stiffness, should be fairly

similar to that for CFRP,

For 65% RH specimens, 'failure' occurred away from the grips by

the progressive growth of small random longitudinal delaminated strips
containing central cracks. These coalesced until sufficiently large
as to cause fracture of the outer ply which delaminated into thin

strands. The damage appeared to be initiated at transverse ply cracks,
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which were clearly visible in the adjacent 90° plies, possibly at
intersections with longitudinal splits in the surface ply. The general
form of the damage was very similar to that observed for the axial
tensile fatigue tests at long lifetimes and is discussed further in
Chapter 7. Generally the damage occurred earlier and at a faster

rate for higher angular deflections.

Figure 8.8 is a micrograph showing typical damage near the tensile
surface in flexural fatigue loading. This particular specimen had

6

experienced 10~ cycles at an initial maximum surface stress level

of 300MPa.

.Damage was more localised for the boiled specimens, with ply fracture
‘close tothe grips a.common mode especially at high stress levels

where strand delamination was much reduced (presumably as a conse-
quence of the shorter lifetimes). A tendency towards this type of
failure was shown by the 4-point bend test GRP specimens after prolonged
boiling, with damage in this case initiated adjacent to the inner load
points, and a more localised mode of failure was also observed for

boiled specimens in axial tension (Chapter 7).

Figure 8.6b shows that boiling water conditioning reduced the flexural
fatigue life of the GRP laminate at higher cyclic deflections but

at Tower levels the life was not affected or may even have been increased
slightly. On the basis of the fatigue results alone, the performance
appears to be good with fairly flat S-TogN curves and a much less drastic
effect of boiling water than in axial tensile fatigue loading. However,
since testing constraints meant that failures could only be obtained

in the high cycle regime, the fatigue results alone give a distorted
view of the laminate performance.
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The static flexural strength (4-point bending) was severely

reduced by boiling water exposure, with the boiled specimens exhibiting
only approximately one half of the strength of the 65% RH material.

This approaches the strength losses shown by the GRP in monotonic
tensile loading (and is again explained by weakening of the glass
fibres). The absence of any effect of the water boil treatment on

the flexural modulus (Figure 8.4b) is in agreement with the axial tensile
results. Extrapolating the fatigue curves back to the static flexural
strengths gives an indication of the low cycle behaviour and a new
perspective to the overall flexural fatigue performance. Comparison
with Figure 7.2a shows clearly that the fatigue response in flexure

and the effect of boiling water conditioning mirrors closely that in
axial tensile loading, as is to be expected in view of the failure mode.
The rate of degradation appears to be less severe in flexure though,
probably because these tests were under constant cyclic deflection

rather than load and different failure criteria were used in each case.

8.4 FLEXURAL FATIGUE PERFORMANCE OF KFRP

Whereas compressive buckling failures of carbon and glass fibres involve
brittle fibre fracture, Kevlar fibres yield and deform plastically with

the formation of buckling or kink bands on the compression surface. Such
damage is illustrated in Figures 2.1d-e. The stability of the fibre

is limited by weak interfibrillar bonding, which allows viscous re-
laxation to occur under applied compressive stress(15). Such deformation
of the fibres rather than the matrix explains the time dependent non-linear
load-deflection response of the KFRP in flexural loading (Chapter 6)

since similar effects were not observed for the CFRP and GRP. Similarly,

the increase in flexural compliance at large deflections after moisture
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conditioning must also be attributed to the fibres (where absorbed
moisture reduces the radial and shear properties) since the other
Taminates were unaffected, ruling out any direct contribution of resin
plasticisation. Allred (79) and Roylance(19) accounted for comparable

reductions in flexural strength and stiffness of KFRP in a similar way.

A11 KFRP specimens had a slight permanent set after flexural testing.
Figure 2.1e illustrates intra-fibre splitting in buckled Kevlar

fibres.

The vresults in Fiqure 8.6c show that the boiling water exposure caused

a small reduction in fatigue strength. This reflects the reduced static

bend strength and the fact that moisture lowers the flexural fatigue
performance of Kevlar fibres themselves(16). The different test geometries and
stress distributions in the Avery and 3-point bend tests mean that the

fatigue results (which could only be obtained in the high cycle regime)

cannot be expected to extrapolate back to the static 3-point bend

strengths.

