























However, fibre bridged cracking, as described above, is relatively rarely reported for
longitudinal fibre reinforced plastics, presumably because of the rather high volume fraction
of fibres, high bond strength and ductility of the fibres. A more common type of damage
sequence is governed by far-reaching fibre-matrix debonding with successive breakage of
fibres. As an example, a series of surface replicas of a carbon fibre/epoxy specimen subjected
to fatigue is presented in Figure 4. The fibre-matrix debond process is shown to be a
progressive mechanism, that initiates from fibre breaks, and grows in mode II in the same
direction as that of the fibres and applied load. It can be envisaged that the stress profile in
the neighbouring fibres will change in a non-monotonic manner as the debond propagates in
fatigue. Eventually, it is likely that a weak segment in a neighbouring fibre will be locally
over-stressed, and thereby rupture. This would give further impetus to debond growth in a

self-escalating manner. These ideas can be outlined in a schematic way.
N=1 N=Ny N=N N=N, N=N
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Figure 5. Schematic illustration of fatigue damage accumulation and failure by debonding.

The debonds seem to initiate from the distributed fibre breaks. Since the brittle fibres
have a distribution of strength, there will be a multitude of distributed fibre breaks in the
volume of the material after the first application of load, even though this load would only
induce a very moderate stress well below the ultimate strength of the composite (cf. Figure 5,
N=1). Asthe debonds grow, the stress profiles in the neighbouring fibres continually change
(N =Np). As suggested above, some segments will be over-stressed, and because of the
strength distribution along the fibres, weak parts will fail (N = N;). This will in turn give rise
to further debonding (N = N»), etc. Eventually, the entire specimen will break when all fibre
breaks have linked up through debonding (N = Ny). This type of damage evolution is spatially
distributed, and results in a global and uniform degradation of the material until just before
failure, whereas the more brittle behaviour of carbon fibre/epoxy with its strong interface
gives rise to localised damage where the most severe crack is the sole cause of failure, which

is the case for fibre-bridged cracking outlined above. Materials with a stronger interface tend
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to show brittle-like planar fracture surfaces, where as weak-interface materials exhibit brush-
like failures with protruding fibres.

Despite a large difference in constituent properties, the influence of fibre-matrix cohesion
on damage accumulation and fatigue behaviour shows similar traits for unidirectional carbon-
fibre reinforced plastics [14], for glass-fibre reinforced plastics [15] and for glass fibre/carbon
fibre hybrid composites [17]. The mechanisms are not material specific. A comparison of the
scenarios with transverse damage growth and longitudinal damage growth in different
composite materials can be found in Ref. 18, with special regard to the influence of the fibre-
matrix interfacial mechanisms. In fact, the two different mechanisms can appear in one and
the same material, depending on which load amplitude that has been applied. At low strain
amplitudes close to the fatigue limit, the debonding scenario has partially presented itself in a
carbon fibre/epoxy material as a ‘sub-mechanism’ in fibre bridged cracking [14]. Transverse
bridged cracks were then effectively arrested by fibre-matrix debonding. The debonds grew to
a limited extent, and then stopped, after which no further development of damage was
detected. In this case, the debonding acts as an arrest mechanism to the progressive matrix
cracking mechanism. The role of debonding for this material is schematically presented in
Figure 6.

Progressive region
Propagation of fibre
bridged crack

Fatigue limit

Termination of crack
growth by debonding

Figure 6. Illustration of the role of limited debonding as an arrest mechanism in loading at
the fatigue limit.

