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General introduction

Naval construction has a long history. The Egyptians started boat building around 4000 BC. Wood was the
first material used in the shipbuilding industry, as it was easy to find and form. This material dominated
shipbuilding until the industrial revolution in the 19'" century, when ships began to be built from iron and
steel. This was the result of improvements in the knowledge of manufacturing with metals. Sails were also
replaced with steam engines and paddles with propellers. The use of metals to replace wood improved the
waterproofing, safety and durability of the ship.

However, metallic materials are heavy, which increases the fuel consumption of the vessel. The massive
development of marine composites began after the Second World War with the US Navy. The use of
composite boats in operation gave good results in terms of durability, stiffness and repair. In addition,
composite parts are lighter than metallic parts, which results in lower energy consumption: this is also a
suitable material for fast sailing boats (Figure 1.1) where the efficiency is a priority to improve the boat

performance.

©Thierry Martinez . Al rights reserved.

Figure 1.1 — SVR LAZARTIGUE Ultim made of CFRP composite ©Thierry MARTINEZ

Today, Carbon Fiber Reinforced Polymers (CFRP) are widely used in the marine environment for high
performance applications. These materials are chosen because of their high specific properties: high
mechanical properties compared to the material density. Recent developments including hulls,
superstructures, radomes and propellers have shown the advantages of CFRP materials. The work
environment is severe: composite parts are continuously subjected to humid air or are immersed in sea
water. Depending on the material system, water diffusion into the structure may lead to a loss of the
mechanical properties. In addition, external parts such as propellers or hulls can be subjected to impact
events, with floating solids.

This study is part of the Durability of Composite Propellers (DCP) project. A collaboration has been set up

between the Direction Générale de ’Armement (DGA, France) and the Defense Science and Technology




Group (DSTG, Australia) to develop the knowledge on marine composite propellers. On one side, the French
research institute for the Oceans (IFREMER) focused on long—term durability and impact behavior of a
thermoset CFRP composite suited for naval applications. On the other, the University of New South Wales
(UNSW) with the Centre for Automated Manufacture of Advanced Composites (AMAC) worked on a
thermoplastic CFRP manufactured by Automated Fiber Placement (AFP) or with a hot press. Their activities
included the AFP process parameters optimization, the numerical simulation of the AFP process, and an
underwater impact study with the effects of a damage induced by an impact on the water uptake and the
post—impact strength.

The aim of the present study is to investigate the effects of aging on the long—term durability and impact
behavior of a CFRP composite for marine propeller. Five chapters will present the work performed in this

study. The three last chapters, the technical and scientific work performed, are summarized Figure |.2.
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Figure 1.2 — Scheme of the study performed

In the first chapter, a literature study will introduce the reader to the world of marine propellers. Historical
materials and current problem areas will be discussed. Then, scientific studies of impact events will be

presented. Finally, a section will be devoted to the aging process and durability of FRP composites.

In the second chapter, the scientific approach chosen for this project, and the methods associated, will be

introduced. All the mechanical tests, whether standardized or custom will be presented.

In the third chapter, a first section dedicated to seawater aging results and modeling the water diffusion in a
blade leading—edge will be presented. Then, the quasi—static characterization and the influence of the aging
on the mechanical properties will be addressed. The complete dataset obtained experimentally will be used

to simulate a complex four—point bending test that was experimentally performed.




In the fourth chapter, the influence of aging on the impact behavior will be described. A standardized out-of-
plane impact test has been performed on quasi—isotropic coupons, and results are compared with a
numerical simulation. A finite element model has been developed, and experimental mechanical properties

obtained in Chapter 3 are used to simulate the composite behavior.

In the fifth chapter, the post—impact strength will be discussed. Then, preliminary studies on tests that are
more relevant to characterize the impact behavior of a marine propeller will be presented. The first concern
the effects of curvature on the impact behavior. Then, on-edge impact tests at the element and component

levels will be presented and compared.

Finally, a conclusion on the work achieved and some perspectives will be presented.
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Chapter 1 — State of the art

1.1. Propellers in industry

1.1.1. Introduction to marine propellers

1.1.1.1. History

Historically the first propellers employed were screw propellers. They started with Archimedes, who used a
screw propeller to lift water for irrigation and bailing boats.

The beginning of the motorization of the naval industry was a turning point and the SS Archimedes, built in
1838 by Wimhurst of London, was the first steamship to be driven by a screw propeller.

Gradually, the Royal Navy adopted more screw propulsion systems for their vessels. Trials continued with
HMS Rattler in 1845 and SS Great Britain in 1843, the first screw propelled steamship to cross the Atlantic
Ocean in August 1845.

The design of screw propellers stabilized in the 1880s, due to the development of several theories. First, the
momentum theory, or disk actuator theory was created by Rankine (1865), Greenbhill (1888) and Froude
(1889). It describes the propeller as a simple actuator disk accelerating the flow in the axial direction by
creating a pressure jump in the propeller plane [1]. Second, the Blade Element Theory (BET) was proposed
by Froude (1878), Taylor (1893) and Drzewiecki (1892). It refers to a mathematical process allowing the
behavior of propellers to be calculated. It estimates the thrust of a propeller by dividing each blade into
several segments, called blade elements. The propeller properties are evaluated after the hydrodynamic
force calculation. This technique ignores the presence of induced flow inside the propeller stream tube
resulting in an over—prediction of the calculated thrust compared to the value obtained experimentally [2].
In 1907, the steam turbine driven liner Mauritania generated 70 000 shaft horsepower (shp) using four
propellers rotating at 180 rpm and achieved a speed of 26.3 knots. Some years later, the Queen Mary,
powered by four single reduction geared turbine sets aggregating 160 000 shp on four propellers, achieved
speeds of 30-32 knots. The main differences between the Queen Mary and the Mauritania were the propeller
blade surface area ratios and the weights of the propellers: 18.7 tons for the Mauritania and 35 tons for the
Queen Mary.

The arrival of propellers with increased blade area ratios led to cavitation erosion and induced cavitation
excited vibration in the ship. This issue was solved by new approaches, such as redesign of propellers, with

respect to blade shape and section form [3].
1.1.1.2. Current applications

Today, propellers are used in several domains: aeronautical, industrial and in the marine environment. The
constraints induced by the environment can be severe.
In the aeronautical industry, airscrews are used for propulsion of aircraft. They convert rotary motion from

an engine into a swirling slipstream which pushes the propeller forwards or backwards. They generally consist
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of at least two blades having an aerodynamic profile. The rotation of a propeller acts on the mass of air that
passes through it and is projected backwards at great speed. According to the principle of momentum theory,
a reaction force is applied to the propeller and propels the aircraft forward. Due to a speed too close to the
speed of sound near the blade tip, propellers are only suitable for use at subsonic airspeeds, below about
770 km/h.

In the marine environment, propellers are used for vessel propulsion and renewable marine energy (tidal
turbines). Theoretically, aircraft and marine propellers operate in a similar way, producing thrust/lift by
rotating blades in a manner analogous to rotating a screw through a solid. However, there are more
limitations on marine propellers. Aircraft propellers operate in relatively uniform flow and through a nearly
inviscid medium when compared with marine propellers. In addition, geometric constraints have much more
influence on propeller performance in marine environment, such as the proximity of the hull to the propeller
or the inclination of the shaft. Fluid parameters are also very different, since air is less viscous than seawater,
and air density is 0.1 — 0.15% of the density of seawater. The consequence is much higher hydrodynamic
loads on marine propellers than on aircraft propellers, for a given rotation speed. Figure 1.1 shows examples

of marine propellers.

Figure 1.1 — CFRP marine propellers commercialized by Nakashima (from Nakashima website) — In the order : i) Fixed Pitch
Propeller (FPP) ii) Controllable Pitch Propeller (CPP) iii) Side thruster

Seas and oceans are endowed with vast reserves of renewable energy. Due to increasing concerns about
environmental issues and depletion of fossil resources, technologies to product more clean energy from
renewable sources in marine environment are being developed, and countries and territories that have
extensive maritime areas can make a significant contribution to low—carbon electricity production in the
energy mix.

This energy takes the form of kinetic energy from currents or winds, potential energy, mechanical energy,
thermal potential or osmotic pressure [4]. The machines being developed to recover wind and current energy

use composite blades and are thus of interest here and will be briefly described below.
1.1.1.2.1. Wind turbine blades

Wind turbines have been developed to produce energy from the wind. For island territories, transport costs
of oil and gas are expensive. Due to the proximity of the oceans, costly investments in offshore wind turbines

are profitable.
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In 2017, the cost of producing offshore wind power in Europe was estimated at around 160€/MWh,
compared to 80€/MWh for onshore wind power. Even if the cost for offshore wind power is twice the cost
for onshore wind turbines, the gap is decreasing.

Compared to onshore wind, offshore wind turbines can capture more regular wind and the variation in
production is easier to predict, thus it is easier to manage production intermittence. Despite expensive
maintenance costs because of limited accessibility for inspection of offshore wind turbines, they generate
fewer conflicts with residents, limiting the legal risks and costs of operation. However, new issues have
appeared in touristic areas, as offshore wind turbines close to the shore may alter the landscape.

The offshore wind turbine market is divided in two categories, depending on water depth. Down to around
50m depths, the turbine is attached to a support fixed to the seabed. Beyond 50m depth, technical and
economic constraints limit this technique. In this case, wind turbines are fixed to a floating support, itself
anchored to the seabed.

Due to the application and the need to reduce the weight to take the maximal benefit from the wind loading,
blades are manufactured in composite materials while generator and tower are manufactured from metals.
Blades consist of two faces, the suction side and the pressure side. They are joined together and stiffened
either by one or several integral (shear) webs, linking the upper and the lower parts of the blade shell or by
a box beam (Figure 1.2). The flapwise load is caused by the wind pressure, and the edgewise load is caused
by gravitational forces and torque load. The flapwise bending is resisted by the spar, internal webs or spar
inside the blade, while the edges of the profile carry the edgewise bending. The laminates at the leading and
trailing edges that carry the bending moments associated with the gravitational loads are subjected to
tension—compression loads. The aeroshells, which are made of sandwich structures, are primarily designed
against elastic buckling.

Load-carrying laminate flapwise:

COMProssion-compression Load-carrying laminate edgewise:

tension-compression

Load-carrying laminate edgewise: _ _ '
tension-compression Load carrying laminate flapwise:
tension-tension

Figure 1.2 — Schematic diagram of the section of the wind turbine blade [5]

Turbine developments are focused on the increase in size and offshore placements. Increasing size is

motivated by the desire to reduce the leveraged cost of energy. However, with size increased, the weight of
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the rotor blades also increases, which includes high gravitational loads. In addition, longer blades deflect
more, and it is important to improve the structural stiffness to keep an interesting efficiency. A major
advantage of composite materials is their high-cycle fatigue behavior, as more than 100 million load cycles

may be applied during 25 years in operation.
1.1.1.2.2. Tidal turbine blades

The first studies on the use of tidal currents to produce electricity began in 1990. Today, an estimation of a
profitability threshold recommends using this technology in areas where currents during high tide are more
than 2 m/s. There are relatively few areas which satisfy this condition, so today tidal turbines are a niche
market. However, this technology is interesting for islands and isolated systems and is of interest here as
tidal turbine blades are mostly large composite structures.

The global exploitable marine current energy is estimated to be 75 GW, including 11 GW in Europe. UK and
France have the highest marine current potential in Europe (6GW and 3.4 GW respectively) [6]. One of the
advantages of tidal current energy is the high predictability of the tidal current resource: the prediction
accuracy is about 98% for several decades [7]. There are two ways to harness the power from marine tidal
resources: by building a tidal barrage across an estuary or a bay, or by extracting the kinetic energy directly
from flowing tidal currents [8].

The main advantage of a tidal barrage is that it allows GW to be produced, compared to a few MW for tidal
current turbines. However, the hydrology and local ecosystem can be changed because of the large barrage
system [9], and the cost of that type of infrastructure is very high compared to other technologies.

In comparison, tidal current turbines are more flexible and can be grouped in farms. In that case, the
production of electricity can be modulated. A recent example is Ushant, an island separated from France by
18.5 km of sea. A French government project (PHARES) aims to produce 80% of the energy demand of the
850 annual inhabitants of the island by the production of electricity from two Sabella tidal turbines (diameter
of 12m, 500kW per turbine), one wind turbine (0.9 MW) and a solar panel farm of 500 kW. The ambition of
the project is to replace the use of 2 million liters of fuel per year.

During the last few decades, various research projects on tidal current turbines have been performed.
Different technologies have been studied and discussed in recent papers [10]. They conclude that both
vertically and horizontally oriented cross flow turbines are well suited to this application since they have
relatively high—power density.

Some industrial projects have also been developed and explained [11]. The main disadvantages associated
with vertical axis turbines are relative low self-starting capability, high torque fluctuation and generally lower
efficiency than horizontal axis turbine design. For large scale marine current turbines with power capacity
over 500 kW, horizontal axis marine current tidal appear to be the most technologically and economically

viable solution. Table 1.1 gives some examples of industrial tidal turbine projects.
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Table 1.1 — Development sites and procurement of the EU funded Tidal Stream Industry Energiser project (TIGER)

. . Capacity to be Technology to be Timescale for
Site Key partners Location installed installed deployment
Cambrian Pembrokeshi
Ramsey Sound Offshore SW re, UK Up to IMW TBC 2021-22
. Community scale
Yarmouth QED Naval Isle of Wight, |+ 300kw SubHub with 3x 2021-22
Harbour UK .
Tocardo T1 turbines
Perpetuus Tidal Orbital Marine Isle of Wight, . Deployment outside
Energy Centre Power, EMEC UK oMW Orbital 02 TBC scope of TIGER (2025)
. TBC likely SIMEC Deployment outside of
Normandie Normandy, 12MW AR2000 series scope of TIGER (2024-
Hydroliennes FR .
variant 25)
Le Raz Blanchard -
Normand Oceanquest next Deployment outside of
Hydroquest v 17 MW q : scope of TIGER (2024-
FR generation turbine
25)
EDF, SEENEOH, Deployed (retrieval
Hydroquest & Brittany, FR 1MW Oceanquest 1 MW ploy
summer 2021)
EMEC
. , EDF, SEENEOH, .
Paimpol-Bréhat BDI & Minesto Brittany, FR 100kW DG100 2022
EDF, SEBEI;\:EOH & Brittany, FR Various TBC TBC
. Morbihan Hydro . Sabella turbines 2x
B 2022
Morbihan Gulf Energies SAS rittany, FR 500kwW DO8 250kW 0

The ocean climate is particularly harsh and variable, with a corrosive seawater environment. Rotor blades
must be extremely strong to survive in seawater and novel materials with improved strength, fatigue and
anti-corrosion properties are already developed [12]. Advanced composites seem to be ideal candidates, and
recent studies have shown potential cost reductions and increased durability compared with metallic
solutions [13]. However, and because of a turbulent hydrodynamic flow, turbines are subjected to solid
projections which can damage the structure. One of the aims of this thesis is to improve the understanding
of the effect of impact on composite blades, when, for example, a rock carried away by the flow hits the

blade.
1.1.2. Propellers in a marine environment

1.1.2.1. Applications in marine environment

In the marine environment, most propellers are used for propulsion. Depending on their application, the
geometries, materials used and propeller types are different. A marine propeller is a complex 3D structure.
The shape and the material used are chosen according to the performance required. The design process must
consider both material properties (strength, flexibility) and manufacturing possibilities.

For propulsion, propellers are designed to operate at a constant ratio of axial to rotational velocity, at which

point the torque thrust and efficiency are optimal for the propulsion system. Designing a propeller is limited
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by operating laws, since the originally designed torque, thrust and efficiency at the designed axial velocity
must be maintained. In the case where a diesel engine is used, an optimum can be reached between engine
revolutions and engine power. If the pitch is incorrectly selected, the propeller will be either over—pitched
(curve A'in Figure 1.3) or under—pitched (curve B in Figure 1.3). The consequence is that the maximum power
of the engine is not reached, because in the case of over pitching, limitations will be induced by engine torque
limit (point X), and in the case of under—pitching, limitations will be induced by engine speed limit (point Y)

[14] (Figure 1.3).

50+

Engine speed limit

Engine power (%)

Idle

Engine revolutions (%)

Figure 1.3 — Engine power (%) vs. Engine revolutions (%) : under—pitch and over—pitched propeller blade comparison [14].

The marine environment is severe for immersed structures. Seawater temperature is between 0°C and 30°C,
and hydrostatic pressure increases by 1 bar every 10 meters. In addition, chemical and biological species can

result in corrosion.
1.1.2.2. Specifications

According to the type of application, the design specifications vary. For civil vessels, specifications require
stiffness. Durability is characterized in terms of the cyclic mechanical loading on the material chosen to work
in marine conditions. Corrosion mechanisms are now well known, following some failures in service [15].
Impact resistance and low vibrations are also required.

For military vessels or submarines, specifications are more complex. Due to the purpose of that type of
vehicle, stealth (low acoustic and electromagnetic signature) is essential [16].

For tidal turbines, durability is the most important requirement. During operation, the profitability of the
infrastructure is dependent on maintenance, which must be reduced to a minimum. Structural degradation
such as erosion or mechanical impact events must be reduced, so materials which reduce the consequences

of damage on the structure must be used.
1.1.2.3. Types of propellers: FPP and CPP

Different propulsion technologies exist, some old and others innovative [17]. Historically, propellers were

fixed pitch (FPP), which have formed the basis of propeller production over the years. Two kinds of FPP exist:
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monoblock or built—up. Monoblock is the most common type of propeller today, embracing a large spectrum
of design types and sizes; from propellers weighing a few kilograms for small boats to those which may weigh
upwards of 100 tons, and are destined for large container ships. Manufacturing of large monoblock propellers
creates issues, because it requires the simultaneous casting of more metal than can be accommodated in
one ladle to produce the casting. In addition, facing the inherent problems of machining and quality required,
built—-up FPP was considered as more interesting. In this case, blades are cast separately from the central
boss, and then are bolted or fixed after machining. Today, with improvements in large casting quality and
machining, built—up FPP is limited to a few niche markets.

Historically, propellers were designed for efficiency [18]. Today, associated with energy conservation, other
parameters have been included in the design requirements. Some aspects have been studied by torpedo
propeller and naval ship designers, and concern reduction of vibration excitation and radiated noise from the
propeller. Cavitation issues are underlying these aspects: they will produce undesired noise which can
produce unexpected consequences.

The second type of propeller is the Controllable Pitch Propeller (CPP), also known as Variable Pitch Propeller
(VPP). It can allow each blade to rotate around its spindle axis. The advantage of CPP is to provide an extra
degree of freedom with the ability to change blade pitch. It represents 35% of the market share when
compared to FPP systems, and is popular for ferries, general cargo, tug, and trawling markets. A pitch
adjustment can result in better thrust control, and better efficiency leading to fuel saving. CPP also improves
maneuverability of a vessel, which is important for docking tugs.

