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Abstract
Exposure to marine environment causes a degradation of the interlaminar shear
performance of composites. This effect has been reported in several studies, but the
mechanisms that lead to failure in composites subjected to cyclic loading under water
exposure are still not fully understood. In this work a novel test method, the I-beam
short beam shear, was used to determine shear properties and accelerate fluid
saturation in glass fiber epoxy specimens. The interlaminar shear performance of the
material ‘was studied experimentally. From the analysis of the cyclic parameters
recorded during the test and from optical micrographs it was possible to observe a
change in failure mode between dry samples and conditioned samples. The failure of
dry samples was a creep dominated effect, which led to inter-ply cracks, while the
failure of conditioned samples was a damage growth dominated effect, which led to
intra-ply failure. Optical micrographs showed that fiber/matrix debonding occurs in
conditioned samples prior to mechanical loading, which are potential damage onset

spots.
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1. Introduction

Composites have a wide potential to be used in offshore applications. They combine
light weight, good fatigue characteristics and can be built easily in complicated shapes.
However, composites show some degradation of properties when exposed to water,
especially at high temperatures. This degradation needs to be understood and considered in
design, because offshore structures operate under these conditions. In particular, cyclic
loading combined with water degradation can lead to an accelerated final failure of the
composite [1, 2].

Composite components are frequently connected to components made of other materials,
typically metals. High interlaminar shear stresses tend to be present at connections, making
the interlaminar shear strength a critical design parameter. This paper investigates the
degradation of interlaminar shear fatigue strength due to hygrothermal aging.

For wind turbine blades [3] and offshore composite structures like pipes [4], design life is
long (up to 50 years for offshore pipes) and durability must be ensured until the last day of
service life [5]. Testing of a real composite structure under realistic operational conditions is
often not possible, as it would require years to reach fluid saturation and to finally test the
structure. A better approach to obtain long term performance of a large structure is to test and
understand properties on the material level. The performance of the component can then be
calculated [6].

Many methods are available for interlaminar shear testing of marine composites on the
material level, like three-point bending, four-point bending, lopescu and more [7].

Interlaminar shear properties are not necessarily the same as in-plane shear properties,



especially for thermoplastic materials. It is however hard to find a test method that allows
quick saturation of the sample, due to the typically high thickness of the sample. Fickian
diffusion theory suggests that the time needed to reach saturation is proportional to the square
of the thickness of the specimen. One of the most popular method for testing interlaminar
shear is Short Beam Shear (SBS) testing. The absolute shear strength obtained from SBS
samples is often questioned, since the shear stress field is not uniform along the length and
thickness of the sample, as discussed in the ASTM D2344 Standard [8], but they give a good
indication of the relative change of properties. For this reason, the test is often used for
production control. But the test is also useful for investigating the change of properties due to
environmental effects [9]. The SBS samples with a rectangular cross section suffer still from
long saturation times when exposed to water. Thin samples would therefore be beneficial, but
they suffer from several problems especially indentation under the loading-pin. A new I-
beam shaped test sample was used here that provides the simplicity of testing SBS samples in
bending. These samples have the advantage of requiring only few weeks to reach saturation
at elevated temperature and yet reduce loading pin indentation due to the presence of wider
top and bottom flanges. Based on Fickian diffusion theory a thickness reduction from 4 to 2
mm enables reaching saturation four times faster. The disadvantage of this sample geometry
is the more complicated shape, compared to regular SBS. The sample geometry is shown in

Fig. 1 and dimensions are reported in Table 1.

Fig. 1 (a) Geometry and dimensions of tested I-beams, (b) four-point bending test setup and dimensions

Table 1 Dimensions of the I-beam specimen

In the present work dry short 1-beam shaped samples were tested in four point bending in air

and compared to the results of samples conditioned and tested in water.



Mechanical parameters, like dynamic secant modulus, dissipated energy per loading cycle
and minimum cyclic deflection, were recorded during the test. They were later analysed, in
order to get an insight about the failure mechanisms for dry and conditioned samples.

Optical microscope analyses were performed on tested samples and on untested samples after

conditioning, in order to investigate the presence of hygrothermal induced damage.

