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The fatigue delamination process of three different aeronautical quality composites subject to mode III fracture
loading is studied experimentally in this paper with the aim of analysing the effect of the type of matrix used
under this fatigue fracture mode. In all cases, the main difference between the composite materials considered
in this study is the type of epoxy resin used as the matrix.
The test method used to produce the delamination process under mode III fracture is known as the Longitudinal
Half Fixed Beam (LHFB)method, used in previous studies by the authors, which was shown to be a valid method
for generating the delamination process in composite sheet materials subject to mode III fatigue loading.
The experimental data from the fatigue tests were treated with a probabilistic model based on the Weibull dis-
tribution. This model facilitates the identification of relevant aspects of the fatigue behaviour of these materials,
such as the estimation of fatigue strength for periods of time greater than those tested here, aswell as the reliabil-
ity of the results.
The results thus obtained reflect important differences in the fatigue behaviour of thematerials under study, the
type of matrix being the predominant parameter of the fracture process under mode III loading.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
. This is an open access article under
1. Introduction

Composites made from prepregs have a number of drawbacks that
are inherent in the manufacturing process used in their consolidation
[1]. These materials are highly susceptible to delamination, i.e. to the
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Table 1
Properties of the three resins.

Epoxy resin Density
(g/cm3)

Tensile modulus
(GPa)

Tensile strength
(MPa)

Tg onset dry
(°C)

8552 1.316 4.67 121 200
3501-6 1.265 4.24 45.5 210
MTM45-1 [41] 1.18 3.35 120 180
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formation and growth of interlaminar cracks that propagate between
the layers under both static and fatigue conditions. This problem is of
major interest to the scientific community as the main result deriving
from it is a decrease in stiffness and strength that alters the mechanical
behaviour of the material and can significantly reduce its service life.

Although several decades have passed since the scientific commu-
nity became aware of the importance of the phenomenon of interlami-
nar fracture [2], it is still a critical parameter that limits the use of
laminates in structural components [3–12]. Althoughmost of the afore-
mentioned studies were carried out under static loading, there is a
pressing need to obtain reliable and detailed information on the
strength of these materials under cyclic fatigue loading [13–16].

This paper focuses on mode III failure, also known as tearing mode
failure, when the shear stress moves the lips of the crack in a parallel di-
rection to the crack front, i.e. perpendicular to crack growth [17].

Although this fracture mode has not been as widely studied as
modes I and II, a significant number of papers have been published. So
far, however, these studies have been carried out under static loading
employing different test methods [18,19], as no standard has been de-
veloped to date regarding these tests. The best known among existing
methods are listed below.

The Split Cantilever Beam (SCB) test [20–23], which uses beam-
shaped specimens, is employed in DCB and ENF tests. Although the re-
sults thus obtained are acceptable, certain overloads are produced.
Szekrényes [22] introduced substantial modifications to the test
method, giving rise to the Modified Split Cantilever Beam (MSCB) test.
In this case, two loading systems are applied to the test specimen. An-
other of the testmethods, known in the literature as the Edge Crack Tor-
sion (ECT) test [15–32], supposed an evolution in the study of the
interlaminar fracture of compounds under mode III fracture and is one
of the most widely used methods. It is based on the application of a
torque at the embedded end of the specimen. Yoshihara [33] developed
the method known as the Four Point Bend End-Notched Flexure (4-
ENFIII) test. This method may be considered a mode III variation of the
4ENF that uses a large-sized, complex-shaped specimen in which no
more than 90% mode III fracture is obtained. Another test method,
known as 6ECT, is based on modifications to the conventional ECT
method [34,35]. Finally, Davidson and Sediles [36–37] introduced a
new test method called the Shear-Torsion-Bending (STB) test that en-
ables testing resistance to delamination under any type of mixed
mode loading and which was subsequently modified to study mode III
fracture. A test method already employed in previous research by the
authors, denominated the Longitudinal Half Fixed Beam (LHFB) test
[38–40], was used in the present study. This test was found to be suit-
able for the characterization of composite materials under this fracture
mode.

In this paper, the fatigue delamination process of three different
aeronautical quality composites subject to mode III fracture loading is
studied experimentally with the fundamental aim of analysing the ef-
fect of the type of matrix employed on the delamination process
under this fatigue fracture mode. Three composite materials were se-
lected for this purpose. Two of the composites employ the same unidi-
rectional AS4 carbon-fibre reinforcement, while the third uses
unidirectional IM7 carbon-fibre reinforcement. Both types of fibre
have similar strength characteristics. On the other hand, the three
epoxy matrices that make up the composites are different: two of
them, 8552 and MTM45-1, have the characteristic of enhanced tough-
ness, while the third resin, 3506-1, has not beenmodified to achieve en-
hanced features.