As a general remark which is valid for both the case of fibre-bridged cracking and of
successive debonding and fibre breakage, is that damage sites like these are principally
unavoidable in fatigue of longitudinal composites. The considered composites consist of a
brittle and strong phase — the fibres — and a ductile and weaker phase — the polymer matrix —
that transfers stresses between the load carrying fibres. Even though the thin fibres are ever
so strong in the ideal case, they are brittle and hence flaw sensitive. A stochastic occurrence
of flaws from processing considerably reduces the strength of long fibres. The inherent
streng;h can only be retained if the fibres are moulded into a matrix to form a composite. In
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that case, the material can sustain considerable loads even though a large amount of the fibres
are broken, since the matrix effectively transfer load from broken fibres to intact ones by
shear stresses. As mentioned before, there will inevitably be a handful of broken fibres, due
to the distribution of flaws in the brittle fibres, Damage progression from these flaws is also
inevitable unless the applied stress or strain is maintained well below the fatigue limit. The
microstructural heterogeneity thus makes the material intrinsically prone to damage
accumulation. Luckily, with a sensible composition and a suitable fibre-matrix interface,
these materials can be made significantly tolerant to damage. The ability to transfer stress
concentration from damaged volumes to undamaged material volumes gives the composite its
extraordinary properties.

<« Fibre

< Matrix

D
O

-
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Debonding and shear band formation —}

25
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Figure 7. The characteristics of fibre-matrix interfacial shear failure can be analysed with in-
situ microscopy of a tensile test of an embedded single fibre.

Returning to the crucial fibre-matrix interface, we should consider means by which the
efficiency of this interface can be quantitatively assessed. Interfacial shear stresses in
composites can not be measured directly. The micro-Raman spectroscopic technology has
endowed the composite community with a powerful tool to measure local stresses and strains.
Crystalline fibres, such as polymer (aromatic and polyethylene) and carbon fibres, have
shown a shift in the Raman spectrum when strained. With a laser source, the strain can thus
be measured locally with a resolution of ~2 pm. In Figure 7, a series of micrographs of a
carbon fibre embedded in a polymer matrix is found. In combination with micro-Raman
spectroscopy, the local strain profile from the fibre end can be measured as the interface
debonds or the surround matrix yields. With such measurements as input data, the interfacial
properties can be calculated. Values of the static interfacial strength or toughness can be
obtained, which are useful for materials selection of the constituents. This method has been
applied to carbon fibre/unsaturated polyesters [19]. In fatigue, difficuities arise in the design
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of reliable micro-tensile machines suitable for testing of single embedded fibres. These
problems have recently been resolved [20], and advances in the characterization of
progressive fibre-matrix damage growth in fatigue can be awaited in the future. This could
quantify kinetic relationships for damage in composite materials, which would make it
possible to model the micromechnisms to eventually predict fatigue life.

The disparate nature of mechanisms at different strain amplitudes can also explain the
influence of sequential variable amplitude loading in qualitative terms. A common behaviour
for composite materials is that a high-low sequence of block amplitude loading results in
relatively shorter lifetimes compared with a corresponding low-high order [21, 22]. The
present study has shown that at high amplitudes the initiatory mechanism of fibre breakage
prevails, whereas progressive debonding predominates at lower amplitudes where it is given
sufficient time to propagate to large extents. These debonds tend to originate from fibre
breaks. In a high-low sequence, an abundance of fibre breaks will form during the high
amplitude interval, from which a multitude of debonds will propagate and cause new fibre
breaks during the low amplitude interval. On the other hand, if the low amplitude interval
precedes the one with high amplitude, the debonds will have fewer fibre breaks from which
they could propagate, and hence the accumulation of damage will be more moderate. This
type of interaction of different fatigue mechanisms can explain the observed loading history
dependencies and shortcomings of Palmgren-Miner’s rule for composite materials.

Unidirectional transverse composites

Composite laminates are usually composed of individual plies with different fibre
orientations. The longitudinal plies and the transverse plies are almost ubiquitous in
laminates used in applications, since stresses are rarely uniaxial in load carrying structures. A
pure unidirectional longitudinal lay-up would be very sensitive to splitting, and to avoid this
loss of structural integrity, a small amount of transversely oriented fibres is almost always
added, even in cases where a uniaxial stress scenario is anticipated. The transverse plies show
the lowest strength and strain to failure. It is usually in these plies that damage first
accumulates, from which it can progress into more critical plies. In some applications, no
damage may be tolerated at all, e.g. in pressure vessels, where cracking in the transverse plies
would result in leakage. The transverse ply is then the critical element, and the damage
mechanisms in this ply should be investigated in detail. This section concerns the influence
of the fibre-matrix interface on damage initiation and propagation in fatigue of unidirectional
transverse composites. It is clear from Figure 8 that the interface plays an important role in
the formation of cracks in transverse loading. As in the case of longitudinal composites, the
importance of the fibre-matrix mechanisms in fatigue is even greater [23, 24]. Incidentally,
the influence of the fibre-matrix debond process on fatigue damage accumulation and failure
is particularly noteworthy in tension-compression loading, since the inhomogeneous
microstructure allows debond propagation by crack opening during the compressive load

