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Composite propellers are a major new development in the marine transport industry. The use
of composite materials in seawater turbines is also of great interest to the marine renewable energy industry.
Those systems present similarities being both constantly immersed in seawater, under fatigue loadings, of large
dimensions, and they are often designed using Carbon Fibre Reinforced Polymer (CFRP). Previous studies
have shown sensitivity of some composite materials to the seawater environment mainly in the quasi-static
loading domain. However, investigations now need to be performed on the behaviour of CFRP under seawater
environment and fatigue loadings. In this study, CFRP samples were aged in natural seawater until saturation,
in order to investigate the influence of water absorption on the fatigue properties of the material. Results showed
a small decrease in fatigue lifetime under tension but a more significant drop for sample subjected to four point
flexural fatigue.

Abstract.

1 Introduction
Global warming is a priority for a large part of the scientific community and many research programs. The impact
on the environment and animals has been largely shown
[1, 2]. In order to limit global warming, simulations have
shown the importance of limiting our production of greenhouse gases such as Nitrous Oxide (N2 O), Methane (CH4 )
or the most produced and studied: Carbon Dioxide (CO2 )
[3, 4].
As a response, in the engineering domain, work is being performed to produce carbon-free energies [5]. Current and most popular in-use technologies are wind turbines, hydro-power dams and solar panels. Various studies
are also examining marine renewable energies encouraged
by huge energy production potential. Among others, we
can cite offshore wind-turbines, Ocean Thermal Energy
Conversion (OTEC), wave energy and tidal and stream energy [6–8]. Stream energy converters consist, for the most
part, of turbines immersed in water converting current energy into electrical energy [9]. These systems are often
comparable to wind turbines in principle but the dimensions are not comparable. Due to the higher density of
water compared to air, Grogan et al. showed the importance of using carbon fibres composites (CFRP) instead of
glass fibre composites (GFRP) [10].
There is also activity within the marine transport and
freight industry, engineers tend to reduce the gas emissions. As in the automotive and aeronautical industries,
the reduction of weight and the improvement of propulsion
efficiency allow reductions in gases emissions. An active
current subject is the use of composite materials to man∗ e-mail: antoine.le.guen.geffroy@ifremer.fr

ufacture the propellers. Theoretical studies have shown
multiple advantages as weight reduction —almost 50%—
and propulsion efficiency[10–15].
Both of these subjects concern the use of fibrereinforced polymers to make rotating blades. Most of the
design processes rely on either theoretical values or experimental values of unaged materials. However, these values tend not to be representative of material’s properties
throughout the system’s lifetime. Indeed, composite materials have been shown to be sensitive to moisture and
particularly to seawater [16–18]. For fatigue loadings, this
could be characterized by a change in behaviour and the
ultimate lifetime — if considered as existing [19, 20]—
could be overestimated. This could result in early failures
of the systems.
In this paper, investigations are carried out both on the
unreinforced matrix resin and its carbon fibre reinforced
composite. Changes in behaviour are studied in the unaged, saturated and dried states of the materials. Epoxy
resin appears to be highly sensible to seawater but it does
not appear as clearly in tensile fatigue loadings of composites, as it will be shown below.

