
 
 

Delft University of Technology

Cyclic fatigue fracture of composites
What has testing revealed about the physics of the processes so far?
Alderliesten, R. C.; Brunner, A. J.; Pascoe, J. A.

DOI
10.1016/j.engfracmech.2018.06.023
Publication date
2018
Document Version
Final published version
Published in
Engineering Fracture Mechanics

Citation (APA)
Alderliesten, R. C., Brunner, A. J., & Pascoe, J. A. (2018). Cyclic fatigue fracture of composites: What has
testing revealed about the physics of the processes so far? Engineering Fracture Mechanics, 203, 186-196.
https://doi.org/10.1016/j.engfracmech.2018.06.023

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.engfracmech.2018.06.023
https://doi.org/10.1016/j.engfracmech.2018.06.023


Green Open Access added to TU Delft Institutional Repository 

‘You share, we take care!’ – Taverne project 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public.

https://www.openaccess.nl/en/you-share-we-take-care


Contents lists available at ScienceDirect

Engineering Fracture Mechanics

journal homepage: www.elsevier.com/locate/engfracmech

Cyclic fatigue fracture of composites: What has testing revealed
about the physics of the processes so far?

R.C. Alderliestena,⁎, A.J. Brunnerb, J.A. Pascoea,c

aAerospace Structures and Materials Department, Faculty of Aerospace Engineering, TU Delft, The Netherlands
b Empa, Swiss Federal Laboratories for Materials Science and Technology, Dübendorf, Switzerland
cDepartment of Aeronautics, Imperial College London, South Kensington Campus, SW7 2AZ London, United Kingdom

A B S T R A C T

Where for metallic materials fatigue fracture testing has contributed significantly to under-
standing macroscopic and microscopic fatigue failure, the understanding of fatigue fracture in
fibre reinforced polymers (FRP) still seems limited. It appears that the research on fatigue in FRPs
raises more questions, rather than providing a framework for understanding the underlying
mechanisms. Open questions include for example the correct formulation of the driving force and
fatigue damage resistance, how to account for mixed mode loading and fibre bridging? But also
the question to what extent averaging and homogenising over time- and length scales hinders the
understanding in relation to the microscopic mechanisms?

To contribute to the development of understanding, this paper discusses several of these open
questions. The selected questions were discussed at a recent workshop on ‘Physics of fatigue
damage growth’ at TU Delft with participants from several laboratories covering expertise on
fatigue fracture testing of both metals and polymer composites. The discussion focuses on po-
tential experimental and simulation approaches that may lead to a better understanding of the
physics of the fatigue fracture process.

1. Introduction

Fatigue fracture testing has contributed significantly to understanding macroscopic fatigue fracture failure in metallic materials
over the last 50 years, mainly due to work by Paris and co-workers [1–3]. Compared to this extensive work, which allows for
successfully comparing different metallic materials with respect to their fatigue fracture behaviour based on empirical data pre-
sentations, the situation for understanding fatigue fracture in fibre-reinforced polymer (FRP) composites is quite different. In spite of
extensive research, often based on tests originally developed for metals and adapted to FRP, there is only one standard fatigue
fracture test procedure available, i.e., ASTM D6115 [4]. Most research recently presented in literature has adopted quasi-static
standardized tests and specimens (e.g. ASTM D5528 [5] or ISO 15,024 [6] for mode I, ASTM D7905 [7] or ISO 15,114 [8] for mode II,
ASTM D6671 [9] and a modified C-ELS procedure (based on ISO 15114) but with the specimen inverted for a variable and fixed-ratio
mixed-mode I/II test, respectively, but all with cyclic instead of quasi-static loading applied.

However, the differences in adopted test methods and in particular the analysis procedures, seem to result in more questions
rather than providing a framework for understanding of the underlying mechanisms. For example, what are the assumptions un-
derlying the cyclic fatigue fracture (mechanics) analysis procedures? The measurements for analysis comprise load, displacement and
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delamination length, analogous to quasi-static tests, while ignoring stochastic occurrences of microscopic, localized cracks on the ply-
level scale or below, which may be affected by local stress fields (including internal residual stresses) differing from the stress
intensity assumed from the applied global loads. Hence, the lack of such a framework of understanding subsequently hinders the
application of test data in materials development and structural design.