2. Material and methods
2.1. Materials

A 32-plies unidirectional glass fiber/epoxy composite laminate was manufactured using
vacuum assisted resin transfer molding (VARTM). The matrix was Hexion Epikote™ Resin
RIMR135 mixed with Epikure™ Curing Agent MGS RIMH137 with a mixing ratio of
100:30 by weight. The fibers were HiPer-tex UD glass fibers from 3B. Curing was performed
at room temperature for 24h and post-curing in a ventilated oven at 80°C for 16 h. The fiber
volume fraction of the laminate was obtained by matrix burnoff test [10], resulting in 60.1 %.
I-beam shaped samples.were obtained by first cutting a laminate with a diamond coated saw
into rectangular bars, which were then milled to the geometry shown in Fig. 1. Samples were
cut into the final length with a circular water-cooled diamond coated saw. Sample edges were
ground up to 4000 grit and polished to 1 pm, in order to reduce potential stress
concentrations.
The samples were dried in a ventilated oven for 72 hours at 60 °C and a set of samples was
immersed in distilled water at 60 = 1 °C until saturation occurred, according to ASTM D5229
Standard [11].
Dynamic thermal mechanical analysis was performed on dry and conditioned tensile samples
using a Netzsch-Gabo Eplexor 150 DMTA machine equipped with a 150 N load cell and a

thermal chamber, resulting in glass transition temperature, Ty = 87.1°C for dry samples and



T4 =49.0°C for conditioned samples [12]. The conditioning temperature of 60 °C was chosen
to accelerate fluid saturation, being more than 25 °C below the T4 of the dry material,
according to the recommendation in the standard [11]. The decrease of T4 of the saturated
samples below the conditioning temperature implies a reversible change in mechanical
properties of the material at the conditioning temperature. However, it is important to remark
that the mechanical properties of the material at room temperature are believed to be not
influenced by this effect, since full curing of the resin was reached during the curing and
post-curing processes performed after resin infusion in the laminate, so no additional cross-

links were created during conditioning.

2.2. Interlaminar shear fatigue testing

Four point bending testing was performed on the I-beam short beam shear configuration
(1ISBS) shown in Figure 1, using an Instron 1342 servo hydraulic testing machine with a 50
kN loadcell. The test was performed in load control, with a ratio R = 0.1 and a frequency of 4
Hz, in order to reduce the effect of heat generated by loading. For samples that reached 2 000
000 cycles, the test was stopped and the result were defined as a run-out. The setup used for
the immersed tests is shown in Fig. 2 (a). A polycarbonate (PC) antibuckling device was used
in order to avoid buckling of the sample’s central web, as shown schematically in Fig. 2 (b)
[12].

Failure was defined when the samples reached a limit deflection equal to the static deflection
at failure for that test environment (dry or conditioned). In Fig. 2 (c) are reported other
possible definitions of failure for a SBS test, like the knee of the deflection curve or the limit
of the set-up, when further deflection would damage the set-up. The static deflection at

failure was chosen since it is the most reproducible criterion. It was verified that the choice of



the failure criterion has little influence for the material studied here. When dealing with

different materials it is recommended to verify the validity of this assumption.

Fig. 2 (a) Testing set-up for I-beam short beam shear test, (b) polycarbonate antibuckling device: front and top

view, (c) schematic evolution of maximum cyclic deflection.

An additional control was performed by testing twelve SBS samples of the same material
having the conventional rectangular geometry with dimensions according to the ASTM
D2344 standard for short beam shear testing: 7 x 14 x 42 mm [8]. The span length adopted
was 28 mm and the loading pins diameters were 6 mm for the top and 3 mm for the bottom,
according to the standard [8]. The SBS samples have been tested only in dry state and not in
saturated state, due to the long time required to reach saturation compared to the 1-beam
samples. The SBS samples are 3.5 times thicker than the 1-beam samples, and would require

12.25 longer time to reach saturation, according to Fickian diffusion theory.

