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Abstract 

There have been extensive efforts aiming at standardization of a test method for characterizing fatigue fracture propagation in FRP 
composites under tensile opening Mode I loads. These efforts, however, have not yielded a validated standard procedure yet. The 
effects of experimental scatter, fiber bridging, and the two-dimensional delamination propagation in planar or shell-like structural 
components versus that in beam-like test specimens are still debated. Selected literature data seem to indicate that quasi-static or 
fatigue fracture tests on neat polymers might yield rough estimates for fatigue fracture design limits for the respective FRP 
composites. The feasibility and the limitations of this approach will be discussed in detail. The development of a fatigue fracture 
test method for neat, particle or short fiber-reinforced polymers seems to be fairly straight-forward. Such a procedure may also be 
useful for generating fatigue pre-cracks for quasi-static fracture mechanics testing of polymers. Whether data from such tests yield 
safe design limits for FRP composites may depend on the specific toughening mechanisms of the matrix polymer, since these are 
not always fully transferred from the polymer to the FRP composite. Fatigue fracture data for toughened polymers may hence 
overestimate the resulting toughness or delamination resistance of the FRP composites. Therefore, further investigations are 
recommended to explore the limits of applicability of such data. 
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1. Introduction  

The question whether an alternative, simpler fracture test might provide data for the determination of sufficiently 
safe limits for fracture mechanics based, damage tolerant structural design with FRP composite materials is the focus 
of this paper. This alternative consists of testing neat or particle toughened polymers used as matrix in FRP composites 
instead of the laminates with complex morphology that may produce effects such as fiber bridging, crack branching 
or multiple defects resulting in several delaminations propagating simutaneously. Likely, testing of neat polymers 
would require less experimental effort and possibly also yield less scatter compared with test procedures for FRP 
composites currently under development. Nomenclature, abbreviations and symbols are summarized below. 

 
Nomenclature 

a delamination length or crack length 
A(B) Arc-shaped Bend (specimen) 
A(T) Arc-shaped Tension (specimen) 
ASTM American Society for Testing and Materials 
CFRP Carbon Fiber-Reinforced Polymer 
CT Compact Tension (specimen) 
C(T) Compact specimen 
da/dN (average) delamination propagation or (average) delamination length per load cycle 
DCB Double Cantilever Beam (specimen) 
DC(T) Disk-Shaped Compact (specimen) 
E Young's modulus 
FRP Fiber-Reinforced Polymer 
GFRP Glass Fiber-Reinforced Polymer 
GIC critical delamination resistance under Mode I loading  
GICprop propagation value of delamination resistance under Mode I loading 
GIthr threshold value of G for Mode I fatigue fracture loading 
KIC critical stress intensity factor for Mode I fracture 
Mode I tensile opening load  
Mode II in-plane shear load  
N number of fatigue cycles 
SE(B) Bend specimen 
SENB Single Edge Notched Bending (specimen) 
SENT Single Edge Notched Tension (specimen) 
TDCB Tapered Double Cantilever Beam (specimen) 
2D two-dimensional 
3D three-dimensional 
 

 

1.1. Current state of fatigue fracture test development for FRP composites and polymers 

The development of procedures for fatigue fracture propagation tests for FRP composites started in the 1980s, but 
with one exception ASTM D6115 (2019) for fatigue delamination onset under Mode I loads, has not yielded a standard 
yet. The test development has been summarized and reviewed by, e.g., Davies et al. (1998), Brunner et al. (2008), or 
Brunner et al. (2021). Pending the solution of several challenging issues, standards development may still take 
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considerable time and require significant testing efforts. The major problems that have to be solved are: (1) developing 
a procedure accounting for fiber-bridging, a major effect in unidirectionally fiber reinforced test specimens prescribed 
by the standards, but less important in applications with woven reinforcement, see, e.g., Joshi and Dikshit (2012), 
Shokrieh et al. (2016), or in multidirectional fiber lay-ups, see, e.g., Zabala et al. (2015); (2) differences between 2D 
delamination propagation in plate- or shell-like structural elements versus essentially 1D propagation in standard beam 
specimens, see, e.g., Cameselle-Molares et al. (2018, 2019), or Alderliesten and den Ouden (2021); (3) dealing with 
multiple delaminations typically generated by impact and also frequently observed in multi-directional laminates 
versus the single delaminations implemented in standard test specimens, see, e.g., Choi et al. (1999), Pascoe et al. 
(2013), Khudiakova et al. (2021a, 2021b); and (4) dealing with the scatter of 10-20% in fracture test data frequently 
observed in round robins, see, e.g., Davies et al. (1990), Davies et al. (1999), or Brunner (2022), originating to a large 
extent from processing and test operator actions. 

