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Abstract. The approach to cyclic fatigue fracture testing of metals and alloys with the data
presentation as “Paris-Graph” developed by Paul Paris and co-workers has proven immensely
useful for structural engineering. It is, therefore, understandable that the later development of
fatigue fracture test methods for fiber-reinforced polymer (FRP) composites followed this route
also. However, recently questions have been raised by several researchers that require looking
at fatigue fracture of FRP composites in more detail in attempts at using the full potential of
this class of materials in structural applications. One of these questions is how the apparent
analogy in the shape of the curves between Paris-Graphs of metals, alloys and FRP composites
relates to the material specific, physical damage mechanisms. For FRP composites, the
investigation of these mechanisms has a long history, but only recently, there seems to be a real
advance using sophisticated pattern recognition of acoustic emission waveforms with
complementary methods such as multi-physics simulations or high-resolution X-ray computed
tomography. Comparing, e.g., crack sizes on the order of tens of micrometers occurring on
time-scales of microseconds or less with visually observed delamination propagation, it
becomes clear that the data analysis for the Paris-graph is averaging over orders of magnitudes
in both, length and time-scales and this inevitably involves some scatter. Another question
raised concerns the apparently larger scatter in Paris-Graphs obtained for FRP composites
compared to those of metals or alloys. Again, a full understanding of the sources of this scatter
has not been reached yet, but likely, the complex morphology and microscopic damage
mechanisms of FRP composites play a role. There are further effects from mesoscopic or large-
scale fiber bridging in fatigue fracture due to special fiber lay-up used in testing. For structural
design with FRP composites, it is not sufficient to select the material performing “best” in the
fatigue fracture tests, but it is essential to have safe, reliable, but on the other hand realistic
design limits. Scatter in the data and how much of that has to be taken into account first
requires understanding the extrinsic (test related) and intrinsic (material related) scatter
sources. The concept of a fatigue threshold is also important for fracture-based structural
design, since there are indications that threshold values for FRP composites may be quite low.

1. Introduction

A major approach to understanding fatigue fracture in material test coupons goes back to
investigations by Paris and coworkers [1] on metals and alloys that finally yielded the so-called “Paris-
Graph” of da/dN, the average crack advance per fatigue cycle versus the applied stress intensity K, or
the range of applied stress intensity AK in a double-logarithmic plot showing essentially a power law
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relation with three regions. These are the transition to quasi-static and finally unstable fracture (at
“high” values of da/dN and K or AK), a roughly linear region in the center (at “intermediate” values of
da/dN and K or AK), and a so-called threshold region (at “low” values of da/dN and K or AK)
described in more detail in [2]. Even though the first graph with data published in [1] had not yet
adopted the exact form of the plot as described above (the X-axis showing the stress intensity K was
plotted on a linear rather than a logarithmic scale), the authors concluded (cite).
“On the basis of the experimental data given, it is evident that rates of crack growth-for
example, those in 2024-T3 and 7075-T6 skins of aircraft structure-may be computed by the
theory presented over a wide range of nominal stress levels and crack sizes. The ramifications
of such broad correlation imply an analytic theory of fatigue based on a concept of growth
from initial imperfections through which structural life may be predicted.”
Applying this concept to engineering structural design proved to be extremely successful and,
therefore, it did not take long before the methodology was applied to other types of materials, and,
starting in the 1980ies also to fiber-reinforced polymer-matrix (FRP) composites, see, e.g., [3-8].

The successful application of Paris-plots with the empirical data correlation, and their later
refinements, in structural engineering may have, at least in part, contributed to the fact that alternative
descriptions of fatigue fracture, e.g., based on the Forman- or Hartman-Schijve equation [9] or similar
equations used in the NASGRO® software with its database for fatigue crack growth analysis [10]
were discussed much less in literature. Until recently, the application of NASGRO® was limited to
metals or metal alloys, essentially with a focus on aerospace materials, e.g., [10-13]. Application of a
modified Hartman-Schijve equation to fatigue fracture data of FRP composites was first discussed by
[14-15]. This now looks promising for quantification of scatter and for determining conservative
design limits FRP structures, at least for fatigue fracture under mode I tensile opening loads, as
discussed in detail by [16,17].

Another drawback coming from the success of the empirical engineering approach to fatigue
fracture characterization might also be the limited insight into the underlying physical micro-
mechanisms obtained so far. For metals and alloys the possible effects of the microstructure on the
fatigue fracture behavior are still debated; with a recent paper indicating that there no such effects
[18]. Much less is known about the micro-and meso-structural effects on the physical damage
mechanisms in fatigue fracture of FRP [19]. In the following sections, selected aspects of the
characterization of fatigue fracture in FRP composite materials are discussed with a focus on scatter
sources, the scope of respective test procedures and the implications for structural design.

2. Procedures for fatigue fracture testing of fiber-reinforced polymer composites and their

scope

The only example of a standard fatigue fracture test method available so far is ASTM D6115 [20] for

Mode I Fatigue Delamination Growth Onset of Unidirectional Fiber-Reinforced Polymer Matrix

Composites. The scope defines (cite)

“This test method determines the number of cycles (N) for the onset of delamination growth
based on the opening mode I cyclic strain energy release rate (G), using the Double
Cantilever Beam (DCB) specimen ..... This test method applies to constant amplitude, tension-
tension fatigue loading of continuous fiber-reinforced composite materials. When this test
method is applied to multiple specimens at various G-levels, the results may be shown as a G—
N curve ...".