CPP is not suited to all kinds of vessels. For example, vessels that make long trips at constant service speed
such as tankers, with much more energy produced than they need, are not designed to use CPP. Globally,

the range of CPP available offers a maximum output of 44MW (60.000 hp) [16].
1.1.2.4. Materials used

As was noted in part 1.2.1., propellers operate in a harsh environment. Today, the main interest for
composites is that they avoid issues inherent to metal casting and machining. However, an important
mechanical characteristic is the fatigue resistance curve. For a civil propeller rotating at 120rpm, and
operating 250 days per year, the accumulation of stress cycles over a 20—year life will exceed 8.6 x 108.
Table 1.2 shows an example of the first order fatigue cycles on a propeller blade, as a function of operating
time. Herein, the first order corresponds to loading and blade motions, while second order corresponds to

vibrations.
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Table 1.2 — Build up of first—order fatigue cycles on a blade of propeller [19]

Time 1st hour 1stday | 1stmonth | 1styear | 2ndyear | 10th year | 20th year

Number of first
order 7.2x10% [ 1.7x10° | 3.6 x 10° | 43 x 107 | 8.6 x 107 | 4.3 x 108 | 8.6 x 108
fatigue cycles

1.1.2.4.1. Metallic propellers

Historically, propellers were manufactured in metals. The most desirable set of properties which a metal
propeller should possess are (from [19]) : high corrosion fatigue resistance in sea water, a high resistance to
cavitation erosion, a good resistance to general corrosion, a high resistance to impingement attack and
crevice corrosion, a high strength to weight ratio, good repair characteristics including weldability and
freedom from subsequent cracking and good casting characteristics.

Metal composition will have a direct influence on the performance of metals used in a marine environment.
Corrosion rate and mechanical properties are influenced by alloy element contents [20]. Choosing a propeller
material is complex because of the large number of requirements. The manufacturing process will also
influence material properties. Most propellers are made by casting, a process which leads to inhomogeneity
in the thickness of large parts.

Today, most marine propellers are made with Nickel-Aluminium—Bronze (NAB or NiBrAl). There are several
reasons for this, including good corrosion characteristics and anti—biofouling qualities. The yield strength of
NAB is much more than design stress, giving a comfortable factor of safety above two [21]. In addition, the
corrosion for this material is galvanic, cathodically controlled. The anode, in most cases the steel hull and
sacrificial anodes, will begin to rust away. The primary cathode in the marine environment surrounding the
hull is the NAB propeller, which does not itself corrode. However, it will cause significant steel plating rust
and wastage of the sacrificial anodes. The corrosion costs can be high, so avoiding this is beneficial.

Another main issue using NAB is the machining cost due to complex blade shape geometries. In addition,
NAB propellers are prone to fatigue—induced cracking and have relatively poor acoustic damping properties
that can lead to noise problems from vibrations [22].

Other metallic materials are or have been used for propellers, such as stainless steel and titanium alloys.
1.1.2.4.2. Composite propellers

To overcome the disadvantages of metallic propellers, composite materials are now being investigated for
use as a propeller material. These materials are made from high strength fibers impregnated by a polymer
resin, which give to the piece the shape and volume and provide toughness and impact strength.

The benefits of these materials have been shown in the literature [23][24]: reduced fabrication costs if a large
number of blades are manufactured, reduced through-life maintenance costs, reduced wear on

gearbox/shaft, weight savings, improved vibration damping properties, improved fatigue performance,
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superior corrosion and chemical resistance, increased cavitation inception speeds by using thick and flexible
blades, and for military applications, lower electromagnetic and noise signatures. In addition, they suffer less

from leading-edge erosion in water made abrasive by suspended grit (Figure 1.4).

Figure 1.4 — Comparison of cavitation effects on metallic propeller (left) and composite propeller (right) [25]

Recent examples have shown the interest of composite propellers. Starting from small composite propellers
for fishing boats, several companies have tried to design larger propellers. However, scaling up small units to

larger propeller is a challenge. Research and industrial examples are presented in the literature [16].

Small scale composite propellers:

In Sweden, ProPulse designs composite propellers and blades in a fiberglass—reinforced polyamide, which is
well suited to the market for outboards in the range of 20—-300 hp [26]. Blades can be replaced one by one,
and the pitch can be adjusted during installation to one of five settings. The company states that composites
are tough and resilient compared to their aluminum counterparts, stronger and weigh 40% less.

In the USA, Piranha manufactured the world’s first modular composite propeller [27]-[28]. They developed
long glass fiber reinforced polyamide thermoplastic composite propellers made by injection molding. These
propellers are reported to be 10-15% stronger than traditional die—cast aluminum. Pirhana composite
propellers are suitable for motors of 120-190 hp.

Also in the USA, Composite Marine Propeller developed its “Comprop” composite propeller that are single—
piece four—blade propellers, up to 55 cm in diameter [29]. In their concept, the blades are designed to flex

slightly or break off should they hit an obstruction, so the boat structure remains undamaged.

Large scale composite propellers:

In Germany, AIR Fertigung—Technologie GmbH worked with the University of Rostock to develop a Carbon
Fiber-based composite propeller, dedicated to super yachts and ships [16]. Diameters were in the range 50
cm — 5 m. The company stated that the weight of its propellers was only a third of conventional NAB
equivalents. They designed thinner blades at the tip, and they found this geometry reduced propeller noise

by 5 dB compared to the metallic counterpart. They also studied a smart propeller, made with carbon, aramid
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and polyethylene fibers that are distributed within the composite in such a way as to provide hydroelasticity.
Blades were manufactured in closed molds by a RTM-like process. Full scale tests were conducted to
compare the composite propeller to conventional NAB propellers. Results showed fuel reductions of almost
10% at full speed and 17.5% at mid—range. Acceleration was enhanced and noise in the wheelhouse was cut
by up to 4%.

In the UK, QinetiQ, in collaboration with Dowty Propellers and Wartsila Propulsion designed, built and carried
out sea trials on a 2.9 m diameter, five-blade composite propeller assembled on a bronze hub [30]. The blades
were designed and assembled to respect warship standards, using a hybrid glass/carbon composite. The
propeller was assembled on the RV Triton triple hull warship. The design resulted in thicker blades that offer
improved cavitation performance, while reducing vibrations and underwater signature. This propeller design
provided weight savings of about 20% compared with bronze blades.

In Germany, the Navy has used composites propellers for several months for submarine applications
(German 206A and 212A) [16]. A study performed in that project involved three different kinds of composite
propellers. Researchers indicated that more research is necessary, on both design and material engineering.
They concluded that one of the major issues with large composite propellers is the tendency for cavitation
erosion that is much worse than with metallic propellers. A coating material such as polyurethane was
recommended to decrease cavitation erosion. The first composite propeller was installed in 2002, with the
same geometry as a metallic propeller but with carbon fibers. The propulsion committee [31] reported that
at the time of their report, the composite propeller had been in operation for over two years and
approximately 20 000 nautical miles without any damage or malfunction. The study also reported the
installation of a highly damped composite propeller using Aramid fiber (Kevlar). Acoustic trials “exceeded all
expectation”.

In the Netherlands, Airborne Composites (La Hague, The Netherlands) has developed (since 2004) a
prototype composite naval propeller for the Alkmaar—class minehunter vessels [32]. The propeller diameter
is 2.5m, with a power output of 1.4MW. Collaboration with the Maritime Research Institute Netherlands
(MARIN, Wegeninger, The Netherlands) included FEA analysis on a particular blade design, then evaluation
of the performance in water using MARIN knowledge in fluid mechanics. The propeller was manufactured in
carbon, glass and epoxy resin.

In 2020, the only company to sell large scale composite propellers is NAKASHIMA PROPELLER CO., LTD. CFRP
propellers have been developed there since 2007, and installed for the first time in 2014 on a domestic
merchant vessel [33]. The four—blade propeller was manufactured by VARTM. A composite hub was also
developed allowing propulsive force to be increased.

In France, a consortium between Loiretech, Naval Group and Méca, and funded by a DGA RAPID project,
designed and manufactured a five—blade composite propeller with a diameter of 1.1m in 2018. The CFRP
propeller “Fabheli” [34] was installed on a transportation vessel “Le Palais” and tested in real conditions in

the Atlantic Ocean. The project reported a lower fuel consumption. In addition, they designed an innovative
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junction between blades and root, which can be dismounted and was adapted to the Resin Transfer Moulding
(RTM) process. They also added carbon textile at the leading and trailing edge for added impact resistance.
This propeller was exhibited at the JEC Asia 2018 and won an innovation award (Figure 1.5).

Other developments have been reported in the literature [21], but it should be noted that much work within

naval projects is sensitive and confidential.

Figure 1.5 — Fabheli composite propeller at JEC Asia 2018

1.1.3. Composites propellers

The previous section showed advantages and disadvantages of composites propellers, and some industrial
examples. Since the propeller material is different, it is necessary to develop specific design, manufacturing,
and experimentation tools to verify the durability of the propeller, and to correlate experimental results with
data from numerical models.

In the marine industry, two types of propellers have been studied: rigid and flexible (pitch adaptive). The rigid
composite propeller acts like a metallic propeller [35]. As a rigid propeller operates in a non—uniform
(circumferentially varying) flow field, the blade deforms very little (bending) with almost no change in
response to the hydrodynamic loading. However, the flexible composite propeller utilizes composite material
with orientation-dependent stiffness in the blade to operate very differently. As the flexible composite
propeller rotates in the non-uniform flow field, the blade deforms (bending and twisting), the pitch and rake
change, reducing the loading and resulting in reduced cavitation and hull vibration (numerical studies : [36]—
[38]). The lay-up of the fibers and the way they are combined in the matrix will give different deflection
properties in each of the radial and chordal directions of the blade. The blade can be designed to deflect in
different ways, which can be beneficial from a power absorption or cavitation inception and control

perspective as the rotational speed is increased. This implies that the design process must be based on a fully
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hydroelastic Finite Element Method, capable of accommodating orthotropic materials [39]. Fluid—structure
interaction modelling is obligatory. Under the hydrodynamic loading, the propeller shape will change, which

will imply a hydrodynamic loading difference between two steps of calculation.
1.1.3.1. Design of composite propellers

Designing a composite material propeller with orientation—dependent stiffness is complex. Different
methods have been explained in the literature, and reviewed recently [40]. This section is based on that

reference.
1.1.3.1.1. FEM & PSF-2 programs

The first method presented is the finite—element method and the Propeller Steady Flow 2 program (PSF-2)
[40]. This approach was developed for analyzing a thick—shell composite blade [41]. The propeller is
considered as a partial-composite structure. The thick—laminate method is applied to consider 3D features
of composite blades. The composite material is considered as layers of orthotropic materials, and the skin
composite layer and shear—web are treated as several sub—laminates. Effective moduli are obtained by
integrating the constituent lamina properties through the thickness of the sub—laminate.

The aim of this method is to determine stress and elastic deflections, and to compare values obtained with
values for an isotropic propeller. The blade loading is obtained by predicting the pressure coefficient
difference using the PSF-2 program, which allows the blade loading to be obtained under hypothetical
operating conditions. Finally, the calculated cross—sectional pressure load differences are applied to the
pressure side of the blade, and elastic stress and deflection are obtained by numerical analysis, from

commercial FEM software, Abaqus™ in this case.
1.1.3.1.2. Coupled 3D FEM/VLM

A second method presented is the 3D finite—element method / vortex—lattice method. It was presented in
1996 [42], and is dedicated to the hydro—elastic analysis of composite marine propellers in steady, non—
cavitating flow.

Recent research has used FEM/VLM methods to investigate the response of a composite blade under
hydrodynamic loading. The influence of stacking sequence on the hydro—elastic behavior of composite
material propeller blades has been discussed [43]. This model was improved by introduction of the Hashin
failure criteria [44], strength of the composite material propeller was evaluated, and stress distributions have
been smoothed [45]. For the structural analysis, recent papers discussed the vibration characteristics of

composite propeller [46], and described experimental tests to evaluate optimized designs [14].
1.1.3.1.3. Coupled FEM/CFD

The last method presented in the literature is a finite element model (FEM) coupled with a computational
fluid dynamics model (CFD). The aim of this approach is to analyze the hydro-elastic performance of

composite marine propellers in steady and unsteady flows. In contrast to VLM and BEM, the CFD model
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considers the viscosity of the flow. The CFD method used in [47] was based on the Reynolds Averaged Navier—
Stokes (RANS) equation, and a non—conforming layered solid element was used to build the finite element
model of composite propeller blades.

The hydrodynamic performances of the composite propeller can be solved by applying a CFD method based
on the RANS equation. A Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm was used

for completing the coupling of pressure and velocity and solving the equations of incompressible fluids [48].
1.1.3.1.4. Performance optimization

The design of propellers includes both fluid dynamics studies and structural studies, which depend on both
structure and material properties. Designers can have two approaches. Either, they consider more important
functional requirements, such as propulsion efficiency, cavitation probability or noise. Or they consider
structural requirements to be more important, such as lighter weight, higher strength, and lower vibration.

Several researchers have published work on improving composite propeller performance. For example, a
genetic algorithm was combined with a pre—deformed composite propeller in order to determine the best
stacking sequence [43]. Herein, two optimization requirements were satisfied. Genetic algorithms also
allowed the optimization of a composite marine propeller efficiency under different inflow velocities and an
optimization of design parameters in [49]. This study was completed by the optimization of hydrodynamic
load coefficients and the vibratory hub loads, which were directly function of ply angles and stacking
sequences [50]. More recently, a genetic algorithm was combined with Cell-based Smoothed Finite Element
Method (CS—-FEM) creating an innovating optimization scheme [51]. The variation of propeller pitch was
considered, as well as the hygrothermal effects of composites under thermal and moisture expansion. The
hydrodynamic load was considered as a homogeneous pressure on the blade surface, but a more recent
study took into account the hydrodynamic load by a CFD study [52]. Layup optimization combining Non—
Uniform Rotational B—Splines (NURBS)—based FEM and genetic algorithms was also described [53], taking
into account hygrothermal effects, leading to non—symmetric layup optimization.

In conclusion, there are several tools and methodologies available to the designer of composite propellers,
with varying assumptions and degrees of complexity. However, all these models require material data and
composite material properties are strongly dependent on the manufacturing process, so this will be discussed

next.
1.1.3.2. Manufacturing of composite propellers

Finite element studies are interesting because they allow the influence of geometry and ply and angle
stacking sequences to be examined numerically. However, the manufacturing process may limit the options
available for composite blades. Different techniques have been discussed in the literature, and numerical
optimization solutions are not always possible in the real case.

Historically, the first composite propellers were manufactured using a wet lay-up process [54]. This enabled

a four-blade propeller to be produced, with a diameter of 800 mm, from a mix of Carbon and E-Glass fibers.
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Reinforcements were cut and laid-up by hand, so that the blade wall thickness tapered gradually from root
to tip. The composite was produced in aluminum moulds, and the two halves of the split mould were clamped
together until the resin had cured.

Other processes have been presented, such as Resin Transfer Molding (RTM), in which resin is injected into
a mould containing reinforcement [24]. An examination of the feasibility of manufacturing small marine
propellers with RTM was discussed, which allowed reduced void content and material waste, while having
better handling, ability to mould complex shapes, and good control of mechanical properties. Three industrial
projects were presented, using different process and materials. Hand lay—up was also used for the fabrication
of CFRP blades destined for the US Navy [21], with the aim to build a propeller equivalent to the one from
QinetiQ [16]. A multi—step process is described in [55], based on the Air fabrication process, from a German
company which manufactured a CFRP propeller named “Contur”. The first step is mould fabrication, based
on an equivalent metallic propeller. The second step is the cutting of carbon fiber layers based on the material
design using a numerically controlled (NC) cutting machine. The third step is the stacking of carbon fiber
layers with resin, in a gel-coated mould. Compression and heating are applied, followed by the suppression
of excess material. The last step corresponds to the insertion of the blades into the slots of a metallic hub.
Hand lay—up was used in other recent studies [14][56], but today the processes used in the aeronautical
industry are emerging, due to the high added value of these composite structures. An example is the use of
carbon fiber prepreg to manufacture a five—blade propeller with a diameter of 250 mm, adopting the
compression moulding process [57]. Automated Fiber Placement (AFP) is another promising alternative,
allowing greater freedom in fibre orientation, which can result in optimal mechanical properties of composite
hydrofoils [58][59]; studies on thermoplastic matrix composite blades are now possible using this process.
In the wind turbine industry, which has been established for a longer time, blades are now produced using
either Vacuum Assisted Resin Transfer Moulding (VARTM) or prepreg. VARTM is often preferred as it is less
expensive, but prepreg offers optimized and consistent resin ratios [60]. The blade surfaces are covered by a
gelcoat layer, providing a smooth surface to enhance hydrodynamic properties. Within the blade, a box—
section includes an embedded core material to limit buckling. New developments using one—shot processes
[61] have been recently discussed, where 13m blades are manufactured using powder epoxy materials that
have comparable strength to traditional glass fiber/epoxy [13]. The process, which avoids the
thermochemical constraints of a traditional epoxy resin, must be maintained at 180°C, and for this reason,

an integrally heated composite ceramic tooling has been developed.
1.1.3.3. Hydrodynamic and mechanical testing

Designing and manufacturing are the two first steps of the study on composite propellers. However,
experimental testing and correlation with numerical models are essential before industrial production, and

standardization of composite propellers can be achieved.
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First tests were performed in 1993 [24]. Regular utilization of composite propellers showed interesting
performances, but low resistance to impact events. In that study after three weeks of utilization, the hub
joint showed no signs of degradation, but one leading edge had been slightly scuffed, due to an impact event.
Other practical tests led to the definitive failure of the propeller, due to impact. A shorter study showed the
importance of the manufacturing process in order to increase propeller durability [21]. Other studies
compared results from numerical simulations and experimental data. In a 36m water—tunnel, thrust, torque,
cavitation inception and blade deflection were measured on three different composite propellers [55].
Among these three, two were designed to be flexible (one with reduced blade thickness and the other with
a modified blade section shape), and one was rigid. For all values of relative inflow velocity, the measured
pitch change, torque and thrust were larger than predictions. The advantage of a flexible propeller was its
efficiency, which was improved by up to 5%. The main difference between the propellers tested was their
cavitation performances. Another study [14] showed that measured displacements were smaller than the
calculated values. An optimization of the composite lay-up was performed, and it was shown that pitch
decreased as the ship speed decreased, reducing torque but increasing efficiency. In addition, pitch
automatically changed with the inflow angle.

A new measurement technique has been developed in the Netherlands to measure the deflection of a
propeller made by an isotropic ABS thermoplastic material [62]. A propeller was designed with a thickness
distribution to achieve significant deflection of the blade. The authors concluded that the measurement
technique based on 3D-Digital Image Correlation can be used to validate the results of hydro—elastic

calculation. Increasing flow velocity was shown to induce an increase of blade deflection (Figure 1.6).

0.0mm

Figure 1.6 — Measured propeller deflection at increasing RPM for bollard pull condition [62]

For static tests, studies are more numerous in the wind turbine industry. As noted previously hydrodynamic
loading is more severe for structures compared to aerodynamic loading, because of water viscosity, which
induces higher stress at a given rotating velocity. It is therefore necessary to perform tests in marine
environment. Full scale static tests were performed on a 13m glass—fiber epoxy composite wind turbine blade
[63]. Results were coupled with an optimization algorithm (GA), allowing both the mass of the optimized
blade and of the products used during manufacturing to be reduced. Bigger wind turbine blades have been
tested under flap—wise loading to collapse [64], and showed complex interactions between materials leading

to the failure of the blade.
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For dynamic tests, there have been few results published on composite blades designed for either propulsion
in a marine environment or for tidal turbines. There have been many general studies of impact testing of
composites reported in the literature, especially by the aerospace industry where impacts on commercial or
military rotor engine blades can have important consequences [65]. Impact will be discussed in the next
section of this chapter. A recent paper [66] studied consequences of edge and frontal impact on composite

blades for helicopters, and compared results with numerical values obtained with FEA.
1.1.4. Conclusion

To conclude this first section, a composite propeller is a complex structure, but knowledge on its mechanical
behavior under hydrodynamic loading can lead to a better efficiency, and improved thrust. There are also
significant economic interests involved, not only with respect to fuel savings but also where manufacturing
processes can be optimized, and moulds are re—used. The long—term durability of marine propellers is a
determining factor and needs to be studied under realistic conditions.