Fracture testing of neat and short fiber reinforced polymers has been standardized, at least for Mode I fracture in 
quasi-static testing in ISO 13586 (2018), and for moderately high loading rates around 1 m/s in ISO 17281 (2018). 
There is no standard test method for cyclic fatigue fracture of neat or particle modified polymers yet. On the other 
hand, abundant literature reporting fatigue fracture data of neat and modified polymers under Mode I loads, also at 
various ambient conditions, exists, see, e.g., Hertzberg et al. (1970), Manson and Hertzberg (1973), Kim et al. (1977), 
Cheng et al. (1990), Clark et al. (1990), Hertzberg (1996), Pegoretti and Rico (2000), Brown et al. (2006), Srivastava 
and Koratkar (2010), Brown (2011), Fischer et al. (2011), Klingler and Wetzel (2017). Some of these publications 
explicitly refer to the metal test standard ASTM E399 (2020) and the specimens defined there, i.e., SE(B), C(T), 
DC(T), A(B) or A(T). The scope of ASTM E399 (2020), however, explicitly refers to metallic materials under slow 
or rapid crack-displacement forces. ASTM 1820 (2018) is another fracture test standard for metallic materials under 
quasi-static loads, focusing on K, J and CTOD parameters with one of three specimens, i.e., SE(B), C(T) in two 
versions, or DC(T). Both, ASTM E399 (2020) and ASTM E1820 (2018) note a cyclic fatigue loading procedure for 
generating Mode I fatigue pre-cracks in the specimens. In ASTM E399 (2020), this is detailed in Appendix A8, in 
ASTM E1820 (2018) in clause 7.4. The length of these fatigue pre-cracks is limited (on the order of 1-2 mm depending 
on the specimen type), and it is expected that between 104 and 106 cycles would suffice for that. For metals, the tests 
can be performed at up to 100 Hz, i.e., within a relatively short time. The literature data indicate the applicability of 
such a fatigue pre-cracking for polymers, but these require lower frequencies in order to prevent thermal effects. 
However, there is no reason why a cyclic fatigue loading cannot be continued beyond the pre-cracking length of a few 
mm for establishing fatigue fracture curves based on these standards. 

1.2. Determination of fatigue fracture design limits 

FRP structural designs are mainly based on stiffness and strength criteria. For applications where light-weight 
structures play an important role, e.g., aircraft or space satellites, it has been argued that fracture mechanics based, 
damage tolerant designs, where stable and predictable crack or delamination propagation can be shown to occur, may 
yield significant weight savings as discussed by Pascoe et al. (2013b) or Jones et al. (2017). Such an approach requires 
quasi-static and fatigue fracture test standards as discussed by, e.g., Martin (2000), Murri (2006), Murri and Schaff 
(2006), or Pascoe et al. (2013b) for determination of safe design limits and for predictions.  

However, as noted above, the fatigue fracture test development so far has not yielded validated standards yet and 
in view of the problems that have to be dealt with, it is unlikely that such standards will become available soon. 
Published Mode I test procedures by, e.g., Stelzer et al. (2012, 2014) explored in round robin or selected laboratory 
testing tend to yield rather low values of fatigue fracture thresholds GIthr. For carbon fiber epoxy composites under 
Mode I loading, determined from the Paris equation graphs discussed in Stelzer et al. (2012) at 10-6 mm/cycle, these 
amount to between 60 and 100 J/m2. For thermoplastic carbon fiber composites under Mode I, the values are on the 
order of 300 to 800 J/m2. Considering the experimental errors, see Stelzer et al. (2014) for details, and the observed 
scatter of the dataset, safe design limits based on fatigue fracture thresholds are even lower. The effective design 
values depend on the safety factor that has to be accounted for, e.g., at least two- and up to around three-times the 
standard deviation, as shown with selected data by Jones et al. (2017). It has to be noted that this is essentially 
independent of type of analysis, i.e., whether a limit value of da/dN is defined from the Paris-equation or whether, 
e.g., a fit of the data to a modified Hartman-Schjive equation, as presented by Jones et al. (2017) is used.  

