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A method is proposed for evaluating the extent of damage in fibre-reinforced polymer
composites. The available methods for monitoring fatigue degradation in such materials are
critically discussed. Reported are the results of actual tests on a glass-epoxy laminate under
cyclic bending. The relative changes in the bending strength were several times higher than
those of the dynamic stiffness, total elastic energy of a cycle and phase shift. A relationship is
put forward for calculating the level of damage allowing for the mean value and the standard
deviation of residual strength. The analysis is enhanced by presenting microscopic images of
the material structure. The proposed model was shown to give reliable estimates of durability
and can be especially useful to validate the damage parameter determined by other methods.

1. INTRODUCTION

Processes of mechanical degradation in polymer composites (PCs) reinforced
with fibres [4, 28] result in structural phenomena on a global or local scale which
appear chiefly as discontinuities of various types:

e debonding at the fibre-matrix interface,

e cracks in matrix and fibres,

e delamination.

Other effects observed are plastic deformation and changes in properties of
laminate constituents (e.g. physical or chemical degradation of a polymer ma-
trix). Structural changes may involve large volumes of material and thus reduce
elasticity and strength indexes or increase internal friction (larger hysteresis loops
and higher phase shift angles (tand)). The elastic and strength characteristics of
PCs may get reduced sizeably (from a few to 50-60%). Sometimes, however, they
are found to rise at first and then to drop gradually [26]. The residual strength
of a composite material may assume a value lying somewhere between the initial
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static strength and the fatigue one [25]. BATHIAS [2]| has reported the fatigue
strength in GFRP composites to be about 40% of the static strength which
may serve as a general estimate of the possible strength reduction magnitude. It
should be noted that even higher drops have been found [11].

The strength values are affected the least in unidirectional (UD) composites
loaded in the fibre direction. High resistance to mechanical degradation is typical
of epoxy—carbon laminates. High strength drops have been reported in materi-
als reinforced with woven fabric, mats and unfavourably oriented UD laminae.
KNIAT [16] has found that glass—polyester pressure pipes formed by centrifugal
casting may have their safety factors reduced by 50% throughout the service life
of 50 years. The core structure of such pipes consists of a mat whose mechanical
condition gets strongly affected with time.

It is seen that successful application of composites in pressure vessels and
equipment requires that appropriate procedures for monitoring material condi-
tion be available. Such procedures must be based on a reliable measure of extent
of damage present in a material [1, 18]. The measure must possess the following
qualities:

e it has to admit explicitly the decreasing capacity of a material to carry

service loads in terms of a drop in strength or remaining fatigue life,

e the measurements involved must be easy enough to carry out and have no

effect on the material tested.

The presently available methods for assessing the extent of damage in PCs
hardly satisfy all of the above requirements. The following approaches to the
problem can be listed:

1. The extent of damage D (also: damage parameter) is directly linked to

actual values of elastic constants, especially to the longitudinal one.

2. The value of D is derived from geometric or statistical characteristics of

the dominant types of cracks.

3. The value of D is calculated from the residual strength and the fatigue life.

The Palmgren-Miner linear model is an example [27].

The aim of the present study is to assess applicability of a few material
characteristics (residual strength, dynamic modulus, total deformation energy
of a cycle, phase shift angle) to monitor the extent of damage in a laminated
composite.

2. SOME CONCEPTS OF THE DAMAGE EXTENT EVALUATION

Most of the composite material damage estimates in use are based on ac-
tual values of Young’s modulus. The whole body of research centred around
this principle and called mechanics of damage [15, 20] can be dated back to
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the Kachanov’s theory of effective stress put forward in the late fifties. The
underlying assumption is that degradation in a material is a gradual process
of void formation. The voids dispersed throughout the component volume re-
duce the live cross-section (Fig. 1a), so the actual working stress exceeds the
nominal one.
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Fic. 1. Schematic representation of crack formation in homogeneous isotropic material (a)
and UD composite (b).