Different design techniques have been described. Lay-up optimization can be coupled to hydrodynamic and
mechanical models with algorithms to obtain improved stacking sequences and fiber angles. However, the
ideal composite is not always achievable due to manufacturing limitations, and choices must be made
between different requirements.

The last section concerns experimental testing. The literature reports static tests on wind turbine blades, and
dynamic tests on blades designed for aeronautical applications. However, dynamic, fatigue and impact tests

on blades designed for the marine environment have so far received little attention.
1.2. Impact testing on composite materials and modelling

Composite materials can be difficult to analyze, particularly under dynamic loading: due to the interactions
between reinforcement and matrix, complex phenomena appear during an impact event. This thesis will
focus on transverse loading because of the designs involved in marine structures. In this section, the
literature on impact events in a marine environment will be examined. A first section will focus on the impact
on marine structures. A second section will focus on parameters affecting impact test results, such as
impactor parameters and material constituents. A third section will focus on residual properties after impact,
and possible ways to monitor damage induced during testing. Finally, the last section will be devoted to

modelling of impacts on composites.
1.2.1. Marine impacts

The marine industry uses composite materials in a large range of applications, from pleasure boats to racing
vessels, from naval and coastguard patrol craft to the offshore oil and gas industry [67]. There are numerous
reasons: corrosion resistance, high specific mechanical properties, or easier forming of complex shapes. The

main issue with these materials is their low resistance to out-of-plane loading, and particularly to impact
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events, leading to a complex interaction between the structure and the material. For most marine
applications, impact of objects involves a limited range of low velocities between the impactor and the target.
To investigate the consequences of an impact event on composite structures, tests can be performed, but

the loading and boundary conditions must be carefully controlled.
1.2.1.1. Impact events on composite materials
1.2.1.1.1. Type of impact

To simulate an impact event which is representative of the service environment, different tests are available,
depending on the velocity and on the mass of the impactor and the stiffness of the surrounding structure.
Generally, there are four types of impact with respect to velocity: low—, high—, ballistic— and hyper—velocity
[68] (Table 1.3). However, there is no clear transition between categories and their definition is controversial.
Some studies define LVI as a relative velocity between the impactor and the target as up to 10 m/s [69]-[71]
while other define LVI as a relative velocity in the range 1-100 m/s [72].

The consequences of the test are directly linked to the response of the structure, as shown in Figure 1.7.

If the contact time is of the order of the transition time for elastic waves, the behavior will be controlled by
transverse waves (ballistic impact, Figure 1.7—a). For a longer time period, the behavior will be controlled by
flexure and shear waves, consecutive to an Intermediate Velocity Impact (IVI) (Figure 1.7-b). If the impact
duration is greater than the time for the elastic waves to arrive at target edges, the consequential behavior

will be quasi—static, corresponding to Low Velocity Impact (LVI) (Figure 1.7—c).

Table 1.3 — Type of impacts depending on velocity range [73]

Velocity

range (m/s) Test equipment Applications

Type of impact

— Drop Hammer
<10 — Pneumatic —Tool drops
accelerator

Low Velocity Impact
(v

— Blast debris

— Compressed air ) .
P — Hurricane and tornado debris

Intermediate Velocity

1 —
Impact (IVI) 0->500 sun — Foreign objects debris on roads and
—Gas gun
runways
High Velocity (ballistic) > 500 - Comprue:sed ar — Arm fire
Impact g — Explosive warhead fragments
—Gas gun
—Powder gun
Hyper Velocity Impact > 2000 —Two stage light gas | — Micrometeorites
gun
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Figure 1.7 — Impact regimes on structures (adapted from [74])

In the marine environment, common impact events include collisions with floating debris, with other craft,
docks, grounding, and handling issues. All these impacts are considered as Low Velocity Impacts (LVI) [75] so
this thesis will focus on LVI. This impact type is generally simulated in the laboratory using a falling weight or
a swinging pendulum. In this case, the contact period is such that the whole structure has time to respond to

the loading [76].
1.2.1.1.2. Direction of impact

The direction of impact is also critical. Depending on the application, impact events happen parallel or
perpendicular to the fibers. Events are then called respectively in—plane or out-of-plane impact.

In automotive, aeronautical, and aerospace applications, high energy impacts are possible. To face the
problem, studies have been performed on absorbers, which is defined as a system that converts, totally of
partially, kinetic energy into another form of energy [77]. Metallic absorbers have been studied, then
composites, because of their high strength—to—weight ratio and their high specific energy absorption
characteristics (SEA) [78]. Energy absorption induces macroscopic damage, which can lead to the complete
failure of the system. A recent study was performed to understand the energy absorption during the
progressive crush of CFRP structures [79].

In applications where lower energy impacts are possible, it is necessary to characterize the resistance of
composite panels. Introduction of core material can improve the structural resistance, and the properties of
each composite component affect the global response of the panel [80].

Because normal impacts rarely occur in real engineering situations, it is important to study oblique impact.
For example, a low—velocity oblique impact study on composite sandwich structures, consisting of
carbon/epoxy skin and Nomex honeycomb core, was performed under four different impact angles (0°, 5°,
10° and 15°) [81]. The authors concluded that the damage area decreased with increasing impact angle, as
the contact area between impactor and upper face—sheet decreased with the angle of obliquity. In addition,
it was observed that the maximum contact force (peak force) and absorbed energy decreased with increasing

impact angle. However, the contact time and maximum impactor deflection were independent of this
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parameter. Other studies showed a high influence of the angle between the firing axis and the fiber
orientation on the shape of the fracture surface and on the tearing energy threshold [82]. The damage
mechanisms for the glass/epoxy woven fabric studied were shown to be highly dependent on the orientation

of the impact axis.
1.2.1.1.3. Scale effects

Impact testing on full-scale composite structures is complex and expensive, and is seldom carried out [83].
To limit costs, tests are performed on small samples, but respecting the conditions in which the composite
structure will work. To this end, scaling laws have to be developed, to ensure that the laboratory sample
tested is representative of the composite structure, and allow extrapolations of results to a larger scale [84].
In the case of composite materials, the main issue is to scale a sample representative of the interactions with
the structure. Ideally, impact test fixtures should be designed to simulate the loading conditions to which a
composite component is subjected in operational service and then reproduce the failure modes and
mechanisms likely to occur. As recalled in a recent review [84], the concepts of similitude and dimensional
analysis can be used to develop scaling laws [85]. A scaling factor A is generated as a function of the ratio
between different variables. This approach has been followed to scale low fiber—volume glass—polyester
laminate samples intended for impact testing [86]. The author concluded that the simplified model was
coherent compared with experimental results, but some “size effects” appeared, particularly for the damage
response.
Other approaches have been developed, such as analytical or numerical scaling models. Assuming that the
impact delamination is shear controlled, an equivalence model function of impactor properties and thickness
of composite panel has been proposed (Eq. 1.1) [83] :

(m-V2); t; Eq. 1.1

(m-V3); t
Here m and V represent respectively the mass and velocity of the impactor, t is the thickness of the sample,
and 1 and 2 represent the sample or the full-scale structure.
However, this technique has limits, and does not work when the scale difference is too high between the
full-scale structure and the laboratory sample. Additional mechanisms such as edge delamination may occur
for example, and great care is needed in avoiding differences in material meso-structure and manufacturing
defects.
Another model has been proposed (Eq. 1.2) [83], to determine the critical load above which delamination
occurs. This model considers material parameters (Young’s modulus E, Mode-Il strain energy release rate

Gy and Poisson’s ratio v) and structural parameters with the thickness h.

2 V 27T EGIIC 1/2 3/ Eq. 1.2
R="3 (1)

This model was applied in [86] and the authors showed a good correlation with experimental results.

32



Chapter 1 — State of the art

Other numerical approaches have been proposed [87], such as FEA to predict the scaling of low—velocity

impact on composite panels (E-Glass/Vinyl ester).
1.2.1.2. Impact on marine composites

Since environmental effects are directly linked to the durability of structures, marine type laminate materials
and in-service impact events need to be characterized to understand the influence of impacts on composite

materials.
1.2.1.2.1. Marine laminates

Different types of composite materials are used in a marine environment, such as sandwich laminates, single
skin laminates, filament—wound tubes, or pultruded laminates. For laminates, composites are composed of
two components: a matrix and a reinforcement.

» Composite matrix polymers
The matrix can be thermoset (cross—linked polymer) or thermoplastic (linear polymer). They are defined by
characteristic temperatures. For thermoplastics, in the normal ascending order, these are the glass transition
temperature (Ty), the peak crystallization temperature (Tc) and the crystalline melting point (Tm), the latter
two are not applicable to fully amorphous polymers. For both types of matrix, thermo-mechanical behavior
is dependent on the T. Below this temperature, in very general terms the matrix is normally elastic and
brittle, while above this temperature the matrix is normally viscoelastic and tough.
The most common thermoset resins are epoxies, unsaturated polyesters, phenolics, and vinyl esters. In the
present study all thermoset composites were made with an epoxy resin.
For thermoplastic polymers, the most common are polypropylenes (PP), polyamides (PA), polyesters (PET)
or high temperature thermoplastics such as PEEK (polyetheretherketone) and PPS (polyphenylene sulfide).
In the present project, PEEK will be studied as a substitute for epoxy resin.
Table 1.4 presents advantages and drawbacks of both matrix types.

» Composites reinforcement
Composite structures are reinforced by fibers, which can be aramid, carbon, glass, polymeric or natural fibers.
The reinforcement can be arranged in a variety of different ways and this results in ranges for both the
achievable fiber volume fraction and the reinforcing efficiency. Reinforcement can be woven fabrics, stitched
or knitted fabrics, braids, 3D woven fabrics or preimpregnated reinforcements. Only continuous fibers will
be considered here.

» Sandwich structures
Because of their specific properties (high bending stiffness with low overall density), sandwich laminates
have been adopted for many marine structures, such as racing boat hulls. They consist of stiff, strong skins
on either side of a lightweight core [88]. This configuration moves the reinforcement materials away from

the neutral axis of a beam or plate, conferring higher stiffness without a significant increase in weight. Skin
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materials follow the approach of monolithic composites, while the core may be a natural material, polymeric
foam, corrugated structure, or honeycomb.

Table 1.4 — Advantages and drawbacks of TS and TP composites [89]

Thermoset composites Thermoplastic composites
Advantages Low viscosity Infinite shelf life
Suitable for high temperatures Recyclable/reparable
Low processing temperatures Impact resistance
Well-established properties No emissions

Excellent bonding with fibers

Drawbacks Limited shelf life High viscosity
Difficult to manufacture thick composite parts High manufacturing temperatures
Mostly non—recyclable, (though some Limited marine experience
recyclable epoxies are now being tested for Generally more expensive
wind blades).
1.2.1.2.2. In service impact events

In service impact events are extremely dangerous for composite structures (Figure 1.8) and are difficult to
study and to reproduce in laboratory environment. There are many types of impact, linked with the large
range of marine structures. From small boats to frigates and fast ferries, from marine jetties to offshore
production platforms, the corresponding loading conditions are very different. The impact tolerance required
will depend on the usage of the structure, for example pleasure boats need tolerance to accidental damage,

while ocean-racing yachts need additional wave slamming and floating object resistance [90].

Figure 1.8 — Examples of structural damage on vessels due to marine impacts [91]

There is a complex relation between laboratory tests and real marine events. The critical point is to evaluate
the impact resistance, which should model the collision with debris fairly accurately, with local stress levels
close to the reality. Impact criteria have been proposed and separated into three categories: collision with a
floating or submerged object, objects dropped onto a deck, or low—speed berthing impacts.

In order to replicate a floating object hitting a vessel in operation, drop test were performed on single skin

GRP panels at an oblique angle of 24° [92], which was considered as representative. The results were
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different compared with an angle of 90°, highlighting the influence of impact angle. In addition, oblique
impacts at angles from 0° to 30° were considered for chopped strand mat (CSM) laminates [93]; the authors
concluded that delamination area and permanent indentation depth were lower at more oblique angles,
leading to the observation that residual tensile strength was at minimum for perpendicular impacts,
especially at higher impact energies.

In several geographic regions, another possible impact is with floating ice. This has been studied recently,
and results showed a complex problem, due to extremely variable size, shape and consistency of ice, which
limits the possibilities to perform equivalent tests to real cases in the laboratory [94].

However, to the knowledge of the author no research results are available in the open literature for impact

events on composite marine propellers.
1.2.2. Out-of-plane impact and material parameters

An impact event on composite material is complex because of the heterogeneity of the anisotropic material.
Damage is a function of the loading level, of the geometrical parameters of the impactor, and of the
composite constituents. Because of the range of impact types in marine environment, only out-of-plane
impacts have been reviewed here. Some other possibilities will be discussed in the final chapter of the

manuscript.
1.2.2.1. Types of damage induced by impact

In composite materials, high stress levels can induce irreversible damage in the material, leading to
deterioration or, in the worst case, to the destruction of the material. During transverse LVI, four major
modes of failure are discussed in the literature, due to the heterogeneous and anisotropic nature of fiber—

reinforced polymer laminates [76].
1.2.2.1.1. Matrix damage

The first damage is the matrix mode. Cracks appear parallel to the fibers, due to tension, compression or
shear stresses, with sometimes debonding between fiber and matrix. This is due to a mismatch between the
mechanical properties of each constituent, leading to singularities in the material. Cracks are usually oriented
in planes parallel to the fibers direction in unidirectional layers [95].

During transverse impact on composite laminates, the contact force and contact area lead to high transverse
shear stresses, which cause shear cracks inclined at approximately 45°. The matrix cracks in the upper layer
(Figure 1.9-a) and the middle layer (Figure 1.9-b) start under the edges of the impactor. The crack on the
bottom layer of Figure 1.9-a is named a bending crack because it is induced by high tensile stress and is
characteristically vertical. This stress initiates damage, which will be maximal near the back face. For

composites, bending matrix cracks are
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Figure 1.9 - Initial damage in an impacted 0/90/0 composite Figure 1.10 — Diagram of the stress components
plate [76] contributing to a bending matrix crack in a transverse layer

The literature showed that bending stresses are closely related to the flexural deformation of the laminate
[96][97]. Bending cracks in the 90° layer are caused by a combination of g4, 033 and o33 (Figure 1.10) for
line—loading impact damage. It appears that g3 is very small relative to g;; and 033 throughout the impact

event, and that there is a critical energy below which no damage occurs [98].
1.2.2.1.2. Delamination

The second damage type is delamination, which occurs when a crack runs in the resin—rich area between
plies of different fiber orientation. A major cause of delamination is a bending induced stress, due to a
bending stiffness mismatch between adjacent layers, which depends on fiber stiffness and orientation [99].
The delamination area is generally rectangular with the major axis being coincident with the fiber orientation
of the layer below the interface. Depending on stiffness mismatch parameters, four different patterns have
been characterized in the literature [100]. Circular is the most basic and widely used, but the twin ellipse
pattern, the peanut or lemniscate, and the split peanut exist.

A bending mismatch coefficient M between the two adjacent laminates which includes bending stiffness
terms and predicts the peanut shape [99] was defined (Eq. 1.3). The greater the mismatch, the greater the
delamination area will be. However, other parameters influence the delamination area: material properties,
stacking sequence and laminate thickness.

_ Dy1,(6b) — D1,(61) Eq.1.3

M =
DII(OO) - D11(90°)

where 6b and 6t represent the fiber angles in the two adjacent layers considered, b for bottom layer and t
for top layer. The difference in the bending stiffness is normalized by the difference in the bending stiffness
between 0° and 90° directions.

Delamination is a two—step process. The first step is initiation, which occurs when the stress at the interface
exceeds the polymer capability. Delamination is initiated as a mode | fracture process due to out-of-plane
normal stresses caused by the presence of matrix cracks and high interlaminar shear stress along the

interface [98].
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The second step is delamination growth, or propagation. Most studies focus on interlaminar mode | (opening
mode) and mode Il (shear or sliding mode) fracture toughness. Critical strain energy rates G;. and Gy, are
often higher for GRP than for CFRPs, and strain energy rates are loading rate dependent for GRP, while for
CFRPs they can remain relatively constant [101]. However, it is difficult to generalize as the type of matrix
has also an influence: several thermoplastics have higher strain energy release rates than thermosets, which

results in a lower delaminated surface at the same stress level.
1.2.2.1.3. Fiber failure

Another failure possibility is fiber failure. This usually appears much later in the fracture process than matrix
cracking and delamination. Due to high local stresses and indentation effects, fibers break either under the
impactor or on the non—impacted face because of high bending stresses. Fiber failure is generally an
indication of catastrophic structure failure and can lead to a penetration mode.

An equation has been given in [76] to determine the energy E needed for fiber failure due to back surface
flexure (Eq. 1.4).

_a’wtl Eq. 1.4
~ 18E;

Where o is the flexural stress, Ef is the flexural modulus, w is the width, L represents the unsupported length

and t represents the specimen thickness.
1.2.2.1.4. Penetration

The last damage type is penetration. It represents a macroscopic mode of failure and occurs when the fiber
failure reaches a critical extent, enabling the impactor to penetrate the material. Most studies performed on
this mode involve ballistic impact. However, this phenomenon can appear during LVI. It has been shown that
the impact energy threshold rises rapidly with specimen thickness for CFRP [71]. An analytical expression (Eq.

1.5) has been proposed [76] to give the energy E absorbed during penetration:

E = T[)/td Eq. 1.5

Where y is the fracture energy, d is the diameter of the impactor and t is the plate thickness.
1.2.2.2. Impact testing parameters

During an impact test the response, such as deflection, damage or penetration, depends on different
parameters. The fixture parameters (boundary conditions) are among the most important, and it is necessary

to find laboratory testing conditions equivalent to impact events in service conditions.
1.2.2.2.1. Influence of the impactor

The first parameter to consider is the impactor. Impact test behavior is directly linked to the

impactor/indentor geometry. There are various potential impactor objects, and the impactor should be the
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one which reproduces real impact events. The main issue when studying the impactor geometry influence
on composite damage is the interactions with the material.

In the literature, different impactors have been compared. An impactor shape influence study [102] showed
that the energy absorbed by the composite laminate is highest when the impactor tip is sharp (Figure 1.11),
while the peak force and the damage threshold load (DTL) are greater for blunt impactors which also provide
the shortest contact duration. Similar conclusions were proposed in [103], and the authors found that the
contact area is the key parameter which affects the energy absorption of the composite. Impactors with
larger contact surface produce higher initial peak, higher maximum force, larger delamination between

hybrid layers and shorter contact duration.

(a) (b) (c)

Figure 1.11 — Impactors used to characterize the influence of shape and tip on composite damage [102]

A LVI study performed on woven glass epoxy composite plates with variable impactor diameters showed that
increasing impactor diameter leads to an increase of penetration and perforation thresholds, and an increase

of the maximum contact force for the same impact energy [104].
1.2.2.2.2. Influence of the target

The role of the target can be divided into two parts. The first correspond to the thickness, the second to the
curvature.