2. Experimental procedure

All tests were carried out on an axial/torsional test device
manufactured by walter + bai (LFV 50-T250-HH servo-hydraulic fa-
tigue testing machine), with an axial load capacity of 100 kN and a tor-
sional load capacity of 250 Nm.
All the specimens were tested after being previously dried in order
to avoid any influence of environmental conditions on the test results.
Once the desired drying level had been attained, the specimens were
stored in a drier for no longer than 96 ± 6 h before testing.

2.1. Materials

The test programmewas conducted on three different types of com-
posites, all with an epoxy matrix and carbon-fibre reinforcement. The
fibre employed in two of the composites was AS4, while IM7 fibre was
used in the third. The properties of both types of fibre are similar and
should not affect the results given the type of loading employed.

The first composite, known commercially as Hexply® AS/8552 RC34
AW196, is manufactured with a modified resin (8552) in order to en-
hance its mechanical properties, especially its fracture toughness.

The second material has an unmodified resin (3501-6) and is com-
mercially known as Hexply® AS/3501-6 RC37 AW190.

Finally, the third composite, known commercially as ACG®MTM45-
1/IM7-145 is a high performance, high toughness resin (MTM45-1).
Table 1 shows the basic mechanical properties of the three composites.
It should be noted that the third composite generally displayed the
highest values.

Table 1 shows the main properties of the three resins and Table 2
presents the elastic moduli (E and G) and ultimate strengths (σ, τ) in
the longitudinal direction of thefibres (“11”) and in the transverse direc-
tion (“22”) of the three materials under study.

The specimens used in the characterization of the analysedmaterials
subjected to delamination under both static and fatiguemode III loading
correspond to the scheme shown in Fig. 1. They had a straight rectangu-
lar cross-section of uniform thickness and width and were
manufactured by stacking 56 plies (28/insert/28). A non-adhesive insert
(15 μm-thick sheet of Tygavac RF-260-R)was placed in themid-plane of
the specimen to promote initial delamination. All specimens have be
placed in the oven at 70 ± 5 °C for 96 ± 6 h after which the weight of
the cores was recorded. Taking the previous weight as a reference, the
specimens are put back into the oven, this time at 90 ± 5 °C and ex-
tracted every 24± 2 h, comparing theweight obtainedwith the imme-
diately preceding one. Drying is completed when the difference
between successive weighing is less than 0.5 mg per gram of sample.
Once the exposed drying condition has been reached, the test pieces
were stored in a desiccator.

During the test, in the laboratory, the temperature and relative hu-
midity are practically constant and the possible moisture penetration
would affect the three materials equally.

Although someof the parameters that define the elastic behaviour of
the material are of the same order, others such as shear strength are
clearly different; it must be considered that this is the parameter that
can most affect the delamination phenomenon in mode III. In the case
of material with IM7 reinforcement, it has a relative bad behaviour in
static regime, however, in dynamic regime, the behaviour improves
substantially so it can be deduced that it offers a greater resistance to
the propagation of cracks to fatigue.

2.2. Test method

A specific test device was used to carry out the entire experimental
programme. Fig. 2 shows a sketch of the test system used, by means of



Table 2
Mechanical properties of the three composites.

Material Young's
modulus
(GPa)

Ultimate
stresses
(MPa)

Shear modulus
(GPa)

Ultimate shear stress
(MPa)

E11 E22 σ11 σ 22 G12 τmax

AS4/8552 144 10.6 1703 30.8 5.36 67.7
AS4/3501-6 131 8.9 1954 24 5.09 79.3
IM7/MTM45-1 174 12.6 2200 36.2 5.3 93.1

Fig. 2. Mode III fracture test device.
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which the torque, M, generated on the upper jaw, which forms an inte-
gral part of the test device actuator, is transformed into a point load, P,
parallel to the specimen's plane of delamination using a 2 mm-
diameter roller. In the same Fig. 2, the specimen, the direction of the ap-
plied load and the nomenclature used in the most representative di-
mensions are schematically represented for both the static and cyclic
fatigue fracture characterization of the three composites under study.
2.3. Static fracture toughness under mode III loading

The validity of the LHFB method in testing laminate composites
undermode III fracture loadinghas been demonstrated in previous pub-
lications [33–35]. The formula presented below, based on the Timo-
shenko beam theory, in which cross-sectional warping is considered,
was used to calculate the energy release rate:

G ¼ 1
b

P2L2

2EIz
þ 3P2

4bhG
�

"

where E and G are the elastic constants of thematerial, and Iz is themo-
ment of inertia of the upper laminate with respect to the vertical axis.
The meanings of the remaining terms are given in Fig. 1.