Take for example the ongoing discussion on the correct formulation of the driving force for, and resistance to, fatigue crack
growth, e.g. [10–13]. To apply data in engineering predictions the principle of similitude has been adopted, but for successful
application of this principle, agreement is required on which parameters uniquely describe similitude. Both the stress intensity factor
(SIF) and the strain energy release rate (SERR), originating from linear elastic fracture mechanics, have been used. However, there is
no consensus on the formulation, i.e., whether it is more appropriate to use Gmax, ΔG, or Δ√G or combinations thereof. Without the
proper basis for evaluating data, other questions then also lack a satisfying answer, like questions on how to take loading mode-mix
into account [14], or on the assessment of fibre bridging [15].

In addition, when reviewing literature on fatigue fracture in metallic materials and in FRPs, it appears that occasionally similar
trends are reported. It is therefore worthwhile to ask where similarities between fatigue fracture behaviour and underlying physics of
metals and FRP composites exist or whether the empirically observed analogies are accidental.

Furthermore, it seems that the microscopic mechanisms in both material classes are not sufficiently understood yet. The empirical
approaches for data analysis and interpretation used so far (as the double-logarithmic Paris-type graphs) consider material behaviour
averaged and hence homogenized over time- and geometrical scales. For large portions of a typical fatigue test, the expected crack
extension in a single cycle may be on the order of 10−4 to 10−6 mm, which cannot be resolved by the methods traditionally used to
measure crack length during a fatigue crack growth experiment. Instead, the crack growth rate is determined from crack lengths
measured at intervals of a few hundred to several thousand cycles. A recent review re-analysing data from many publications on
fatigue crack growth of metals [16] addresses the role of the materials’ microstructure in cyclic fatigue growth and summarizes (cite)
“The experimental data presented in this paper reveals that even if the growth of long cracks in two materials, with different
microstructures, have different da/dN versus ΔK curves the corresponding small crack curves can be similar. We also see that long
cracks in a large range of steels with different microstructures, chemical compositions, and yield stresses can have similar crack
growth rates.” While these empirical facts are supported by the data, there is currently no understanding of the underlying physical
reasons for this behaviour. For FRP, the question of whether there are analogous effects due to cracks being “small” or “short” (see,
e.g., [17] for definitions) remains open. This clearly illustrates that the microscopic processes in fatigue fracture are far from being
understood.

The aim of the present paper, therefore, is to identify open questions and to discuss potential experimental and simulation
approaches that may lead to a better understanding of the physics of fatigue fracture. In particular, better understanding the un-
derlying physics of scatter will show which extrinsic sources of scatter must be eliminated by better experimental procedures, and
will allow quantifying intrinsic sources of scatter.

Clearly, quantitative assessment of scatter in the test data constitutes essential information for structural design. After all, de-
signers must account for potential material variability in their designs, however, without applying too conservative limits. With
respect to using fatigue delamination test data obtained from material coupons to life prediction of composite structures, another
recent paper [18] concluded (cite) “… experimental data suggest that the fastest growing, i.e. lead, delaminations that arise under
cyclic fatigue loading of real structures or components from mis-drilled holes, ply drop-offs and impact damage show no, or only
little, retardation. Such retardation typically arises due to fibre bridging developing across the faces of the delamination as the fatigue
crack advances. Therefore, of course, the Fatigue Crack Growth data that is ascertained in the laboratory, and then employed as a
material allowable property to design and life the structure, as well as for the characterisation and comparison of composite ma-
terials, must also exhibit no, or only minimal, retardation.” The concept of the so-called “lead crack” has been further discussed by
Molent and Forrester [19] and it was concluded (cite) “the growth of some (limited) composite laminate and bonded repair damage
types was reviewed and found to broadly conform to the lead crack framework. Thus equations originally derived for metals may
have utility for the assessment of the growth of defects in composite structures. One such equation is the Hartman-Schijve variant.
With further research (and data) a damage-tolerance approach appears to be feasible and could be used to comply with the 2009 US
Federal Aviation Administration (FAA) slow growth approach to certifying composite, adhesively bonded structures and bonded
repairs.”