The procedure has been developed for a certain class of FRP composites referring to [21] for details:
“This test method is limited to use with composites consisting of unidirectional carbon fiber
tape laminates with single-phase polymer matrices. This limited scope reflects the experience
gained in round robin testing. This test method may prove useful for other types and classes of

composite materials, however, certain interferences have been noted ...." .
These interferences mentioned are among others (cite):
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“Linear elastic behavior is assumed in the calculation of G used in this test method. This
assumption is valid when the zone of damage or nonlinear deformation at the delamination
front, or both, is small relative to the smallest specimen dimension, which is typically the
specimen thickness for the DCB test. ... Delamination growth may proceed in one of two
ways: (1) by a slow stable extension or (2) a run-arrest extension in which the delamination
front jumps ahead abruptly. Only the first type of growth is of interest in this test method.”
Specifically with respect to application of the test method on other types of FPR composites, it is
noted:

“Toughness values measured on unidirectional composites with multiple-phase matrices may
vary depending upon the tendency for the delamination to wander between various matrix
phases. Brittle matrix composites with tough adhesive interleaves between plies may be
particularly sensitive to this phenomenon resulting in two apparent interlaminar fracture
toughness values: one associated with a cohesive-type failure within the interleaf and one
associated with an adhesive-type failure between the tough polymer film and the more brittle
composite matrix. ... Nonunidirectional DCB configurations may experience branching of
the delamination away from the midplane through matrix cracks in off-axis plies. If the
delamination branches away from the midplane, a pure Mode I fracture may not be achieved
as a result of the structural coupling that may exist in the asymmetric sublaminates formed as
the delamination grows. In addition, nonunidirectional specimens may experience significant
anticlastic bending effects that result in nonuniform delamination growth along the specimen
width, particularly affecting the observed initiation values. ... Woven composites may yield
significantly greater scatter and unique R curves associated with varying toughness within
and away from interlaminar resin pockets as the delamination grows. Composites with
significant strength or toughness through the laminate thickness, such as composites with
metal matrices or 3D fiber reinforcement, may experience failures of the beam arms rather
than the intended interlaminar failures.”

The procedure described in [20] is mainly intended for quantification of the effects of materials or
processing variables as well as effects of environmental variables, for quantitative comparison of
different FRP composites, but may also serve (cite)

“To develop criteria for avoiding the onset of delamination growth under fatigue loading for

composite damage tolerance and durability analyses.”
These texts in “Scope” and “Significance and Use” of the ASTM Standard Test Methods for fracture
of FRP composites are fairly general and, e.g., do not specify in detail how to develop the failure
criteria for damage tolerance or durability analyses. The subject of structural design of composites is
covered in more detail in [22]. In the earlier version [23] none of the ASTM fracture or fatigue fracture
test methods are explicitly referenced, indicating that the direct use of the fracture mechanics test data
in design may possibly require more research before becoming formalized in standards and guidelines.

2.1. Developments toward standard fatigue fracture test procedures for FRP composites

The development of test procedures for quasi-static of cyclic fatigue fracture of FRP composites has
been reviewed in detail [24-27]. Currently, there are standard test procedures for quasi-static fracture
of FRP composites under three types of loads, so-called Mode I with tensile opening load [21,28,29],
Mode II in plane shear [30,31] and for various combinations of Mode I and Mode II [32] and one
standard test [20] for fatigue delamination onset. Experimental research and activities in fracture
mechanics test groups has explored the applicability of the respective quasi-static set-ups for cyclic
fatigue facture testing under Mode I [33-34], Mode 11 [35,36], and Mixed Mode I/II [15,37,38].

Even though Paris-type graphs can be generated by all these draft procedures data analysis revealed
certain limitations, e.g., relatively poor reproducibility [39-41] requiring large safety margins for
design. There are also indications that the so-called threshold values that could be used to define
design limits are fairly low, see Figure 1 and [34,42]. The straight line in Fig. 1 right indicates an
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estimated threshold at 107 mm/cycle (equivalent to 107'° m/cycle defined as da/dN for an operational
threshold in [2]) around 40 J/m?, assuming that (1) linear extrapolation of the data is justified and (2)
scatter in the visual data is not accounted for. If scatter is taken into account, e.g., by taking twice or
three-times the standard deviation, the conservative value (design threshold) would be even lower. It
can be noted that the data plotted without smoothing seem to indicate an incipient threshold of roughly
60-70 J/m? around 10 mm/cycle. Possibly, this cloud of data points represents scatter due to limited
resolution of the load and displacement measurements, respectively, used in the data analysis.
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Figure 1. Paris-graph of Mode fatigue fracture data for one type of CFRP (carbon fiber G30-500 /
R5259 type epoxy) showing (left) a comparison between different data analysis methods for
visually observed delamination lengths (SBT = simple beam theory, CBT = corrected beam theory,
MMC = modified compliance calibration) and (right) the data from the CBT-method smoothed
with a 7-point polynomial according to [2], the straight green line drawn by eye estimates the
da/dN for different applied Gimax values, the green dot indicates the operational threshold Gimax-tr
defined by [2] at 10"'° m/cycle.

However, there are recent investigations that point toward intrinsic problems with the cyclic fatigue
fracture testing approaches based on the standard quasi-static tests and specifically the choice of the
proper X-axis parameter for the data presentation. These issues are briefly summarized in the section
below.