3. Results

3.1. Weight gain curve

Conditioning was concluded when the samples reached saturation, which was defined when
the mass increase between two consecutive measurements was below 0.02 %, according to
the ASTM D5229 standard [11]. The results of the mass increase measurements are reported
in Fig. 3. The moisture saturation content was 0.78 % * 0.01%, which is very close to the
theoretical value predicted for the same matrix material and fibre properties using

micromechanical theory in [13]: 0.774%.

Fig. 3. Average weight gain curves. Each point is the average of 13 samples.



It can be noticed that a small drop or plateau is visible in Fig.3 between 122 and 182 hours.

This drop could be attributed to the saturation of the central web of the 1-beam while the

flange has not reached complete saturation.

3.2. SN curves

The SN curves are shown in Fig. 4, and were analysed using Basquin relation, Fig. 4 (a) [14]:
L= LN~k (L)

where L is the load, Lo the pre-exponential load coefficient, N the number of cycles and k the

slope. The fatigue laws obtained using Eq. (1) were 10.91 N 88 for dry samples and 7.58 N

41 for conditioned samples, Fig.4, indicating a potential change of the failure mode. It is

interesting to notice that the values of L, for both dry and conditioned samples are close to

the static loads to failure, which were 9.6 and 6.55 kN respectively [12].

In Fig. 4 (b) the same results were plotted in a linear load scale and analysed using the

following equation:

L =1L, — N " )

Fig. 4. S-N curves of dry samples tested in air and previously saturated samples tested in immersion. (a)
Regression performed according to Basquin relation, Eq. (1). (b) Regression is performed according to Eq. (2).

From Figs. 4 (a-b) it can be noted that with increasing number of cycles, the dry and
conditioned SN curves seem to converge in a linear-log scale, Fig. 4 (a), and seem to diverge
in a log-log scale, Fig. 4 (b). A similar effect but less severe can be seen for the results
published in [9].

When testing traditional rectangular beams, the through thickness shear strength can be
calculated according to simple analytical formulas that are also given in the ASTM and ISO
standards. There is some controversy about the applicability of the formulas for nonlinear and

anisotropic materials [15, 16]. Obtaining the absolute value of the shear strength gets even



more complicated for the I-beam specimen [9]. This paper does not address this issue, but
simply uses the test results for comparing dry and wet fatigue properties.

The traditional short beam shear testing and the I-beam method allow quick evaluation of the
relative change in strength between dry and conditioned samples. This is shown by
comparing the experimental SN curves obtained in this study with published results for a
similar material [9] and with tests performed on samples made of the same material using the
standard ASTM D2344 geometry [8]. The results yield a good agreement, as shown in Fig. 5,
confirming the accuracy of the I-beam short beam shear method in capturing environmental
degradation, compared with the standard methods, while strongly reducing the time required

for conditioning.

Fig. 5. Normalized S-N curves. The results are compared to the ones reported by Rocha et al. [9] and to the set
of standard SBS samples tested. The fit lines are based only on the I-beam data, as shown in Fig.4 (a).

3.3.Effect of creep and damage

The interlaminar shear behaviour of composite materials is typically non-linear [17]. Also
under fatigue loading non-linear effects need to be considered, such as the influence of creep
[18] and other dissipative mechanisms as viscoelasticity, viscoplasticity and damage growth.
These effects can be investigated from the analysis of mechanical parameters during the
fatigue test.

Four test samples are analysed in detail here to demonstrate the effects. Two samples in the
range of intermediate lives: the dry sample that failed at 29 416 cycles and the conditioned
sample that failed at 29 229 cycles; and two samples reaching the longest lives: the dry
sample that failed at 1 495 222 cycles and the conditioned sample that failed at 686 118
cycles.

Fig.6 shows the evolution of the dynamic secant modulus for the intermediate lives (a) and

for the long lives (b). It is possible to observe in both cases a clear and steady decrease in



modulus from the beginning of the test for the conditioned samples, while for the dry samples

this strong decrease is limited until the final stage of the test (N/N¢ > 90%).

Fig. 6. Normalized dynamic secant modulus for dry and conditioned intermediate lives (a) and long lives (b).
The results are normalized with respect to the dry secant modulus.

Figs. 7-8 show the hysteresis loops at 1, 25, 50, 75 and 99% of the number of cycles to
failure of the dry and conditioned samples. Fig. 7 reports the results for intermediate lives

while Fig. 8 reports the results for long lives.