2 Experimental
2.1 Materials

The composite material studied here has been chosen to be
representative of what could be used to manufacture tidal
turbines and marine propeller blades. As noted above, the
material of interest is a carbon fibre reinforced epoxy.
The RTM light process was chosen to be the more representative process for the large-scale fabrication of propeller and turbine blades. Then, the same process was used
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to fabricate experimental composite panels. Both composite panels and the mold were made by LoireTech. The
two stacking sequences studied here were 10 plies unidirectional and [(0/90/0/90/0)s]. Fibre volume fraction was
calculated using results from calcination made in a TGA
apparatus and density measurements made in an helium
pycnometer. Tests showed a fibre volume fraction of 50 %
± 4% depending on the different panels used in the study.
The fibre reinforcements are Torayca T700 unidirectional supplied as 300 g/m² layers. They have a tensile
modulus of 230 GPa and an ultimate tensile strength of
4.9 GPa with 2.1 % strain at break.
The matrix, from Sicomin, is a DGEBA-DGEBF
epoxy-based resin SR8100 with a slow hardener SD4772.
This resin is made for RTM light process meaning that its
contact with air has to be limited to prevent unwanted reaction of the resin.
Resin was vertically cast between two aluminium
plates covered by PTFE tape. A three-edge frame separating the two plates assured the thickness. This allowed
the resin to harden while limiting the surface in contact
with the air.
Both composite and resin panels were cured at room
temperature for 24 hours. Then a first post cure cycle was
applied at 60 °C during 16 hours. The glass transition temperature (Tg) resulting was found to be at 69 ±1 °C. In
order to obtain the maximum Tg, a second post cure was
applied at 120 °C for 2 hours resulting in a Tg of 78 ±1
°C. During this second post curing, to prevent reaction of
the polymer with the external environment, panels were
vacuum bagged.
Water uptake and Single End Notch Bend (SENB)
resin samples, and the composite panels, were cut with a
water-cooled diamond saw according to the required sample’s dimensions. Dog-bone resin samples were cut by an
automated 2-axis CNC machine according to 1BA dimensions from ISO 527-2. The CNC machine also allows surface machining of the plates to reduce the thickness of the
samples making the plate from 3 to 1 mm in thickness.

a specific apparatus was developed to allow tensile-tensile
tests immersed in water. Previous studies tested successfully this apparatus for GFRP specimens. For CFRP, as
strength and stress are much higher, the end conditions
have to be modified. Tensile-tensile results presented here
are for tests performed in air. A modified fixture is being
developed and future works will investigate on the influence of immersion on tensile-tensile test performance. It
should be noted that for GFRP the effect of wet ageing
were considerably more significant than the influence of
the test environment [21].
2.2.2 Four-point flexural tests

A specific test set-up developed at Ifremer allows immersion of four-point flexure samples in seawater. The standardized test from ASTM D6272 (one half support span
and 32:1 span to depth ratio) was adapted and the apparatus was placed in an in-house developed seawater bath.
This allows us to perform fatigue tests immersed in seawater. An aquarium heater regulates the temperature and
an overflow system constantly recycles the water.
Control of the test is done by an hydraulic 25 kN
Zwick Roell test machine (Figure 1). Tests were done at a
frequency of 2 Hz.
Four point flexural loading was chosen because it involves a weak point of the composite; the compression response. The value of the maximum stress occurring in the
middle -whether on top or on the bottom depending on the
breakage- of the specimen is theoretically calculated by
the equation from the standard as :
σ=

P
3
×L× 2
4
bd

(1)

In this equation, σ is the stress occurring on the specimen, L is the span value, P is the load and, b and d are respectively the width and the specimen’s thickness. In our
case, the support span L was 100mm and the specimens
target dimensions were 120 by 25 by 3 millimetres.

2.2 Fatigue apparatus

To investigate on the influence of seawater ageing on the
mechanical properties, it is necessary to develop specific
methods and test equipment. The goal is to be representative of what the material undergoes when it is in use.
Therefore, standardized tests have been adapted in seawater environment.
The two fatigue tests performed were tensile-tensile
and four point flexure. For each type of fatigue loading,
at least three specimens were tested initially to break at
quasi-static rates. Then 3 to 4 different load levels were
fatigue tested aiming to have at least three specimens per
load level. A constant load ratio of R = 0,1 was taken.
2.2.1 Tensile-Tensile tests

Tensile-tensile tests were performed on an MTS 250 kN
hydraulic machine. Frequency was 1 Hz to limit selfheating of the sample as this can induce premature sample failures. As for the four-point flexure test apparatus,