The target thickness is considered as a vital parameter, since it alters the energy absorption mode and the
area of failure of the composite [105]. From a structural study (bending under LVI), the increase of span—to—
depth ratio can change the response from structural (bending under LVI) to material [106], with local damage
of composite material during LVI. In addition, a large span—to—depth ratio increases the deformation needed
to break fibers, which leads to better penetration properties [107] and a decrease of the shear mode of
deformation under impact loading [108]. A study of the influence of the thickness on the energy absorbed
by woven carbon epoxy under LVI showed that the failure threshold shifts to larger impact energies as the
laminate thickness increases [109]. Coupled with finite element modelling, experimental testing showed that
above a span—to—depth ratio of 30, 2D FEM techniques could be applied to study damage patterns of

composite laminates [110].
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The curvature of the composite part is also important, as it adds a structural parameter to the material
response. Both experimental and numerical studies have been performed, though numerical studies are
more common. As an example of the former, impact testing was performed on AS4/3502 composite
laminates with different thicknesses ([+45/0/-45/90],s; n=1,2,3), curvature radii (0.381m or 1.524m) and
boundary conditions [111]. The authors found that flatter panels responded to impact with larger peak forces
than more curved panels, as well as showing smaller peak displacements and contact durations. In a more
recent study a test fixture was developed to impact curved plates extracted from tubes [112], in respect of
full-scale structure boundary conditions (no free edges on tubes). Results showed good correlation for
damage between impacted structures and impacted samples. In addition, the effects of a compressive load
on the impact response of curved composite panels has been studied. LVI was performed on buckled
composite laminates and it was concluded that compressive loads stiffen the global structure, but the
tensioned part on the tension side promotes crack propagation [113]. Boundary conditions have been
studied [114], and the authors concluded that they can significantly influence the susceptibility to damage

by eliminating the back face delamination damage mechanism.
1.2.2.3. Material parameters

In addition to the two major constituents (fiber and matrix) composites also contain an interphase region,
which is the area of bonding between fiber and matrix. This area includes the fiber coating, or sizing and is
highly confidential for fiber manufacturers. The properties of each of these three constituents affect the

threshold energies or stresses required to initiate the different failure modes induced by impact.
1.2.2.3.1. Influence of the reinforcement

In a composite material, fibers provide most of the strength and stiffness. Major fibers are glass (GF), carbon
(CF) or aramid (AF). CF is more brittle with a strain at failure between 0.5 and 2.4%, while GF is more ductile,
with a strain at failure about 3.2%. Aramid fibers have properties between CF and GF.

» Influence of the fiber type
During a LVI event, the ability of fibers to store energy elastically is the fundamental parameter [71]. It
corresponds to the area under the stress—strain curve, which depends on two parameters: the Young’s
modulus E and the strain at failure £&,.. Property optimization is also possible by using two types of fibers in
the same composite [115][116]: this is referred to as hybridization. This technique can allow improved impact
resistance, but moduli mismatching between the fibers has to be taken in account and may introduce
additional complexity.

» Effect of fiber architecture
Another factor is the fiber architecture. UD composites are poor under transverse loadings and undergo large
delamination, interface failure and matrix damage [71]. To address limitations of UD composites, 2D
woven/bidirectional composites have been developed which show better impact resistance due to waviness

of yarns in the fabric architecture (Figure 1.12). The main issue of these textiles is their in—plane properties
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which are lower, due to stress concentration caused by the crimping of yarns. To avoid this issue, non—crimp

fabrics (NCF) have been developed, which improve impact and delamination resistance [117].
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Figure 1.12 — Delamination area measured after LVI for two fiber architectures [105]

In addition, different technologies have been developed to decrease delamination probability, such as
stitching which improves through—thickness properties such as interlaminar fracture toughness [118], z—
pinning or 3-D weaving, which consist of introducing fibres in the z—direction. Z—pinning can improve
transverse properties of laminates, such as delamination and interlaminar fracture toughness in both modes
(l'and 1) [119]—[121], despite a reduction in the in—plane properties [122].

The development of 3D composites results in composite resistance improvements during LVI events. With
these materials, impact performance is dominated by fabric architecture and the arrangement of yarns.
Comparison between 2D and 3D architecture shows a better energy absorption capability of 3D composites
[123], and better LVI properties due to the increased structural integrity of the fabrics [124].

» Influence of the stacking sequence

The last factor is the stacking sequence. The damage tolerance of laminated composite is also a function of
the stacking sequence, and this has been characterized in the literature. Studies have shown that the stacking
sequence affects delamination and plastic deformation [125], as well as the damaged area [126]. The
coupling effects of stacking sequences on damage tolerance have been characterized [127] on benchmarking
configurations developed in a previous study [128]. The authors concluded that anti-symmetric laminates
give the highest damage tolerance, a little better than non—symmetrical laminates, while symmetrical
laminates give the lowest. In addition, studies were performed to characterize the influence of stacking
sequence on the Mode—I [129] and Mode-Il [130] fracture toughness. Simulations were performed and
showed large variations in the values of G and Gyc, due to coupling effects (bending/extension,

extension/twisting or shearing/bending coupling).
1.2.2.3.2. Influence of the matrix

In a composite material, the matrix system can align and stabilize the reinforcements, allowing the load to
be distributed uniformly across the cross section. Reviews in the literature ([80][131][132]) present

comparisons between TP and TS resin systems, and the influence of the matrix on impact damage.
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The main composite material parameter during an impact event is the fracture toughness of the resin system.
According to the mechanical properties of the resin, cracking then delamination are more or less rapid. A
brittle resin system has lower resistance to fracture onset and propagation compared to ductile resin
systems. Improvements in the matrix fracture toughness lead to increasing resistance to fracture
propagation, which raises the tolerance of the composite to interlaminar delamination onset generated by
resin cracking [133].

In a transverse impact event a two-step delamination process begins via a crack opening (Mode-l)
mechanism and continues via propagation which often occurs due to shear (Mode-lIl) induced by bending.
Thus, the mechanical properties Gic and Gc are of the utmost importance. A study on the interconnectivity
of cracks and delamination [134] proposed a mixed—mode approach to study multiple delaminations during
impact testing, which requires values of G;,.. These coefficients are necessary to model progressive damage
mechanisms, and the more accurate values of interlaminar and intralaminar fracture toughness are, the more
realistic the finite element model results will be [135].

To obtain these mechanical properties, various tests have been proposed [136]. Studies performed showed
the fracture toughness of many thermoplastics is higher than that of standard thermosets [137]-[139],
resulting in an enhancement of structural toughness: the energy at failure is higher. In addition, the damage
area is generally higher for thermoset matrix composites (Figure 1.13). It should be noted that these are
general remarks, some rubber toughened epoxy composites show very high toughness while a thermoplastic

matrix with a poor fiber/matrix interface will damage very easily.

2000

Carbon/Epoxy

---- Carbon/PEEK

tLh
=1
(=}

Damage area (mm?)
S
(=
S

30
Impact energy (J)

Figure 1.13 — Damage area (mm?) vs. Impact energy (J) : comparison between TS and TP resin system [140]

1.2.2.3.3. Influence of the manufacturing process

Manufacturing parameters have also been studied. For thermoplastics, cooling rate is the main factor. It was
shown that fast cooled CF/PEEK was less damaged after LVI than slow cooled CF/PEEK [140] during LVI, due
to a change of the degree and morphology of the crystallinity. Fast cooling (more amorphous microstructure)
enhances systematically the ductility of PEEK matrix, which lead to high interlaminar fracture toughness and

impact damage resistance of composite, while a slow cooling improves both the fiber/matrix interface bond
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strength and strength/stiffness, resulting in high strength and modulus of the composite. A compromise
between these parameters is needed to optimize the structural mechanical properties.

For thermosets, the effects of post curing on C/Epoxy properties have been studied [141]. In that study it
was shown that increasing post curing temperature led to increased residual stresses. If compressive residual

stresses are generated, an improvement in fracture toughness can result.
1.2.3. Experimental and simulation methodology for LVI on composite laminates

In-service impact events on composite structures are complex to understand and simulate. Qualification of
new materials begins at the coupon scale to obtain the mechanical properties from simple loads. Then,
impacts tests are performed and simulated from the data obtained at coupon scale. This section focuses on

the impact tests and the simulation.
1.2.3.1. LVI impact experiments

Standard tests exist for low velocity impacts. In most cases, coupons are supported by the fixture and then
clamped to avoid sliding during the test. A window allows the coupon deflection, leading sometimes to
delamination. Impactor velocity prior to the contact is measured and the impact kinetic energy is determined
from the impactor mass. In addition, a high—speed laser sensor is often used to measure the out-of-plane

displacement of the coupon.
1.2.3.2. Damage assessment using destructive (NE) and non—destructive evaluation (NDE)

Different techniques exist to characterize the damage extent in a composite laminate after an impact event.

These techniques can be either destructive or non—destructive.
1.2.3.2.1. Microscopy

One of the most common techniques is microscopic observation. The coupon is cut then polished with
micron—graded abrasives. Observations at different magnifications (by optical or scanning electron
microscopy) allow the characterization of the type of damage involved during the impact. Figure 1.14 shows
an example of an impacted coupon observed with a microscope. This technique can be coupled with
penetrant impregnation to highlight the damage pattern [142]. Macroscopic porosities can also be measured

with this technique.
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Figure 1.14 — Example of a micrograph on C/Epoxy coupon impacted at 80J

1.2.3.2.2. Infrared thermography

Another technique is infrared thermography (IR). This technique assumes that energy is released in the
material when a damage occurs. Experimentally, an IR camera records the thermal changes on the coupon
surface during the test. This technique has been used to track the crack tip during a pure mode Il cracking
test [143] at a high loading rate. It can be used during an impact test to reconstruct the damage scenario
[144].

This technique can also be used after a test for damage monitoring, but a thermal excitation is then
necessary. In this case, damaged parts of the coupon are supposed to locally modify the thermal diffusion.

On the thermal image, the damage will be observed as a singularity [145].
1.2.3.2.3. Ultrasonic mapping

One of the most widely used NDE techniques is ultrasonic mapping (Figure 1.15). The basic principles of
ultrasonic inspection are well-established [146]. Ultrasonic waves are generated by piezoelectric transducers
which convert an oscillating applied voltage into mechanical vibrations. This technique is often performed in
a water tank where the composite coupon is immersed, but it can also be performed in air if a couplant is
used. The latter ensures that ultrasonic waves propagate from the transducers to the composite coupon.
Once the waves reach the coupon surface, a part is reflected due to the water/composite interface. The
transducer receives the reflected signal and allows the detection of the gate entrance in the material. For
the rest of the signal, the wave crosses the laminate thickness and is reflected by a metallic sheet positioned
a few millimeters from the coupon lower surface. The signal then received by the transducer is defined as

the way—out gate. However, if damage is present within the sample thickness, part of the wave will be
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reflected toward the transducer. The obtained output is an array of ultrasonic wave attenuation signals in
dB.
One of the most useful post processing methods is known as C—Scan. A map is built from the attenuation

signals measured and the displacement of the transducer on a plane parallel to the coupon upper surface.
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Figure 1.15 — Schematic diagram of the non—destructive evaluation of an impacted coupon (from [144])

1.2.3.2.4. X-ray computed tomography

The recent development of X—ray tomography provides a powerful technique to investigate damage within
composite specimens and is being increasingly applied to impact studies [123][147]. During a scan, the
damaged coupon is rotated within an X—ray beam. A large number of 2—-D radiographs are taken, which are
then assembled to provide a 3—D image. As the material absorbs X—ray radiation, the presence of damage
results in voids, which do not absorb radiation. Therefore, the X—ray detector captures the X—ray radiation
escaped from the material due to damage and a map of density variations can be constructed.

The limiting factor of this technique is that the resolution depends on the sample dimensions. The closer to
the source the coupon is, the better the resolution. However, a minimum safety distance is required to avoid

a collision when the composite panel is rotating.
1.2.3.3. Residual strength after LVI

The damage tolerance is defined as the capability of a composite structure to maintain its undamaged or
initial properties after the introduction of damage. For composites, damage tolerance is determined by
measuring the residual strength. The most common method to determine damage tolerance is to produce
barely visible impact damage (BVID), and then to perform mechanical testing to measure residual strength,

e.g. compression after impact (CAl) or flexure after impact (FAl).
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1.2.3.3.1. Compression after impact (CAl)

To evaluate compression strength after impact, a standard approach has been proposed [148] and is defined
by three steps. The first corresponds to inspection of the specimen with a nondestructive evaluation
technique (NDE). The second corresponds to the impact with measurement of the event. Then, an in—plane
quasi—static compression test is performed in a CAl support to prevent global buckling. Studies performed
on thick monolithic GRP laminates have shown that the residual compressive strength can be greatly reduced

[149] by impact damage due to delamination and changes of local fiber curvature in the contact area [150].
1.2.3.3.2. Flexure after impact (FAl)

Interlaminar shear stress (ILSS) and flexural strength have been measured after repeated impacts on GRP in
[151]. The authors concluded that a single impact loading leads to a slight reduction in flexural strength but
a large reduction in ILSS. This was explained by the fact that a single impact creates the main types of damage
necessary for shear failure, while repeated impact propagates damage throughout the structure. In addition,
three—point—bending is not recommended because the loading roller presses onto the center of the damage
area. A study performed on GRP after impact showed that greatest loss of flexural strength occurred because
damage reached the edges of the beam [152], so specimens must be of appropriate size with respect to

damage.
1.2.3.3.3. Tolerance to other loadings

Under operating conditions, loadings are not limited to compression or flexure. A study performed on thick
GRP tubes showed that low impact energy resulted in a large drop in subsequent implosion pressure
resistance [153]. The authors concluded that this corresponded to the appearance of intralaminar cracks
rather than delamination. For fatigue behavior, a post impact fatigue (PIF) study performed after marine
ageing then LVI compared the mechanical behavior of plain woven and multiaxial knitted fibers [154]. The
authors concluded that for plain—woven reinforcements the effects of water absorption were small, while

for multiaxial knitted fibers, PIF properties were drastically decreased.
1.2.4. Simulation of LVI and CAI

The Building Block Approach (BBA) is a progressive qualification process in which each step needs both
experiments and numerical simulations to be validated. The LVI impact test (ASTM D7136) and the CAl test
(ASTM D7137) have been developed to evaluate the tolerance to damage of composite coupons and
characterize the drop of residual strength due to the impact. The simulation of both these tests is necessary
to validate the mechanical properties obtained at coupon scale. The results of the simulation can validate a
complete dataset, which will be used to simulate an impact on a more complex structure.

The most common approach is at the meso—scale. Each ply of the composite is described with one element

through the thickness. The mesh density is chosen to reduce the computation time while keeping a good
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accuracy. It can be thin close to the impactor contact area, and coarse further away. Recent reviews of

modeling techniques at the element scale have been proposed [144][155].
1.2.4.1. Impact models using stacked shell elements

The use of continuum shell elements (SC8R) is a possibility offered when using Abaqus™. Compared to
conventional shell elements such as S4R, they capture more accurately the through—thickness response for
composite laminate structures. These elements are reduced (low-order) and are often used with their first—
order (linear) version for composites to reduce the computation time. An hourglass control is therefore
necessary. For delamination prediction, both cohesive surfaces and cohesive elements (COH3D8) can be
used. Even if cohesive elements are known to give better results, especially for mixed—mode bending, given
the computation cost cohesive surfaces are often considered to be sufficient. Another advantage of the
cohesive surfaces is their ability to connect two regions with different mesh sizes.

A continuum damage mechanics model based on the Hashin criterion [44] is implemented and ready to use
in Abaqus™. Once the damage criterion is reached, a degradation procedure can be applied. SC8R elements
have been used recently in [156]. The authors have shown a good prediction of both the stiffness and the

maximum force. The contact time has been found to be longer numerically than experimentally.
1.2.4.2. Impact models using stacked solid elements

Another approach is to use elements with 3D formulations (3 degrees of freedom per node). The approach
works in a similar way to a stacked shell model. However, due to the element’s formulation, all the stress
components are computed and in particular g,3 which is mainly responsible for matrix damage. With respect
to the mesh, a coarser mesh far from the impactor contact area allows the computation cost to be limited
[157]. A recent model uses cohesive elements both for delamination prediction and inter fiber failure [158].
This model is more complex to build since both cohesive surfaces and cohesive contacts need to be placed
between ply elements oriented in the fiber direction. It has shown accurate results and can predict the final

indentation of the coupon.
1.2.5. Testing and modeling of impact on composite blades

Experimental testing and numerical analysis of composite blades must be performed in parallel if the models
developed are to be validated. Blades are manufactured using foam, composites and sometimes metallic
shields to reduce damage caused by impact (Figure 1.16). Because of the experimental cost of manufacturing,
impact testing on composite blades has been more studied numerically than experimentally. However, two
kinds of impact can occur: frontal impacts on the leading edge, and oblique impacts on the lower skin of the

blade. The relevant impact angle depends on the blade inclination when the propeller is rotating.
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Figure 1.16 — Helicopter section blade [159] and wind turbine section (Sandia National Laboratories)

1.2.5.1. Experimental testing

Several experimental tests can be performed to characterize the behavior under impact of composite blades.
Wind turbine blades are also subjected to environmental effects, which lead to material degradation [160].
This type of degradation induces progressive structural damage, whereas impact testing can lead to
destruction of a blade. The influence of reinforced foam core has been studied [161], as well as the obliquity
[162] where authors concluded that elastic response is largely dependent on the curvature: when the
curvature increases, the stiffness decreases. On helicopter blades, front edge impact testing (Figure 1.17) has
been performed at different energies [66]. The authors concluded that the front edge is the first element
that undergoes damage, and then a rise of the impact energy level causes a plastic deformation of the
stainless—steel protection, which leads to the skin—foam delamination of the structure. UD glass—epoxy
behind the steel protection was affected by the impact, with damage observed in the rovings. Slipping of the
bundles of fibers on both sides of the impacted zone was observed, due to resin cracks. This study was
performed using non—standard impact tests.

Itis also important to note that impact energy during the LVI is not a sufficient parameter to characterize the
impact response: it needs to be uncoupled, between impactor velocity and mass. Previous research has
found that at the same impact energies, failure modes can be different, due to the influence of these two

parameters [163].
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Figure 1.17 — Blade cross section in the plane of impact [66] for different energy levels.

1.2.5.2. Numerical analysis

To limit experimental campaigns, numerical studies have been performed to understand the behavior of
composite blades under impact. In the wind turbine industry, results from different numerical modeling
methods have been compared for a composite blade [164] subjected to leading edge impact. The authors
mentioned that a realistic composite structure, such as the DTU 10 MW blade they studied, has larger
flexibility with complex boundary conditions compared to its coupon scale—representation. Three existing
techniques were studied using Abaqus™: (1) the pure shell technique, and global-local methods based on (2)
shell-to—solid coupling, and (3) sub—modelling. In this study, a reference model based on shell elements was
chosen. Advantages and drawbacks of each method are presented in Table 1.5.