2.2. A brief discussion on data analysis and presentation
Since the data presentation for metals or metal alloys based on the double logarithmic da/dN versus K
or AK graph by Paris et al. [1] was directly applied to FRP composites, the first publications showed
da/dN versus AK, e.g., the graphs in [5]. Later publications changed the X-axis to either Gmax or AG
for the different fracture modes, e.g., the graphs in [39,40,43], since the stress intensity K is
experimentally not well defined in FRP composites even though the theory yields (apparently)
accurate expressions. As argued in recent publications, e.g., [44,45] replacing K or AK by G or AG in
the Paris-graph does not properly present the fatigue fracture damage in order to predict the behavior
of FRP composite structures and equations with “square-root-G” terms are proposed as proper
similitude parameter. Rans et al. [44 hence conclude (cite)
“Finally, it may be argued that in adopting a Paris relation to fit experimental delamination
growth data, the selection of the independent variable for fitting the data is arbitrary. It is
merely an exercise in correlating experimental data. This, however, should not be the case.
Applying a Paris relation is done not simply to curve fit experimental data, but to attempt to
capture the material behaviour based on some basis for similitude. Indeed, numerous bases of
similitude could be selected; however, for understanding fracture mechanisms, it is convenient
to divide these mechanisms on the basis of cyclic (AK, AG = (NGuax - \Gin)?) and monotonic
(Kinax, Gmax) loading effects.”
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Besides that, fatigue fracture data presented in literature often show a fairly large scatter in da/dN
for a given value of the X-axis parameter (be it Gmax, AG or a square-root G-type quantity). In the
Paris-graph, scatter of one order of magnitude in da/dN is not uncommon (see, e.g., [39,40]) and this
results in large safety margins that have to be included structural design noted above. Of course, this
will limit the applicability of FRP composite materials in light-weight structures. The sources of
scatter that have been identified so far are discussed in more detail later.

This brief summary of the current state suggests two main directions for future testing and design
development: One is to improve the understanding of the microscopic damage mechanisms and their
potential effects on scatter in the data in a rather long-term perspective (see, e.g., [19] for a first
approach on that) and the other in drafting test procedures considering the identified sources of scatter
and choosing the proper similitude parameter for data presentation. This can, e.g., be based on the
Hartman-Schijve equation noted above or variations of that, essentially involving a dependence of the
delamination rate da/dN on a “square-root-G” quantity as similitude parameter (see, e.g., [15,16] for
more details). There is a perspective that the Hartman-Schijve equation will allow for obtaining a
master curve for FRP structural design simultaneously with estimating safe design limits, at least for
Mode I fatigue fracture [16]. Selected aspects of FRP structural design and of the scatter sources in
fatigue fracture testing of FRP laminates are discussed next.

3. A note on fracture mechanics based structural design approaches for FRP composites

Even though in most designs of composite structures or elements to date interlaminar fracture or

fatigue fracture data are not considered yet, the methodology for a fracture mechanics based design

has been outlined almost twenty years ago [46]. In the abstract, the author notes (cite)

“In laminated composite structures, interlaminar failures or delaminations have continued to
be a predominant life-limiting failure mode. The main concern for designers has focused on
the damage tolerance of structures in the presence of delamination damage from impact
events. The design approach has been to utilize existing stress/strain-based design criteria to
design the part, then to impact the part consistent with the threat and to take a knock-down in
design loads in the presence of damage. However, delaminations also occur during service in
areas where high interlaminar stresses are present. These are generally at required
discontinuities in the design, such as cut-outs, holes, joints or ply-drops. The application of
interlaminar fracture mechanics as a design tool for optimizing these regions is still in its
infancy and is adopted by very few original equipment manufacturers. This paper addresses
this issue and presents the more recent developments in incorporating interlaminar fracture
mechanics into design.”

The methodology described in the paper combines modelling with experimental data as follows (cite)
“The framework consists of identifying where cracks will initiate from structural
discontinuities or high interlaminar stresses, or identifying likely damage threats. Using FE
analysis to model the delamination, values of the strain energy release rate are compared with
the interlaminar properties of the composite. An assessment is then made as to whether the
delamination will initiate and, if so, how far it will grow until it causes failure in another part
of the component. This failure may be another delamination or a structural collapse (e.g. fibre
breakage or buckling) resulting in component failure.”

Both cyclic fatigue fracture test types, i.e., fatigue delamination onset [20] and a cyclic fatigue

delamination propagation test [39,40] yielding Paris-type data plots can provide the experimental data

for this design methodology.

Unfortunately, to date, there are very few published examples applying this concept to FRP
composite structures or components. One example is the design and analysis of a rotorhub flexbeam
for helicopters [47,48]. The conclusion in [48] states (cite)

“Nonlinear-tapered flexbeam laminates were cut from a full-size composite helicopter rotor
hub flexbeam and were tested under combined constant axial tension and cyclic bending
loads. Two different graphite/glass hybrid configurations were studied. The terminated plies
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were dropped in an overlapping stepwise pattern. All of the specimens failed by delaminations
first starting as a crack between the tip of the ply drop group and the adjacent resin region,
and growing at the interfaces around the dropped ply toward the thick region of the flexbeam.
Delaminations grew with increasing number of cyclic loads, and new delaminations formed at
other ply-drop locations. A 2-D finite element model was developed representative of the
flexbeam geometry, boundary conditions, and loading. The model was analyzed using two
commercially available finite element computer programs, ANSYS and ABAQUS.
Delaminations of various lengths were simulated in the analytical model by releasing
multipoint constraints (MPCs). Strain energy release rates (G) were calculated using the
VCCT using both finite element programs. The calculated peak G values were used with
material characterization data to calculate fatigue life curves, for comparison with test data.

. A fracture-mechanics-based methodology was used to relate maximum surface strain to
the number of loading cycles at delamination onset for each hybrid specimen type. Good
agreement was obtained between tests and analyses. The calculations represent the fatigue life
from the opening of the crack at the ply-drop tip until delamination onset, but do not include
the cycles necessary to open the crack initially.”

One important detail in the example is that the (cite)
“Initial delamination from the resin pocket at the plydrop growing toward the thick region of
the flexbeam is dominated by mode I1.”