Figure 1: Immersed four point bending apparatus

2

MATEC Web of Conferences 165, 07001 (2018)
FATIGUE 2018

https://doi.org/10.1051/matecconf/201816507001

Under mechanical loading, cracking within the composite material generates transient elastic waves. A two
channel AE system designed by MISTRAS group was
used to record the waveforms generated during the laboratory fatigue tests. Two AE sensors (Micro 80 model) were
used to also perform a linear localization of the acoustic
sources (referred to as events).
Once the acoustic emission activity within the composite material is recorded, a post processing (cluster analysis) of the data is required to identify the acoustic signature of the different damage mechanisms. This classification aims mainly to identify the cracking mechanism (AE
signature) that governs the damage evolution of the composite material.
A quasi-static load-unload tensile test was done starting from 30 % of its load to break and increasing load by
5 % (of the load to break) each time. This way we can
identify acoustical signature of damage in the samples and
re-use these criteria in fatigue tests to show damage evolution.

2.3 Ageing conditions and experimental method

To investigate the material’s behaviour in marine environment, a common test is to follow its mass uptake while
immersed in water. In this study, square coupons were
immersed in constantly renewed natural seawater tanks
developed at Ifremer. At regular intervals, samples are
weighed after being dried on the surface with paper towel.
Water uptake is expressed as the mass change in percent
calculated as in equation 2. M(t) being the mass uptake
value in % at time t, m0 the initial mass and mt the mass at
time t (Figure 2 (a)).
M(t) =

mt − m0
× 100
m0

1

Mass uptake

Mass uptake

1

(2)

0

(a)
0

Time (h)
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3.1 Water Uptake

Mass uptake

1

Composite coupons were aged for up to 6 months and neat
resin ones for up to 3 months. Results showed a Fickian
behaviour for both neat resin and composite.
An in-house developed routine, using Scilab’s leastsq
function, allowed the evaluation of diffusion coefficients
(D) and maximal water uptake (M∞ ). An example of experimental and fitting curve can be seen in figure 3.
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Figure 2: Illustration of Fick’s law for normalized mass
uptake of two resin samples of 1 and 3 mm thick in seawater at 40 °C

4

mass uptake (%)

Water uptake is then plotted vs square root of time.
The goal is to identify diffusion laws in particular the applicability of Fick’s diffusion law. There are two major
characteristics of Fick’s diffusion law to validate its identification. The first one is that, when it is plotted, the curve
is linear at the start and reaches a plateau (Figure 2 (b)).
The second point is that when plotting the mass uptake for
two different thicknesses of test samples, if square root of
immersion time is divided by the thickness, the two curves
superpose (Figure 2 (c)).
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Figure 3: Fitted curve from Scilab routine on a neat resin
sample at 60 °C in seawater

2.4 Acoustic Emission

Acoustic emission is a powerful tool to monitor damage
mechanisms such as fibre rupture or matrix cracking [22–
24] Other tools can monitor these phenomena, such as
edge surface optical analysis or even tomography. Tomography is a powerful tool but it is expensive and difficult to
use in situ. On the other hand, edge surface optical analysis presents good results and is less expensive than tomography but it only records the surface visible damages.
Acoustic emission tend to be an intermediate tool for monitoring damage in the sample’s entirety, is less expensive
than the tomography and can be used in situ.

Results of corresponding D and M∞ for the different
conditions that are visible in Figure 4 are summed up in
Table 1. Theoretical time-to-saturation t∞ (in days) for a
sample of 1 mm in thickness is calculated from analytical
equation 3 extracting t, making Mt = M∞ , and making the
thickness h = 10−3 m.
t∞ =

3

h2
Mt
π
×
×
M∞ 16 D

(3)
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Table 2: Seawater uptake diffusion values on composite(*
estimated values)
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Figure 4: Neat resin seawater uptake for 1 and 3 mm thick
samples at several temperatures
Mass uptake (%)

T M∞
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0.8
7.2
42
96*
419*

Least
Square
0.27
0.05
0.29
0.09
0.09

Dc = Dr ×
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Figure 5: Water uptake in composite