Some papers have also described results for helicopter blades subjected to impact. A modeling strategy
which consisted of separating the functions of the fiber bundles from those of the resin was proposed [165].
This strategy gave a good representation of the kinematics of the skin damage, and was validated by
representing several load cases, such as static normal indentation, low velocity normal impact and high

velocity oblique impact (Figure 1.18).
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Table 1.5 — Advantages and drawbacks given for three numerical analysis techniques [164]

Indicator Pure—shell-based modelling technique (1) Shell-to—solid coupling Submodelling method (3)

technique (2)

Impact — Stiffer response to the impact exhibited — Similar results for the contact forces, displacements, and energies
response — Higher maximum contact force — Predict a softer response
— Smaller contact duration
— Underestimation of the out-of-plane
displacement of the impactor and of the

permanently absorbed energy levels

Energy — Same results for all the three techniques: due to flexural ability of composites, the largest part of impact energy is
results stored then restored as elastic strain energy. The remainder of energy (2-30%) is dissipated by permanent damage

and inelastic deformations.

Impact— — Limitations to predict failure modes due to — Methods can model and predict all major impact—induced failure
induced impact on the blade at its leading edge. modes

damage — Good prediction of the flexural failure mode | — Results are similar to expected

evolution in the laminate face sheet upon impact

— Damage due to local deformations is not
captured
— Simulation type does not consider lay—up,

and damage associated is not represented

Calculation | — Cheapest technique — Equivalent to (3) — Most efficient analysis technique
time and — 2 times calculation — Providing closer impact response
cost duration of (3) and damage evolution than other
techniques

UD: fibers (glass) —
resin (epoxy)

Normal

Impact =—);

Skin: woven composite

Stainless
steel

Oblique Impact

Figure 1.18 — Section of the blade studied in [165]

For the wind turbine industry, bird impacts have also been studied, because of the probability of these events

and potential damage they can generate [166].
1.2.6. On-edge impact tests

Few studies published have focused on the in-plane/edge impact. This test is known to be locally more

severe. In [167], the author applied the Discrete Ply Model [168] to simulate the edge impact test. They found
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that if the fibers were oriented in the impact direction, then kink-bands were created. In addition, regardless
of the energy level and stacking sequence, a specific crushing plateau phenomenon appeared. This was
modeled by multiplying an average crushing stress of 250 MPa by an average projected area of impact of 25
mm?2. Finally, the force-displacement curves have been found to have the same initial stiffness, and the
authors concluded that is due to the fibers properties.

Another study [169] compared edge-on impacts with two incident angles, 0° and 45°. Authors found
1.2.7. Conclusion

Impacts on composite structures are complex to understand because of the heterogeneity of the structure.
They are also very important, because in a marine environment they reduce durability with consequences
both for the economy and safety.

In the framework of this thesis study, some areas of work not hitherto reported in the literature will be
investigated. The main objective will be to perform impact tests on coupons representing composite marine
propeller blades. These tests will be performed using a thermoset CFRP composite made with an epoxy resin
by vacuum infusion, and studied in a previous thesis [170].

A second objective is to examine the influence of specific marine aging parameters on quasi-static and impact
performance, and this will be discussed in Chapter 3 and Chapter 4.

Finally, compared to out-of-plane impact, it is important to ask how the damage produced by in—plane—
impact will affect the residual mechanical properties and service life of the composite part, this will be

considered in Chapter 5
1.3. FRP aging and durability

Two types of ageing can induce mechanical property modifications during the lifetime of a polymeric
structure in marine environment. This third section will be devoted to a review of these ageing mechanisms.
Long term immersion in seawater will modify mechanical properties: this phenomenon is named seawater
ageing and may or may not be reversible after drying. The effects of manufacturing and storage conditions
also influence the material behavior: this effect is defined as physical ageing and is reversible if temperature
is raised above T.

In the case of this thesis, a material studied in a previous study [171] will be considered. This material is a

carbon/epoxy composite, with hygromechanical properties depending on the physical ageing.
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1.3.1. FRP aging and durability

1.3.1.1. Molecular structure and physical aging
1.3.1.1.1. Molecular structure of epoxies and configurational changes

An epoxy is a resin formed from two constituents: a monomer and a hardener. Mixing these constituents
leads to a cross-linked system with interesting mechanical properties. The molecular structure of a cured
epoxy is amorphous. Manufacturing with epoxies starts in the liquid state, sometimes at elevated
temperature to decrease the viscosity and to improve the wettability of the reinforcement. When the
crosslinking process starts, the amorphous cross—linked structure is continuously stiffened by the presence
of newly formed rigid crosslinks.

When a polymer is cooled, the molecular mobility decreases. The macromolecular network configuration
changes required to reach the thermodynamic equilibrium become too slow to be reached in the time scale

imposed by the cooling-rate. The polymeric material then freezes in a metastable state [172].
1.3.1.1.2. Configurational change

At the operating temperature, the polymeric material is not at equilibrium, which induces residual mobility
to move slowly towards the equilibrium. This phenomenon, named ageing by structural relaxation, can be
divided in three types. The first type is the orientation relaxation, when the material has been frozen in an
oriented state, the main consequences will be dimensional, such as anisotropic shrinkage. The second type
is the post—crystallization, when a material has been frozen before its crystallization was completed. In that
case, consequences are both dimensional and mechanical, with an increase of the moduli and the stress
threshold. Finally, the third type is the isotropic structural relaxation, which is common for all glassy
materials.

For a glassy polymer, such as epoxy, structural relaxation at the molecular level can be described as
progressive transformations from the least stable conformation to the most stable. It results in a
densification of the molecular chains inducing a decrease of the free volume which strongly contributes to
the molecular mobility: variations of the properties depending on the volume are then observed.

In polymers, the literature considers different characteristic temperatures [173]. The best known is the glass
transition temperature T, which is characterized by a large decrease in modulus when temperature exceeds
it. However, in the region of the transition, the material changes gradually from glassy to rubbery. This
transition is accompanied by a high loss peak, the maximum of tan 6 generally lying between 1 and 3. This
peak is called the a—peak. A second peak, Tg can be found at lower temperatures, related to other molecular
movements.

Physical ageing kinetics vary. Ageing only occurs in a range of temperature between Tg and T, and the range
[Tg— T,] can be either narrow (PS, PMMA, unsaturated polyester) or very wide (epoxy). In addition, this

structural relaxation ageing is highly dependent on temperature, since the larger the distance from the
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thermodynamic equilibrium, the more the phenomenon is accelerated. Finally, ageing can be “erased”
because of the thermo—reversibility of the material. This phenomenon is named rejuvenation, and exposing
the material to above-T; temperature allows a total recovery of the initial state and properties of epoxy
[174].

Minor transitions also occur in the glassy state for which the modulus decreases. They may have effects on

mechanical properties, such as on the conservation modulus E’ (Figure 1.19).

For purely crystalline
materials, no T occurs.

T
(6) oo
_\@\/ }3(4) /Ta orT,

Tg is related to Molecular mass
(3) up to a limiting value

o In semicrystalline polymers,

Beta transitions are often

\4-—/ a crystal-crystal slip, T * occurs.

~
e: related to the toughness. :
-
= Rubbery Plateau (2)

‘\ -

AR
M : crosslinks ¢ T, in some
amorphous T - melting (1)
m

polymers
Temperature /K

Figure 1.19 - Idealized DMA scan showing the types of transitions (PerkinElmer) — (1) chain slippage (2) large scale chain (3)
gradual main chain (4) side groups (5) bend and stretch (6) local motion
Physical ageing induces mechanical property modifications, such as a decrease of the creep compliance (and
an increase of the relaxation modulus) and an increase of the plasticity stress threshold which lead to an
embrittlement of the polymer. In other words, the polymer embrittles during sub-T, annealing, but with an
aging history erasure above Ty, the ductile behavior can be restored.
It is possible to measure the effects of physical ageing using differential scanning calorimetry (DSC). Two

phenomena appear: a T, overshoot and an endothermic peak, such as presented on Figure 1.20.
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Figure 1.20 — Schematic diagram of enthalpy evolution  Figure 1.21 — Variation of a T 4 on resin and composite after ageing
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When testing unaged epoxies, there is a significant increase in the measured heat capacity near the glass
transition region. This increase is caused by the rubbery—phase molecular motions, which are characteristic
of the glass transition temperature. These motions require an increase in energy to be initiated. When testing
aged epoxies, more energy is required to initiate the same rubbery—phase molecular motions, resulting in
endothermic peaks of increasing magnitude centred at increasing temperatures (Figure 1.20). At increased
physical ageing levels, endothermic peaks are more centred, due to T, overshoot. However, chain ruptures

can occur, leading to a degradation of the material; after reaching an optimum, T, decreases (Figure 1.21).
1.3.1.1.3. Thermal rejuvenation

Effects of physical ageing can be reversed through thermal rejuvenation. Several mechanisms are presented
in the literature. The most effective mechanism is the super-T, thermal rejuvenation. When an aged epoxy
is heated above its T, for an appreciable time, the physical ageing history is lost. Different studies have been
performed to determine the influence of super-T, rejuvenation temperature and duration on the physical
aging loss. One study concluded that heating the polymer at T, with T > T, + 40°C for 10-15 minutes is
more than adequate [178]. However, the rejuvenation can also occur at specific temperatures below Ty, : this
is named sub-T; thermal rejuvenation. Studies performed have concluded that it occurs at fixed
temperatures above T, and below Ty [179]-[181]. The cause is the heterogeneity of the polymer structure,
and when a sub-T, temperature corresponds to a specific transition in the structure, the effects of physical

ageing are locally erased.
1.3.1.2. Mechanical behavior of physically aged epoxies
1.3.1.2.1. Quasi-static testing

Many studies involving tension [182], compression [183] and 3-point bending [176] have been performed,
allowing the measurement of the Young’s modulus of epoxies at different physical ageing states. Conclusions
from these studies diverge; some authors reported that the modulus is not affected by physical ageing while
other saw a modest increase of elastic modulus of epoxy and epoxy composites with ageing.

Tension tests demonstrated that the ultimate tensile strain of epoxies decreased with increasing ageing time
[171][174] and the different failure trends for different failure modes are caused by changes in microscopic
failure mechanisms. An unaged epoxy is more ductile than an aged epoxy, and ageing embrittles the material,

which results in lower loads for the growth of microcracks (Figure 1.22, Figure 1.23).
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A model derived from the Kohlrausch—Williams—Watts (KWW) model has been proposed to link the physical

aging to maximal stress Eq. 1.6 [171]:

t\B
om(t) =0g + 4, (1 - e‘(?) ) Eq. 1.6

With a,,, (t) the maximal stress function of t the ageing time, g, the initial maximal stress without any ageing,
B the damping factor and t the characteristic relaxation time.

Fracture toughness studies were performed on epoxies [184][185]. It was shown that physical ageing of a
DGEB/DDS epoxy system reduced the critical energy release rate for initial crack growth G;, but had little
influence on the arrest energy release rate G,. According to the authors, the decreases in fracture toughness
and stick—slip behavior in aged epoxies were due to an increase of the yield point of the material, thus

suppressing the crack—blunting mechanisms (toughening) associated with unaged epoxies.
1.3.1.2.2. Impact testing

Studies where impact testing has been performed on physical aged materials are rare. However, a recent
study [186] compared the impact strength during LVI of carbon fiber / epoxy laminates, before and after
physical ageing. The authors concluded that impact strength was increased by 12.5% after physical ageing.

However, no other published studies were found either for thermoset or thermoplastic composites.
1.3.2. Polymeric composites in marine environment

The marine environment is severe for polymeric composites and can lead to the deterioration of mechanical
properties. When polymers are exposed to fluids or vapor, the highly mobile and generally small molecules
of the ambient phase penetrate the polymer. This process continues until equilibrium is reached.

The ingress of water is associated with increased separation of polymer chains, thereby inducing expansion

strains. This thermodynamically reversible phenomenon is called plasticization. It increases chain mobility in
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the same manner as increasing temperature [187]. However, another phenomenon appears due to water
absorption: swelling. Published reviews [188][189] discuss a wide range of water uptake causes and their
influence on durability of these materials.

The type and quantity of fibers has an influence on the maximal weight gain [190], in addition to the matrix

type and fibre/matrix interface quality. The kinetics of sorption are also dependent on the solvent [191].
1.3.2.1. Diffusion of water in polymers and polymeric composites

Diffusion of water into polymers needs to be characterized, since it can induce mechanical property
degradation. Different models are proposed in the literature, depending on the material chemistry.

In the case of ceramic fibers (glass, carbon), water diffusion is mainly located in the resin: the maximal
moisture content and the transverse diffusivity of a composite can be estimated from resin studies, provided

that resin and composites were processed in the same manner [191].
1.3.2.1.1. Water uptake in polymers and composites

The water uptake is largely dependent on the resin used as the matrix. A recent review presents the
consequences of using thermoplastics or thermosets in different environments [187].

Epoxies are hydrophilic thermoset resins, which can take up a large amount of water (5% by weight or more).
The maximal uptake depends on the resin components (hardener and mix ratio), manufacturing process
(post—curing), physical ageing and hygroscopic ageing conditions [192]. The absorption is due to the epoxy
resin structure, which can accommodate two different types of water. The first is free water molecules, based
on a physical approach: we consider that spaces between resin chains can be assimilated to “free volumes”,
which enhance migration of water in the polymer. The second is bonded water molecules, based on a
chemical approach: water is a polarized molecule which can create bonds with polarized sites of the epoxy
chain (-0=C-0H, —OH, NH-, ...). In this case, we can consider two kinds of bonded molecules: water with
simple hydrogen bonds or multiple H-bonds.

In composites, water uptake depends on additional parameters, such as fiber type, fiber volume ratio, and
interface region properties [193]. For thicker composites (10 mm or more), the equilibrium may never be

obtained and a through-thickness distribution of moisture varying with time is the more common condition.
1.3.2.1.2. Diffusion mechanisms

Polymers take up water through surfaces in contact with a wet environment by transient diffusion
mechanisms until reaching an equilibrium water content. Two types of diffusion can take place, depending
on the nature of the water uptake (free or bonded) [194].

The first diffusion is induced by free water in the polymer (Figure 1.24). Epoxy chain structures have high-
and low-density regions. Low density parts include voids within polymer resins, and depend on morphological
properties such as chain length, cross—link density or crystalline ratio. These voids are located between

molecular entanglements or at the interface between matrix and fiber.
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In this case, water molecules are located in these cavities and diffuse from one free volume to another. This
results in a water uptake mechanism depending on the free volume ratio, and the attraction forces with the
polymer. The influence of these parameters on diffusion is represented by an activation energy (E.) needed

to transfer a molecule from one void to another.

=~

Figure 1.24 — Mechanism of the free volume diffusion of water in a polymer network

The water can also diffuse in polymers as bonded molecules due to their polarization. This property induces
an attraction with charged chemical groups of the polymer chain, designated as hydrophilic groups. The
diffusion is created by water retention at these hydrophilic sites and their displacement takes place when a
sufficient energy (>E.) is applied. This energy depends on the bond type between polymer chains and water

molecules.
1.3.2.1.3. Fickian kinetics

The most widely used model to predict water uptake in a polymer is Fick’s law. Fick established his model in
1855, based on Fourier’s law for heat transfer. Fick’s first theory can be summarized by defining the diffusive
flux ¢ as the opposite of moisture concentration gradient C multiplied by the diffusion coefficient of the

diffused molecule in the surrounding material D (Eq. 1.7) [194].

¢=-D-gradC Eq.1.7

Fick’s second law established the time derivative of moisture concentration as the divergence of the diffusion
flux. In Cartesian coordinates, the divergence and gradient operators are expressed Eq. 1.8, with D,, D, and

D, the diffusion coefficients along the x, y and z axes respectively.

ac_D 62C+D 62C+D 9%c Eq. 1.8
at  F oxz Y 9y2 7% 9z2

In numerous cases, supposing an isotropic diffusion in polymer, it is possible to simplify the problem by the

expression Eqg. 1.9 given in [195], for plates.

le_iz;.exp _D@i+1)°m?t Eq. 1.9
M., n2 i (2i + 1)2 h2
L

Where h is the plate thickness in mm and t is the immersion time in s. The diffusion coefficient D can be

calculated from the initial linear part of the sorption curve where ? < 0,5 (Eq. 1.10).
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Temperature has a significant effect on the water diffusion, and the higher the temperature, the faster the

water diffusion (Figure 1.25).
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Figure 1.25 — Effect of the process and temperature ageing on water uptake [196]

1.3.2.1.4. Other diffusion mechanisms

It is possible to obtain other diffusion kinetics, depending on the material and on the ageing conditions.
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Figure 1.26 — Different diffusion kinetics [197]

In Figure 1.26, the curve noted (0) represents the Linear Fickian behaviour which was presented earlier. The
curve noted (1) corresponds to a continuous increase of water content and is usually linked to the Langmuir
water diffusion model. The curve (2) corresponds to a “Dual Fick” mechanism in which two different Fickian
kinetics can take place at the same time. The curve (3) is associated with a rapid increase of the water
diffusion that can be linked to a degradation of the material (damage). The curve (4) corresponds to a
decrease of the water content and can also be associated with a degradation of the polymer, due to

hydrolysis or oxidation for instance.
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1.3.2.2. Effects of seawater on physico—chemical properties of polymeric composites

The two main consequences of seawater absorption on polymers are plasticization and swelling. Their

conseguences on mechanical behavior can be significant, and it is necessary to characterize them [172].
1.3.2.2.1. Plasticization

Solvents are characterized by a glass transition temperature T, generally lower than those of polymers Tg,,.
The diffusion of solvent into the polymer during sorption leads to a decrease of polymer T, respecting Eq.

1.11:

TgS = Tg =< Tgp Eq. 1.11

While different approaches are presented in the literature, the main one used is based on two hypotheses.
First, the free volume fraction at T > Tg is an additive function of free volume of each constituent. Second,
the free volume ratio at T = Ty is a constant (f; = 0.025). These two hypotheses lead to an expression to

determine the T ([198][199]) using Eq. 1.12 :

_ oA = v)Tgp + asvTys Eq. 1.12

Tyw

a,(1—v) +azv
With a,, and ag, coefficients of free volume expansion, respectively of polymer and solvent, given the formula
a = a, — ag, with r and g representing the thermal expansion coefficients in the rubbery and glassy states.

With respect to the empirical formulation which considers aT}; as a constant [200], we obtain Eq. 1.13, with

A the plasticization coefficient defined by A = Ti - L.

gs  Tgp
i=i+Av Eq. 1.13
Ty Tgp

This empirical relation allows structure—property relations to be predicted easily. Different cases lead to
enhanced plasticization effects: an increase of solvent concentration in the polymer, a small value of Tyg or
a high value of Tj.

Considering the solvent temperature T,,, we can consider four different cases (Table 1.6).
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Table 1.6 — Temperature range of solvent ageing and impact on polymer properties

Temperature range Impact on polymer properties
Typ <Ty Decrease of T; which will not affect polymer properties
Typ > Ty > T, + 100K : Polymer in glassy state remains in this state, and solvent penetration

leads to a decrease in terms of mechanical properties (rigidity and

stress at failure).

Typ > T, + 100K > T, > T, Polymer in glassy state remains in this state, but the range of ageing
leads to a relationship between the yield stress g,, and the T, given by
the Kambour relation [201] :
o,=C-(Ty; —T,)

Where C represents a constant (MPa.k™?)

Typ > Ty > Ty Solvent absorption leads to a state change: from the glassy state, the
polymer goes to a rubbery state, which induces a loss in terms of

mechanical properties.

1.3.2.2.2. Swelling

When a solvent penetrates into a polymer, the polymer tends to expand, leading to swelling. Solvent
molecules integrate the polymer molecular network. The physical event includes 2 cases.