Comparison with Figure 7.7 indicates that the fatigue performance of
KFRP in flexure is very different from that in axial tensile loading.
In particular, theS-TogN curves do not show the characteristic downturn
exhibited in tensile cycling. This can be explained by the different

failure mode in flexure which is compression dominated.
At high deflections, above the flexural (compression) yield point

and into the non-linear section of the load-deflection curves where

compression damage (presumably fibre microbuckling) was occurring from
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the outset, 'failure' of 65% RH KFRP was initiated at the compression
surface via a transverse crack within the outer ply gauge-length,
After prolonged cycling this crack gradually propagated towards the
neutral plane of the specimen, often together with local delamination

at the ply interfaces.

In contrast, at low deflections damage often originated at the tensile
surface, normally near one of the grips, accompanied by progressive
strip delamination of the outer ply and reduction in stiffness. The
change in mode may have been due to the noted poor tensile fatigue
performance at high cycles (Chapter 7) or possibly to wear damage at
the grips over the long lifetimes of these specimens. The boiled KFRP
failed in the compression mode, in accordance with the Tower lifetimes
and reduced compressive yield strength in this condition.

Figure 8.9 shows a typical compression surface failure for KFRP. This
specimen was in the boiled condition and the micrograph was taken
after 106 cycles at a maximum initial surface stress of 300MPa. The

micrograph clearly illustrates the importance of plastic fibre buckling.

Failure criteria involving loss of stiffness are especially important

for KFRP in flexure since the bending fatigue resistance of the fibres
themselves is good.(16) and substantial damage and losses in flexural
stiffness can occur through plastic fibre buckling which does not
necessarily involve actual fibre fracture. Cycling may cause such damage
to propagate through the specimen, effectively moving the neutralplane
towards the tensile surface. In such cases, 'failure' may be attributed

to fibre fracture at the tensile surface rather than the prior compreséive

buckling damage(17).

167



In relative terms the fatigue performance of the KFRP is superior
to that of the 65% RH GRP (Figure 8.6b) but not as good as the

CFRP (Figure 8.6a). At 10°-10° cycles, the fatigue strengths

of the KFRP and GRP, in terms of modulus reduction, are very
similar. Clearly the KFRP has poor fatigue strength in flexure

(i.e. compression) and this severely limits the potential usefulness
of composites reinforced with Kevlar fibres alone. However, the
weakness apparently derives from the low static bend strength

rather than any disastrous effect of actual cycling.

168



CHAPTER 9

CONCLUSIONS



9. CONCLUSIONS

The static and fatigue properties of advanced epoxy-based composites
reinforced with different types of fibreshave been measured and
compared for a range of different loading and environmental

conditions.

It was confirmed that the static tensile properties of 0/90 laminates
are governed by the respective properties of the carbon, glass

and Kevlar fibres, and that in the #45° orientation laminates are
much weaker, failure occurring in shear dominated by the matrix

and interfaces. Failures of KFRP, unlike the other two materials,are
characterised by a fibre splitting mode of damage which is associated
with the fibrillar structure and radial weakness of the Kevlar
fibres. Tests showed that this mode of damage undermines the
performance of KFRP in all situations where the loading is not

tensile and confined to the direction of the fibre axis. Thus the
#45° tensile strength of KFRP falls below thatof the other laminates
and in 0/90 flexure tests failure occurs at low stresses at the
compression surface, associated with buckling of the Kevlar fibres
themselves. Flexural failure of CFRP also occurs at the compression
surface, although in this case at relatively high stress levels. GRP
fails at the tensile surface, which is consistent with the lower

tensile strength of this material.

Under tensile fatigue loading the performance of 0/90 CFRP and GRP
can be accounted for by consideration of the levels of cyclic strain
(rather than the applied cyclic stresses). CFRP has a relatively flat

S-logN curve. The Jlow working strains limit the fatigue damage
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compared to GRP for which the working strains and thus the slope
to the fatigue curve are much greater. Compared to unidirectional
composites, the presence of transverse plies is detrimental to the
fatigue performance of GRP, and apparently lowers the fatique
limit, but hardly affects CFRP. Significantly, the ultimate fatigue
performance and the limiting fatique strains are independent of
damage induced by tensile preloads. The S-logN curves for GRP are
non-linear, tending to flatten out at long lifetimes (towards a
fatigue limit) and at very short lifetimes (towards the static
strength). This is the only laminate to exhibit considerable weakening
as a function of time under load, which is associated primarily
with the fibres and is also reflected in a dependence of monotonic
strength on rate of loading. Under cyclic loading there are clear
diffgrences between degradation due to the accumulation of time-
dependent damage and that associated with progressive fatigue

damage which dominates at all but very high cycling levels.