4 Andreas J. Brunner / Structural Integrity Procedia  00 (2019) 000–000 

Therefore, the present paper discusses an alternative approach for estimating safe design limits from fracture tests 
that may, at least under certain conditions still to be defined, yield data with less experimental effort and possibly with 
less scatter than the test procedures currently under development. 

2. Experimental data and discussion 

2.1. Literature data for fracture of RTM6 neat epoxy and CF/RTM6 composite 

FRP composites with thermoset matrix, e.g., epoxies, provide an example of the proposed methodology. Fig. 1 
summarizes literature data from several sources for a comparison between quasi-static and cyclic fatigue Mode I 
fracture of neat epoxy (type RTM6) and CFRP with a matrix of RTM6 or the equivalent two-component RTM6-2 
resin. For neat RTM6, both the quasi-static Mode I initiation value and the Mode I fatigue fracture Paris curve yield 
a lower limit for the Mode I fatigue fracture of CFRP with RTM6 matrix, at least at a da/dN value of 10-5 mm/cycle. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Selected toughness data from literature (a) Mode I fatigue fracture of neat RTM6 from Fischer et al. (2011), K converted to G via an 
average elastic modulus of 3000 MPa, (b) quasi-static Mode I toughness of neat RTM6 from a Hexflow Product Data Sheet (2016), (c) and (d) 

two sets from Mode I fatigue fracture of a carbon-fiber 5HS weave/RTM6 composite published by Yakata Shiino et al. (2014) indicating scatter 
band for material and testing and (e) quasi-static Mode I initiation value of CFRP RTM6-2 published by Wu et al. (2017). 

This hence suggests that neat polymer fracture data, either KIC, converted to GIC via E-modulus or GIC measured 
according to ISO 13586 (2020) from quasi-static fracture tests, or else a Mode I threshold value GIthr, e.g., based on 
the procedures for creating fatigue pre-cracks according to ASTM E399 (2020) or ASTM E1820 (2018) seem to 
provide a lower bound limit for Mode I fatigue fracture data of CF/RTM6 composites at least at propagation rates of 
10-5 mm/cycle. Therefore, at first sight, fracture testing of neat epoxy resin instead of CF-epoxy laminates looks like 
a potentially attractive alternative for estimating fracture mechanics based design limits for CFRP laminates. The 
discussion below will focus on the feasibility of this approach and point out open questions and potential limitations. 

2.2. Open questions and potential limitations 

As noted above, an important aspect in determining fatigue fracture design limits is the scatter in the data. As shown 
in Fig. 1 by two sets of data spanning the range obtained in the experiments by one group, there is significant scatter 
for CFRP with RTM6 epoxy matrix. Data from Yukata Shiino et al. (2014) indicate limited repeatability. For quasi-
static fracture of CFRP with RTM6 matrix under Mode I loading, there are data from several groups and these also 
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Fig. 1. Selected toughness data from literature (a) Mode I fatigue fracture of neat RTM6 from Fischer et al. (2011), K converted to G via an 
average elastic modulus of 3000 MPa, (b) quasi-static Mode I toughness of neat RTM6 from a Hexflow Product Data Sheet (2016), (c) and (d) 

two sets from Mode I fatigue fracture of a carbon-fiber 5HS weave/RTM6 composite published by Yakata Shiino et al. (2014) indicating scatter 
band for material and testing and (e) quasi-static Mode I initiation value of CFRP RTM6-2 published by Wu et al. (2017). 

This hence suggests that neat polymer fracture data, either KIC, converted to GIC via E-modulus or GIC measured 
according to ISO 13586 (2020) from quasi-static fracture tests, or else a Mode I threshold value GIthr, e.g., based on 
the procedures for creating fatigue pre-cracks according to ASTM E399 (2020) or ASTM E1820 (2018) seem to 
provide a lower bound limit for Mode I fatigue fracture data of CF/RTM6 composites at least at propagation rates of 
10-5 mm/cycle. Therefore, at first sight, fracture testing of neat epoxy resin instead of CF-epoxy laminates looks like 
a potentially attractive alternative for estimating fracture mechanics based design limits for CFRP laminates. The 
discussion below will focus on the feasibility of this approach and point out open questions and potential limitations. 