That fatigue fracture data from materials coupon testing may allow for prediction of fatigue crack growth in operational com-
posite structures or components such as fighter aircraft is important for engineering design, as well as inspection or monitoring and
maintenance of composite structures in general. Nevertheless, the approaches discussed by [18,19] are based on equations that have
essentially been derived empirically and use data for which the sources of scatter have not yet been fully elucidated. A sufficient
understanding of scatter in FRP materials data used for composite structural design or life-time prediction is important and a sta-
tistical description of scatter is required by composite design guidelines, see, e.g., [20,21].

Improvements in physics based understanding of fatigue fracture in FRP laminates and the related scatter very likely require a
deeper insight into the underlying microscopic mechanisms. Pointing that out and providing a base for further discussion of these
issues is the goal of this paper.

2. Formulating similitude

A variety of prediction models adopting fracture mechanics have been developed in the past decades. The literature illustrates
that most models have been developed in a purely empirical fashion. A fracture mechanics parameter was taken to describe similarity
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and using this parameter, observed data was phenomenologically correlated and formulated as material characteristic, e.g., in the
form of Paris-type relationships [1–3] or other forms, e.g., the Hartman-Schijve relation [22]. These empirical relations (Eq. (1))
generally have the form of a Paris-type power-law

= = = =da
dN

CΔK or da
dN

CΔG or da
dN

CG or da
dN

CΔ Gn n
max
n n

(1)

where da/dN is the crack growth rate [mm/cycle], ΔK is the stress intensity factor (SIF) range [MPa√m] and G the strain energy
release rate (SERR) [N/mm or mJ/mm2], and C and n are curve fitting parameters, which each must have a physical meaning.
Dimensional analysis highlights that the constants C have units that are a function of the exponents’ value n, which obscures the
physical meaning of C. This physical meaning, in fact, has never received a proper explanation.

In discussing these models, Rans et al. [11] illustrated that when taking Gmax or ΔG= (Gmax−Gmin) as similitude parameter, the
stress ratio effect in the crack growth resistance curves is opposite to what is commonly observed for metals when plotting the crack
growth rate against ΔK= (Kmax− Kmin). Using Δ√G= (√Gmax−√Gmin) results in a similar stress ratio trend as observed for metals,
see Fig. 1, because of the correlation between G and K2.

To account for the effect of stress ratio in mode I fatigue loading, two-parameter models have been proposed in which both the
cyclic SERR and the maximum SERR describe similitude together [23–25]. These models commonly result in a single crack growth
resistance curve, collapsing all data for different stress ratios. Although most models multiply the two SERR components each with
their own exponent, Khan et al. [26–28] argued based on fractographic evidence that it might be more appropriate to superimpose
both components. An alternative formulation adopting both SERR components is represented by the Hartman-Schijve equation
[18,22] allowing to collapse most data to a single curve as well. However, none of these models ever received a proper explanation
for the physical basis underlying the formulation. In addition, all models are characterised by the values for constants and exponents
being selected purely on the apparent fit to a single curve.

It can be added that single curves described by, e.g., exponent and slope as in the Paris relation, or described by additional
parameters, as, e.g., in the Hartman-Schijve relation, still remain empirical and limited in their representation of the material be-
haviour under fatigue fracture. Here, one could argue that such empirical approaches are sufficient for practical engineering pur-
poses, but will not provide physical understanding of relevant effects. However, even for comparative material characterization, e.g.,
for selecting the optimal laminate for an application, the position of the average fitting line provides only one part. The second part is
the scatter associated with the data, and this is of specific importance if the data are used in structural design. When comparing
materials, a Carbon Fibre Reinforced Polymer (CFRP) composite with “less” scatter in the crack growth resistance curve (yielding a
lower bound when scatter is considered in the analysis) than another CFRP composite with a lower crack growth resistance curve, but
with more scatter, may be the preferred option.

Hence, questions remain whether the macroscopic basis for fatigue fracture in composites is fully understood, and whether
observed trends have a physical basis or merely, possibly to a certain extent only, represent artefacts of the empirical model or of the
test and analysis procedure selected. One should consider that despite fracture mechanics being based on physics, using fracture
mechanics parameters such as, e.g., ΔK= (Kmax− Kmin) and relating these empirically or phenomenologically to crack growth ob-
served in experiments does not necessarily imply that the physics is satisfied in the analysis.