0/90 KFRP differs markedly from inorganic fibre composites in its
response to tensile fatigue loading. It exhibits superior lifetimes

at all levels of cyclic strain (with a remarkably flat S-logN curve

at short lifetimes) and is characterised by a downturn or 'knee' to

the S-TogN curve which is consistent with a transition from creep

to fatigue dominated fai lures. 'Defibrillation' or splitting damage
within the fibres themselves may effectively 'delay' fatique failure of
these composites. An observation of importance to potential users

of KFRP is that the high cycle fatigue lives are vastly improved

when the fatique stress ratio R is increased from 0.1 to 0.5, an

effect that has previously been observed for Kevlar fibres themselves.
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In contrast to 0/90 laminates, the tensile fatigue performance in the
+45° orientation is relatively little affected by fibre type.

The fatigue strength of KFRP is consistently below that of the
other materials, reflecting the lower static strength and the

fibre splitting damage which leads to a lower limiting stress for
fatigue failure. In flexure, fatigue failures occur at the tensile
surface for GRP and at the compression surface for CFRP and KFRP,
as in the static tests. These tests show the compression fatigue
performance of CFRP to be good with a relatively flat S-logN curve.
As in the #45° tensile tests, KFRP no longer exhibits a knee to the
fatigue curve. This is a reflection of the different failure modes
and the direct shear/compressive loading of the fibres. The
flexural fatigue performance of GRP generally resembles the 0/90

tensile behaviour.

Three different treatments were chosen to assess the effects of
environmental exposure (involving accelerated conditioning to
predetermined moisture contents) on the static and fatigue properties
of the laminates. These involved conditioning to equilibrium by drying
at 60°C, storage at 65%RH at ambient temperature and boiling in
water. It was found that the rates of initial moisture gain or loss
and the equilibrium moisture contents for CFRP and GRP in the
different environments are basically similar and can be approximated
by 'Fickian' diffusion through the resin phase. For KFRP additional
absorption by the fibres means that both the rates and levels of
water uptake are appreciably higher than those for the inorganic
fibre composites and that the diffusion is non-Fickian. In fact,
irreversible effects occur during boiling for all the laminates, as

indicated by small overall weight losses upon redrying and more rapid
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non-Fickian moisture uptake for secondary water exposures.

In the fibre controlled 0/90 orientation the tensile monotonic

and fatique performance of CFRP is relatively insensitive to environmental
exposure. The much weaker GRP is little affected by drying but
immersion in boiling water reduces the strength and failure strain
irreversibly, by over 50% for saturation. This is attributed to
damage of the glass fibres. The lower range of working strains results
in reduced relative fatigue damage for the boiled GRP, as indicated
by a flatter slope to the normalised S-logN curve, in accordance

with the critical strain model noted previously. The high cycle fatigue
lifetimes are actually improved by boiling, possibly due to a
reduction in the damaging effect of transverse ply cracking on the
fatiqgue performance of the longitudinal plies. Very high tensile
preloads (sufficient to cause extensive transverse ply cracking and
longitudinal splitting) prior to boiling can cause a further
reduction in the static and low cycle fatigue strength but the high
cycle performance and thus presumably the ultimate fatigue

mechanisms are unaffected. 0/90 KFRP is weakened by boiling and to

a slightly greater extent by drying, although in both cases the
strength losses are small, less than 10%. These effects are evidently
associated with the absorption/desorption of moisture by the fibres
themselves. The fatigue performance and the characteristic 'knee'

are unaffected byconditioning except fordifferences in the

positions of the S-TogN curves which reflect the relative static

strengths.
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Generally tensile preloads have no observable effect on the

moisture absorption characteristics in boiling water or the subsequent
residual fatigue properties except in the notable case of the GRP
mentioned above where the initial rate (but not the overall level)

of moisture uptake is also increased.

In the #45° orientation all the laminates are sensitive to
environmental conditioning. The tensile monotonic and short term
fatigue strengths of the 65%RH laminates are reduced both by

boiling water exposure and by drying. This can be attributed to
changes in the residual thermal stresses, limited plasticisation

of the resin and, where applicable, degradation of the fibres and
interfacial bonding. Conditioning generally has little effect on

the high cycle fatigue performance however, except in the case

of GRP where boiling causes a change in failure mode to one involving
fibre fracture and reduces the performance at all stress levels.