Prior static characterization tests of the materials under study were
carried out maintaining the torsion angle on the test equipment at a
speed of 0.01°/s and applying the load on the test piece at 10 mm
from the crack front for materials AS4/8552 and AS4/3501-6, and at
1mm formaterial MTM45-1/IM7-145 so as tominimize the possible ef-
fect of mode II fracture. In previous work [35] has been presented the
components in modes I, II and III for two of the materials, observing
that between 1 and 10 mm, the component in mode I is non-existent
and the one in mode II is below 2.2%. The same trend was observed
for IM7 so the decision of the point of application was taken based on
the dynamic response of the test equipment.
Fig. 1.Mode III fracture test specimen.
2.4. Cyclic fatigue fracture toughness under mode III loading

The aim of the experimental fatigue programme was to determine
the fatigue curves of the tested material when subjected to fracture de-
lamination processes under cyclic fatigue fracture mode III loading.

The same test device and machine as those used in the prior static
characterization were used to perform the fatigue tests. This setup
allowed a point load parallel to the plane of delamination to be applied
to the tested specimens following a sinewave. Throughout the study, fa-
tigue failure was considered to have commenced when complete de-
lamination of the specimen had occurred. For this type of loading, the
processes of onset of the crack and its subsequent growth occur almost
simultaneously.

To conduct the proposed experimental study, the test strategy
employed was that of applying constant levels of loading in combina-
tion with isolated trials. To define these levels, the results obtained
from the prior characterization of the material under static loading
were taken as a reference, calculating them as percentages of the critical
energy release rate, Gc. All the fatigue tests were carried out by control-
ling the torque, M, applied to the specimens in the test device,
employing an asymmetry coefficient of R = 0.1 and a constant fre-
quency of 4 Hz throughout the entire test.

As stated previously, the fracture behaviour of the studied materials
under mode III fatigue fracture loadingwas analysed only from the per-
spective of complete delamination of the specimen, as once delamina-
tion commenced, its subsequent propagation occurred immediately.
That is to say, the crack progressed unstably under this fracture mode
at practically all levels of loading. Hence, throughout the test, the dis-
tance of 1 mm between the point of application of the load and the
crack front may be considered constant, based on the assumption that
the crack grows instantaneously until complete delamination of the
specimen.

Twomillion cycleswere considered as the fatigue limit during all the
fatigue tests and for all three materials, although in some of the mate-
rials this value occasionally exceeded 3million cycles. Both these values
were used as a reference for the choice of the aforementioned fatigue
limit, the number of tested specimens per material being: 20 for AS4/
8552, 16 for AS4/3501-6 and 22 for IM7/MTM45-1.
2.5. Statistical model used to evaluate the results

In order to improve the reliability of the evaluation of the results ob-
tained in the experimental programme, a probabilistic analysis based on
a Weibull regression model proposed by Castillo et al. [42,43] was car-
ried out that allowed the normalization of the entire fatigue lifespan
andwhich has already been shown to be effective in other cases involv-
ing composites [44]. Thismodel allows us to obtain the entire fatigue life

Image of Fig. 1
Image of Fig. 2


Fig. 3. Results of all tests performed for all three materials at different percentages of the
maximum torque.
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field from a representative sample of experimental data.

P f ¼ F N;Gð Þ ¼ 1− exp
log N=N0ð Þ∙ log Gmax=G0ð Þ−λ

δ

� �� �
ð3Þ

with log N=N0ð Þ∙ log Gmax=G0ð Þ≥λ

where N is the fatigue life measured in cycles; G, the applied range of
loading; Pf, the probability of failure; and G0, N0, β, λ and δ are the pa-
rameters to be estimated, with the following denotations:

N0: threshold value or limit number of cycles
G0: limiting fracture energy
β: shape parameter of the Weibull distribution
λ: a parameter that sets the position of the limit curve or the null

probability.
δ: scale parameter.

3. Experimental results and discussion

The experimental results are presented below.

3.1. Static behaviour

Table 3 presents the mode III fracture toughness for the three mate-
rials calculated from the expression given above and deduced from
Timoshenko's beam theory and an average of five tests carried out for
each material.