3.2 quasi-static
3.2.1 Neat-resin

Neat resin specimens have been tested in three conditions:
unaged, saturated and dried after being saturated. For the
tensile tests, unaged and dried samples showed similarities
in maximum strength and modulus. On the other hand,
saturated samples showed a loss in maximum strength of
almost 50 % and strain at break went from 10 % strain to
over 25 % strain (Figure 6).
These results suggest that there is plasticization induced by seawater absorption on the polymer based on
mechanical response and reversibility.
Fracture tests results showed the same tendency. Initial
properties were quite brittle and saturated specimens were
more ductile. Drying the specimens after being saturated
showed reversibility of the behaviour.

(4)

Theoretical values of diffusion coefficients of the composite Dc can be calculated from various mixing factors
found in the literature [25]. Here, we found that the
Rayleigh factor presented better results for the samples
that were saturated. The diffusion coefficient calculated
with the Rayleigh factor is presented in equation 5 with
V f being the volume fibre ratio and Dr the resin diffusion
coefficient.
1 − V f − 0.3058 × V 4f

1.10
1.07
0.89
0.86

1.0

0.0

For the composite ageing, water uptake in the carbon
fibres is often considered to only depend on the resin fraction. The mass to saturation is then inferior and can be
calculated from equation 4 with M∞c being the mass to
saturation of the composite, Vr the mass content ratio of
resin in the composite, in our case Vr = 0.41, and M∞r the
mass to saturation of the neat resin.
M∞c = Vr × M∞r

M∞t

1.5

Table 1: Seawater uptake diffusion values on neat resin (*
estimated values)
D M∞ (%)
(10−13 m2 /s)
110.50
3.06
16.59
2.70
2.81
2.61
1.25
2.17
0.29
2.10*

M∞
(%)
1.36
1.34
1.30*
1.30*

during the manufacturing process. Fibre/resin interface
could also induce errors to the prediction values.

Squareroot of time (h0,5/mm)

90 °C
60 °C
40 °C
25 °C
4 °C

Dt
D
(10−13 m2 /s)
9.71
11.22
1.86
1.89
0.29*
0.85
0.07*
0.13

(5)

3.2.2 Composite

Comparison of fitted D and M∞ of the composite and
theoretical Dt and M∞t , calculated with equations 4 and 5,
are shown in table 2.
We can see that theoretical values of mass to saturation underestimate the water content for the composite but
overestimate the diffusion coefficient. This could be explained by the void content in the composite that comes

Composite were also tested in quasi-static loading in order
to obtain ultimate values for fatigue tests. Specimens were
tested in tensile for various orientations, in Inter-Laminar
Shear Stress (ILSS) accordingly to ISO 14130 and in fourpoint flexure (FPF). Although there was an apparent sensibility of the resin due to water absorption, the effect of
water on the composite was limited. (See Table 3)
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Figure 6: Tensile tests on unaged aged and dried neat resin

Figure 7: Tensile-Tensile results for unaged and aged
0/90° stack composite samples

Table 3: Quasi-static properties of composite
Property

Unaged value
(MPa)

Tensile 0°
Tensile 0/90°
Tensile 90°
FPF 0/90°
FPF 0°
ILSS

1190±78
989±45
42±2
740±46
849±29
40±3

Aged
value
(MPa)

Loss/gain
(%)

938±20

-5,4

681±17

-8

35±3

-14,3

Figure 8: Example of fibre debonding on an unbroken fatigue sample

with the aim of better understanding the failure mechanisms involved in the composite material damage. In a first
step of the AE data post processing, an unsupervised classification method is performed since it can allows gathering the AE events into clusters (Figure 9), and thus evaluating the number of failure mechanisms within the composite material