Fibre splitting continues to limit the strength of the conditioned KFRP.

The effect of conditioning on the non-fibre dominated properties is
confirmed by short beam interlaminar shear tests where the relative
strengths and the sensitivity to moisture generally follow the #45°
tensile behaviour. In this mode of loading delamination failure is
initiated by oblique cracking in the transverse plies. This involves
transverse fibre splitting in KFRP which (as in the case of the *45°
tensile tests) leads to a lower strength for this material. In fact
the low ILSS of KFRP and the relatively high stress levels required
to cause flexural failure for CFRP mean that these laminates are

prone to shear failure in bending.
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Boiling causes a small reduction in the compressive flexural static and
fatiqgue strengths of 0/90 KFRP, compared to a slight strength increase
for CFRP. Moisture presumably reduces the buckling resistance of

the Kevlar fibres. The effect of environment on the flexural

fatigue performance of GRP resembles that of the 0/90 laminates in
tensile loading, the failure modes being very similar despite the

different stress conditions and failure criteria.
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APPENDIX 1

A standard 1east squares best fit method (developed by Mr T Adam
of the Schoolof Mechanical Engineering, University of Bath),

run on a Hewlett Packard 9810A programmable calculator and
plotter, was used to calculate the values of A,B,C and n for

the Ramberg-0Osgood Equation 4.4 and hence generate curves of
moisture uptake as a function of vtime. Some of these curves
(for undamaged specimens) are reproduced in Figure 4.12.

Values of A, B, C and n for the various exposures are tabulated

below.

65%RH, 23°C (from 'as-received')

Laminate A B C n

CFRP 9.01 1.83 0.01 5.74
GRP 12.22 0.05 0.06 3.31
KFRP 5.75 5.13 0.04 2.89

Drying, 60°C (from 65%RH)

Laminate A B C n

CFRP 4.47 3.04 -0.15 10.28
CFRP 4.41 4.55 0.01 5.40
GRP 3.61 3.89 -0.04 4.01
GRP 3.58 4.21 0.01 4.00
GRP (voids) ' 3.82 2.3 0.00 7.62
KFRP 2.42 0 -0.07 12.04
KFRP 3.69 0 0.01 18.11
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65%RH, 23°C (from dry)

Laminate A B C n
CFRP 26.12 2.24 -0.447 9.89
GRP 29.70 0 -0.799 1.00
KFRP 15.64 16.33 -0.029 2.66
Boiling water (from 65%RH)
CFRP  Preload, GPa A B C n
0 12.96 13.37 0.07 10.50
0 13.16 13.22 0.02 11.05
0 13.56 12.75 0.01 8.61
0 13.22 13.03 0.10 5.76
0 12.29 14.17 -0.01 9.45
0 12.86 13.63 -0.04 12.09
0.1 12.96  14.18 -0.20  12.81
0.2 12.16 14.91 -0.14 7.70
0.3 12.72 14.47 -0.27 8.30
0.4 12.49 14.55 -0.09 8.23
0.5 12.19 15.04 -0.30 14.80
0.6 12.13 15.00 -0.19 19.18
0.7 11.71 15.40 -0.18 17.33
0.8 12.06 14.90 -0.01 16.18
KFRP Preload, GPa A B C n
0 8.16 0 -0.53 12.29
0 7.57 1.85 -0.53 25.00
0 5.61 -12.70  -0.05 10.34
0 7.24 0 -0.32 14.36
0 9.05 0 -0.65 24.00
0.1 5.51 21.25  -0.11 4.02
0.2 6.06 33.21 0.10 2.09
0.3 5.57 32.52 0.03 1.75
0.4 4.10 22.76 0.08 4,94
0.5 5.88 20.87 -0.17 6.79
0.6 3.24 23.75 0.01 6.16
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GRP Preload, GPa A B C

0 13.95 12.32 0.14 5.59
0 9.25 17.14 -0.14 3.23
0 14.18 12.54 -0.39 6.01
0 14.84 11.57 -0.02 8.40
0 14.17 12.27 -0.06 8.27
0 15.59 11.01 -0.23 5.97
Slow load-
rate 0.1 13.36 12.59 -0.06 4.13
0.2 13.20 12.95 -0.33 6.97
0.3 14.44 11.81 -0.44 5.84
0.4 12.69 13.46 -0.34 5.34
0.5 9.89 16.03 -0.03 3.68
0.6 10.43 15.46 -0.03 4.09
Fast load-
rate 0.1 14.10 12.03 -0.30 4.84
0.24 13.39 12.63 -0.21 3.85
0.28 13.42 12.75 -0.38 5.31
0.40 14.46 11.69 -0.33 5.21
0.46 13.03 13.00 -0.16 11.26
0.54 7.99 17.85 0.04 3.27
0.67 9.81 16.08 0.26 4,00
0.79 6.82 18.94 -0.07 3.29
Water, 23°C (from 'as-received')
Laminate A B C n
CFRP 88.26 53.40 1.27 5.91
GRP 119.89 31.01 2.81 14.79
KFRP 26.19 127.23 -0.16 2.90