It can be seen that the composite manufactured with the MTM45-1
resin, which presented the best mechanical properties in Table 2 and
was assumed to be tough, is the one that yields the lowest ERR value.
The next lowest value is that of resin 8552, also assumed to be tough,
while the highest value is that presented by the supposedlymore fragile
resin. In previous research [39] studying only the two composites con-
taining AS4 fibre, the static values under mode I fracture were found
to be higher for the composite manufactured with resin 8552, while
for mode II fracture, the highest ERR value was obtained with resin
3501-6.

3.2. Cyclic fatigue fracture behaviour

Fig. 3 shows the experimental results of all the specimens of all three
types of tested materials, together with the line fittings for each of the
specimens.

A less steep slope is observed in the fitting of the results obtained in
material AS4/3501-6, which indicates a lower loss of fatigue properties
of the material during its fatigue lifespan. However, this material is
clearly observed to be the onewith the greatest loss in strengthwith re-
spect to the results obtained under static loading, given that the maxi-
mum level of loading reached in the low number of cycles is 29% that
obtained under static loading and 18% in the infinite lifespan zone.

The behaviour of the other two materials, which in principle have a
tougher matrix, can be considered better in the low number of cycles
zone from the point of view of their loss of strength, taking as reference
their capacity under static loading. The material manufactured with the
8552matrix reaches fatigue loading levels of 42% of that reached under
static loading, while thematerial manufactured with theMTM45-1ma-
trix reaches levels of 47%. As to the fatigue limit achieved in these two
materials, AS4/8552 and IM7/MTM45-1, their behaviour is substantially
Table 3
Static values of the energy release rate for the three materials.

AS4/8552 AS4/3501-6 IM7/MTM45-1

GIII (J/m2) 796 956 720
Standard deviation 49 78 110
Dev. % 5.8 8.7 15.3
different. The 8552matrix is the onewith the lower fatigue limit of 20%
of the energy release rate achieved under static loading compared to
27% in the MTM45-1 matrix.

To achieve a better understanding of the results of experimental fa-
tigue programmes, it is generally convenient to carry out a statistical
standardization that allows comparing the results thus obtained with
certain criteria. Fig. 4 accordingly shows the percentile curves for a 5%
probability of failure for the three tested materials. Similarly, the per-
centile curves for a 50% probability of failure for the three tested mate-
rials are represented in Fig. 5. From the analysis of both figures, it can
clearly be seen that the fatigue behaviour of thematerial manufactured
with the 3501-6 matrix is clearly inferior to that of the other two mate-
rials, which, in turn, behave quite similarly.

This result can be justified taking into account the characteristics of
the matrices used, as both 8552 and MTM45-1 are known to be tough
matrices, which is not the case with 3501-6. It should be noted that
this trend observed during the fatigue characterization of these mate-
rials is contrary to that observed under static loading, the values for
which were previously presented in Table 2.

On the contrary, just as in the static case, previous fatigue studies
carried out with two of the materials, AS4/8552 and AS4/3501-6, the
former was shown to perform better under cyclic fatigue mode I frac-
ture loading, but worse under mode II loading.

The fatigues limit for both of the reported probabilities of failure and
this fracture mode of fracture is practically the same in the two mate-
rials respectively manufactured with the 8552 and 3501-6 matrices,
while that corresponding to the material manufactured with the
MTM45-1 matrix has an approximately 10% higher fatigue limit, in the
Fig. 4. 5% percentile curves for the three materials.

Image of Fig. 3
Image of Fig. 4


Fig. 5. 50% percentile curves for the three materials.

Resin bed

Insert

Fig. 7.Micrograph ofmaterial AS4/8552 in a regionnear the insertwhere resin beds can be
appreciated.

Insert
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case of taking themaximumenergy release rate achieved in fatigue tests
as a reference.

4. Fractographic analysis

Different studies have shown SEM fractography to be an important
complement in the fracture analysis of composites given the high num-
ber of fracture mechanisms that coexist in materials of this kind [45].

The analysed specimens, which were obtained in all cases from fa-
tigue tested specimens, were taken from the region of the crack, near
the insert, as this is themost significant area to carry out this study. Sev-
eral regions close to the insert obtained for the 8552 material with dif-
ferent fractographs are shown in Figs. 6–8.

In Fig. 6, corresponding to the 8552matrix, the presence of a consid-
erable number of broken fibres that are the end result of the fracture of
the possible fibre bridges that had been formed and which afford a
major toughness value to thismaterial can be appreciated in this region.
The existence of fibre bridges in mode III fracture in laminated compos-
ites is worth emphasizing due to the fact that, until now, this appeared
to be a phenomenon that only existed in mode I fracture [16].