Already more than 20 years ago, it had been pointed out that fracture test data from standard tests

showed effects from fiber-bridging that do not occur, or at least to a much lesser extent, for FRP

components or structures made from the same fiber-matrix system with different lay-up (fiber

orientation). For mode I Cantwell and Kausch [49] noted (cite)
“Typical engineering composite structures are rarely unidirectional but contain fibres
oriented at large angles to each other. The possibility of fibre nesting occurrence is therefore
very limited. ... The effect of simply orientating the central plies by a few degrees relative to
each other appears to have a significant influence upon the mode of crack propagation. The
amount of fibre bridging observed on the fracture surfaces of the failed samples was
considerably less than that in evidence on the standard DCB specimen. The influence of even
relatively small amounts of fibre bridging on the mode of crack advance is clearly evident.”

A similar study for mode II [50] concluded (cite)
“Engineering structures based on composite materials are rarely unidirectional in nature but
contain plies orientated at widely differing angles. Previous work ... has shown that the
interlaminar fracture energy at such a ply interface may be significantly different to that
associated with an interface between parallel plies. This difference in response is probably
associated with fibre bridging, which frequently occurs in unidirectional composites. In this
study a number of ENF tests were conducted on samples in which the two centermost plies
were offset by four or five degrees. Although this offset angle is comparatively small, it is
sufficient to effectively prevent fibre bridging occurring.”

This issue has been taken up in recent publications again, pointing out that in quasistatic and cyclic

fatigue fracture tests under Mode I tensile opening loads, fiber bridging will inevitably occur and

affect the resulting test data [16,17].

Fiber bridging is intrinsic to unidirectional laminate lay-up [51] which is specified as test material
in the quasi-static fracture mechanics test standards [21,29]. Since most designs of FRP composites do
not use unidirectional fiber lay-up, in the structural material the delamination propagation is much less
affected by fiber bridging than in the standard test specimens. The reason that the fracture mechanics
design methodology worked well for rotorhub flexbeams likely is that under Mode II in-plane shear
loads fiber bridging is not as dominant as under Mode I, even though the Mode II fracture process
zone can be of a quite complex shape and comparatively large size which makes the exact
determination of the delamination length in the quasi-static and the cyclic fatigue fracture tests
difficult [52].
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Molent and Forrester [17] recently reviewed the available data on cyclic fatigue growth and
residual strength for composite aircraft structures and concluded (cite)
“In this paper 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.”
The approaches for testing and data analysis currently under discussion [19,41] likely provide a road-
map toward this goal.

4. Extrinsic and intrinsic sources of scatter in fatigue fracture of FRP composites and their
quantification

Identifying sources of scatter in fracture tests and quantifying the contributions from different sources
is important for determining useful fracture mechanics test data [19]. Often, repeatability, i.e., the
scatter from testing several, nominally identical specimens in one single laboratory, ideally by the
same operator and the same test set-up is quoted as an average value with related standard deviation.
Similarly, reproducibility, i.e., performing the same test on identical specimens at different
laboratories, by different operators and possibly different test set-ups, yields again an average value
with a standard deviation. The main purpose of a standard test procedure is to minimize the scatter in
both, repeatability and reproducibility. For that, the sources of scatter have to be identified and the test
procedure requirements defined sufficiently. Following [19], scatter sources are classified as extrinsic
and intrinsic, respectively. Intrinsic scatter is essentially coming from the (unavoidable) variability in
microscopic, mesoscopic and macroscopic properties of the FRP laminates. These typically reflect the
manufacture and processing of the laminate and the test specimens prepared from that. Ideally, the
specification of the specimen manufacture and processing should yield samples that show the full
range of manufacturing and processing variability of the FRP composites structures or components.
Extrinsic scatter is then attributed to, e.g., test setup, testing parameters, and possibly data analysis.
This is discussed in more detail below.

4.1. Extrinsic sources of scatter

A first source of extrinsic scatter has been identified in the round robin tests reported by Stelzer et al.
[39,40] coming from the resolution of the load cell. Typical loads measured in the fracture and fatigue
fracture tests amount to 100-200 N and these values often drop to a few tens of N under displacement
control. Therefore, the load cell measurement range shall be 250 N or less, or else a proper load signal
calibration has to be performed in that range. Similarly, the displacement measurement may also be
affected by the resolution of the measurement device. A recent study [53] illustrates this by providing
estimates of the uncertainty in measurements of fracture toughness, however not on FRP composites,
taking into account several experimental parameters. The so-called “human factor”, i.e., the experience
of the operator in setting-up and performing the tests [54] as well as acquiring the data, e.g., the visual
measurement of the delamination length, also plays an important and often underestimated role.
Specimen manufacturing, processing and preparation (often also done by humans, sometimes
supported by robots or computer-controlled equipment that, however, also have limitations in their
accuracy) also yields scatter, e.g., by variation in fiber orientation during lay-up resulting in fiber
misalignment or waviness, variation of plate thickness and specimen width (some standards set limits
on variation in specimen dimensions, e.g., [21,29], and quality of cutting from the plate. Variation in
fiber orientation and specimen geometry or size may affect the compliance of the test specimens which
in turn affects the test data [51]. Even if variations in specimen size are limited by specifying
tolerances in the test standards or guidelines and unsuitable specimens are excluded; some intrinsic
material variability and hence scatter will remain. Finally, the operator experience or human factor
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also comes into play in the analysis, e.g., when determining the non-linear or 5% change in
compliance points for defining the initiation toughness as clearly shown by the example discussed by
Davies [55]. This is one motivation for trying to automate the test performance and data analysis as
much as possible and to eliminate operator dependent error and scatter sources [56].