2.2. Open questions and potential limitations 

As noted above, an important aspect in determining fatigue fracture design limits is the scatter in the data. As shown 
in Fig. 1 by two sets of data spanning the range obtained in the experiments by one group, there is significant scatter 
for CFRP with RTM6 epoxy matrix. Data from Yukata Shiino et al. (2014) indicate limited repeatability. For quasi-
static fracture of CFRP with RTM6 matrix under Mode I loading, there are data from several groups and these also 
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vary significantly (see Table 1). This is possibly due to differences in processing (the laboratories tested differently 
prepared laminates) as well as in testing. Interestingly, literature data of the fracture toughness of neat RTM6 (see 
Table 2) yield comparable scatter. If standard test procedures are applied and the same materials are tested for 
reproducibility at several laboratories, scatter is expected to be less. Repeatability is the scatter for tests performed in 
one laboratory, ideally by the same operator, and reproducibility refers to testing the same material at several 
laboratories using the same test procedure. The data set shown in ISO 13586 (2020) from a round robin with a 
thermoplastic PA12 polymer for assessing repeatability indicate a variation between about 4% and 17%, and a total 
reproducibility of roughly 12%. Part of the scatter is due to the measurement resolution of the equipment, but there 
may be significant, additional effects caused by the test operator, see e.g., Brunner (2022) for details. ASTM D5045 
(2014) also provides repeatability and reproducibility statements for thermoplastics (nylon and polycarbonate). 
Respective data for epoxies or other thermosets are not available in standards to the best knowledge of the author. 
Clearly, the use of data from neat RTM6 for determining fracture mechanics based design limits for CF/RTM6 
laminates requires sufficient reproducibility, i.e., a reduction of the scatter to about 10% or less. 

Table 1. Literature data of quasi-static initiation values of GIC of CF/RTM6. 

Reference Average GIC (J/m2) Standard deviation 
(J/m2) 

Wicks et al. (2013) 210 ±90 

Arnold et al. (2015), N.B. 0°/90° lay-up, not 
unidirectional 

290 ±59 

Sales et al. (2017), data from Table 3 420 ±70 

Wu et al. (2017) 216 ±7.2 

Average 284 ±98 (34%) 

 

Table 2. Literature data of quasi-static initiation values GIC of neat RTM6. 

Reference Average GIC (J/m2) Standard deviation 
(J/m2) 

Morelle et al. (2012) 216 ±32 

Wicks et al. (2013), citing a Hexcel data sheet * 168 - 

Hexflow RTM6 data sheet (2016) using ASTM 
D 5045 (2014) 

89 - 

Hexflow RTM6-2 data sheet (2018), converted 
via E-Modulus of 3000 MPa from KIC 

120 - 

Average 148 ±56 (38%) 

 * The URL given by Wicks et al. (2013) and shown below is not active anymore:  
 (http://www.hexcel.com/Resources/DataSheets/RTM-Data-Sheets/RTM6_global.pdf). 

 
However, there are other potential limitations besides scatter. A first point is that the CFRP fracture data are 

representative of interlaminar fracture toughness or delamination resistance, i.e., the delamination essentially 
propagates in the matrix resin layer between the fiber plies. This implies that, on a microscopic scale, the fracture 
takes place in the polymer, rather than at the fiber matrix interface. If, however, the delamination migrates and fully 
or partially propagates at the interface between fiber and matrix, the resulting toughness or delamination resistance 
may be different. Fiber-matrix adhesion toughness for a carbon fiber (type UTS50 F24 24 K, from Toho Tenax) 
embedded in an epoxy (type LY564 with hardener XB3486 from Huntsman) was about 180 to 220 J/m2 as estimated 
from single fiber push-out tests by Battisti et al. (2014). These values tend to be higher than those from quasi-static 
fracture of neat polymer and the threshold from fatigue fracture of neat RTM6 epoxy. Unless the adhesion toughness 
between fiber and matrix is very poor, the neat resin data are expected to provide safe design limits for interlaminar 
delamination compared to interfacial fiber-matrix failure.  
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There have been arguments about the stress state at the crack tip of delaminations in CFRP composites, that in 
composite structures loading may be Mixed Mode I/II rather than pure Mode I, expected to yield higher toughnness. 
A review of mode II fracture by O'Brien (1998) concluded (cite) "Furthermore, examinations of the micromechanisms 
at the tip of the delamination front documented in the literature for a wide range of composite materials indicated 
that interlaminar shear failure actually consists of tension failures followed by the coalescence of ligaments created 
by these failures and not the sliding of two planes relative to one another that is assumed in fracture mechanics 
theory." This supports the assumption that mode I tensile stresses at the crack tip are relevant for delamination 
initiation and propagation in CFRP, even if the applied global stresses imply Mixed Mode I/II or dominant Mode II.  