Fig. 1. Stress ratio effect in unidirectional laminates at the 0°//0° interface; increase in stress ratio shifts the curves as indicated when Δ√G is taken
as similitude parameter [29].
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3. Sources of scatter

This discussion of the proper similitude becomes important when minimizing the amount of scatter observed in the experi-
mentally obtained fatigue fracture data. In the assessment of scatter in crack growth data, one should distinguish two categories of
scatter, i.e. intrinsic and extrinsic scatter. Examples of the latter are test set-up (e.g., compliance or play in the load-introduction, or
load cell range with insufficient measurement resolution,), operator experience (e.g., learning curve for proper test set-up as well as
visual observation during testing [30,31]), but also machining variation in specimen width and cutting quality, or variation in
laminate plate thickness (e.g., near the edges) affecting the individual specimens’ compliance [32] which should be limited or
excluded by proper test specification.

The intrinsic scatter, i.e. due to inhomogeneous material morphology and process variability, should be considered relevant for
design purposes and shall not be excluded nor underestimated. FRP composite processing can result in defects such as voids or
porosity, inclusion of foreign particles, or local fibre–matrix debonds, but can also affect fibre alignment and produce residual
stresses, especially with improper cure (e.g., [33,34]) that may all interfere with the applied global stresses and the resulting de-
lamination propagation. The influence of fibre bridging on the delamination growth characteristics measured in unidirectional fibre
reinforced double cantilever beam specimens [5,6] in the view of the authors constitutes a source of intrinsic rather than extrinsic
scatter, since it results from the specific unidirectional fibre lay-up chosen for the test specimens. The difficulty in using data from
standardized procedures usually specified for unidirectionally fibre-reinforced laminates for structural design is then accounting for
the different behaviour of the actual laminate lay-up used in the design, not to mention additional complications such as stress
concentrations produced by the geometry of actual parts. Avoiding unidirectional lay-up in the FRP fatigue fracture test specimens, at
least around the path of delamination propagation, may prevent or at least reduce fibre bridging compared with the unidirectional
lay-up of the same FRP composite, but can yield different fracture morphology or even multiple cracks or crack branching as shown
by studies on multi-directional or angle-ply laminates, e.g., [35–38]. Therefore, the transferability of test coupon data to structures
either requires accounting for differences in the amount of fibre-bridging between the test coupons and the lay-up used in the
structures, or coupon testing with structure-specific lay-ups. The latter, however, may not satisfy the symmetry, balance and bending-
stiffness requirements for DCB specimens, e.g., noted in [5,6].

However, the view on the fibre bridging being an intrinsic source of scatter may not be beyond dispute due to complex questions
related to fibre bridging. Take for example the experimental results presented by Yao et al. [15], who have illustrated that fibre
bridging has a substantial influence on the position of the obtained crack growth resistance curve, see Fig. 2. What can be learned
from this observation is that apparently, a variation in the initial pre-crack length of± 1 or±2mm, easily results in an amount of
scatter of the order currently observed in most data reported, which could be considered extrinsic scatter. This trend is also shown by
data from G-constant tests presented by Hojo and Aoki [39]. Standardization of testing requires therefore a thorough assessment of all
parameters with respect to scatter, not necessarily limited to accuracy in load and displacement measurements only.

With the current trend in using effective crack length approaches (as e.g., for quasi-static mode II [8]) derived from compliance
rather than visual observation of delamination length, the scatter in load and displacement measurements will affect both axes of the
double-logarithmic plots in the Paris- and Hartman-Schijve-type analysis. Although this does not necessarily induce scatter in the
results, basing compliance on peak values only will impose scatter: it will include effects of measuring equipment not being correctly
zeroed, and of any play in the set-up, assuming the force-displacement curve to pass through the origin. Although play in set-up might

Fig. 2. Shift in crack growth resistance curves with increasing pre-crack length illustrating the effect of fibre bridging [15].
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be accounted for as extrinsic scatter with compliance calibration with a sufficiently stiff dummy specimen, the difference between
compliance slopes through zero and maximum load, and through minimum and maximum load will affect the data analysis. Simi-
larly, the assumption of linear compliance calibration curves where it effectively is non-linear will introduce (intrinsic) scatter.