3.3 Fatigue
3.3.1 Tensile-Tensile

Tensile-tensile fatigue tests were only done on 0/90° stacking sequence. Samples were considered run out after 1
million cycles. When comparing fatigue properties in
σmax vs cycles to failure, saturated specimens showed almost equivalent performances. This phenomenon is to be
considered knowing there is a 5% loss in ultimate tensile
strength. Sensitivity to water absorption is then obvious
but not as much as might have been expected given the
40% loss in tensile for the neat resin.
When considering the failure mode, it appeared that
for the unaged and aged specimens, delamination of the
outer ply is predominant. Figure 8 shows the delamination
of an unbroken sample. The damaging process seems to
be the same at all levels, with small debonds progressing
along the specimen’s length up to full delamination of the
outer ply. We can see that debonding occurs in strips. For
manufacturing purposes, unidirectional fibres are meshed
every 20 mm by a small polyester weft strand to maintain
fibres orientation. This induces plies to debond by strips
independently.

Figure 9: Evaluation of the optimal number of clusters

3.3.2 Real time monitoring of damage evolution

This unsupervised classification method, which used
the k-means algorithm, has been successfully performed
in previous studies to detect cracking mechanisms within

As stated previously cracking within composite material
generates acoustic activity. This latter has been analyzed
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Normalized apparent stiffness value

composite material [22, 26], and to monitor crack tip
growth within wood material [27, 28]. A detailed description of this unsupervised method is available in these papers.
The AE data clustering aims, among other things,
to propose the optimal number of clusters based on the
values of two clustering evaluation indices: the DaviesBouldin (DB) and the Silhouette Coefficient(SC). The optimal number of clusters leads to a highest value of SC index and a lowest value of DB index (Figure 9). With these
values, the clusters are dense and well separated, which
corresponds to the standard concept of a cluster. From
Figure 9 it can be concluded that the optimal number of
clusters is three. In a previous study [22] results of cluster analysis on AE data from infused composite specimens
exhibited three cracking mechanisms.
Cluster analysis on AE data from composite specimens
shows a typical result (Figure 10), which show the projection of the three clusters of AE data onto a 2D plot. Clusters boundaries are identified.
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Figure 11: Evolution of AE events (cluster 3) during a
fatigue test
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Figure 12: Four point flexure results for unaged and aged
0/90° stack composite samples
Figure 10: AE signatures of each damage mechanism cluster

strength values. For the fatigue tests, the composite appears to be more sensitive to seawater with a loss of approximatively one decade of lifetime compared to the unaged stress values (Figure 12). It should be noted that for
a maximum stress of 50% in the unaged state, the cycles
to failure of a sample were found to be 7 million cycles.
If the shift is considered as true, in the saturated state, at a
stress/strength value of 50%, it should now fail at approximatively 700 000 cycles. This is partly confirmed by one
of the samples tested at 50% in the aged state that failed
at 1.9 million cycles. This must be taken into account for
the dimensioning of structures, but today only the unaged
fatigue values are considered. A réécrie avec les valeurs
actuelles
As mentioned above, the four point flexure test sollicitates the composite in tension and in compression. As
composites are weaker in compression than in tension,
sample usually break in compression. however, for the
tests performed here, both unaged and after ageing, the
composite did not break in compression or in tension. The
dominating mechanism is delamination as shown in figure
13.

Since this AE data clustering aims mainly to identify
the cracking mechanism (AE signature) that governs the
damage evolution of the composite material, AE events
of Cluster 3 were selected, and the cumulative number of
these events is compared with the evolution of the mechanical behaviour. This latter is analysed in terms of sample
stiffness evolution during fatigue test (Figure 10).
On Figure 11 some changes in the slope of the cumulative number of events curve can be observed. These
changes in slope can be detected in real time, and can be
linked to damage evolution within the composite material.
As a result, the change in slope can be selected as an experimental criterion to monitor damage evolution of the
specimen.
3.3.3 Four point flexure

Four point flexural tests were performed on specimens in
the unaged and aged states for up to 7 million cycles. As
for tensile-tensile tests, there is a small loss in quasi-static
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