Fig. 7. Normalized hysteresis loops at 1%, 25 %, 50 %, 75 % and 99 % of the fatigue life of (a) dry and (b)
conditioned sample failed at intermediate fatigue lives (29416 cycles-and 29229 cycles respectively). The results
are normalized with respect to the dry ultimate strength.

Fig. 8. Normalized hysteresis loops at 1%, 25 %, 50 %, 75 % and 99 % of the fatigue life of (a) dry and (b)
conditioned sample failed at long fatigue lives (1495222 cycles and 686118 cycles respectively). The results are
normalized with respect to the dry ultimate strength.

From the hysteresis loops it is possible to observe that dry samples, Figs. 7(a) and 8(a),
maintain a quite constant slope of the stress strain curve, associated with a constant dynamic
secant modulus. Similarly, a limited increase of area is observed inside the hysteresis loop,
associated with dissipated energy. The main change that was visible from the hysteresis loops
of dry samples was the shifting of the hysteresis loops toward greater deflections, associated
with creep effects.

Conditioned samples, Figs. 7(b) and 8(b), also presented a shift of the hysteresis loops
toward greater deflections, but it was also possible to observe a decrease in slope, associated
with a decrease of the dynamic secant modulus and a strong increase in the areas inside the
hysteresis loop, associated with an increase of the cyclic dissipated energy. The observations

were consistent for both intermediate lives, Fig. 7, and long lives, Fig.8.



In order to further analyse the effect of creep, the minimum cyclic deflection was analysed
[18], defined as the deflection corresponding to the minimum load during the cycle, Figs. 9

(a) for intermediate fatigue lives and 9 (b) for long fatigue lives.

Fig. 9. Deflection at the minimum of the cycle for dry and conditioned samples: (a) intermediate fatigue lives,
(b) long fatigue lives.

It was possible to notice that both dry and conditioned samples showed an increase in
minimum cyclic deflection with an increase of number of cycles, which was greater for
conditioned samples. The behaviour was consistent for intermediate fatigue lives, Fig. 9 (a),
and long fatigue lives, Fig. 9 (b).

Another parameter of interest for understanding the behaviour of the material during fatigue
loading is the cyclic hysteresis dissipated energy, defined as the area inside a hysteresis cycle

[19], Figs. 10 (a) for intermediate lives and 10 (b) for long lives.

Fig. 10. Hysteresis dissipated energy: (a) intermediate fatigue lives, (b) long fatigue lives.

It is possible to notice, for the conditioned samples, a stronger increase in hysteresis
dissipated energy compared to the dry samples, which is associated to damage [18],
viscoelastic and viscoplastic dissipated energy [19]. In this case, the sample tested to
intermediate lives showed a steeper increase in hysteresis dissipated energy compared to the
sample tested to long fatigue lives. A possible explanation for this difference is provided in

the discussions paragraph.

3.4. Microscopy analysis and visual observations
Optical micrographs were performed on the tested samples to analyse the damage
mechanism. For dry samples, cracks appeared consistently in the web of the 1-beam samples

in the resin rich area between adjacent plies: the inter-ply, as shown in Fig. 11.



For the conditioned samples, damage was observed in the form of cracks in the web of the |-

beam, inside the ply: in the intra-ply. These cracks are shown in Fig. 12.

Fig. 11. Optical micrographs of dry samples cross section. Cracks develop in the resin rich area between two

adjacent plies.

Fig. 12. Optical micrograph of conditioned samples cross section. Cracks develop inside the plies.

These observations were further confirmed by translucency pictures-taken on tested samples,
Fig. 13. It was possible to observe a localized damage concentrated in few spots for the dry
samples, Fig. 13 (a), consistent with an intra-ply crack, and a widespread damage in the
conditioned samples, Fig. 13 (b), consistent with inter-ply cracks.

Intuitively, this difference can be explained with the fact that dry samples develop cracks in
the inter-ply areas, which are a small amount of the overall ply cross-section. Conditioned
samples develop cracks inside the plies, which account for most of the cross-section of the
specimen. This leads to cracks localized in few spots for the dry samples and more widely
extended cracks for the conditioned samples.