191



APPENDIX 2

Bend testing offers the opportunity to apply combinations of

tensile, compressive and interlaminar shear stresses and to control
the relative magnitudes of these by simple changes to the test
geometry. The geometries of the most common methods, 3 and 4-point
bending, are shown schematically in Figures A2.1 and A2.2. The
rectangular cross-section specimen is supported close to its ends

and load applied via a single, central loading roller (3-point
bending) or by two symmetrically spaced inner loading rollers (4-point
bending). This produces both flexural and shear stresses within the

specimen gauge-length,

In 3-point bending, the flexural stress varies linearly from zero

at the outer supports to a maximum at the central load point. The
situation in 4-point bending is similar, with the addition of a
constant, maximum bending moment in the region between the inner
load points. The in-plane shear stress is uniform along the specimen
length but of opposite sense either side of the central load point.
In 4-point loading there are no shear stresses between the inner
load points and this section of the specimen should experience pure

bending moment.

Through the specimen thickness, the flexural stress varies in response
to a linear variation in strain that is maximum at the lower surface,
equal maximum at the upper surface and zero along the neutral

plane xx'. The shear distribution varies parabolically through the

thickness such that it is zero at the surfaces and a maximum at
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the mid-plane. For non-isotropic materials such as laminated composites,

the resultant flexural and shear stresses do not necessarily
resemble the uniform strain distributions since there are dis-
continuities at the ply interfaces and the effective modulus changes

with the ply orientation through the specimen thickness.

For isotropic materials, the maximum surface flexural stress is

given by the simple beam theory equations (172,173).

_ 3PS

Omax = 75qz Tor 3-point loading (A2.1)
and

o .. =3P _ for 4-point loadin (A2.2)
max ~ 4bd?z P 9 '

where P is the applied load, S is the span or distance between
the outer load points and b and d are the specimen width and thickness
respectively. Similarly, the maximum (interlaminar) shear stress

along the mid-plane is given by

Tmax = %ga (A2.3)
These equations are normally adequate for the analysis of the stresses
in unidirectional composites and can also be applied to laminates
which are symmetrical about the mid-plane, such as the cross-plied
laminates tested in this work. However, the 'apparent' strengths
calculated thus are valid for qualitative comparisons only. For
laminates containing significant proportions of off-axis plies or for

composites such as KFRP where the compressive proportional limit is
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known to be much lower than the tensile strength (with yielding at
the compression surface effectively shifting the neutral plane away
from the mid-plane towards the tensile surface (79,111)), non-
linear stress/strain behaviour will reduce the validity of the
above expressions. In general the state of stress is far more
complex than that predicted from simple beam theory, especially in

regions close to the loading points.

It is evident from Equations A2.1-3 that increasing the span results
in higher ratios of flexural to shear stresses within the specimen
and consequently a greater likelihood of failure occurring in a
flexural rather than a shear mode. Material inhomogeneity means that
the first ply failure of a laminate in bending does not necessarily
occur at the outer surfaces (in flexure) or at the mid-plane

(by shear). It willinstead depend on the lay-up and stiffnesses of
the various plies, and the variation in shear and flexural strength
with respect to the stresses through the specimen thickness. These
can be analysed using Laminated Plate theory with stiffness

matrices calculated for the laminates concerned. An example of

such an analysis has been presented by Morris(150).

In the Avery flexure test (Figure A2.3) the specimen is assumed
to be free from shear stress. The maximum surface stress, constant
along the gauge-section, is given by the standard flexure formula

for beams (172)

_ Mc
max T T (R2.4)

where M is the bending moment, I is the moment of inertia of the
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specimen cross-section about the neutral plane and ¢ is the
distance from the neutral plane to the specimen surface (in this
case one half of the beam thickness, i.e. g). For beams of
rectangular cross-section (and of width b), the moment of inertia

is given by

-2 (A2.5)

_ . 6M
Hence Smax = BIZ (A2.6)

Equation A2.6 also provides the basis for thesimple 3-point

and 4-point bend test Equations A2.1-3.
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Figure A21 ;-point bend test geometry

Figure A2.2 4-point bend test geometry

=X

constant

Figure A2.3 a) Avery bend test geometry

b) Avery machine
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TABLE 5.3 EFFECTS OF PRECONDITIONING TREATMENTS ON
TENSILE PROPERTIES OF 0/90 LAMINATES.

and KFRP).