Another potential limitation of the proposed approach is that there are published examples of correlations between 
the toughness of epoxy toughened by the addition of nano-or micro-scale particles or combinations thereof and the 
toughness or delamination resistance of CFRP composites made with such modified epoxies. As shown, e.g., by 
Carolan et al. (2017), the toughness increase observed in the modified epoxy (compared with the neat resin) may not 
be fully transferred into the CFRP. In the case of toughened epoxies used as matrix in GFRP composite rods by Burda 
et al. (2021), delamination initiation values of GIC in the rods also indicate limited transfer of the toughening effect. 
Propagation values of delamination resistance, however, are significantly higher than the initiation values, with GICprop 
clearly exceeding the GIC of the toughened epoxies. This effect, however, is attributed to fiber-bridging occurring in 
the dominantly unidirectional composite, and not to the nano- and micro-particle toughening of the matrix. Another 
limitation in transferring toughening from epoxy resins into FRP composites may come from the matrix viscosity 
required for processing the composites. Increasing amounts of toughening particles may change the resin viscosity 
such that it will become unsuitable for processing. A final open question is whether the proposed approach is 
applicable for CFRP with thermoplastic matrix as well. This issue has to be investigated in further research. 

3. Summary and outlook 

Even though no standard test procedures for Mode I fatigue fracture of neat, particle- or short-fiber filled polymers 
yet exist, the fatigue pre-cracking procedures described in standards for fracture of metals, i.e., ASTM E399 (2020) 
and ASTM E1820 (2018) were shown to be applicable for generating fatigue fracture curves, i.e., da/dN versus stress 
intensity K or stress intensity range K. For comparison with the quasi-static and fatigue fracture toughness of CFRP 
epoxy composites, these K or K values can be converted into G or G via the Young's modulus of the polymers. 

Based on selected data from literature for RTM6 epoxy and CF/RTM6, it is hypothesized that fatigue fracture data 
of neat, particle- or short-.fiber filled polymers, or at least of epoxies, may yield reasonable design limits for the 
respective CFRP composites. The scatter in the fatigue fracture data for the polymers can be evaluated analogous to 
that for CFRP composites for providing design limit curves. In principle, the threshold and its scatter can be 
determined from plotting or evaluating the Paris-equation or fitting a modified Hartman-Schijve equation. There are, 
however, a few noteworthy caveats. The first is that the polymer data may not necessarily apply to CFRP composites, 
if the delamination damage involves fiber-matrix debonding, especially if the fiber-matrix adhesion toughness is low. 
A second point is that CFRP composites may yield clearly higher delamination resistance than estimated from polymer 
data in cases of significant fiber bridging effects, delamination branching, or initiation of multiple delaminations in 
several plies of the composites. The third is that the opposite may happen, i.e., the delamination resistance of CFRP 
may be overestimated, if matrix epoxy resins are toughened with nano-or micro-particles. Depending on the viscosity 
of the nano- or micro-composite resin and on the manufacturing process, the toughening effect may not be fully 
transferred into the CFRP laminate. This may, in part, be attributed to processing effects, e.g., particles being filtered 
by the fiber lay-up, infusion resulting in different degrees of particle dispersion in the CFRP matrix, yielding larger 
agglomerates, or an inhomogeneous matrix morphology, all possibly reducing the delamination resistance. 