Damage occurs in the web of the I-beam, in the area between the loading noses, which is the
area where the highest shear stresses occur, as predicted by linear beam theory [12, 16, 20,

21].

Fig. 13. Picture of (a) dry and (b) conditioned tested samples. It is possible to observe a localized damage for the

dry samples and a widely spread damage for the conditioned samples.

In order to understand whether hygrothermal swelling introduces damage in the sample, an

additional sample was conditioned and analysed under a microscope without being



mechanically loaded. In the web of the sample it was possible to observe damage, in the form
of fiber/matrix debondings, Fig. 14 (a), (b). This damage was not observed in unconditioned
samples. The debondings suggest that the conditioned samples are weakened even before the

fatigue testing is started.

Fig. 14. Optical micrograph of conditioned untested sample. Fiber/matrix debondings are visible: (a) around a

single fiber, (b) on two adjacent fibers.

4. Discussions

4.1 Overview

The experimental results are summarized in Table 2. Analysis of these parameters enables
understanding the different fatigue damage mechanisms occurring for dry and conditioned

samples.

Table 2. Summary of the experimental results for dry and conditioned samples.

For dry samples; Fig. 9, shows a constant increase of minimum deflection with increasing
number of cycles. This behaviour can be caused by either creep in the matrix [22] or damage
development. However, the second reason can be excluded, because Figs. 6, 10 show that dry
samples do not show a strong decrease in dynamic secant modulus, nor a strong increase in
hysteresis dissipated energy, both parameters associated to damage development or growth
[18, 23]. The influence of matrix creep on the fatigue behaviour of dry samples is also
consistent with the microscopy analysis of tested samples. In fact, in Fig. 11, cracks were

found on the inter-ply, a resin rich area.

4.2 Damage development in dry samples



The fatigue degradation mechanism for dry samples is schematized in Fig. 15 (a). Under
mechanical cycling loading creep occurs, which is concentrated in the inter-ply, the resin rich
region between neighbouring plies, and finally failure occurs in the border between the ply

and the resin rich inter-ply, as shown in Fig.11.

Fig. 15. Schematized fatigue degradation mechanism for (a) dry and (b) conditioned samples.

For conditioned samples, it is possible to observe a steady increase in cyclic minimum
deflection similarly to the dry samples, Fig. 9, but also a decrease in secant dynamic
modulus, Fig. 6, and an increase in hysteresis dissipated energy, Fig. 10, which was less
pronounced in the dry samples.

These observations suggest that while the fatigue failure mechanism of the dry samples was
creep dominated, the fatigue failure mechanism of the conditioned samples was dominated by
growth of initial damage. This mechanism explains the steady increase of hysteresis
dissipated energy and decrease of dynamic secant modulus during the tests.

The microscopy analysis on tested samples shows that for conditioned samples, Fig. 12,
cracks appear within the ply: in the intra-ply, differently from the dry case, where cracks
appear in the inter-ply. This suggests that the damage occurs in an area where the highest
stress concentrations are present, where the fibers closely packed together.

The damage mechanism that influences the fatigue behaviour of conditioned samples is
believed to be the hygrothermal induced fiber/matrix debonding, which was observed in
unloaded conditioned samples by means of microscopy analysis in Fig. 14 and has been

reported in other studies too [12, 24, 25].



4.3 Damage development in conditioned samples

The fatigue degradation mechanism for conditioned samples is schematized in Fig. 15 (b),
where prior to loading, damage is already present in the form of fiber/matrix debondings, as
shown in Fig. 14. Under loading microcracks develop from the debondings and the final
failure is caused by cracks developing in the intra-ply, as shown in Fig. 12.