Laminate Condition No. of Tests

GRP Dried 4
65%RH 4
Boiled 5
CFRP Dried 4
65%RH 7
Boiled 4
KFRP Dried 5
65%RH 7
Boiled 4
GRP Boiled 3
CFRP 6 months -
KFRP -
GRP 90/0 65%RH -
CFRP 3
KFRP 4
GRP 0.4GPa preload 4
boiled 3 weeks
GRP 0.7GPa preload 4
boiled 3 weeks
CFRP 0.7 GPa preload 3
boiled 3 weeks
KFRP 0.6GPa preload 3

boiled 3 weeks

Strength

MPa
869(58)
875(6)
416(20)
916(20)
920(41)
928(32)
664(26)
724(18)
710(27)
291(2)
900
647(29)
409(19)

342(20)
889(27)

758(2)

*Based on results from single tests.

'"FAST' LOAD-RATE
(INSTRON 1332; 200 kNs=! FOR CFRP, 100 kNs-1 for GRP

Modulus*

GPa

25.
25.
.5

25

87.
85.
78.

44,
35.
40,

1
5

w O

4
5
3

—_ww
.

Failure

%

1
.4
6

3
-_—

« o o
oo oy O

Strain*,



TABLE 5.4  EFFECTS OF PRECONDITIONING TREATMENTS ON TENSILE
PROPERTIES OF +45° LAMINATES. 'FAST' LOAD-RATE
(INSTRON 1332; 25kNs™ ).

Laminate Condition No.of Tests Strength  Failure Strain
MPa %
GRP Dried 4 132(3) -
65%RH 4 139(2) -
Boiled 4 124(2) 2.0
CFRP Dried 4 126(4) -
65%RH 4 142(2) -
Boiled 4 129(2) -
KFRP Dried 4 69(2) -
65%RH 4 91(1) -

Boiled 4 78(4) 2.4




TABLE 5.5 COMPARISONS OF TENSILE PROPERTIES OF #45° LAMINATES FOR

Laminate Condition

GRP

GRP

KFRP

KFRP

10mm and 20mm WIDE SPECIMENS

65%RH

100%RH

65%RH

100%RH

No. of Tests

mm
10
20

10
20

10
20

10
20

Specimen Tensile
Width

Strength
MPa

129(5)
143

97(1)
98

80(2)
95

59(3)
67

Failure
Strain

%
7.7(1.5)

8.8

4.9(2.3)
5.2

2.9(0.3)
3.2

2.5(0.4)
4.9



TABLE 5.6 INFLUENCE OF LOAD-RATE ON TENSILE STRENGTH - SUMMARY

Laminate Condition Average Increase in % Increase in Strength
Strength (MPa) per per decade load-rate
decade load-rate increase

GRP, 0/90 Dried +80 9-14

65%RH +78 9-13
Boiled +40 10-15
CFRP, 0/90 Dried -8 -1
65%RH -3
Boiled -2
KFRP, 0/90 Dried -3 0
65%RH +4 1
Boiled + 7 1
GRP, *45°  Dried +5 3-4
65%RH + 3 2
Boiled + 8 7-8
CFRP, #45° Dried + 3 2-3
65%RH +5 4
Boiled + 6 5-6
KFRP, +45° Dried 0 0
65%RH + 3 3-4

Boiled +5 6-9



TABLE 5.7 COMPARISON OF SPECIFIC TENSILE PROPERTIES OF LAMINATES

Material Specific Specific tensile Specific Young's

gravity strength, modulus ,
MPa GPa

0/90 GRP 2.0 295 16.7/11.1

0/90 CFRP 1.50 621 55.1

0/90 KFRP 1.36 523 24.6

+45°GRP 2.01 64 -

+45° CFRP 1.50 83 -

+45° KFRP 1.36 59 -

Steel alloy* 7.8 170 25

Al alloy* 2.8 210 25

Ti alloy* 4.5 220 26

* 0 H Wyatt and D Dew-Hughes, 'Metals, Ceramics and Polymers',
Cambridge University Press, Cambridge, 1974.
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TABLE 6.3 APPARENT INTERLAMINAR SHEAR STRENGTH OF 0/90 LAMINATES
(65%RH) IN 4-POINT BENDING (MEAN OF 4 SPECIMENS)

Laminate Apparent ILSS, MPa (Standard Deviation)
CFRP 33.2(2.3)
GRP >35.9(1.0)

KFRP 17.3(0.6)




Figure 2.1a The molecular structure of Kevlar

-———FIBRE AXIS

<—0-51n

Figure 2.1b  The physical structure of Kevlar.