In the first, the polymer initially in the glassy state remains in this state. This case represents water absorption
in polymeric composites. It is possible to determine the volume difference which is induced by water

diffusion, using Eq. 1.14 :

|4

Eq. 1.14
V, + Vs + 4V T

Where V, V, and Vs represent respectively the total volume, the polymer volume and the solvent volume. It
is possible to determine the volume variation AV in the saturated state knowing the mass uptake (m=mee),

using Eq. 1.15:

1+m=i+E+AV Eq. 1.15

P Pp Ps

For semi—crystalline thermoplastics, only the amorphous phase absorbs solvent. Increasing the crystalline
phase is interesting for applications which require low moisture absorption.

In the second case, the polymer is in a rubbery state at saturation. Swelling is induced by chain stretching,
which is balanced by an opposite entropic restoring force. The relation at equilibrium is given by the Flory—

Rehner equation (Eq. 1.16) [202].
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v
—ln(l—vp)—vp—x-yg:p.vS.MC—I.(v;B_?p) Eq.1.16

Where v, represents the volume ratio of polymer swelled, y the polymer—solvent interaction coefficient, v
the solvent molar volume, p the density of swelled sample, and M, the chain length between branches.

In composite materials, swelling is more complicated to understand. A recent study performed on the
thermal and moisture expansion behavior of vacuum infused UD laminates made with a range of tow sizes
and fiber types has found that thermal expansion is fairly well understood but not moisture absorption [203].
The authors concluded that the moisture expansion was markedly greater than would be predicted from the
constituents, and that the through-thickness expansion was significantly greater than the transverse

expansion.
1.3.2.3. Effect of seawater on mechanical properties of polymeric composites
1.3.2.3.1. Static testing

Seawater ageing affects static mechanical properties of composites to a greater or lesser extent, depending
on chemistry, immersion time and on ageing parameters.

For example, tension tests performed on UD GF/Epoxy showed a decrease of the stress at failure when
increasing the ageing, while the elastic modulus was only slightly affected [204]. Similar conclusions were
reached after 90 days of immersion in seawater, and the authors defined tensile and flexural strength loss to
be respectively —25% and —35% [205]. For compression, another study defined a loss of 28% of the strength
due to ageing [206]. For interlaminar fracture strength, seawater ageing resulted in a loss of 25% under
guasi—static loading, which was irreversible in mode | and partially reversible in mode Il [207]. For
interlaminar shear strength, glass/silk hybrid textile fabric reinforced epoxy hand lay—up specimen ageing in

natural seawater at 28°C for up to 16 days reduced the ILSS by up to 70%.
1.3.2.3.2. Impact testing

For impact testing, several studies have shown a decrease in strength after ageing. Two parameters tend to
be characterized: an impact energy threshold, to give an indication of first damage, and an energy absorbing
capacity at failure [208].

In one study [125], GRP with both standard and rubber—toughened epoxy resins was immersed in synthetic
seawater. Matrix plasticization gave a significant increase in damage threshold energy for the standard epoxy
after seawater immersion, but the energy absorbed to maximum load and the total energy absorbed were
both substantially reduced due to moisture degradation of the fibers and the fiber—matrix interface for both
GRP systems. In another study, C/VE laminates were conditioned in different environments (seawater at
room temperature and at 40°C, environment chamber at 85% HR and 50°C) for up to 400 days. The authors
concluded that impact forces recorded were not significantly affected after ageing. In addition, two different

aramid/glass fibers epoxy laminates were aged [206], and the authors concluded that changes in
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microstructural integrity occurred. Impact damage area was slightly less extensive in wet composites, and
the compression strength after impact decreased by 42%.

Deionized water ageing at different temperatures on E—glass/polyester panels manufactured by VARTM has
also been performed, to understand the influence of ageing on impact strength [209]. While impact damage
on plates immersed in water did not significantly differentiate their absorption characteristics at any
immersion temperature, neat resin plates showed significantly higher initial absorption rates and temporary
plateaux when compared to their respective composite plates. In addition, water immersion considerably
lowered peak impact force over time of immersion (Figure 1.27), while energy absorption increased with

ageing time.

——DRY

— 1 menth 10J
2 months 10J
6 months 10J
24 months 10J

65° C

tarce (M)

time {ms)

Figure 1.27 — Force — time plot for plates with a lay-up (+45°,0°),(+45°),,(0°,£45°) impacted at 10J both dry and after water
immersion at 65°C for different ageing durations (Fig. 13 in [209]).

The authors proposed a model to link the energy absorption to the ageing time, assuming that within the
range of impact energies tested, a linear monotonic increase relationship exists between the energy
absorbed and the impact energy. Plots are of the form y=a+bx, as shown on Figure 1.28. This model is based

on the Box—Lucas asymptote, which is defined by Eq. 1.17 (Figure 1.29):

b = bpgp + ¢ - (1 — e=51) Eq.1.17

With bggr the value of parameters b for dry specimens, t is the time in months and c and ¢ are constants

obtained by curve fitting.
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Figure 1.28 — Absorbed impact energy against nominal impact Figure 1.29 — The energy absorption parameter b against
energy for plate with a lay-up (+45°,0°),(+45°),,(0°,+45°) (Fig. time for all types of specimens A, B and D representing
11-bin [209] different lay—ups at temperatures of 43°C and 65°C [209]
On the CAI strength, a study of woven C/Vinyl ester under dry and water saturated conditions showed that
moisture absorption did not affect the dynamic impact force, but it affected the CAl strength due to

degradation of the fiber/matrix interface [210].
1.4. Conclusion

To conclude this bibliography chapter, several aspects of the thesis have been reviewed. In the first part,
propellers in marine environment have been discussed, and their advantages compared to metallic
propellers have been shown. In the second part, low velocity impact (LVI) was reviewed, and parameters
affecting the strength and durability of composites laminates subjected to impacts have been discussed.
Finally, effects of the environment on composites were described: from manufacturing to the end of service
life the behavior of polymeric composites can change, with a reorganization of their chemical network,
leading to changes in terms of mechanical performance.

This chapter has shown a lack of information available in the literature about the effects of aging on the long
term durability of a marine composite subjected to both low and medium strain rates. The following will try
to explain our investigations on the effects of both physical and seawater aging on the quasi-static and

dynamic properties of a CFRP suited for naval applications.
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2.1. Materials

This project focuses on high performance composites for naval use. High-end applications need to show good
stiffness while reducing composite part weight. For this reason, the choice was made to work with carbon
fibers. However, as composite propellers are curved, and to control the fiber alighnment during the
manufacturing process, two fabrics were chosen. The first one is a unidirectional T700 Version | 12k carbon
fiber reinforcement, with an area density of 600 g/m2. The second one is a biaxial fabric with two
unidirectional T700SC 12k carbon fibers stitched together at angles of 45° and —45°. The total areal density
of the biaxial fabric is 600 g/m?. For the unidirectional fabric, the stitching is made of glass while for the

biaxial, the stitching is made of PET fibers (Figure 2.1).

Figure 2.1 — Diagram of the UD T700 version I carbon fiber fabric studied

The matrix is an epoxy resin from the French manufacturer Sicomin. The epoxy system (SR8100 + SD 4772)
was chosen. This system was developed for injection and infusion manufacturing processes, which are used
for marine structures. The advantage of the SD 4772 hardener is the slow polymerization. This must be
considered since marine composites parts are often thick. In that case, more time is needed to impregnate
the fibers before curing, and it is important to limit exothermic reactions during the manufacturing process.
The optimum infusion time was determined by Sicomin to be 53 minutes [211].

In addition, this study follows on from a previous study which focused on the influence of aging on fatigue
behavior [170]. The same material has been chosen for this study, which investigates how aging affects

impact behavior.
2.2. Manufacturing C/Epoxy panels

The C/Epoxy and pure Epoxy panels ware manufactured at Ifremer (Table 2.1). For pure Epoxy panels, a semi—
closed mould was developed in a previous study with the help of Sicomin. It relies on two aluminum plates
covered by Teflon tape so that the cast resin can be removed easily from the mold. The two plates are

separated by a U-shaped frame of 3mm in thickness. A silicon tube is placed along the U-frame to make the
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seal between the two aluminum plates, leaving only a small surface in contact with air during resin curing.
Pure epoxy panels were used for both hygroscopic and mechanical tests. Coupons were then cut from the
panels using Charlyrobot™ CNC equipment.

For the C/Epoxy, several panels were manufactured by infusion (Table 2.1). The standard dimensions of the
final panels were 500 x 500 mm?2. Except for Ql coupons, which were cut by a high—pressure waterjet, all
coupons were cut using a wet diamond saw to the specimen dimensions, and all cut surfaces were wet
polished to avoid rough surfaces that can lead to an early failure. Coupons destined for fracture toughness
tests were manufactured with a PTFE insert at mid—thickness.

Manufacturing was performed at 20°C. Complete curing is necessary, to avoid post curing during aging. The
influence of incomplete curing on water uptake has been characterized recently [170]. To obtain a fully cured
epoxy, the curing was divided in three successive steps. First, a 24h cure at ambient temperature was applied.
Then, a post—cure at 60°C for 16 hours, followed by a second post cure at 120°C for 2 hours. This curing
process was established in a previous study on the same material [170], and results in a stable cure state,
with no glass transition temperature change between two successive DSC temperature sweeps.

Table 2.1 — Panels manufactured and properties measured

Thickness Mechanical test performed Fiber volume Void
Name Layup T, [°C]
[mm)] ratio [%] content [%]
Tension (I1SO 527-2)
Pure - 2.3 - <1 74
Epoxy Shear (ASTM D5379)

In-plane Tension (I1SO 527-5)

Thin UD [0]. 2.2 65 2.2 78

In-plane compression (ASTM
D6641)

Out-of-plane tension (1SO 527-5)
Thick UD [0]42 231 67 9.0 82
Out-of-plane shear (ASTM D5379)

Mode | (ASTM D5528)

Fracture
[0]6 33 Mode Il (ISO 15114) 66 29 75
toughness Mixed-mode Bending (ASTM
D6671)
Biaxial [_45,45]25 24 In-plane tension (ASTM D3518) 61 6 76
Aging (ASTM D5229)
Quasi Out-of-plane impact (ASTM D7136)
isotropic (o, (—45,45);, 90]5 4.4 Compression after impact (ASTM 64 3.2 75
() D7137)

In-plane impact

2.3. Aging of pure Epoxy and C/Epoxy coupons

This project considers two aging mechanisms. The first is linked to the manufacturing process, and was

characterized previously on the same material [171]. The second is linked to the service environment, i.e. the
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marine environment where the material is subjected to humidity or immersion in seawater. These aging
processes can be studied separately thanks to the reversibility of the chemical processes occurring. After the

post cure, the material Ty was measured to be 78°C.
2.3.1. Physical aging

As noted previously physical aging is a process that occurs in some epoxy systems when the material is cooled
below the T,. Since physical aging is a reversible process, exposing the material to above—T, temperatures
removes the physical aging in the material. This process is called rejuvenation, and the material state devoid
of physical aging is called ‘rejuvenated’. To be sure to have an initial state without physical aging effects, a
rejuvenation is performed after the post cure. This process is performed in vacuum bags to prevent unwanted
reactions such as oxidation. The bags are immersed in water at 90°C for 10 minutes, and then immersed in
water at 4°C to quench the material. The choice of water immersion rather than air exposure in ovens was
made due to the thermal inertia of the environment. The rejuvenated state corresponds to the first aging
state of interest in this thesis work.

A second state noted ‘physically aged’ was also studied. It is obtained after rejuvenation by placing vacuum
bags in ovens for 30 days at 60°C. This duration and the temperature have been chosen from the modified
KWW model (Kohlrausch—Williams—Watts) applied in a previous study [171] on the same material. For this
aging time and at this aging temperature, the maximum stress stays constant when the aging time increases.
The material has reached a plateau, and the physical state can be considered as stable. After this aging, the
Tg was measured to be 84°C. The physically aged state corresponds to the second aging state of interest in

this thesis work.
2.3.2. Seawater aging

Hygroscopic characterization to determine the change of the diffusion coefficient with the temperature was
performed. This type of study is useful because under service conditions, the seawater temperature may be
variable; close to 4°C (in deep water) while it can reach 35°C at the surface near the equator region. Polymeric
parts are therefore exposed to a large seawater temperature spectrum. A model predicting the diffusion
coefficient as a function of the aging temperature considered is therefore necessary to predict the water
profile in thick composite parts. To identify such a model, seawater aging is performed, to diffuse water into
the composite and to understand how the material will absorb this water. For this study, two types of
samples were aged. First, pure epoxy coupons with dimensions of 50x50x2mm?3. Second, quasi—isotropic
composite coupons with dimensions of 40x40x4.4mm3. These coupons had all been previously physically
aged to stabilize the material.

Since the aging is accelerated by the temperature, coupons have been immersed in different tanks filled with
seawater continuously renewed from the Brest estuary. Depending on the tank, the seawater is cooled or

heated. In the case of this study, the initial T of the material after physical aging (physical stabilization) and
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before immersion was 84°C. The maximal seawater aging temperature was therefore determined to be 60°C.

Samples were placed in seawater aging tanks at 4, 15, 25, 40 and 60°C (Figure 2.2).

Figure 2.2 - Seawater aging tanks at IFREMER

During the immersion, coupons were removed from water after different aging times, then weighed. The
water uptake is expressed as the mass change in percent calculated as in Eq. 2.1. M(t) being the mass uptake

value in percent, at a time t, mg the initial mass and m; the mass at time t.

mg—m
M(t) = —=2 Eq. 2.1
my

2.3.3. Ageing process
A schematic diagram representing the overall ageing process is shown in Figure 2.3.

Rejuvenation
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Figure 2.3 — Ageing processes used in this study to obtain rejuvenated, physically aged and seawater aged materials

Three cases are considered in this study. First, a rejuvenated and dried material. Second, a physically aged
and dried material. Finally, a seawater saturated and rejuvenated material. For each state, an equilibrium is

assumed.to be reached.
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After the saturation, the T; was measured to be 72°C. To remove the physical aging, a rejuvenation process
was performed in a vacuum bag at 90°C for 10 minutes. With this last step, the material is saturated and
devoid of physical aging. The T; was measured to be 66°C. The seawater aged state corresponds to the third

aging state of interest in this thesis work.

2.4. Physicochemical characterization

2.4.1. Differential Scanning Calorimetry

Glass transition temperature (Tg) and physical ageing effects were measured by Differential Scanning
Calorimetry (DSC), with TA Instruments Q200™ equipment. The heating rate was 10 °C/min. Two ramps were
performed on each sample, both from =5 to 120 °C, in order to measure T;. The tests were performed under

N, gas at a flowrate of 50 mL/min.
2.4.2. Thermogravimetric Analysis (TGA)

ThermoGravimetric Analysis (TGA) was used to measured fiber mass ratio. These analyses were performed
on aTA Instrument SDT Q600™. Resin burn—off was carried out under nitrogen, in order not to oxidize carbon

fibers. The burn—off conditions were 800 °C for 20 minutes.
2.4.3. Pychometer

Both composite and matrix densities were measured using a Micromeritics AccuPyc II™ 1340 helium
pycnometer. Based on TGA and pycnometer values, the fibre, resin and void volume ratios can be calculated
with respect to ISO 14127 standard. Equations are given Eq. 2.2, Eg. 2.3 and Eq. 2.4.

The fiber mass ratio my was measured by TGA, while p. and p; correspond respectively to composite and

resin densities that are measured by the pycnometer.

V. = mg X Pc
f pr Eq. 2.2
_ (1- mf) X Pc
Vh=— Eq. 2.3
pr
Bb=1-U-%)
Eq. 2.4

2.5. Imaging techniques

Imaging techniques are powerful methods that serve many purposes across the physical sciences. The results

that are obtained mainly depend on the incoming “wave” that is used (e.g. light, electrons, X-rays etc).
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2.5.1. Scanning Electron Microscope (SEM)

Scanning Electron Microscopy (SEM) images of fracture surfaces were recorded at IFREMER. The system used
is a FEl Quanta 200™ by Thermo Fisher. Images were made at 0.15 pbar. The samples were covered by pure
gold with Balzers SCD 400® equipment under argon gas. The gold layer was 15 to 20nm and allowed good
reflection of electrons from the specimen surface without charging. The electron beam is generated by a

tungsten filament.
2.5.2. Optical microscopy

The quality in term of voids of the different panels that were manufactured was checked using optical
microscopy with a Leica DM ILM microscope. The void contents were determined using ImageJ on polished

sections. This microscope has also been used to localize delaminated interfaces after impacts.
2.5.3. X—Ray tomography

In addition to C—scan, impacted coupons were cut for X—ray tomography scanning. The measurements were
performed at the Technical Resource Center in Morlaix (CRT Morlaix). The high—resolution tomograph is a
GE/Phoenix V| Tome|xsv. Its power is 240kV with a 2048 by 2048 sensor and minimum 5 pum resolution. The
measurements performed in this thesis were made at a 10um resolution. The reconstructed volumes were

then analyzed by VG Studio™ in order to identify defects and damage present in the material.
2.5.4. Ultrasonic C-scan

Ultrasonic C—scan inspection was performed on impacted composite coupons. This provided information on
whether delaminations were present (Figure 2.4). Coupons were immersed in a tank filled with tap water. A
fixture has been designed for inspecting up to 9 coupons at the same time (Figure 2.5). A5 MHz US probe is
fixed to a scanning arm, which moves along X and Y axis. An electronic system controls the displacement to
scan all the surface. The signal is acquired by a Sonatest Prisma™ system, and the X-Y displacement is
synchronized with the A—Scan. Due to the inhomogeneity of the material, it has not been possible to use a
multi—element sensor to determine delaminated surfaces between two successive plies. Thus, the results of

the NDE shown in this document are projected delamination shapes through the thickness.
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Figure 2.4 — Example of an impacted coupon (150x100 mm2) with through the thickness delamination visible at the coupon

center

Figure 2.5 — Fixture designed for scanning several coupons at the same time
2.6. Scientific approach

The aim of the study presented in this document is to characterize, understand and simulate the effects of
aging on the impact behavior of a high—performance C/Epoxy material. To do that, the Building Block
Approach (BBA) was followed. With this approach, a test pyramid is set up to validate experimental results

using numerical simulations.
2.6.1. Building Block Approach (BBA)

Performing a test which is representative of real conditions in a laboratory must consider the propeller
materials, geometry, and the conditions of impact. As composite materials are studied, material effects must
include reinforcement type, orientation and resin type. Geometry is complex because a propeller blade shape
is designed to be efficient under hydrodynamic flow, resulting often in a double curvature. Finally, the

conditions of impact must be accurately known. These conditions are defined by relative velocity between
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the impactor and the structure impacted, and the mass of each component. The nature of impacts on
propellers will vary considerably and there are no standard test conditions, so a range of conditions must be
examined.

With respect to modeling aspects, the complexity depends on the number of simplifying assumptions.
Modeling techniques must be reviewed to make representative choices.

The scientific approach used in this document is based on the Building Block Approach (BBA) used in
aerospace and aeronautical industries [212][213]. In this method, the knowledge of the composite material
and structure is built up step by step from the coupon level up to the final full scale structure [214]. This
method was created to reduce the very high costs of large—scale crash testing of composite aircraft fuselage

structures for the wide range of composite materials and crash concepts being considered (Figure 2.6).
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Figure 2.6 — Building block approach with test and simulation pyramids as basis for the design of a crashworthy helicopter frame
structure [212].