excursions.
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Figure 8. Optical micrograph of a transverse crack forming from coalescence of fibre-matrix
debonds in transverse loading.

In Figure 9, a schematic picture is found that depicts the formation of transverse cracks.
In many cases, the interface is weaker than both the fibre and the matrix, meaning that
cracking first takes place in the bimaterial interface. Even though the interface is assumed to
be stronger than the matrix, cracks still initiate at the fibre-matrix interface in uniaxial
loading [25]. The difference in elastic properties promotes crack growth along the interface,
both in static and fatigue loading. Eventually, debonds propagating around fibres will
coalesce and form macroscopic transverse cracks spanning across the transverse ply, or would
lead to ultimate failure by separation for a unidirectional transverse composite. If the
progressive fibre-matrix debond growth is suppressed, the lifetime can be extended. Fibre
failure is not likely in unidirectional transverse composites, since the applied stress has an
upper bound at the matrix strength, and the fibres would merely act as stress raisers.

1. 2.

y oo O Asicsin R ¢
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Debonding Transverse crack
Figure 9. Schematic illustration of coalescence of fibre-matrix cracks into transverse cracks
in plies with transverse fibre orientation.
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Equal and commensurate fibre orientation is seldom achieved. Oblique fibres are likely
to bridge transverse cracks and suppress transverse cracking or delamination in unidirectional
laminates. This type of cross-over fibre bridging has been investigated by Sgrensen and
Jacobsen [26]. In Figure 10, the cross-over mechanism is shown. A resulting cohesive action
may be measured with a double-cantilever beam test. The cohesive law, which relates the
effective closing traction to the crack opening displacement Au,, indicates that also here the
fibre-matrix interface emerges through its toughness, I';. Of course, the bending stiffness of
the bridging beam of fibre bundles contributes by the bundle thickness, 27. The breakage
process of individual fibres of thickness 2r will govern the maximum cohesive forces.
Despite the apparent disparity in the mechanisms that have been presented so far, the
omnipresence of the fibre-matrix interface in progressive damage growth persists.

Figure 10. In transverse cracking and delamination, fibres or fibre bundles may bridge the
crack, and therby exert a cohesive closing traction [26].

Intermediate fibre orientations does not necessarily always show intermediate
mechanisms. For off-axis orientations with 0° < 6 < 90°, shear yielding of the polymer matrix
becomes prevalent [27]. The viscoelastic properties of the matrix material give rise to
significant losses in cyclic loading. The fibres constrain the matrix deformation, and when
cracks finally appear, which is necessary for failure through separation, they tend to run along
the fibre-matrix interface. Matrix shear cusps are frequent, and the tails of these sigmoidal
cracks coincide with the interface. A strong interface would force the cracks to grow
predominantly in the matrix, with increased toughness. Naturally, fibre orientations close to
0° will invoke mechanisms similar to those described in the penultimate section on
unidirectional longitudinal composites, whereas fibre orientations around 90° would to a large
degree eventuate debonding around the next to transversely oriented fibres.
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Multidirectional laminates

The preceding sections have dealt with damage accumulation and failure of unidirectional
plies. How about when such plies are assembled into a multidirectional laminate? The
damage that develops in different adjacent plies will mutally influence one another. For
instance, fibre-matrix debonds may coalesce to form transverse cracks in transverse plies,
which will lead to stress concentrations in the nearby on-axis plies. If we consider the
simplest multidirectional laminate, i.e. a cross-ply laminate with a [0,,90,]s lay-up, damage
would accumulate as shown in Figure 11. The transverse cracks induced by debond
coalescence multiply until saturation. The stress concentrations in the critical longitudinal
plies will influence further damage progression and local degradation. Transverse cracking is
a rather initiatory mechanism in comparison to e.g. progressive longitudinal debonding.
Other progressive mechanisms inherent to multidirectional laminates have been identified,
and will be outlined in the following.