Planar array of poly-p-phenylene terephthalamide

molecules showing interchain hydrogen bonding

(after Dobb et al(14)).

Figure 2.1c  Schematic representation of the supramo]gcu]ar
structure of Kevlar-49 depicting the radially

arranged pleated system (after Dobb et al (14)).
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Figure 2.1 Scanning electron micrographs showing modes of
damage in Kevlar fibres.

d. Fibre buckling e. Fibre buckling and splitting
f. Split fibre g. Fibre skin peeling
h. Fibre tearing



TETRAGLYCIDYL 4 4-DIAMINO DIPHENYL METHANE (TGDDM)
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Figure 2.2  a) The chemical structure of TGDDM
b) The chemical structure of DDS
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Figure 2.3 IlTlustration of the change in moisture content
with the square root of time for Fickian diffusion.
For t < 't, the slope is constant (after Springer(65)).
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GRP and KFRP composites and for aluminium
alloy (after Gerharz(95)).
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Schematic constant life curves for typical CFRP,
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Schematic illustration of wear-out failure in
fatique.
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Figure 2.6 Schematic fatigue curves for unidirectional
composites, after Talreja(98).



Figure 2.7

Figure 2.8
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Orientation dependence of fracture strength for

off-axis loading of unidirectional laminae

(after Hul1(9)).
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Damage-modes in 0/90 laminates
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Transverse fibre debonding
Transverse ply cracking

Saturation cracking (CDS) including
longitudinal splitting
Delamination.
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Figure 2.9 Delamination damage mode.

Tensile axis

Figure 2.10 Schematic view of intralaminar and interlaminar
shear associated with a tensile test on a
*45° laminate (after Hull(9)).



00

Q°
:
S >
8
¥
O
[(0190),/0 /901,
+4,50
LAY
+45°°

Q

N

NN

[(£45),/+45 [-45],

Figure 3.1 Schematic diagram showing orientation of plies
in 0/90 and #45° laminates.
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Weight gains of 'as-received' laminates exposed

Figure 4.1
to 65% RH atmosphere at 23°C.
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Figure 4.2 Weight losses during oven drying at 60°C.
Starting condition stabilised at 65% RH.
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Figure 4.3 Weight gains of fully dried laminates in 65% RH
atmosphere (23°C).
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Figure 4.4 Weight gains of ‘'as-received' laminates in water
at 23°C.
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Figure 4.5 Weight gains in water at 100°C from

a) 65% RH
b) dried condition.
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Figure 4.6 Weight losses on drying at 60°C after 5 weeks
in boiling water (following Figure 4.5b).



Figure 4,7 CFRP after 3 weeks in boiling
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Figure 4.8 GRP after 6 months in boiling

Figure 4.9 Voids in GRP

water

water
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Figure 4.10 Comparison of weight gains in boiling water for
0/90 and #45° specimens (from 65% RH).
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Figure 4.11 Saturation moisture absorption of the GRP, CFRP
and KFRP laminates as a function of relative
humidity of the conditioning environment.
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Figure 4.12

Weight changes in laminates during conditioning
treatments. (Figures 4.1 to 4.5) plotted against
vYtime.

a) 65%RH,23°C from 'as-received'
b) Drying oven, 60°C from 65%RH
c) 65%RH, 23°C, from dried

d) Water, 23°C, from 'as-received'

Symbols represent experimental points

Full lines are Ramberg-0sgood
generated curves.
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Figure 4.12 Weight changes in laminates during conditioning
treatments. (Figures 4.1 to 4.5) plotted against
vtime. '

e) Boiling water from 65%RH.