4. Fracture mechanics versus physics

Looking at the fatigue fracture process from a physics perspective implies reconsideration of the energy balance that Griffith
originally proposed [40]. Fatigue loading constitutes the application of cyclic work of which a certain amount is dissipated through
various fracture processes. The macroscopic physics can be quantified, by measuring both forces and displacements throughout the
load cycle, and plotting the resulting dU/dN against the measured crack growth rate dA/dN [12,15,41]. The crack growth rate dA/dN
refers to a crack surface area A rather than a crack length a, because physically fracture surfaces are created. The slope through any
point of the obtained curve and the origin represents the effective resistance to crack growth described by G=dU/dA. Hence, the
governing physical equation is given by

=dU
dN

dU
dA

dA
dN (2)

This approach immediately reveals a characteristic difference between both evaluation approaches; where in fracture mechanics the
SERR G=dU/dA constitutes a crack driving force, i.e., a measure of strain energy release if a crack extends, in physics it represents a
consequence, i.e., the energy release as result of crack extension. This latter concept constitutes the material’s resistance to crack
growth.

As a result, common graphical presentations plotting da/dN against SERR parameters imply plotting a measurement against a
model, whereas graphs following the concept of Eq. (2) imply plotting measurement against measurement. The latter, therefore,
should be considered more appropriate when physically characterizing fatigue fracture in composites.

Because Eq. (2) does not contain any parameter quantifying the applied work or strain energy, capturing the material’s resistance,
expressed as dU/dA, separate from the applied work, implies one distinguishes between driving force and resistance explicitly.

One advantage of separating the driving force (or work) from the physical resistance is that it allows for better correlation with
microscopic observations on the fracture surfaces. For example, Amaral et al. [42] illustrated how the increasing resistance measured
in a carbon/epoxy composite M30SC-150-DT 120–34 F correlates well with the fractographic observations, see Fig. 4.

In addition, the distinction between driving force and resistance has revealed that fibre bridging constitutes not only a shielding
mechanism, i.e., reducing the driving force available at the crack tip by carrying part of the applied load, but also contributes to
resistance: strain energy is dissipated when bridging fibres are pulled out of the matrix or when they fail. This is illustrated by Yao
et al. [43] where data plotted following Eq. (2) also shifts to a certain extent until full saturation of bridging is achieved.

5. Correlating physics with fracture mechanics

With the concept of available energy for crack growth (driving force) and the effective resistance against fracture (dU/dA),
fracture mechanics models can be evaluated for their physical relevance. In that respect, Pascoe [41,44] has illustrated how the
effective resistance correlates well with the maximum SERR (Gmax) used in fracture mechanics, while the strain energy dissipation
correlates best with ΔG, see Fig. 3. With that correlation in mind, it can be reasoned that for example the Hartman-Schijve equation
given by [22].

=
⎡

⎣

⎢
⎢
⎢

−

−

⎤

⎦

⎥
⎥
⎥

da
dN

D
G GΔ Δ

1

thr

G
A

n

max

(3)

explicitly includes terms correlating to the driving force in the numerator, i.e. Δ√G, while the terms correlating to resistance are
placed in the denominator, i.e. √Gmax. The threshold term √Gthr may then be considered a minimum driving force necessary in order
to have crack growth.

An analogy would be the case of pushing a box across the ground. The net driving force on the box is equal to the pushing force,
minus the sliding friction. The acceleration of the box is determined by the ratio of the net driving force to the box’ resistance to
movement, i.e., its inertia, which is represented by the physical quantity of mass. So in the case of the Hartman-Schijve equation Δ√G-
Δ√Gth can be thought of as representing the net crack driving force, while √Gmax is a measure of the material’s resistance to crack
growth. One should note here that the use of √G rather than G in Eq. (3) corresponds to the original, but empirical formulations
expressed in K [45] following the original Paris equation [1–3].

The question remaining then, however, is how to interpret the physics with Eq. (3) when D and n are ‘arbitrarily’ selected to fit the
data?