Cross-ply laminate Multiple transverse Transverse cracks form
in axial tension cracking in 90° ply  from fibre-matrix debonding

Figure 11. Formation of transverse cracks in transverse plies from coalescence of fibre-
matrix debonds [28].

We have noticed that fatigue cracks tend to grow at interfaces between media of different
elastic properties. Microscopically, this manifests itself in progressive debonding between
fibres and matrix. At a mesoscale, there are also bimaterial interfaces that are prone to
cracking. If the plies of different fibre orientation are separately homogenised to form
effective ply moduli where the detailed fibrous microstructure is ignored, an interface
between plies of different stiffnesses presents itself. Delamination growth along this interface
is particularly a nuisance in fatigue loading, since delamination have shown to be a
progressive mechanism that is less active in static in-plane loading. If compressive load
excursions are applied, out-of-plane buckling of delaminated plies may result in unstable
crack growth and member failure. Progressive delamination has been observed to initiate
from transverse crack tips, and as the delaminations grow the stress state in the transverse
plies will change. In this way, delaminations will influence the continued transverse cracking,
and vice versa. A typical delamination grown in fatigue along the 0°/90° interface from a
transverse crack tip in a cross-ply laminate is shown in Figure 12. It can be noticed that the
density of fibre breaks in the longitudinal ply is higher in the vicinity of the transverse crack

and its delamination. With a sufficiently high density of fibre breaks, nearby fibres will fail
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unstably, and thereby cause complete failure of the specimen. The mutually influencing
accumulation of transverse cracks and delamination in off-axis plies and between plies, will
continually change the local stress state in the critical element, in this case the longitudinal
ply. The stress history of the critical element dictates the lifetime of the composite structure,

Transverse crackj

90°ply
Pro S,Qating Ply interface
delamination

0°ply

50 pym Fibre breaks caused by stress concentration from __JT
the transverse crack and ensuing delamination

Figure 12. Replica section of an interlaminar delamination initiated from transverse cracks,
and fibre breakage caused by arising stress concentrations.

It has been identified that the longitudinal ply is the critical element if present in a
multidirectional lay-up. The micromechanisms in fatigue of this ply have also been
identified, i.e. stochastic fibre breakage accompanied by fibre bridged cracking or progressive
debonding. The rate of these mechanisms is controlled by the local stress state, which in turn
is influence by the damage that develop in the off-axis plies of the laminate, e.g. transverse
cracking, shear matrix yielding or cracking, and interlaminar delamination. If the
mechanisms on the ply level are analysed separately, it would be possible to estimate the local
stress history of the longitudinal ply, and thereby predict the microstructural degradation in
this ply. The analysis of mechanisms in a multidirectional laminate can thus be divided into
two different approaches with different size scales. ‘Damage mechanics’ deals with the ply-
level mechanisms and ensuing degradation, which influence the local stress state of the
constituent plies, and the rate of degradation can locally be described by ‘micromechanics’.
These disciplines are usually treated separately. The former one, damage mechanics, is useful
to relate to macroscopic properties, such as residual stiffness, The latter one, micromechanics
of the critical elements, is necessary for more accurate life prediction and materials tailoring.