A clear advantage of the proposed procedure is the lower amount of material required for testing, SENB- or CT-
specimens are smaller than DCB-specimens. It is hence suggested to develop a standard test procedure for Mode I 
fatigue fracture of neat, particle- or short-fiber modified thermosets and to validate that in round robin testing. The 
applicability of such data for design limits for CFRP structures and components, for the available range of toughness 
of thermosets as well as with thermoplastics will then have to be investigated in detail. 
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vary significantly (see Table 1). This is possibly due to differences in processing (the laboratories tested differently 
prepared laminates) as well as in testing. Interestingly, literature data of the fracture toughness of neat RTM6 (see 
Table 2) yield comparable scatter. If standard test procedures are applied and the same materials are tested for 
reproducibility at several laboratories, scatter is expected to be less. Repeatability is the scatter for tests performed in 
one laboratory, ideally by the same operator, and reproducibility refers to testing the same material at several 
laboratories using the same test procedure. The data set shown in ISO 13586 (2020) from a round robin with a 
thermoplastic PA12 polymer for assessing repeatability indicate a variation between about 4% and 17%, and a total 
reproducibility of roughly 12%. Part of the scatter is due to the measurement resolution of the equipment, but there 
may be significant, additional effects caused by the test operator, see e.g., Brunner (2022) for details. ASTM D5045 
(2014) also provides repeatability and reproducibility statements for thermoplastics (nylon and polycarbonate). 
Respective data for epoxies or other thermosets are not available in standards to the best knowledge of the author. 
Clearly, the use of data from neat RTM6 for determining fracture mechanics based design limits for CF/RTM6 
laminates requires sufficient reproducibility, i.e., a reduction of the scatter to about 10% or less. 

Table 1. Literature data of quasi-static initiation values of GIC of CF/RTM6. 

Reference Average GIC (J/m2) Standard deviation 
(J/m2) 

Wicks et al. (2013) 210 ±90 

Arnold et al. (2015), N.B. 0°/90° lay-up, not 
unidirectional 

290 ±59 

Sales et al. (2017), data from Table 3 420 ±70 

Wu et al. (2017) 216 ±7.2 

Average 284 ±98 (34%) 

 

Table 2. Literature data of quasi-static initiation values GIC of neat RTM6. 

Reference Average GIC (J/m2) Standard deviation 
(J/m2) 

Morelle et al. (2012) 216 ±32 

Wicks et al. (2013), citing a Hexcel data sheet * 168 - 

Hexflow RTM6 data sheet (2016) using ASTM 
D 5045 (2014) 

89 - 

Hexflow RTM6-2 data sheet (2018), converted 
via E-Modulus of 3000 MPa from KIC 

120 - 

Average 148 ±56 (38%) 

 * The URL given by Wicks et al. (2013) and shown below is not active anymore:  
 (http://www.hexcel.com/Resources/DataSheets/RTM-Data-Sheets/RTM6_global.pdf). 

 
However, there are other potential limitations besides scatter. A first point is that the CFRP fracture data are 

representative of interlaminar fracture toughness or delamination resistance, i.e., the delamination essentially 
propagates in the matrix resin layer between the fiber plies. This implies that, on a microscopic scale, the fracture 
takes place in the polymer, rather than at the fiber matrix interface. If, however, the delamination migrates and fully 
or partially propagates at the interface between fiber and matrix, the resulting toughness or delamination resistance 
may be different. Fiber-matrix adhesion toughness for a carbon fiber (type UTS50 F24 24 K, from Toho Tenax) 
embedded in an epoxy (type LY564 with hardener XB3486 from Huntsman) was about 180 to 220 J/m2 as estimated 
from single fiber push-out tests by Battisti et al. (2014). These values tend to be higher than those from quasi-static 
fracture of neat polymer and the threshold from fatigue fracture of neat RTM6 epoxy. Unless the adhesion toughness 
between fiber and matrix is very poor, the neat resin data are expected to provide safe design limits for interlaminar 
delamination compared to interfacial fiber-matrix failure.  
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There have been arguments about the stress state at the crack tip of delaminations in CFRP composites, that in 
composite structures loading may be Mixed Mode I/II rather than pure Mode I, expected to yield higher toughnness. 
A review of mode II fracture by O'Brien (1998) concluded (cite) "Furthermore, examinations of the micromechanisms 
at the tip of the delamination front documented in the literature for a wide range of composite materials indicated 
that interlaminar shear failure actually consists of tension failures followed by the coalescence of ligaments created 
by these failures and not the sliding of two planes relative to one another that is assumed in fracture mechanics 
theory." This supports the assumption that mode I tensile stresses at the crack tip are relevant for delamination 
initiation and propagation in CFRP, even if the applied global stresses imply Mixed Mode I/II or dominant Mode II.  