The effective stress o is given as a function of the damage parameter D
(2.1) o = 0o/(1 - D),

where o — the stress applied, and 0 < D < 1.

The value of D can be determined from D =1 — (A/Aq), where A — actual
cross-section value, i.e. allowing for the loss of section due to voids, and Ay —
initial cross-section value. For practical reasons D is frequently determined as

where E - current value of the secant Young’s modulus, Ey - its initial value
[15, 20].

Figure 2 shows after [24] how the damage threshold stress can be deter-
mined. The glass-epoxy and glass—vinyl ester laminate specimens were tested in
tension with intermittent unloading (Fig. 2a). Values of the damage parameter
D obtained from formula (2.2) for local maxima on the loading graph were ex-
trapolated to determine the oy values. Also the acoustic emission (AE) method
was used to obtain additional estimates of the oy, quantity (Table 1). As it can
be seen, extrapolation of function D(o) (Fig. 2b) is a more sensitive method
than the AE one.

The oy, values as determined above were used to evaluate working stresses
in laminates intended for military purposes. Another damage criterion is used
in constructing wind turbine blades where a 10% drop in stiffness renders a
material incapable of further service [21]. Various examples of how changes in
elastic constants values can be used in design analysis are presented in [18, 23].
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FIG. 2. Schematic of a method for determining the damage threshold stress oy, after [24].

Table 1. The damage threshold stress oy, values for two laminate types
determined by different methods, MPa; after [24].

Material Method of loading with | Acoustic emission method
intermittent unloading
Glass—epoxy laminate 117 135
Vinyl-ester laminate 67 85

The level of damage in a composite material is determined by the type of
cracks, their size and density. One approach in assessing the current level of dam-
age consists in prescribing quantitative measures to density and size of cracks
present in the material, their type being usually taken into account as an addi-
tional factor. Paper [3] presents a method for studying the damage growth in PCs
by measuring the delamination area within the boundary effect zone.") A carbon-
epoxy laminate [45/90/-45/0]s; was loaded in cyclic tension. On reaching the
saturation density of transverse cracks in 90°, 45° and —45° plies, delamination
at the 90°, 45° and —45° laminae started to grow. The longitudinal stiffness of
samples decreased with the number of load cycles. The delamination area was
determined with an ultrasonic technique. The damage parameter was found as

(2.3) D = A/ A,

DThe boundary effect (edge effect) in PCs consists in the formation of stresses that result in
shearing or interlaminar tension [14]. The effect occurs in the vicinity of free edges and holes.
The effect is due to differences in Poisson’s ratio values of particular laminae and gives rise
to delaminations growing according to the first or the second mode of linear elastic fracture
mechanics.
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where A is the actual delamination area and Aj is the total area available for
delamination.

By taking into account that the loss of modulus amounted to 65% of the
initial value Fy, the damage parameter D was found to be

(2.4) D =2.857(1 — E/Ey).

Paper [17] presents an investigation on a carbon-epoxy laminate [0/445/90],
subjected to cyclic tension. Quantitative measures were applied to delaminations,
transverse cracks and broken fibres. The number of broken fibres was determined
by microscopic examination of specimens that underwent partial pyrolysis (heat-
ing at 450° C for one hour to remove the resin). The level of damage was derived
from the average density of fibre breakage.

It can be said that at present, the damage parameters derived from the in-
tensity of occurrence of a certain type of cracks can hardly be considered as ripe
enough alternatives in the analysis of structures. They suffer from major draw-
backs. Changes in the elastic moduli give indirect measures of damage level since
they reflect an average state of material structure while strength is principally
related to the maximum size of defects. Methods involving direct measurement
of defects are too complex to be used in engineering practice; furthermore, they
are still at an early stage of development and the quantitative estimates they
give leave much to be desired.