The simplest multidirectional laminate, the cross-ply configuration, shows some
similarities with unidirectional longitudinal specimens, in the sense that they are composed of
two phases; one is relatively brittle, i.e. the ensemble fibres and the transverse plies, and that

progressive cracking tends to take place between this brittle phase and the other more ductile
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one, i.e. debonding and delamination, respectively. There is no coincidence that neither of the
two materials complies with the Palmgren-Miner fatigue rule. Both tend to show shorter lives
for a high-low load sequence compared with the opposite order. The similitude in variable
amplitude loading has been shown in an experimental study of a carbon fibre/epoxy cross-ply
material [29]. In this case an abundant amount of transverse cracks formed if the high
amplitude block was the first one, and in the second lower amplitude block frequent
delaminations could peacefully propagate and lead to a significant overload of the main load-
carrying constituent, which was the longitudinal plies. This led to premature failure, and
unconservative estimates of the Palmgren-Miner rule. When the block load order was
reversed, not much damage was formed in the first low amplitude load block, since there were
not very many transverse cracks from which progressive delamination could grow. When the
second high amplitude block set in, only some more transverse cracks appeared. The load-
amplitude sensitive transition of the synergistic mechanisms can thus mechanistically explain
the inability of the Palmgren-Miner rule to predict fatigue failure in composites, both on ply
level for unidirectional longitudinal orientation and on the laminate level for cross-ply
laminates. Non-linear generalisations of the summation rule of Palmgren-Miner is usually
used to account for this kind of behaviour, but with the use of ‘damage mechanics’ can with
advantage be used to describe this phenomenon more clearly and on a physical basis.

As mentioned previously, the longitudinal plies are the most important ones in a
unaxially loaded multidirectional laminate, since they carry most of the load and are generally
the last ones to fail. A fatigue life diagram for a unidirectional longitudinal composite and
two multidirectional laminates with R =0.1 tensile fatigue is presented in Figure 13. As
anticipated for the fatigue case, it can be noticed that longitudinal plies show a considerable
influence on the fatigue lives of more complex lay-ups. If a rough estimate in tensile fatigue
life in terms of peak strains for a general lay-up, the S-N data for a unidirectional longitudinal
laminate of the same material can be used. However, for more accurate life predictions and
estimation of stiffness degradation due to damage accumulation, the mechanisms specific to
the multidirectional laminate should definitely be addressed.

Furthermore, a short fibre composite, with an in-plane random distribution of fibres, can
also be considered as a multidirectional composite. The fibre-matrix interfacial mechanisms
are known to be of considerable importance in damage accumulation and failure in this class
of materials. Fibre-bridged cracking is a prevalent damage mechanism, whereby cohesive
forces induced by pull-out of bridging fibres adds to the fracture toughness. The fibre-matrix
shear stresses and inelastic deformations therefore directly influence the notch sensitivity of
short fibre composites [30]. In short, the fibre-matrix interface seem to be of foremost
importance in failure of some other fibrous composites, since damage tend to develop along
or near bimaterial interfaces where the two phases have different elastic properties. The
proper course of action is to identify which role the interface plays in a given composite, and
to find out how any alteration of the interfacial properties will influence the mechanisms, and

hence also the engineering macroscopic performance.
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Figure 13. Fatigue life diagram of [O]r, [0, +45]s and [0, £45, 90]s carbon fibre/epoxy
laminates in tensile fatigue [5].

It is noteworthy that the interfacial efficiency, in terms of its ability to transfer stresses to
the surrounding matrix and adjacent fibres, may possess an optimum with regard to the
strength of a composite. If we imagine a composite with a fully debonded interface with no
stress transfer, it would just be a matter of fibre pull-out and matrix cracking for material
separation. The strength would be very low, and the material would be even weaker than the
neat matrix material. The ‘reinforcing’ fibres would only act as a detriment. On the other
hand, with a perfect interface with full stress transfer to surrounding stiff and brittle fibres, the
composite would become extremely brittle and fail by cleavage. All engineering materials are
infested with at least some degree of defects after manufacturing, and defects induce stress
concentrations. For a composite in which a defect results in a fibre failure, the fibre break is
likely to give rise to another fibre break in the same region if the interfacial stress transfer is
very efficient. This process would then continue in a self-escalating manner and there would
be imminent final failure. The strength would therefore decrease for composites with
extremely good fibre-matrix interfaces due to the ubiquitous presence of flaws. However, for
polymer-matrix composites and in particular for the fatigue strength, an improvement of the
interface is expected to lead to improved mechanical properties. It should therefore be aimed
for to improve the fibre-matrix interface, e.g. by selecting a size or coating for the fibre that
assures a good bond between the two constituents. Micromechanical tests are encouraged to
quantify the efficiency of the size. Candidate tests are the fibre pull-out test [31], the
single-fibre composite tensile test [32], the transverse debond test [33], interlaminar shear
strength in short-beam shear specimens [34] (a macroscopic test), etc. As mentioned above,
more precise characterizations can be obtained by measuring the strain or stress profile along
a fibre in a deforming composite by use of micro-Raman spectroscopy [19].
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Approaches to materials design and life prediction