The compliance of the test specimens, calculated from machine or test specimen displacement and
applied load can be used to calculate the delamination length for quasi-.static or cyclic fatigue fracture
under Mode I loading [39,40]. The compliance of the test set-up has to be determined separately and
deducted from the compliance calculated from the test machine data. Fig. 2 left shows the specimen
compliance as a function of load cycles in fatigue fracture of (carbon-fiber/epoxy type IM7/977-3)
calculated in two different ways. The first calculation takes simply the maximum load Pna.x and the
maximum displacement Omax (the test was performed under displacement control), i.e., assumes that
the respective load-displacement curve can be extrapolated back to zero load and displacement
simultaneously (represented by the blue line in Fig. 2). However, if the specimen compliance is
calculated as the slope (assumed to be a straight line) between the minimum and maximum values of
displacement and load, respectively, the resulting compliance is higher for any given cycle number
(red curve in Fig. 2). Therefore, the “effective” compliance of the specimen under cyclic,
displacement-controlled fatigue between maximum and minimum displacements (defining the
displacement-ratio) is higher than that evaluated from the peak displacements and loads and the same
holds for the effective delamination lengths calculated from the compliance, i.e., longer delamination
lengths for the analysis based on the larger effective compliance.
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Figure 2: The compliance calculated via two different methods, once from maximum load and
displacement (red dots) and once from the difference between maximum and minimum load
and displacement (blue dots), respectively (left) and the comparison of the Paris-type graph
resulting from delamination lengths calculated with the two compliance methods.

Fig. 2 right shows the resulting Paris-type graph (double-logarithmic da/dN versus Gimax) for the
two compliance measurements and the delamination lengths back-calculated from that, respectively.
The delamination lengths for the two compliance measurements have been determined using the cubic
relation between compliance and delamination length with the equations shown in Appendix 1 of [57]
with estimated values of the tensile modulus Eof 150 GPa and shear modulus G13 of 4.9 GPa. The
Gimax data have been calculated with the Modified Compliance Calibration Method without applying
the load-block and large displacement corrections (Factors F and N according to [29]). It has to be
noted that the data sets have been filtered to show data points for a minimum delamination length
increase of about 0.1 mm only. Even though the delamination lengths differ due to the different
compliance, the Paris-graph data for the two sets, at first sight, agree fairly well. There seems to be a
trend to being less conservative and possibly showing slightly larger scatter for data calculated from
the compliance based on maximum and minimum values of displacement and load, i.e., for the data
yielding higher compliance, compared with those calculated from the maximum values. These trends
will, in any case, have to be confirmed and quantified in further analysis comprising more test data.
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4.2. Intrinsic sources of scatter

Intrinsic scatter sources have been defined as being material and/or processing related and these have
to be taken into account in structural design, as discussed above. One important type of intrinsic
scatter that has to be considered, if the data are being used in FRP structural design, i.e., the large-scale
fiber bridging due to the unidirectional fiber alignment in the standard fracture test specimens, has
already been discussed above. Possible approaches for the quantification of this are discussed in a
separate section below.

Manufacturing and processing of FRP composites can yield intrinsic defects such as, e.g., porosity,
inclusion of foreign particles, inhomogeneous micro- and meso-scale fiber volume fractions and fiber
alignment, local fiber-matrix debonds, etc. [58]. Residual stresses also arise from processing,
specifically the cure and post-cure conditions [59], and may interfere with the applied global stresses
during testing and thus affect the delamination behavior. Scatter in fiber alignment for a carbon-fiber
thermoplastic composite has been quantified by [60]. The fibers in this case lie within about +3° from
the nominal fiber direction with standard deviations between about 0.6° and 1.9°. Wavy fiber plies can
also affect the mechanical properties of the laminate as discussed in detail for IM7/8552 [61]. The
quantification of intrinsic defects and of their effects on fracture and fatigue fracture behavior requires
further investigation for minimizing intrinsic scatter.

5. Accounting for large-scale fiber-bridging in Mode I fatigue fracture of unidirectional fiber-
reinforced polymer composites

5.1. Materials approach

Since fiber-bridging is considered to be intrinsic to testing unidirectional FRP composite laminates,
the question could be asked whether choosing another laminate lay-up with different fiber orientation
might reduce or completely prevent fiber bridging. In early literature on fracture testing, it was
recommended to use a lay-up with a slight offset angle (typically 3-5°) for the two plies between
which the delamination was propagating in order to reduce fiber-bridging in Mode I and Mode II
loading [49,50]. However, the effect of angle-ply lay-ups on fiber bridging in material coupon testing
was usually not quantified. Most documented fiber bridging to date is essentially from visual
observation or photography, see, e.g., [62-64].

Selected values of Gic and Giic, respectively, determined from quasi-static fracture testing of angle-
ply laminates reported in the literature are summarized in Fig. 3. The data (AS1/3502 [65], AS4/8552
[66], T8OOH/3631 [67], IM7-G/8552 [68], C12K/R6367 [69], AS4/3501-6 [70] and T300/914C [71])
are plotted as a function of the fiber orientation angle between the two plies between which the
delamination initiates or propagates. This angle does not necessarily correspond to the angle between
the main delamination direction and the fiber orientation of the adjacent plies, e.g., in £15° or £30°
lay-ups with delamination propagation in 0° direction which would be shown under 30° and 60°,
respectively. Nicholls and Gallagher [65] report average data for selected areas of delamination
identified by fractography (described in their paper) and hence their data are labelled as “propagation”
values rather than initiation. Sebaey et al. [66] distinguish initiation and propagation, the latter
correspond to values from delaminations without jumps to other planes only. Chou et al. [67] also
report propagation values for selected delamination areas in addition to initiation values. Some of the
authors also provide information on scatter or standard deviation for their average values, but this is
not considered in the graphs in Fig. 3.