Another potential limitation of the proposed approach is that there are published examples of correlations between 
the toughness of epoxy toughened by the addition of nano-or micro-scale particles or combinations thereof and the 
toughness or delamination resistance of CFRP composites made with such modified epoxies. As shown, e.g., by 
Carolan et al. (2017), the toughness increase observed in the modified epoxy (compared with the neat resin) may not 
be fully transferred into the CFRP. In the case of toughened epoxies used as matrix in GFRP composite rods by Burda 
et al. (2021), delamination initiation values of GIC in the rods also indicate limited transfer of the toughening effect. 
Propagation values of delamination resistance, however, are significantly higher than the initiation values, with GICprop 
clearly exceeding the GIC of the toughened epoxies. This effect, however, is attributed to fiber-bridging occurring in 
the dominantly unidirectional composite, and not to the nano- and micro-particle toughening of the matrix. Another 
limitation in transferring toughening from epoxy resins into FRP composites may come from the matrix viscosity 
required for processing the composites. Increasing amounts of toughening particles may change the resin viscosity 
such that it will become unsuitable for processing. A final open question is whether the proposed approach is 
applicable for CFRP with thermoplastic matrix as well. This issue has to be investigated in further research. 

3. Summary and outlook 

Even though no standard test procedures for Mode I fatigue fracture of neat, particle- or short-fiber filled polymers 
yet exist, the fatigue pre-cracking procedures described in standards for fracture of metals, i.e., ASTM E399 (2020) 
and ASTM E1820 (2018) were shown to be applicable for generating fatigue fracture curves, i.e., da/dN versus stress 
intensity K or stress intensity range K. For comparison with the quasi-static and fatigue fracture toughness of CFRP 
epoxy composites, these K or K values can be converted into G or G via the Young's modulus of the polymers. 

Based on selected data from literature for RTM6 epoxy and CF/RTM6, it is hypothesized that fatigue fracture data 
of neat, particle- or short-.fiber filled polymers, or at least of epoxies, may yield reasonable design limits for the 
respective CFRP composites. The scatter in the fatigue fracture data for the polymers can be evaluated analogous to 
that for CFRP composites for providing design limit curves. In principle, the threshold and its scatter can be 
determined from plotting or evaluating the Paris-equation or fitting a modified Hartman-Schijve equation. There are, 
however, a few noteworthy caveats. The first is that the polymer data may not necessarily apply to CFRP composites, 
if the delamination damage involves fiber-matrix debonding, especially if the fiber-matrix adhesion toughness is low. 
A second point is that CFRP composites may yield clearly higher delamination resistance than estimated from polymer 
data in cases of significant fiber bridging effects, delamination branching, or initiation of multiple delaminations in 
several plies of the composites. The third is that the opposite may happen, i.e., the delamination resistance of CFRP 
may be overestimated, if matrix epoxy resins are toughened with nano-or micro-particles. Depending on the viscosity 
of the nano- or micro-composite resin and on the manufacturing process, the toughening effect may not be fully 
transferred into the CFRP laminate. This may, in part, be attributed to processing effects, e.g., particles being filtered 
by the fiber lay-up, infusion resulting in different degrees of particle dispersion in the CFRP matrix, yielding larger 
agglomerates, or an inhomogeneous matrix morphology, all possibly reducing the delamination resistance. 

A clear advantage of the proposed procedure is the lower amount of material required for testing, SENB- or CT-
specimens are smaller than DCB-specimens. It is hence suggested to develop a standard test procedure for Mode I 
fatigue fracture of neat, particle- or short-fiber modified thermosets and to validate that in round robin testing. The 
applicability of such data for design limits for CFRP structures and components, for the available range of toughness 
of thermosets as well as with thermoplastics will then have to be investigated in detail. 
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