The lion's share of fatigue life prediction schemes presented in the technical literature
concerns degradation of a macroscopic property, i.e. residual stiffness, residual strength or
residual life, described by an empirical rate until final failure occurs. A fatigue damage model
based on the microscopic mechanisms would require less costly testing in the long run, and
provide a better understanding, which would give indications of improvement of material
properties. The identifications of mechanisms presented in this manuscript are but a tiny step
toward the ultimate goal of fatigue life prediction. It should be emphasised that a mechanism-
based fatigue model demands extensive and precise experimental work to identify and
quantify the operative fatigue damage mechanisms, from which kinetic relationships intrinsic
to the composition of a given composite material could be deduced. For life prediction, the
kinetic equations must be complemented with a failure criterion. Thus, a design tool against
fatigue could be conceived. This link is still qualitative. Simple material structures like
unidirectional longitudinal specimen in tensile fatigue should first be analysed quantitatively,
before generalising on to more complex scenarios. The approach is outlined in Figure 14.

1. UD 0° specimens
2. Multidirectional specimens
3. Variable amplitude loading

Modelling of damage accumulation
(Fracture and damage mechanics)

Quantification of kinetics and failure condition
(Data reduction of experimental data)

Experimental identification of mechanisms
(NDE i replicas, py etc.)

Figure 14. Top-down approach design of composite structures on basis of the underlying
accumulation of damage leading to final failure.

It is useful to keep the goal of the top-down approach in mind, but practically a bottom-
up approach is more logical. Once the micromechanisms have been understood, as indicated
in the fundament of the pyramid in Figure 14, we can move on upwards in the structural
hierarchy towards damage mechanics on the ply-level dealing with features like transverse
cracking and delamination, see e.g. Ref. 35. It would then be feasible to conceive life
prediction schemes which can be used for engineering design, while maintaining the link
downwards to the microstructural mechanisms. Active research in the composite community

is focused to establish this link from mechanisms to properties. Qualitative and illustrating
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examples of fatigue damage mechanisms and their effects have been presented in this
manuscript. For the reader who like to become more acquainted in quantitative prediction of
damage accumulation, the articles cited in the reference list can be consulted.

It is clear from the results presented in this survey, and from references herein, that a
strong fibre-matrix interface, which does not allow for any widespread progressive
debonding, would as a rule result in improved fatigue resistance. On the other hand, an
improved interface would also mean embrittlement, which implies above all an increased
sensitivity to flaws and other sources of stress concentration in conditions of static loading or
impact.

Conclusions

In view of the observed micromechanisms and accompanying fatigue life behaviour, it
can be summarised that pronounced fibre-matrix damage growth through debonding has a
detrimental effect on the global fatigue properties, irrespective of fibre orientation and
laminate lay-up. If this mechanism can be suppressed by a stronger and more resistant
interface, longer fatigue lives of the material are expected. However, limited debonding can
have beneficial effect if it acts as a crack-arresting mechanism, which prevents further
damage propagation. In this respect, an optimum in fatigue resistance is expected in terms of
propensity to debond propagation. For improvement of the fatigue resistance, it can been
recommended to monitor the development of fatigue damage microscopically, and then take
measures to modify the composite composition to repress the deleterious mechanisms
responsible for fatigue degradation and eventual failure. Much further experimental
characterization and modelling work is needed to conceive a quantitative predictive model
from the micromechanisms to fatigue life performance. However, design based on the
underlying mechanisms is the best way forward if we wish to make full use of the potential of
engineered composite materials,
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