There is scant data on “small” angles below 10° and it is not clear whether or how data for larger
angles can be extrapolated to lower values. For Mode I, the data in Fig. 3 indicate that there is little
effect of fiber orientation at delamination initiation (unless precracking has been performed). This is
not surprising, since the fiber orientation likely does not affect the resin pocket around the starter film
insert. However, delamination propagation after initiation or precracking results in clearly increasing
R-curve behavior, i.e., increasing Gic values with increasing delamination length, sometimes noted
likely to be due to fiber bridging (from visual observation) in the references. Gic initiation also seems
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to increase with increasing difference in angle between the fiber plies adjacent to the delamination. For
Mode II, the data tend to show a slight decrease in the Gyc initiation values, if the fiber angle
difference is increased, but there are exceptions, e.g., [71]. High propagation values (high compared to
Gic initiation) have also been noted for cross-ply (0°/90°) stacked laminates [72,73] that can be
considered the extreme case among angle-ply laminates. Multi-directional or quasi-isotropic FRP
laminates often yield multiple cracking or crack branching, that, similar to cross-ply might involve
mixed mode or inter-laminar and intra-laminar fracture, as discussed, e.g., by [74] and hence is not
well suited for determining design values from coupon testing.
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Figure 3. Quasi-static Mode I and Mode II delamination initiation (init) and propagation (prop) .
values for selected angle-ply CFRP laminates from literature (see text for references and
discussion).

5.2. Experimental approaches
Recent publications by the Structural Integrity & Composites Group in Aerospace Engineering at TU
Delft provide a perspective for an experimental approach for quantifying the effect of fiber bridging in
unidirectional FRP composites subject to cyclic Mode 1 fatigue loading [41,75,76]. For details, the
reader is referred to the referenced literature and the paper presented by Dr. Alderliesten at this
symposium [77].

Another, independent approach for accounting for fiber bridging was published by Hojo et al.
[78,79]. This method is based on fatigue fracture testing (again Mode I only was considered here) at
constant level of Gmax or AG. The data obtained from these experiments can then be extrapolated to

short delamination lengths Aa~0 mm yielding a fatigue fracture curve in the Paris-type graph which is
not affected by fiber bridging. While the method proposed by the group at TU Delft likely is more
easily implemented in a standard test procedure, the constant-G or constant-AG tests may serve as an
independent method for validation of the other approach. So far, there is no data available performing
both tests on the same material.

5.3. Modelling approaches
There have also been attempts at using modelling or simulation methods to quantify fiber bridging in
quasi-static Mode I tests. One example of that is [80], where the author states (cite)
“This paper presents a beam model based on a linear traction—separation law that has been
shown to be a good approximation to the early stages of fibre bridging. The present model
enables the evaluation of accurate propagation Glc values through the fitting of experimental
load—displacement curves.”
At this stage, it is not clear whether this or similar modelling approaches could be extended to cyclic
Mode 1 fatigue fracture (private communication from Prof. A.B. de Morais), but it might be
worthwhile to explore this in future research.
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6. Microscopic damage mechanisms in quasi-static and fatigue fracture and their averaging on
macroscopic scales

Due to the morphology of FRP composites, there are several different types of microscopic or
mesoscopic damage mechanisms that can be activated by quasistatic or fatigue loads. These are
usually noted to be: matrix cracks, fiber-matrix debonding or interface failure, and fiber breaks, see,
e.g., [81]. Some authors include (interlaminar) delamination or large matrix cracks as an additional
damage mechanism for FRP composites, but as discussed by [82,83], these consist again of a series of
smaller size matrix cracks, adding up to larger damage between the ply levels. For more insight into
the physical damage mechanisms in FRP, besides identifying the type, also the typical size and time
scales are of interest [19]. These issues are briefly discussed here.

One nondestructive monitoring method that is quite sensitive to generation of small defects in
many types of materials including in FRP composites is Acoustic Emission (AE), see, e.g., [81,84] for
details. The combination of unsupervised AE signal pattern recognition and Multiphysics modelling of
wave propagation from model signal sources embedded a FRP composite yielded three AE signal
clusters and modelled AE signal parameters attributed to different model sources consistent with
matrix cracks, fiber-matrix debonding and fiber breaks [85]. This methodology can be applied to
large-scale FRP composite structures, such as wind-rotor blades and yields locations of microscopic
damage sources in the structure as well as identification of the damage mechanism type, see, e.g., [86].
However, without suitable damage models, a direct prediction of the life-time of the component from
a mapping of locations and type of accumulated microscopic damage, as argued in [87], is not feasible.

In spite of the success of the analysis of AE signals with pattern recognition and source mechanism
modelling, this approach does not yield direct quantification of the size or extent of the microscopic
damage created by a specific source mechanism. For this, imaging non-destructive test methods, such
as X-ray radiography or computed tomography can provide some information on damage location and
size. This has been explored in a preliminary analysis of carbon-fiber epoxy composite laminates after
quasi-static and cyclic fatigue Mode I fracture testing. One example of a X-ray computed tomography
slice taken from a Mode I specimen after quasi-static fracture testing is shown in Fig. 4. There are
crack-like features that seem to be oriented parallel to the main delamination. The thickness of this
slice (normal to the delamination) is about 3.5 mm, the length of the micro-cracks hence amounts to
between about 350 and 1200 um. The size of the micro-crack features in the thickness direction of the
specimen is comparable to the voxel size of about 3 um or less, and hence, they are difficult to clearly
identify. Therefore, a 2-dimensinal Fourier Transform map of the X-ray image slice has been
calculated and compared with the same algorithm applied to image slices from unloaded parts of the
specimen. The latter do not show the features highlighted by red arrows in the Fourier Transform map
in Fig. 4 and also did not yield indications of crack-like features in the X-ray images. This constitutes
first evidence, but that will have to be verified by additional investigations, combining more
measurements.