For this study, a building block approach around marine propellers has been established. Since impacts can

happen at different locations on a propeller blade, mechanical tests and simulations need to consider a wide

range of geometries.
2.6.2. Pyramid of tests

The first step concerns the choice of a material. For this study, a C/Epoxy material was chosen. Then, at
coupon scale, there is a need to characterize the mechanical properties. These properties will then be used
to simulate a complex quasi static test, to validate the properties experimentally obtained. Then, these
properties will be used to simulate impact tests performed at the element scale. At element scale, it has been
decided to perform both out-of-plane and in—plane impacts since an impact event can happen anywhere on
a propeller blade. Finally, the last step of this work is the characterization of an in—plane impact on a
representative propeller part from the Fabheli project. This project, has been described in Chapter 1, and led
to the design, manufacture and full-scale test under real operative conditions of a CFRP propeller to replace

a metallic one.
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2.7. Characterization at coupon scale

An extensive experimental campaign was carried out to obtain a complete set of data to predict the
mechanical behavior of composite structures after aging. To do so, several mechanical tests were performed.

The section hereafter describes these different tests, first in-plane, then out-of-plane behavior.
2.7.1. In-plane properties of C/Epoxy

The first step is the determination of both design and ultimate properties of the C/Epoxy.
2.7.1.1. Tensile tests

First, tension tests were performed on pure Epoxy. Prior to aging, coupons were cut using a CNC machine.
The standard ISO 527-2 with the coupon shape 1B was followed. Surfacing was carried out to avoid thickness
variations along the coupon. Second, tension tests were carried out on three composite orientations. The
standard 1SO 527-5 was followed for tensile tests on 0° and 90°, while the standard ASTM D3518 was
followed for tensile tests on £45° laminates. Panels were cut using a wet diamond saw. The dimensions of
the specimens were 250x25x2.2 mm?. Prior the test, glass/epoxy tabs were bonded to the ends of the
composite coupons to avoid premature failure in the machine jaws. Tensile tests in the 0° direction were
carried out using an Instron™ universal testing machine with a load cell of 200kN, while other tensile tests
were carried out using an Instron™ UTS 5966 with a 10kN load cell. All tensile tests were performed at 1, 10,
100 and 1000 mm/min, to examine the strain-rate dependency of results. Strain measurements were
obtained by digital image correlation, by applying a random graphite pattern on the specimen surfaces. For
guasi—static tests, images were captured by a Basler™ camera at 2 frames per second and correlated offline
with the commercial software Aramis GOM™. For high—speed tests, a high—speed camera Photron™ AX200
Mini was used to capture images during the test for DIC post processing. A DaQ HBM Genesis™ HighSpeed
system with a universal DaQ card GN 1640B was used to acquire the force and displacement data from the
testing machine at these displacement velocities. The synchronization between the camera and the DaQ
system was performed by a trigger generated by the DaQ system when the measured force exceeded 10N.
A specific intermediate loading fixture with an oblong hole was designed to load the coupons with a constant

velocity, (see section 2.7.5).
2.7.1.2. Compression tests

Compression tests following the ASTM D6641 standard were performed on 0° and 90° oriented coupons. This
test, known as the combined loading compression (CLC) test method, was chosen to prevent a failure from
structural buckling. The loading rate was fixed at 1 mm/min. Carbon/Epoxy tapered tabs with a lay-up of
0/90/0° were bonded on both sides of the coupon to avoid the crushing of the coupon near the compression
platens. Strain gages were bonded to both sides of the central gage section of the sample (Figure 2.7) to

determine the buckling ratio which must be below 10% for the test to be valid. Five specimens per aging
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condition were tested for UD and 90° oriented fibers, with a thickness of 2.15 mm. Coupons were cut with a
water jet to obtain a precise parallelism between faces in contact with compression platens. A DaQ system

HBM Quantum™ MX840B was used to record the synchronized force, displacement and strains.

Figure 2.7 — ASTM D6641 fixture and a zoom on one of the two strain gages bonded to determine the compression modulus
2.7.1.3. Shear tests

Shear tests were performed on pure epoxy coupons in accordance with ASTM D5379. A CNC machine was
used to machine the V—notched beam test coupon. Prior to the test, a random graphite pattern was applied
in order to measure the strains by DIC. The shear tests were carried out at 1 mm/min using an Instron UTS
5966 up to the failure of the coupon. The shear strain data are determined from an average of &, and ¢,,,
over the area of interest highlighted in red in Figure 2.8. The area of interest was defined to be at the coupon

center to avoid edge effects close to the V—notches.

Figure 2.8 — V-notched pure Epoxy coupon speckled before the test and the area used to compute the shear strain
2.7.2. Out-of-plane properties of C/Epoxy

A thick unidirectional panel was manufactured to characterize the out of plane properties of the composite.
The panel was sliced along the thickness direction using a wet diamond saw to obtain composite slices with

the transverse direction representative of the thickness direction.
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Figure 2.9 — V-Notched C/Epoxy coupons to determine the out-of-plane shear properties

For tensile tests, slices were machined using a CNC machine. Due to manufacturing issues, it was not possible
to cut coupons in accordance with ISO 527-5. Finally, the dimensions of coupons in the 1-3 plane were
100x20x3 mm? while they were 200x20x3 mm? for the coupons in plane 2—-3. A biaxial strain gage was bonded
to measure both longitudinal and transverse strains during the tensile test. These measures are needed to
determine the out-of-plane Poisson ratios. The tensile tests were performed on an Instron™ UTS 5966 with
a 10kN load cell at 1 mm/min.

For shear tests, the ASTM D5379 standard was followed. Slices were machined using a CNC machine to obtain
the V—notched beam test coupon (Figure 2.9). Prior to the test, a random graphite pattern was applied to
measure the strains by DIC. The shear tests were carried out at 1 mm/min using an Instron™ UTS 5966 up to

the failure of the coupon.
2.7.3. Interface properties

Despite exceptional in—plane properties, the weakness of laminated composites is their low tolerance to
delamination due to out-of-plane loading. To have a good description of the interface behavior and to predict
the tolerance to delamination of a composite structure, cracking tests following different modes are needed
[215]. For each mode, test possibilities are numerous: Mode | [216], Mode Il [217] and also Mixed—Mode
fracture [218]. A recent study [207] focused on cracking properties of the same material as studied herein.
In comparison with that previous study, the present work considers well-defined aging states. During the
tests, images of the coupon were recorded, and these were then post—processed to determine the crack tip
position. Prior to the tests, all coupons were pre—cracked in Mode-I with a loading—rate of 5 mm/min (ASTM

D5528).
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2.7.3.1. Pure Mode | tests

The fracture toughness from crack initiation is defined from the Force—Displacement curve. This value is
taken either from the nonlinear part (99% of the slope) of from the maximal force value or at 95% of the
initial slope (Figure 2.10). Before the post processing step, it was necessary to shift the curves horizontally,

to get a linear part from the beginning of the test at the origin.
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Figure 2.10 — Force-Displacement plot for crack initiation in pure Mode-I opening

The Double Cantilever Beam (DCB) test method (ASTM D5528) was chosen to determine the Mode—I fracture
toughness. Specimens were cut to dimensions of 20 by 195 mm?2. All coupons edges were painted in white
to assist the crack tip detection, then marks were drawn every 10 mm to precisely localize the crack tip. The

Compliance Calibration (CC) method allowed the data reduction for calculating the value of pure Mode-I
fracture toughness G,. In this method, the least squares plot of log(g) vs. log(a;), with §; and P; respectively

the traverse displacement and load, and a; the visually observed delamination onset, is generated. The slope
is defined as variable n, which is introduced in Eq. 2.5 to calculate Gic. The interlaminar fracture toughness

corresponds to the average value of experimental points in the plateau of the R curve.

nPé§

— Eq.2.5
1€~ 2ba

Data acquisition was performed at 10 Hz for the testing machine and 2 Hz for the camera. The beginning of
the acquisition is synchronized. A Python program was used to automatically generate a table with the force,
the displacement and the picture taken at the same time on the propagation part. This facilitated the data
treatment. Figure 2.11 shows the interlaminar crack propagation during the test, the white face helps to

localize the crack tip.
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Figure 2.11 — Propagation of the crack in the interlaminar area during the DCB test

2.7.3.2. Pure Mode Il tests

The Calibrated End—Loaded Split (C—ELS) test method (ISO 15114) was chosen to determine the Mode-ll
fracture toughness. Specimens were cut to dimensions of 20 by 195 mm?2. A first step to calibrate the flexural
modulus (Figure 2.12) of each coupon was performed with free lengths of 60mm, 70mm, 80mm and 90mm
and loads up to 100N. This limit of 100N was determined to remain in the linear part of the load-displacement

plot, avoiding coupon damage prior to the test.

Figure 2.12 — Calibration step of to determine the flexural modulus

The fixture is shown in Figure 2.13. For each test, the clamp was tightened with a torque wrench to 5 N.m.
All coupon through-the-thickness faces were covered with a white paint, and markers were drawn every
10mm to localize the crack tip during propagation. Data acquisition was performed at 10 Hz for the testing
machine and 2 Hz for the camera. The Python program used for DCB tests post-processing was also used for

this test.
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Figure 2.13 — C-ELS fixture during a pure Mode-Il propagation test

Figure 2.14 shows an example of the Force—Displacement curves for the calibration step of a coupon and the

slope determined by plotting the cubic root of the compliance as a function of the free length.
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Figure 2.14 — Calibration of the flexural modulus with four free lengths and determination of the slope to determine the flexural

modulus

Once the slope is known, it is possible to determine the flexural modulus using Eq. 2.6, with b and h

representing respectively the width (mm) and the thickness (mm).

1

- Eq. 2.6
2b(h X slope)?

Ey

Finally, the corrected beam theory using effective crack length is applied (Eq. 2.7) and allows the

determination of the Mode-lII fracture toughness Gyc. The interlaminar fracture toughness corresponds to

the average value of experimental points in the plateau of the R curve. A diagram of the test is shown in

Figure 2.15 and images showing the crack tip in Figure 2.16.

9P2q?

G — Eq. 2.7
e ™ 4p2p3E,
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Figure 2.15 — Diagram of the pure Mode-Il fracture toughness test (ISO 15114)

Figure 2.16 — 2D Digital Image Correlation view of the crack during pure Mode-II fracture toughness test

2.7.3.3. Mixed—Mode Bending tests

The Mixed Mode Bending (MMB) method, (ASTM D6671), was chosen to determine the mixed Mode I-Mode
Il fracture toughness. For this test, contributions of both modes affect the crack propagation. A diagram
representing the test is shown in Figure 2.17. The mode ratio is determined using Eq. 2.8 from [219]. For this

study, tests were performed at four levels of mode Il contribution: 23%, 43%, 60% and 80%.

G _ 3(e +L)* Eq. 2.8

Gy 3(e+L)2+4(3e —L)2

Figure 2.17 — MMB specimen

Calculations of fracture toughness need to consider both in—plane and out-of-plane properties by
determining the crack length correction factor x (Eq. 2.9, Eg. 2.10). Values from experimental tests were

chosen.

VE1 B2 Eq. 2.9

r=1,18-
G13
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2
X: E11 . 3_2( F ) Eq.2.10
11'613 1+F

Finally, mode | and mode Il contributions to strain energy release rates were calculated from Eq. 2.11 and
Eg. 2.12. In these equations, P represents the load (N), C the lever length of the fixture (mm), L the half span
length (L=68.7mm), B and h respectively the width and the half thickness of the coupon and a the crack tip
location (mm). The reduction of these data allows the calculation of the mode mixture fracture toughness

GCusing Eq. 2.13 and Eq. 2.14.

12- P2 - (3¢ — L)?

1=16_192_h3_Lz_Elf'(a+)(-h)2 Eq. 2.11
Gu = 169- .biz. .h(sc.:zL.); A (a+042-x h)? Eq. 2.12
G =G+ Gy Eq.2.13
S Eq.2.14
G Gr+Gp

Finally, Gc is determined once again from the average of fracture toughness values on the plateau of the R

curve.
2.7.4. Flexural tests

Three—point bending tests were performed on [0], specimens to determine the composite flexural modulus.
The standard ASTM D7264 was followed. The support span was set to 100mm. A strain gage was bonded on
the coupon back face to determine the flexural modulus E1 of UD material. The stress is calculated from Eqg.
2.15.

3PL

— Eq. 2.15
7= 2bh?

Four point bending tests were also performed on [0]4 specimens to compare the influence of the three-point
bending test on the flexural results. The standard ASTM D6272 was followed. A load span of one half of the

support span was chosen. The support span was set to 80mm. The stress is calculated from Eq. 2.156.

3PL

_ Eq.2.16
7= 4pa*

Four point bending tests were also performed on [0,(—45,45),,90°]s coupons in order to provide experimental
data to compare with model predictions. The ASTM D6272 standard was followed (Figure 2.18). The depth

to span ratio was set at 12 to increase the shear effects leading to the coupon failure. 3D digital image
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correlation was performed with the commercial system Aramis GOM™ to characterize through the thickness

strains.

Figure 2.18 - Four-point bending test on QI C/Epoxy coupon
2.7.5. Mechanical tests at higher loading rate

Because an impact event loads a structure at a higher loading—rate than those obtained following the
different standards, some tests have been performed at rates up to 1000 mm/min. A universal testing system
Instron 5966 has been used. Up to 100 mm/min, the acceleration of the traverse to the targeted velocity was
faster than the mechanical response of the coupon. At 1000 mm/min, coupons failure happened during the
traverse acceleration phase. To load the coupon at a constant loading—rate, a fixture with an oblong hole has
been developed (Figure 2.19). This allows the crosshead to accelerate and reach the target value before to

load the coupon.

Figure 2.19 - Fixture used to load a coupon at the same loading-rate
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2.8. Characterization at element scale

Quasi-static mechanical tests have been performed in order to have the input data necessary to simulate
the impact behavior of C/Epoxy panels after aging. At the element scale, experiments considered both impact
and post—impact behavior. These tests have been performed on a quasi—isotropic layup [0,(-45,45),,90].. The
choice of the layup was a requirement of the funder of this study.

A new drop weight impact tower was designed and built for this study. The energy range is up to 330J, with
a minimal mass of 4.4 kg which can be increased to 10.6 kg. The drop height is superior to 3m (Figure 2.20).
This impact tower has been designed to improve the stiffness of the fixture, compared to an existing fixture,
and to accelerate the post processing.

The drop weight impact tower is instrumented by four piezoelectric load cells (Kistler™ 9331C) with a
measurement range of +24kN per sensor. The raw signals are conditioned by a charge amplifier, then
exported in the form of 0—10V signals. A medium speed laser (Keyence™ LK-G) is used to determine the
impactor velocity a few milliseconds before the contact, and a high—speed laser (Keyence™ LK-H157) is used
to measure the deflection of the composite coupon during the impact. Both laser signals are conditioned by
two conditioners from Keyence™ and exported to our DaQ system in the form of a 0-10V signal. The data
acquisition is performed by a DaQ HBM Genesis™ HighSpeed with a universal DaQ card GN 1640B able to

acquire data at a frequency of 500kHz and with a resolution of 24 bits.

Figure 2.20 — IFREMER drop weight impact tower
2.8.1. Low Velocity Impact (LVI)

Because impacts in marine environment can occur over the entire surface of the propeller blade, impacts
must be performed over a large range of configurations. For this study, both out-of-plane and in—plane

impacts were performed.
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2.8.1.1. Out-of-plane impact on flat panels

Several standards exist to characterize the impact behavior of composite panels. For this study, the test was
carried out based on the guidance of ASTM D7136.

For this test, a C/Epoxy coupon of 150x100mm? and a layup of [0,(—45,45),,90]s is placed on an 80mm thick
steel fixture. The coupon is supported on all four borders over a width of 12.5 mm. A rectangular hole of
125x75 mm? in the center of the fixture allows the deflection of the coupon, favoring multiple delamination.
No clamps were used, to simplify the test and the simulation. A steel hemispherical impactor with a diameter
of 50 mm was released electrically from a known height. The impact energy is determined from the mass
and the initial velocity of the impactor measured by a laser before the contact. To avoid a second rebound,
the impactor is caught by an automatic pneumatic anti—rebound system. The choice of a larger impactor than
recommended by the standard (16mm) was made because it appears that impacts in the marine

environment are more common with larger objects.
2.8.1.2. Out-of-plane impacts on curved panels

Another test performed is an impact test on curved C/Epoxy coupons. Tests have been performed on curved
panels (Figure 2.21) manufactured around halfpipes with diameters of 30mm, 50mm, and 70mm. A coupon
with a diameter of 90mm has also been manufactured but was used for preliminary tests and no
measurements were performed for this diameter. Four fixtures have been manufactured to maintain the
different coupons. The coupons are simply supported by the fixture. A window allows the coupon to deflect

during the impact (Figure 2.22).

CERSEERRRN

Figure 2.21 - Curved coupons with different diameters (30, Figure 2.22 - Fixture manufactured to impact ®70mm

50, 70 and 90 mm) to be impacted curved panels

The window dimension corresponds to an angle of 90° (Figure 2.23). The coupon is 100mm wide and the
window is 75mm wide. This allows the coupon to be in contact with the fixture on 12.5 mm on each side.
Impacts are monitored: the impact force and the out-of-plane deflection are measured. After the test, a C—
Scan is performed to determine if the delamination threshold has been reached and if the coupon is

delaminated. The fixture dimensions are proportional, in order to only compare the effects of the curvature.
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Figure 2.23 — Dimensions of the fixture used for impacts on @70mm curved coupons
2.8.1.3. On—edge impact

In comparison with out-of-plane impacts, on—edge impact has not been studied extensively in the literature
but a small number of previous studies have been found [167][169]. These impact tests were performed here
with a $50mm steel hemi—cylindrical impactor (Figure 2.24). The weight of the impactor is 10.6 kg. These
tests have been performed on a quasi—isotropic layup [0,(—45,45),,90°].. The coupon is placed vertically on a
thick steel fixture with a thickness of 80mm. Coupons dimensions are 150x100 mm?2. Post—contact impactor
displacement and force are measured. Impacts have been performed on both rejuvenated and seawater

aged states.

Figure 2.24 — In-plane impact fixture developed from the work of [169]

Figure 2.25 shows images of the test. A trigger is generated by the DAQ system when the contact is

established. The image acquisition by the high—speed camera is then started.
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Figure 2.25 — In-plane impact progress, from contact to crush, high speed camera images
2.8.2. Compression After Impact (CAl)

The compression after impact standard (ASTM D7136) has been followed to characterize the post out-of-
plane impact behavior of impacted C/Epoxy coupons. The coupon was placed vertically in the fixture (Figure
2.26). Displacement of coupon borders is restrained by the fixture, avoiding early buckling. Screws are
tightened with a torque of 7 N.m. Before the test, a random graphite pattern was applied to the specimen
surface. The DIC system Aramis™ Adjustable was calibrated then used for the test at a frame rate of 2Hz. This
system was used to observe the buckling of the coupon and the location of the failure. The post—processing
was performed using the commercial DIC system Aramis™ V6.3. Tests were performed on an Instron™ 5585

testing machine with a load cell of 200kN.
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Figure 2.26 — CAl fixture with a speckled coupon

2.9. Characterization at component scale

The final test performed was an impact on a blade component. To do this, blade sections based on the
propeller Fabheli [34] have been manufactured by the French company LoireTech. The coupon was placed
on a thick metallic fixture, then the bottom part was fully constrained (Figure 2.27). A hemi—cylindrical 50mm
diameter steel tup was used with a 10.6 kg impactor. The lower impact energy was 35J and the higher was
160J. A high—speed camera was used to observe the behavior of the part. The coupon’s geometry is
asymmetric, and bending was expected during the test. Two strain—gages were bonded on each side of the

coupon to detect this.