Unless similitude is taken in agreement with physics, one could still question parameters like the threshold SERR for their physical
meaning: does Gthr represent a physical mechanism, or is it merely an artefact of representation? Indifferent of whether one prefers to
execute the DCB tests in load – or displacement controlled conditions: could Gthr be an artefact of load cell accuracy? Until now, the
value of Gthr is selected purely on the apparent fit of data to a single curve, assumed to be approximately straight in a double-
logarithmic graph, i.e., fitting the data to a power-law type of equation. In other words, Gthr is treated as a fitting parameter, whereas
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if it is related to a physical mechanism, it should be possible to determine Gthr independently.

6. Physical basis for corrections and scatter

In fracture mechanics concepts similitude parameters are often related to the stresses imposed by the mechanical fatigue load
cycle. The recorded crack growth rate da/dN is then plotted against the SERR, which is solely based on calculations using relations
from compliance calibration or modified beam theory. External influences like small fluctuations in ambient temperature by±1
or±2 °C are neglected and not incorporated in quantifying the driving force.

Physically, these external aspects can be accounted for when quantifying the amount of work applied. Take for example the
standard fatigue crack growth tests for metallic centre crack tension specimens. The SIF is corrected with a finite width correction
factor, which mostly has been derived from theoretical stress analyses.

When quantifying the applied work through measuring the applied forces and displacements however, one can illustrate that none
of these theoretical corrections are correct if that fatigue test has been executed in an environment where the ambient temperature
varies by a few degrees. Similar effects can be observed when performing fatigue fracture testing in composites. Either the effects are
ignored, putting a requirement on the test to avoid any temperature fluctuation larger than about 1 °C, or one quantifies the applied
work throughout the entire test to filter out this effect that appears otherwise in the graph as scatter.

Fig. 3. Correlation between the effective resistance G* and Gmax (left) and the crack driving force with Δ√G2 (centre) and with ΔG (right) [41].
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7. Quantifying physical fatigue damage

In establishing a proper physical basis for characterisation of fatigue fracture, one has to carefully review whether the concept of
‘crack length’ as one dimensional, correctly captures the physical damage created in fatigue fracture [28,46]. To a certain extent this
was discussed by Amaral et al. [42] when correlating fractographic observations to the physical resistance measured on a carbon/
epoxy composite (M30SC-150-DT 120-34 F). An increase in resistance seems to correlate to an increase in damage features on the
fracture surface, see Fig. 4.

However, visual features on the fracture surface at best represent a qualitative measure of damage. Quantifying the energy
dissipation for individual features is required to fully develop the physical equation.

Here, recent developments in non-destructive testing techniques may aid in understanding the microscopic processes in relation
to energy dissipation. Take for example the application of the Acoustic Emission (AE) technique. Pascoe [41] reports AE measure-
ments during fatigue loading of adhesively bonded DCB specimens, illustrating that the number and intensity of received acoustic
signals differs over the individual load cycles, see Fig. 5. Such measurements may shed light on the appropriateness of averaging
experimental results over time and length scales. The crack growth rate da/dN is often obtained by averaging over a sequence of
constant amplitude load cycles, while discretizing AE measurements to individual load cycles reveals very discontinuous crack
growth.

Note that most AE signals illustrated in Fig. 5 near the minimum of the load cycle are considered here of less relevance, as they
may relate to other sources like friction noise related to crack closure rather than to fracture mechanisms. This distinction was
performed based on waveform mostly, as reported by Pascoe [41] and in more detail by Amaral et al. [47]. The exact source of these
low amplitude signals at low stress levels remains to be further studied. The relevant AE signals seem to occur stochastically at
various levels in the load cycle, i.e. fracture does not always happen at similar load levels.

X-ray projection radiography using a contrast agent to highlight the delamination, combined with in-situ AE monitoring of quasi-
static mode I fracture in a recent analysis [48] yielded rough estimates of the size (diameter) of the individual micro-cracks generated

Fig. 4. Increase in damage features on the fracture surface correlating to an increase in measured effective resistance dU/dA [42]. Note that the
applied load cycle (in terms of Gmax and ΔG) was different for each picture, see for example Figs. 1 and 2.
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during the mode I loading of AS4/PEEK DCB-specimens. These micro-cracks are likely the sources for the AE signals recorded.
Estimating the total fracture surface, i.e., the delaminated area, from radiography, an average crack size between about 50 up to
about 200 µm was obtained for the AE signals with amplitudes in the range between about 60 and 80 dBAE. Further, the radiography
images indicated the occurrence of these micro-cracks at stochastically distributed locations along the tip of the delamination. The
sum of these many micro-cracks then constitutes the observed quasi-static delamination propagation. The visual observation of
delamination length increase on the edges of the DCB-specimens according to standard fracture test procedures [5,6] does not capture
the microscopic and stochastic nature of the underlying physical damage mechanisms.