It has to be noted that the X-ray imaging by computed micro-tomography discussed above provides
first evidence for the damage created in the so-called fracture process zone around the delamination
created by the different fracture tests. Even though the quantification of the micro-crack sizes in the
fracture process zone can still be debated, it is nevertheless clear that additional fracture surfaces are
created in the FRP composites not detectable by the visual or technical observation (e.g., camera or
video recording) of the delamination length on the edges of the specimens. On the other hand, this
additional damage is reflected in the compliance of the specimens, and hence at least to some extent in
the load and displacement measurements. If the fracture or delamination areas from visual observation
together with load and displacement values are used to calculate the toughness or delamination
resistance, i.e., the G-value, the effective facture surface might be underestimated, resulting in an
overestimate for G and possibly also in less accurate estimates of the related scatter.

The currently available data on damage types and sizes are interpreted as follows: The evidence
currently available from AE crack or damage sizing or from X-ray computed tomography indicates
stochastic micro-crack formation on lengths scales between about 10 pm and about 200 um. It is
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possible, that cracks sizes smaller than 10 pm do occur in FRP composite fracture and that the AE
sizing described here reached its limit of sensitivity. X-ray computed micro-tomography with a voxel
size around 3 pm poses a similar resolution limit. That the time scale of microscopic fracture events is
on the order of microseconds or even less (see, e.g., [87] for details) indicates that the methods for
determining delamination lengths currently used in the fracture tests (e.g., visual observation or
photography or video recording) do average over several orders of magnitude in time, and, to a lesser
extent, also on the length or volumetric scale (e.g., with the requirement to determine the delamination
tip with an accuracy of 0.5 mm [21]. The implied averaging over microscopic and short-time events
constitutes a potential source of (intrinsic) scatter that is difficult to quantify. The matrix crack sizes
determined from the delaminations obtained by the fracture tests described above can be
complemented by a study on another microscopic mechanism, namely fiber-matrix debonding
discussed below.

Figure 4: X-ray computed micro-tomography slice (voxel size about 3 pm) of a carbon-
fiber epoxy specimen after quasi-static Mode I fracture test (left), a higher magnification
of the same slice near the delamination running from the bottom left hand corner to the
top right hand corner in the image, selected crack-like features are indicated by red
arrows (center) and a 2D Fourier transform of the image (right) showing features (pointed
out with red arrows) that are absent from untested specimen parts (see text for details and
discussion).

For fiber-matrix debonding, estimates for crack size or debonded surface area can be obtained from
micro-mechanical tests. If single fibers (glass or carbon) embedded in an epoxy matrix are subject to
quasi-static tensile loading in the so-called single fiber fragmentation test, the fibers will break once a
certain stress level is exceeded. Around the location of the fiber break, there occurs also some
debonding between fiber and matrix that can be observed under the microscope (Fig. 5). The debond
length of course depends on the fiber-matrix adhesion. Increasing the tensile load further after the first
fiber break will induce additional fiber breaks until the fiber fragments are too short to be loaded to
failure, i.e., reaching saturation. The observed fiber fragment lengths (between about 300 and 400 pum)
can be statistically analyzed yielding an average and a width of the distribution [88]. An average
debond length for each fiber break of around 80-120 pm can be estimated from the micrographs (Fig.
5), resulting in an average debond area between 1°500 and 2’300 um? for the carbon fibers with a
diameter of 6 um. Similar values of debond length are obtained for glass-fiber epoxy SFFT specimens
[88] where fiber diameters are between about 10 and 15 micrometer.

It is known that the SFFT tests do not represent the damage occurring under tensile loads in CFRP
since using fiber bundles instead of single fibers indicates that fiber breaks in one fiber affect the
occurrence, specifically the location of breaks in adjacent fibers [90]. Even though there are no
quantitative data, however, the debond surface area estimates derived from the tests on single fiber
specimens likely also apply to multiple fiber specimens. The order of magnitude is of a few tens up to
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about 100 micrometers. This range is consistent with the matrix crack sizes (diameters) derived from
the AE monitoring of quasi-static fracture tests of FRP composites.

Figure 5. Optical micrographs using polarized light of AS4 carbon fiber breaks after tensile
testing single fibers embedded in epoxy matrix, carbon fiber diameter is about 6 pm.

If the applied loading on the embedded fiber is compressive, the so-called single fiber push-in or
push-out test yields again debonding between fiber and matrix. The test equipment and set-up is
described in detail by Battisti et al. [89]. For carbon fibers embedded in epoxy with a length around 30
micrometers, full debonding was achieved and the fibers effectively pushed-out. With fiber diameters
around 6 micrometer and roughly 19 micrometer circumference, the debond area in this case amounts
to about 560 um?. In analogous experiments with carbon fibers of roughly 300 micrometer length in
thicker carbon-fiber epoxy slices, only partial debonding was observed and the fibers failed when
increasing the compressive load (unpublished data from the authors’ laboratory). Fig. 5 shows
examples of this. If the fiber would still debond along the full length of 300 micrometer in the push-in
test, the debond area would amount to about 5’600 um? which constitutes an upper limit. Likely, the
debond area accumulated up to the point where the fiber fails is less. It has to be noted that Fig. 5
shows a case where the fiber that was pushed in by the indenter is surrounded by a hexagonal close
packing of six fibers. The same test was also performed on “isolated” single fibers where the nearest
neighbor fiber was at least one fiber diameter (roughly 6 um) distant from the fiber that was pushed-in.
The results for the “isolated” fibers indicate a slightly more compliant behavior and slightly lower
failure loads than for the hexagonal closed packed fibers, but no significant difference in failure mode.

Figure 6. Images from in-situ SEM observation of cyclic push-in loading of a carbon fiber
surrounded by a hexagonal group of carbon fibers embedded in a slice of epoxy (about 300 um
thick), first, the indenter tip produces an imprint on the fiber cross-section (left) and finally
induces failure (right).