Full lines are typical Ramberg-
Osgood generated curves.
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Figure 4.13 Weight gain curves for secondary exposures to
boiling water, following drying from initial
boiling water exposure (also shown).
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Figure 4.14 Effects of preloads on moisture absorption
curves for 0/90 GRP during exposure to
boiling water

a) Preloads at slow loading rate
b) Preloads at 100kNs-!1 (fast) loading rate
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Figure 4,15 Effects of preloads on moisture absorption
curves for 0/90 CFRP during exposure to boiling

water.
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Figure 4.16 Effects of preloads on moisture absorption
curves for 0/90 KFRP during exposure to
boiling water.
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Figure 4.17 Effects of preload level on the weight gains
of laminates after 4 weeks in boiling water

a) GRP
b) CFRP
c) KFRP.
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Figure 4.19 Effect of preload on the initial rates of moisture
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Figure 4.21 Effect of preload on the B/A ratio(strength of the
deviation from linearity of the vtime plot) for

CFRP and GRP in boiling water.
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Figure 5.2 Reduction in tensile strength of 0/90 GRP as a
function of time in boiling water.
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Figure 5.3 Scanning electron micrograph showing surface
of glass fibres after 3 weeks in boiling water
(taken from fracture surface of *45° specimen),
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Figure 5.7 Scanning electron micrograph illustrating the
extensive fibre splitting in the tensile failure
surface of KFRP laminate.
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Figure 5.8 Typical tensile stress-strain curves for

0/90 laminates (65%RH).
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Figure 5.9 Optical and scanning electron micrographs showing
transverse ply cracking in 0/90 laminates

a. GRP b. CFRP c. KFRP
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Figure 5.18 Scanning electron micrographs showing
tensile fracture surfaces of *45° laminates

a. 65%RH KFRP b. Boiled GRP
c. Dried GRP d. Dried CFRP
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Figure 5.19 Effect of preconditioning on tensile strength
of *45° laminates.
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Figure 5.20 Scanning electron micrographs of *45° fracture
surfaces showing localised plastic behaviour

a) 65% RH GRP
b) Dried KFRP.
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Figure 6.2 Interlaminar shear failure mode (CFRP, 65% RH),
showing oblique transverse ply cracking and

del ami nation.
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Figure 6.8 Fibre buckling under inner load point for
0/90 KFRP in four-point bending (65%RH).
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Figure 6.9 Typical load-deflection curves for the laminates in

Avery flexure, highlighting the time-dependent
relaxation for KFRP (65%RH).
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Figure 7.8 Fatigue failures of 0/90 KFRP (65% RH)
a. Effect of fatigue life i
ITiaX
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b. Effect of R-Ratio:
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Figure 7.9 Fatigue data for KFRP reported by Roylance(19)
| and Miner et al(156).
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Figure 7.10 Comparison of times to failure of 0/90 KFRP
laminate in stress-rupture and fatigue (65%RH).
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c) 0/90 KFRP laminate preloaded to 0.6 GPa
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Figure 7.13 Tensile fatigue curves for CFRP laminate
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Figure 7.14

Tensile fatigue curves for #45° GRP laminate,
showing effects of preconditioning treatments

(Loading rate = 25kNs-1).
Filled symbols represent static tensile strengths
measured at 25kNs-1.
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Comparison of the tensile fatigue curves for
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Figure 7.18 Micrographs of pre-fatigued 0/90 GRP in the 65%RH
condition, showing damage induced in longitudinal
plies at tips of transverse ply cracks. Specimen
had sustained 10" cycles at a peak stress level
of 0.4 GPa.
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Figure 7.21 Schematic representation of simple tensile fracture
development in Kevlar-49 fibres (after Konopasek and
Hearle (20)).
Note the transverse dimensions are expanded for
clarity: actual breaks extend over longer lengths
relative to fibre diameter. Also, under fatigue
loading, damage is more extensive and multiple
splitting is associated with both halves of the
broken fibre.
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Figure 7.22 a) Schematic representation of stress system close
to an elliptical crack in an elastic solid
meeting a fibre interface (in response to a
remotely applied uniaxial stress oa).

b) Tensile stress ahead of crack tip for o, = 1
(after Cook and Gordon (174)).
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Figure 8.4
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Figure 8.5 Schematic illustration of ‘'failure' criterion for
laminates fatigue tested in flexure.
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Figure 8.7 Transverse ply cracki ng near tensile surface of
0/90 CFRP in flexural fatigue.

JWASET 1
Figure 8.8 Tensile surface fatigue damage in 0/90 GRP under
flexural loading.

Figure 8.9 Compression surface failure of 0/90 KFRP in flexural
fatigue.
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