It can be hypothesized that the same type of microscopic damage mechanism is also causing the delamination propagation under
cyclic fatigue fracture loading, even though reports on in-situ fatigue fracture induced crack length characterization by non-de-
structive test methods such as X-ray imaging are scarce. One example of fatigue induced cracks in double-notched CFRP-epoxy
specimens of different toughness is discussed in [49,50]. Crack lengths seem to be on the order of a few millimetre (roughly 3–5mm)
after 1000 cycles and less than 10mm after 100 kcycles. A quantification of the micro-crack size is difficult with these data, but crack
sizes on the order of micrometre would seem to be consistent with that.

The AE recorded and discussed by Pascoe [41,51] noted above, also provides support for this hypothesis. Assuming a similar size
for cyclic mode I fatigue induced micro-cracks as that estimated for quasi-static mode I fracture then leads to the conclusion that at
very low delamination propagation rates da/dN near threshold (i.e., on the order of 10−8 mm/cycle) likely require many cycles for
just one micro-crack to form. Note that a length of 10−8 mm corresponds to 0.01 nm, which is significantly smaller than a single
atomic radius. One may therefore wonder if the crack is truly advancing by a single atom or less every cycle. It seems more likely that
these low crack growth rates should be interpreted as the averaged result of stochastic processes, which create larger crack growth in
some cycles, and no crack growth in others.

This in turn leads to the question, how much the fatigue micro-crack formation may be affected by local stress fields, including
internal/residual stresses from CFRP laminate manufacturing and processing compared to the nominally applied global stresses from
the test machine. It could be plausible that internal stresses may contribute an additional source of scatter for the delamination length
measurement on the microscopic scale. It could further be questioned whether the apparent stochastic occurrence of micro-cracks
really holds or whether local stress fields may yield subtle cooperative effects.

In additionto the question of the typical average size (diameter) of micro-cracks created by cyclic fatigue fracture loading in CFRP,
there is the question of the time-scale on which these cracks occur. For estimating realistic physical time-scales of the source phe-
nomena, i.e., the cracks forming, recorded AE signals (waveforms) yield a so-called rise-time which can be considered to constitute a
first upper bound on the source mechanism time-scale. The AE rise-time is the duration between the moment when the recorded
signal first exceeds the acquisition threshold and the time when the maximum signal amplitude occurs. The AE signal rise-times
measured in laboratory-scale CFRP specimens are roughly between a few tens and about one-hundred microseconds. However, these
values are measured after wave propagation in the material, likely modulated by attenuation and dispersion effects, and also after
conversion to an electric signal in the piezo-sensor with possible, additional filtering. To date, it seems that “rise-times” at the signal
source, i.e., the time over which the source mechanism is active in the source volume have never been successfully measured [52].

Fig. 5. Illustration of measured hits during fatigue loading using the AE technique; the number and intensity of hits differs over the individual load
cycles. The upper panel shows the full range of data, the lower panels show the first and last five cycles, respectively [41].
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For modelling AE signals caused by crack formation in a standard unidirectional CFRP specimen under flexural load [53] the source
excitation time was varied between 50 ns and 3 μs [54]. The AE signals thus simulated by the COMSOL Multiphysics Structural
Mechanics Module (see [55]) for matrix cracking and fibre breaks agreed reasonably well with experimental observations. This
indicates that source rise-times on the order of one microsecond or less are realistic for microscopic damage mechanisms in CFRP.
Therefore, formation of the individual micro-cracks presumably occurs on length and times scales far below those used in monitoring
the cyclic fatigue fracture tests for determination of the average delamination rate da/dN per cycle. This stochastic micro-crack
formation will also contribute to some scatter in the essentially macroscopic crack size and growth averaging for the data analysis.