Finally, the question can be asked whether the different types of microscopic damage mechanisms
acting in FRP composites and the relevant size or time scales are affected by the micro- or meso-scale
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structure or morphology of the materials. Considering the discussion of fiber-matrix debonding above,
it could be hypothesized that one factor is the fiber diameter (beside the fiber-matrix adhesion and
possible residual stresses from processing [91]) or the average fiber-fiber distance in the composite
which is again on the order of a few micrometer or up to a few ten of micrometer at most (in
composites with high fiber volume fractions exceeding 60%). The lower size bound of matrix cracks
in FRP composites is likely given by the sensitivity of the method used for detection, i.e., of the AE or
the X-ray computed micro-tomography. It has to be noted that sub-micron size cracks may not be
detected by these methods in all cases. The upper bound estimate, on the other hand, possibly
correlates with the typical ply level thickness. Therefore, it could be hypothesized that the micro-
and/or meso-scale morphology of the FRP composites, i.e., on scales ranging from a few micrometer
up to about 100-150 micrometer, may affect the crack or damage size to some extent, possibly
contrary to the case of metals or metal alloys [18]. The evidence so far, however, is too scant to draw
firm conclusions and it is definitely worthwhile to investigate this further.

7. Summary and open questions

From the data presented and from the discussion above it can be concluded that (1) there is still no full
understanding of the effects that require consideration when testing FRP composite materials under
cyclic fatigue loads with the aim of using the data for design limits, but that (2) at least for Mode I
tensile opening loads certain extrinsic sources of scatter have been identified (e.g., load cell range used
in the test set-up, operator experience) and finally that (3) again at least for Mode I, approaches have
been proposed for quantifying the fiber bridging effects intrinsic to the test specimens with
unidirectional fiber lay-up for estimating safe design limits for FRP composite components and
structures. These approaches may still have to be validated, and possibly optimized, in order to not be
too conservative. Likely, the data analysis will remain “empirical”, even when the Paris-type graphs
are replaced by master curves based on modified Hartman-Schijve equations [9,15,41]. Getting
sufficiently accurate estimates of material- and processing related intrinsic scatter and reducing any
extrinsic scatter to a value below that are essential steps towards the application of the data in fracture
mechanics based FRP structural design.

The question whether a future damage tolerant design approach for FRP structures can be based on
identification and location of micro- and mesoscopic damage events is still open. It is currently not
even clear whether the micro- and meso-scale morphology of FRP composites plays a significant role
in activating different damage mechanisms. Therefore, attempts at reinforcing the FRP composites
with fillers, e.g., nanoparticles or with combinations of particles covering several scales in order to
obtain hierarchical FRP composites, e.g., [92], essentially remain empirical and still pose problems for
optimization. Therefore, also these issues require further investigation.

The often cited observation that Mode I quasi-static and cyclic fatigue fracture data constitute a
conservative limit may also be questioned. To date (to the best knowledge of the author) there is only
one example (Fig. 7, left) showing Mode II in-plane shear fatigue fracture data to be more
conservative than the corresponding Mode I data. Two tests performed independently by different
groups and at different times on the same type of material (AS4/PEEK) agree very well [37,93].
Another question is the behavior of fatigue fracture data obtained under different modes (Mode I
tensile opening, Mode II in-plane shear, and Mixed Mode I/I) for a carbon-fiber epoxy composite
(Fig. 7 right). Please note that Fig. 7 shows Paris-type graphs of da/dN versus Gmax for the respective
FRP composites and Modes.

In view of the effects of fiber-bridging discussed above, it could be hypothesized that the Mode 1
fatigue fracture data for AS4/PEEK (Fig. 7 left) would significantly change position and/or slope in
the graph, if the test was run, e.g., using the procedure proposed in [41,75], and the data extrapolated
to zero fiber bridging. It can, at this stage, however, not be excluded that Mode II would prove to be
more conservative than Mode [ for this carbon-fiber thermoplastic matrix composite material even
after accounting for fiber bridging. So far (to the best knowledge of the author), there are no published
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data for other carbon-fiber thermoplastic composites (e.g., PPS, or PES) under cyclic fatigue Mode 11
for comparison with cyclic fatigue Mode I.
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Figure 7: Paris-type graphs of (left) unidirectional AS4/PEEK carbon-fiber thermoplastic
composite tested under Mode I and Mode II quasi-static and cyclic fatigue fracture, the
quasi-static results are represented by the vertical lines, the cyclic fracture with open and
closed symbols according to the insert, (right) the same plot for IM7/977-2 carbon-fiber
duromer composite includes also Fixed-Ratio Mixed Mode I/II data (see text for details and
discussion).

Fig. 7 right indicates that at low values of Gmax the data for the different modes (Mode I, Mode 11,
here with a fixed ratio of 4:3 for Mixed Mode I/I1, the blue line is the prediction for this ratio from the
fitted Mode I and Mode II data) seem to converge near a value of 100 J/m? for low values of da/dN. It
is not clear whether this is partly or fully due to limited measurement resolution, i.e. scatter, or
representing the material behavior. Independent of this, it is likely that the threshold value for this
material is 100 J/m? or less. If the Mode 1 data were determined without effects of fiber bridging, the
resulting curves would likely be more conservative, i.e., move to the left in Fig. 7 or to the left and
upward on the da/dN axis. This would result in an even lower (average) threshold value, unless the
slope of the curve is changed significantly also by this. Therefore, the question whether FRP structural
designs can be based on finite threshold values and their associated scatter (e.g., estimated by a given
multiple of the standard deviation), or whether damage-tolerant designs (including appropriate non-
destructive inspections) will be required for future safe operation of such structures, remains open.
Both paths will require further research based on the basics outlined in this paper.
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