In Fig. 10, it was observed that hysteresis dissipated energy during the fatigue test of the
conditioned samples showed a different behaviour for the intermediate and long lives. The
main difference between the two cases is the magnitude of cyclic load, hence stress, applied
to the samples. For intermediate lives, the cyclic stress applied on the sample is believed to be
above the threshold value that causes a steady growth of crack starting from the fiber/matrix
debondings. For the long fatigue lives, lower stresses are applied to the sample, which are
believed to be below the threshold value that causes steady crack growth from the
fiber/matrix debondings. For the samples tested in the intermediate lives, with loads below
the crack growth threshold it was still possible to observe a decrease of dynamic secant
modulus, Fig. 6, and an.increase of minimum cyclic deflection, Fig.9, which imply that
another cyclic degradation mechanism is taking place which is not likely to be matrix creep,
as this would not lead to a decrease in secant dynamic modulus. It is believed that this effect
could be attributed to a moisture induced fiber/matrix interface degradation.

Finally, a limitation of the test method proposed here needs to be discussed. For any sample
geometry, intermediate states are usually hard to test experimentally, due to the non-uniform
concentration profile inside the sample. The I-beam specimens, due to their complex shape,
are recommended when comparing dry and saturated conditions, but not when studying
intermediate conditions, as gradients of fluid concentration in the material would be expected

in that case, between web and flanges.

5. Conclusions



Interlaminar shear fatigue of composites was studied in this work using a novel test method,
the I-beam short beam shear test. This test method is similar to the standard short beam shear,
the main difference is the I-shaped cross section of the specimen, which accelerates fluid
saturation and the use of a four-point bending configuration which reduces the rollers
indentation. The limitations of the test method are the complex shape of the specimens,
compared to the traditional SBS configuration and the fact that the test is indicated for a
comparison of dry and saturated conditions, while for intermediate conditions the non-
uniform fluid concentration inside the material could influence the results. The acceleration
of fluid saturation is further promoted by conditioning the samples at high temperature, 60°C,
and then testing them at room temperature. It should be noted that upon saturation the glass
transition temperature of the material decreased below the conditioning temperature.
However the used for specimens were later tested at room temperature, and is therefore
believed that this effect didn’t influence the mechanical behaviour of the material.
Mechanical parameters were recorded during the test and analysed, in order to investigate the
evolution of deflection, stiffness and hysteresis dissipated energy during the test. Microscopy
analysis on dry and conditioned tested samples were performed along with untested reference
samples, both'dry and conditioned.

It was possible to observe a strong decrease of fatigue life for conditioned samples and a
change in slope of the SN curve, attributed to a change of the failure mode.

The failure mode observed for dry samples was initial creep localized in the resin rich inter-
ply finally developing into a crack in the interlaminar region, Fig. 15 (a).

For the conditioned samples damage started prior to loading due to hygrothermal swelling in
the form of fiber/matrix debonding. Upon loading damage developed as microcracks inside

the ply (intra-ply) and finally developed into cracks in the intra-ply region.



The change in failure mode observed here can be used for the development of models for the
analysis and prediction of interlaminar shear fatigue behaviour of dry and conditioned
composites, taking into account the different failure mechanisms that can occur in both cases.
The findings suggest that fiber/matrix interface plays a crucial role in the interlaminar shear
fatigue performance of conditioned glass fiber/epoxy composites, and the immersed fatigue

behaviour of the material can be improved by increasing the resistance of the interface.
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Tables

Table 1 Dimensions of the I-Beams specimen

Dimensions w (mm) I (mm) h (mm) t (mm) a (mm) r (mm)
15 60 20 3 2 3
Table 2. Summary of the experimental results for dry and conditioned samples.
Parameter Dry Conditioned Shown in
Optical .
) Inter-ply crack Intra-ply crack Figs. 11-12
microscopy
Damage . .
o Localized Spread Fig. 13
distribution
Dynamic secant Steady, decreasing Steady decrease during the Fin 6
ig.
modulus only towards end entire test J
Hysteresis Limited increase Steady increase during the Fio. 10
ig.
dissipated energy.  during the test entire test J
Minimum cyclic =~ Steady increase during Steady increase during the Fig. 9
deflection at the entire test entire test
minimum loading
in-each cycle
Presence of initial None Yes, fiber/matrix debonding Fig. 14

damage before

fatigue testing




Highlights

A novel test method for accelerated interlaminar shear fatigue of marine composites
Comparison of dry and immersed interlaminar fatigue shear testing

Matrix creep induced fatigue damage in dry samples

Cracks growth induced fatigue damage in immersed samples