In cyclic fatigue fracture tests of CFRP, it is recommended to use loading frequencies between about 1 and 10 Hz. If higher
frequencies are used, the specimen temperature shall be monitored and, if exceeding a specified limit (e.g., +5 °C above ambient) the
test frequency shall be reduced to avoid effects from heating due to energy dissipation. Unless cyclic fatigue fracture tests are
operated at resonance, e.g., in the kHz range [56], the cyclic frequency will remain below 100 Hz. Compared with this, the time-scale
on which the microscopic damage mechanisms are active is at least four to five orders of magnitude lower. This indicates that the
microscopic cracks eventually may occur more or less stochastically during cyclic fatigue loading. On the other hand, AE signal
sampling rates of at least 5–10MHz are thus required in order to sufficiently capture the broad-band frequency spectrum of the waves
generated by the microscopic damage mechanisms [54].

Ex-situ X-ray computed tomography images of selected slices cut from CFRP epoxy laminates after quasi-static and cyclic fatigue
mode I fracture, respectively, obtained at Empa (unpublished results) seem to hint at evidence for micro-cracks occurring in the
matrix or as debonding between fibre and matrix located around, but not connected with the main delamination, i.e., direct proof of
the formation of the so-called fracture process zone. Such cracks could not be observed with X-ray radiography in the delamination in
the in-situ tests using a contrast agent, since there is no connectivity with the specimen surface and hence the contrast agent could not
penetrate. In principle, the micro-cracks in the fracture process zone around the delamination will contribute to the increasing
compliance with increasing number of fatigue cycles and thus simulate a larger effective delamination length, i.e., constitute another
source for scatter in the delamination length measurements.

8. Mixed mode loading conditions

With a proper physics basis, one can then further explore aspects such as mode-interaction in loading. Currently, mixed mode
fatigue is phenomenologically described with empirical relations between the individual opening modes, i.e. mode I and mode II.
Such phenomenological description ignores however, that the process of fracture in both modes is completely different. Where in
mode I, the process zone is confined to the direct vicinity of the crack tip, making the crack increment the dominant energy dis-
sipating fracture mechanism; in mode II the fracture process zone is elongated over a large area ahead of the crack tip in which
microscopic shear cracks are formed. These cracks contribute significantly to the strain energy dissipation in mode II, while crack
growth consists of the coalescence of the micro-cracks. One could therefore argue that in mode II, the crack length alone is in-
sufficient to describe the fatigue damage.

Hence, describing mixed mode fatigue loading in agreement with the physics should acknowledge the contribution of these
different process zones and their characteristic fracture phenomena [46].

9. Conclusions

This paper discusses various aspects related to the physics of fatigue fracture testing of CFRP composites based on experimental
observations in recently reported fatigue fracture testing. It illustrates that through quantification of strain energy dissipation in
relation to applied work, one can identify the physical influence of various aspects related to loading or environment on the crack
growth results.

Through this understanding of the physics, one can define procedures to obtain data that can be used for safe composite structural
design. To use these data for design requires the elimination of extrinsic scatter, without affecting intrinsic scatter related to material
morphology and process inhomogeneity.

Without quantification of the physical influence of all parameters on the fatigue fracture testing, the scatter in data will remain
unacceptably large. It may even be difficult to completely and clearly distinguish between extrinsic and intrinsic scatter, despite their
definition provided in this paper. Therefore the emphasis in future research should be put in developing physical understanding of the
phenomena and mechanisms at the different length- and time scales, and finally provide knowledge on the proper averaging over
these scales.

The authors believe that the physics of microscopic processes can only be fully understood if the macroscopic physics of fatigue
loading is completely understood. Hence, instead of phenomenologically correlating observed crack growth rates against fracture
mechanics parameters, one should quantify the fracture resistance in agreement with physics, i.e. dU/dA. Only in this way, one can
potentially bridge the length- and time scales, relating macroscopic observations or measurements with measurements from e.g.
acoustic emissions, X-ray radiography, or X-ray computed tomography.

Additionally, the authors recommend further developing and evaluating approaches that quantify the contribution of fibre
bridging unambiguously to use data obtained from unidirectional CFRP for structural design with multidirectional lay-ups and
interfaces.
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