In Fig. 7, corresponding to the 8552 matrix, the presence of a typical
mode III phenomenon can be observed, i.e. beds of resin caused by the
friction of one face of the specimen on the other. Finally, another typical
mode III fractography can be observed in Fig. 8 that has been previously
detected in specimens that underwent static fracture, i.e. the presence
of flakes located at an angle of 45° to the axis of the fibres due to the
fact that the stress state is dominated by tangential stresses in the direc-
tion of the fibres and perpendicular to their direction. Given this stress
Broken fibres

Insert

Fig. 6. Micrograph of material AS4/8552 in a region near the insert where a substantial
number of broken fibres can be appreciated.
state, the main stresses will be oriented in the bisector of the angle
formed by the aforementioned directions. These main stresses produce
fracture in the planes located at 45°, which justifies the observed mor-
phology. In some cases, these flakes end up presenting a morphology
previously given the name ‘sawteeth’.
Cusps

Sawteeth

Fig. 8. Micrograph of material AS4/8552 in a region near the insert where different
morphologies can be appreciated.

Image of Fig. 5
Image of Fig. 6
Image of Fig. 7
Image of Fig. 8


Insert

Sawteeth

Fig. 9.Micrograph of material AS4/3501-6 in a region near the insert where amorphology
in which sawteeth are predominant can be appreciated.

Insert

Flaking

Resin beds

Fig. 10. Resin bed with flaking.

Clean fibres
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In Fig. 9, corresponding tomaterial AS4/3501-6, the typicalmorphol-
ogy of a composite with a fragile matrix can clearly be observed, with
pronounced sawteeth likewise oriented at an angle of 45°, very fewbro-
ken fibres and the absence of the aforementioned resin beds.

Finally, fractographs of material IM7/MTM45-1 are presented in
Figs. 10 and 11. The differences with respect to the previous figures
are clear. Large resin beds are formed that subsequently break up, ex-
posing areas of clean fibres with small flakes between them. Broken fi-
bres are practically undetected and the small flakes do not present a
preferred orientation.

In summary, formaterial AS4/8552, morphologies are produced that
point to an increase in toughness, such as broken fibres and resin beds,
and others that indicate fragility, namely flakes and sawteeth at 45°.
Material AS4/3501-6 only presents the latter morphology; hence its
low ERR values. Finally, material IM7/MTM45-1 mostly presents a mor-
phology with resin beds, which, as previously stated, is characteristic of
tough materials subjected to this fracture mode.
Small flakes

Fig. 11.Morphology after flaking with the presence of clean fibres and small flakes.
5. Conclusions

The Longitudinal Half Fixed Beam (LHFB) device is valid for
obtaining the values of both static and cyclic fatigue ERR for laminated
composite materials regardless of the type of resin that constitutes its
matrix.
A composite material with high mechanical properties (modulus,
strength, etc.) does not have to have high fracture toughness. Likewise,
a composite laminatemay have a higher ERR than another composite in
one fracturemode and a lower value in another. Although the ERR value
in these types of materials effectively depends on the resin that consti-
tutes its matrix, its behaviour varies depending on the type of stress to
which it is subjected.

In trials of this type, the results should be treated statistically so that
they can be analysed more clearly in both the low and high number of
cycles zone. In the present study, one of the materials presents tough
behaviour at a low number of cycles and more fragile behaviour at a
high number of cycles.

In materials of this type, fractography is an irrefutable proof of the
fracture mechanism that occurs. This study presents three principal
morphologies. The first, consisting of broken fibres, was typical of
mode I fracture and non-existent in mode II fracture. It did not seem
very predictable in mode III fracture, although it was present to a signif-
icant degree in one of the materials. This morphology is representative
of toughness. The second comprises cusps, whichmay ormay notfinally
form sawteeth, all of which present a preferred orientation at 45°. These
are typical of mode III fracture in materials with a fragile matrix sub-
jected to this loading mode. Moreover, the more fragile the matrix, the
greater the number of sawteeth that appear. Finally, the third morphol-
ogy is made up of beds of resin. In this case, thematrix is not fragile and

Image of Fig. 9
Image of Fig. 10
Image of Fig. 11
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does not break (cusps or sawteeth), but in fact stretches. Subsequently,
when the direction of movement changes, blocks of resin are formed
that end up cracking and flaking. This is proof of the high toughness of
the matrix.
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