3. CHANGES IN MECHANICAL PROPERTIES OF LAMINATES — AN OVERVIEW

Figure 3 presents a schematic of the fatigue S-N, residual strength and stiff-
ness variation curves of a laminate. The S-NN curves are the ones most frequently
used by designers. The residual strength curves, while very useful, are seldom
available. They are strongly dependent upon material properties and fatigue load
parameters. They usually lie above the S—N curve (Fig. 3) [25]. At present there
are no non-destructive techniques reliable enough to determine the strength of
PCs, so the expenditure of work necessary to obtain curves of type 1 in Fig. 3
are comparable to that involved in the conventional fatigue test. Paper [7] gives
an example of monitoring composite pipes by determining variation of residual
strength with time.

In-service monitoring of structures is usually accomplished by measuring
the loss in elastic moduli, especially ~ Young’s modulus. The appropriate non-
destructive testing techniques have long been available but there is a major in-
herent drawback to this approach — elastic constants reflect some average state
of a material while its strength is primarily affected by defects built in during
fabrication and those arising in service, i.e. local weak zones count the most.
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FiG. 3. Schematic representation of normalised S—N curve, residual strength (1) and
Young’s modulus variation (2) for plane laminate samples under cyclic load.

It can be said therefore that residual strength monitoring of a material is more
reliable than that based on the elastic constant loss measurement.

Recent years have brought many papers dealing with fatigue degradation
monitored with the help of energy characteristics such as dissipation energy
and energy of elastic deformation [27]. The results have been promising and
the energy approach is likely soon to become useful in the analysis of damage
accumulation in PC structures.

4. INVESTIGATIONS ON DEGRADATION-RELATED CHANGES IN SELECTED
MECHANICAL PROPERTIES OF A LAMINATE REINFORCED WITH
GLASS FABRIC

The present author tested a glass-epoxy composite reinforced with glass fab-
ric?). The laminate is commonly used as a constructional and an insulating ma-
terial in high-voltage electrical applications. Fabric reinforcement® is frequently
met in materials used in the construction of chemical equipment, wind turbine
blades and vessel hulls. In a component, layers reinforced with fabric may be
combined with UD plies or mats. As noted earlier, fabric reinforcement is liable
to degradation caused by long-lasting constant or cyclic load. The effect is due to:

e wavy arrangement of fibre strands making up a fabric (Fig. 4),

2 The tested laminate TSE-2 was manufactured by IZO-ERG S.A., Gliwice, Poland.

*)The conventional textile glass reinforcement has the form of woven fabric [19] with wavy
arrangement of particular fibres. The non-woven fabrics consist of a few UD laminae connected
by stitching. Fibres in each lamina are straight and parallel but the two neighbouring laminae
may have various angle orientations (e.g. 0°/90° or 0°/+45°/90°).
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e unfavourable (e.g. perpendicular) orientation of some fibres wit respect to
normal stresses induced by tension or bending which gives rise to early
debonding at the resin/fibre interface.

F1G. 4. Microstructure of the tested laminate. Wavy arrangement of fibres making up the
fabric is clearly seen.

The aim of the tests was to determine the residual strength variation under
cyclic three-point bending. The specimen span to height ratio was [/h = 16
(Fig. 5). For such geometries, failure can be almost solely attributed to the
action of normal stresses. The specimens had a rectangular cross-section and
were cut from a 4 mm thick plate. :

The test procedure involved the following stages:

e application of a given number of load cycles (1033, 104, 10*?, 10%) with
a constant amplitude of force,

e bending test to failure of specimens with known numbers of accumulated

l F(o)

load cycles.

L=64 mm

A
Y

FiG. 5. Bending test arrangement.

The loading was accomplished on a hydraulic MTS 858 Minibionix testing
machine. Frequency of loading was set to 12 Hz, the stress amplitude ratio was
0.13. The applied force F'(t) varied according to the pattern shown in Fig. 6. The
maximum stress of a cycle was equal to 40% of the bending strength for virgin

