Figure 2.27 — Image of the composite blade section (dimensions not provided due to confidentiality)

2.10. Numerical simulation of composites

To simulate the impact behavior of unaged C/Epoxy coupons, a numerical model has been developed using

Abaqus Explicit™ software. The choice of a commercial solver was a requirement of the funder of this study.
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It should also be noted that one of the aims of the study was to develop as simple a methodology as possible,

which would provide information on impact and seawater aging that could be used in design.
2.10.1. Intralaminar damage model

In Abaqus™, a damage model enables the onset of damage to be predicted and damage evolution to be
modelled for elastic—brittle materials with anisotropic behavior. This type of behavior is exhibited by fiber—
reinforced materials. This model requires that the undamaged response of the material be linearly elastic,
and is based on a damage initiation criterion and a damage evolution response. It works with elements having
a plane stress formulation such as shells. This section is based on the Abaqus Analysis User’s manual [220],

specifically the part 23.3 which focuses on the “Damage and failure for fiber—reinforced composites”.
2.10.1.1. Computation of the stiffness matrix

Under plane stress conditions (g33 = 0), only the values of Ej, E;, vi2, G12, G13 and Gas are required to define
an orthotropic material. The shear moduli Gi13 and G,3 are included because they may be required to model

transverse shear deformation in the shell. The Poisson’s ratio v is calculated with Eq. 2.17.

S E, v Eq.2.17
21 — = Y12
E;

For plane stress elements, the in—plane stress—strain relationship is given by Eq. 2.18.

81 1/E1 —vlz/El 0 0-11
& ¢ = |-v12/E; 1/E, 0 022 fq.2.18
Y12 0 0 1/G12]1 \T12

2.10.1.2. Computation of the damaged stiffness matrix

The damage is characterized by the degradation of the stiffness matrix. In this model, four different modes
of failure are considered: fiber rupture in tension, fiber buckling and kinking in compression, matrix cracking
under transverse tension and shear, and matrix crushing under transverse compression and shear. The

response of the material is computed from Eq. 2.19.

Eq.2.19
o=C4¢ q

Where o is the stress, € is the strain, and C, is the elasticity matrix, which considers any damage and is

developed in Eq. 2.20. To simplify the reading, the variable D is shown in Eq. 2.21.
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. (1-d)E, (1—dp)(A = dp)vos Ey 0
Eq. 2.20
Cd = B (1 - df)(l - dm)v12E2 (1 - dm)EZ 0 a
0 0 (1-dy)GD
Eq.2.21

D=1-(1-df)A—dp)viv

In Eq. 2.20 and Eq. 2.21, df reflects the current state of fiber damage, d,;, reflects the current state of matrix
damage, d, reflects the current state of shear damage, E; is the Young’s modulus in the fiber direction, E; is

the Young’s modulus in the transverse direction, G is the shear modulus and v, and v, are Poisson’s ratios.
2.10.1.3. Damage initiation criterion

The damage initiation criteria for fiber—reinforced composites are based on Hashin’s theory [44], which
describes the onset of degradation at a material point. These criteria consider four different damage
initiation mechanisms, with the general form explained below: fiber tension (Eqg. 2.22), fiber compression
(Eq. 2.23), matrix tension (Eq. 2.24) and matrix compression (Eq. 2.25). In these equations, the ultimate
mechanical properties of plies are used. X7 denotes the longitudinal tensile strength, X¢ the longitudinal
compressive strength, Y7 the transverse tensile strength, Y¢ the transverse compressive strength, and S
and ST denote respectively the longitudinal and the transverse shear strength. An additional coefficient a

describes the contribution of the shear stress to the fiber tensile initiation criterion.

gt 611 1y 2 Eq. 2.22
f—\xr SL
e _ 511\ Eq. 2.23
7 =3¢
gt — (2)2 N (fﬁ)z Eq. 2.24
mo\y St

~ 2 ~ n
RS = (2)2 n Yoy 1 (@) + (Tﬁ)z Eq. 2.25
mo\28T 28T Ye SL

Finally, 6,1, &5, and 7;, arethe components of the effective stress tensor @ which is computed from Eq.

2.26, and is used to evaluate the initiation criteria. In this equation, o is the true stress and M is the damage

operator computed from Eq. 2.27.
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5= Mo Eq.2.26

! 0 0

(1-dy)
1 L 2.
M= 0 0 Eq. 2.27
(1 - dm)
0 0 !
(1-d,)]

In this equation, df, dy, and d; are the internal damage variables that characterize respectively the fiber,
matrix and shear damage. The numerical value assigned to these variables depends on the load seen by the
element. The conditions are exposed Eq. 2.28.
; { df if 61, =0
"l dsife, <0

Eq. 2.28

m

dbyif 642 =0

{ dy if 052 <0
dy=1-(1-d)(1—d)(1 - d)(1—d5)
Prior to damage initiation, the damage operator M is equal to the identity matrix. Once a first damage has
occurred for at least one mode, the damage operator becomes significant. Abaqus™ offers the opportunity
to export at each material point some variables that indicates whether an initiation criterion has been
satisfied (>1) or not (<1). Among these variables, we can use HSNFTCRT and HSNFCCRT which respectively
report the maximum value of the initiation value experienced during the analysis for the fiber in tension and
compression. For the matrix in tension and compression, HSNMTCRT and HSNMCCRT are the variables to use

to follow the matrix damage.
2.10.1.4. Damage propagation

Once the damage initiation has occurred a damage propagation law can be used to simulate the post damage
behavior. To avoid the mesh dependency during the material softening, the formulation considers a
characteristic length. The constitutive law is then expressed as stress versus displacement. The damage will
evolve as shown in Figure 2.28. The first part corresponds to an undamaged material with a positive slope,
while the second part, with a negative slope, corresponds to the damage evolution.

The value of é‘gq is determined for all damage modes by the equations summarized in Table 2.2. For shells,
the characteristic length L€ is computed as the square root of the element reference surface. The symbol ()

in the equations represents the Macaulay bracket operator defined Eq. 2.29.

VaeR (a) = (a+|al)/2 Eq.2.29

After the damage initiation, the damage variable for a particular mode is computed with Eq. 2.30.
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6efq ((Seq - 6gq
6eq ((qu - gq

Eqg. 2.30
d= 9

In this equation, 6gq represents the initial equivalent displacement at which the initiation criterion for a mode

ismet and 8£q represents the displacement at which the material is completely damaged in this failure mode.

Equivalent

stress

@
o

»

»

6[)

eq

T L

Ste Equivalent
a displacement

Figure 2.28 — Equivalent displacement and stress for each of the four damage modes

Table 2.2 - Equations used to determine the equivalent stress and displacement

Damage Condition on the Computation of the equivalent
mode stress stress and displacement
(Sft =L [(g4,)? 2
eq €11)° t agq,
Fiber tension 611 =0
1 fe (o1 )enn) + atipén,
eq — t
6L/1¢
c
Fib 6£q = L(—¢&11)
iber "
compression o <0 ag‘; = —(_01;)(_811>
c
5eq /L
8mt = LC <€22>2 + 82
Matrix 5. >0 o \ 12
. 22 =
tension me _ $0220{€22) + T12612
o Sort /L
Oeq = L° /(‘522)2 + e,
Matrix “
. 0,, <0
compression me _ (—0220(—&22) + T12612
e SZZIC/LC
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For each failure mode, the energy dissipated due to failure G¢ is required by Abaqus™ to consider a post
damage behavior. This value corresponds to the area of the triangle shown in Figure 2.28. The value of 6£q is

determined from the value of G€.
2.10.2. Interlaminar damage model

Cohesive surfaces with a bi—linear traction separation law are defined between every layer to predict the
onset and propagation of delamination under LVI. This is a convenient method to model cohesive
connections between plies without having to define cohesive elements and tie constraints. A schematic
representation of damage initiation and evolution under pure normal, pure shear, and mixed loads is

presented in Figure 2.29.
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Figure 2.29 - Constitutive cohesive traction-separation law

The initial response is linear and stiffness softening occurs once the damage criterion is met. Delamination

initiation under mixed mode loading was determined using a quadratic stress criterion, presented in Eq. 2.31.

TN () ()’ Eq. 2.31

— (¢ tyot tio¢ = 1

Th Tg T;
In this equation, 7;(i = n,s,t) are respectively the normal and in—plane shear stresses, and 7 denotes the
maximum traction stresses associated with each direction. The Macauley brackets are used to signify that a
purely compressive displacement or a purely compressive stress does not initiate damage. The progressive
failure of the cohesive interaction is driven with an energy based criterion and the ultimate failure is governed
by the Benzeggagh—Kenane criterion [221], presented in Eq. 2.32.

Gir\" Eq. 2.32
Gre = Gie + (Gpe — Gye) (G_)
T
In this equation, G;. and Gy, are respectively the critical fracture energies under mode | and Il loading, G
is the total critical fracture energy, and G is the sum of G; and G, the fracture energies in mode | and Il. The

parameter n describes the shape of the interaction model.

92



93



Chapter 3
Influence of aging on
quasi—static mechanical
properties




Chapter 3 — Influence of aging on quasi—

static mechanical properties

3.1. SEAWATER AGING......ceeuiieuiirneiiennerenneresessnsersnsesnssssnssssssssssssssssssssssnssssssssasssssssssssssnssssnssssssssassssnsessssssnssssnsssassese 96
3.1. 1. EXPERIMENTAL OBSERVATIONS ..uuuuueeeeerersuuuseeerersssnnnnsesessssssnnsnseessssssssssseeessssssnnsnsesessssssnnsesesessssssnnseseeesssssnnenesesessssnnnn 96
3.1.2. MODELING THE WATER UPTAKE IN EPOXY AND C/EPOXY COUPONS ....vvveiieveieeeitteeeieaeeessseeesssssesssssseesssssesesssssessssssessssssenes 97
3.0.3. SEAWATER AGING RESULTS tvvvvuuuuuueusuessnnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnne 97
3.1.4. PREDICTION OF THE WATER DIFFUSION IN THICK COMPOSITES ..vvvuuuueeeererernnnsaseeerersssnnsasesessssssnsesesessssssnsesseessssnnneneeessssssnnns 99
3.1.5. CONCLUSION ON SEAWATER AGING ....eeevvvuuueeeeerersssnnnaeeeesessssnseseesssssssnasessssssssssnasessssssssnnnesesssssssssanesessssssssnaesesessssnnnn 103

3.2. PLY PROPERTIES. ......cctcuttuetittecreicencranrenseesennsesceassessesssassessssssassssssassassssssassssssnsessessssasssssssssssssnsensessssassasssnssanes 104
3.2, 0. IN-PLANE PROPERTIES ..uuuuuuuususssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnne 104
3.2.2. OUT-OF-PLANE PROPERTIES .etttttuuuuseeerrressnnaseeeressssnnasesersssssnnsesesesssssssnsessesssssssnsesessssssnssesesesssssssnseseeessssssnnseseesssssnnnn 109

3.3. INTERFACE PROPERTIES ....ccctuiteitencturrenreecenreecroneesceserassessssssessssssassassssssassssssnssssessssassssssassssssnssnssssssassasssnssanes 113
3.3. 1. DAMAGE INITIATION ..uuuuuuuuuessssnsssssssssssnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnne 113
3.3.2. FRACTURE PROPAGATION ...eevvttuuuuseeeresessnnaeeeersssssnnaasesessssssnnesessssssssnnseesesssssssnnsesessssssnnnesesessssssnnsesesessssssnnseseesssssnnnn 117
3.3.3. DISCUSSION ... eeeeeeeterteseeeeeeerantaeeeerresssseaeeessessssneasessssssssnnsasessssssssnnseeessssssnnnnsesessssssnnnesesesssssssnnesessssssssnnneseesssssnnnn 121

3.4. NORMALIZATION OF THE PROPERTIES CHANGE......c.cccctettuieeecenciencenceanrenceecenncescrsssessenssnnsescsnssescssssassasssnssances 121

3.5. APPLICATION OF AGED PROPERTIES TO A STRUCTURAL TEST....ccccituiitueienierencerncrnnscrnsersnsersssessssssnsesnssssnsssnnne 123
3.5, L. EXPERIMENTAL TESTS truuuteeeeeeusuuuneeeeeerresssnneseessessssnsasessssssssnnsesessssssssnnsessssssssssnnsesessssssnsnesesssssssssnnesessssssssnnseseesssssnnnn 123
3.5.2. NUMERICAL SIMULATION ...eetttttuuieeeeereresssuieeeeeressssseaeeessssssssnnaeeessssssssnseesssssssssnesesessssssnsesesssssssssmesessssssrsneeesessssssnnns 124
3.5.3. INTRALAMINAR AND TRANSLAMINAR FRACTURE PROPERTIES. ..vvuuvuusrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnne 126
3.5.4. COMPARISON EXPERIMENT/SIMULATION ...uuvvreeeeeeseesnsreeeeeessesessesseesssssensssseeessssassssssesssssesssssssseesssssenssssseessssssnssnees 127

3.6. CONCLUSION ...uteuuitenirtenerreereeerenseresseressesssessssssssssensesessesssssssssssssssnssssnssesassessssssssessssssnssssnsesassessssesnsesnssssnsssanne 128

95



Chapter 3 — Influence of aging on quasi-static mechanical properties

This chapter will be devoted to the characterization of the influence of aging on the change of mechanical
properties of the C/Epoxy studied. Several previous studies have examined physical aging [185][222][223],
seawater aging [89][190][196][207][224][225], or both [171], but none presents results with a complete
dataset of properties obtained experimentally to provide an overall view of the effects of aging.

The aim of this chapter is to summarize all the tests performed and their results, to obtain a complete dataset
of unaged and aged properties that will then be used to simulate a four—point bending test on a structure.
First, the seawater diffusion into the material will be presented. The diffusion coefficients determined
experimentally at the coupon scale will be used to simulate the water uptake of a propeller component.
Then, the quasi—static results will be presented and discussed. Two aspects will be discussed: the ply and the
interface properties. Finally, as mentioned above, the complete dataset will be used to simulate a four—point
bending test intermediate between a short and a long beam test. This results in a complex stress state that
will be simulated using Abaqus™, and allows the simulation to be compared with the experimental dataset,

before to using it to simulate an impact event.

3.1. Seawater aging

3.1.1. Experimental observations

Plots representing the weight gain as a function of immersion time for pure epoxy coupons (Figure 3.1) and
C/Epoxy coupons (Figure 3.2) are presented below. The material is considered saturated when a plateau is
reached. Error bars are shown, and the scatter is small in comparison with the data measured. It may be
noted that the epoxy coupons show a plateau at 60°C, but not the C/Epoxy. This may be due to the porosity

ratio, that was measured to be higher for the composite, or a degradation of the interface between the fibers

and the matrix.
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Figure 3.1 — Water uptake of pure Epoxy coupons immersed Figure 3.2 — Water uptake of C/Epoxy coupons immersed in

in seawater at different temperatures seawater at different temperatures
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3.1.2. Modeling the water uptake in Epoxy and C/Epoxy coupons

The increase of the water uptake with the increasing temperature is due to the change in the solubility. A
normalization is needed to account for the variable thickness due to the manufacturing process. To do that,
the water uptake is defined as a function of the square root of time divided by the coupon thickness. With
these values, a comparison is performed with the Fick 1D diffusion model. Results are respectively presented
for pure Epoxy coupons (Figure 3.3) and C/Epoxy (Figure 3.4).

At 60°C, the weight of the C/Epoxy continues to increase, possibly due to a chemical degradation. This may
be due to the small gap between the decreasing T and the seawater temperature. For this reason, the model
was fitted with experimental data up to 25 \/ﬁ/mm for the pure Epoxy coupons and 17 \/ﬁ/mm for the
C/Epoxy. For the resin, the fit was obtained with an optimization of two parameters: the diffusion coefficient
D and the mass at saturation my,. For the composite, only the diffusion coefficient was optimized, and a
value of m,=0.85% was chosen: this value corresponds to the mass at saturation at 60°C. There is an over-
prediction of m,, at 4°C, 15°C and 25°C for the resin when the two parameters are optimized, because

experimental data have not reached the inflexion point.
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Figure 3.3 — Water uptake of pure Epoxy coupons immersed

in seawater at different temperatures
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Figure 3.4 — Water uptake of pure Epoxy coupons immersed

in seawater at different temperatures

It must be noted that even if the identification method is not the same for the pure Epoxy and the C/Epoxy
coupons, the results are conservative. Aging of these specimens is continuing, but for the thicknesses we

have, this PhD project was not long enough to saturate the material at a lower temperature.

3.1.3. Seawater aging results

Results from seawater ageing are summarized in Table 3.1. For the five different temperatures, the diffusion
coefficients have been determined. However, under real conditions, the seawater temperature will not be

at these levels. An Arrhenius law can be applied to interpolate the diffusion coefficients as a function of the

temperature (Eq. 3.1).
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—F
D(T) =D, - exp(—R ; Eq.3.1

With D(T), the diffusion coefficient which depends on the temperature [m?/s], Do the diffusion coefficient
when the temperature goes to infinity [m?/s], Ea the activation energy for diffusion [J/mol], R the universal

gas constant [J.mol™.K™], and T the temperature of immersion [K].

The two materials parameters Do and Ea must be found, and plottingInD = f (ﬁ) gives a linear function
with —E, the coefficient and In D, the intercept. It is then possible to determine E,, and finally Do.

Table 3.1 — Results of Fickian modeling of pure Epoxy and C/Epoxy ageing data (*extrapolated value)

Seawater ageing Epoxy C/Epoxy

temperature [°C] Dg [mm?/s] My [%] D¢ [mm?/s] My [%]
4 3.92E-08* 1.68* 5.74E-09* 0.85*
15 6.63E-08* 1.81* 1.37E-08* 0.85*
25 1.04E-07* 2.10%* 2.52E-08* 0.85*
40 2.03E-07 2.70 8.93E—08* 0.85*
60 1.48E-06 2.84 6.08E-07 0.85

The Arrhenius law was fitted from all temperature data except T=60°C (Figure 3.5), as at this temperature,
the Arrhenius law diverges from the experimental data. This is due to chemical damage or a non-Fickian
diffusion reported in the literature [226]. For the other temperatures, the Arrhenius law is respected. For
diffusion, the activation energy was found to be 32.9 kJ/mol for pure Epoxy coupons and 54.3 kJ/mol for
C/Epoxy coupons. These data are in accordance with values in the literature [227], but can vary depending

on the Epoxy system chemistry [228].
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Figure 3.5 — Diffusion coefficient D(T) as a function of the immersion temperature

For coupons dedicated to mechanically testing after seawater immersion, it was decided at the beginning of
the project to immerse them at 60°C. This choice was made based on results from a previous study [170],
but can be criticized based on Figure 3.3 and Figure 3.4; there is not a stable saturation plateau at this
temperature. A solution could have been to decrease the immersion temperature, but the time needed to
reach the saturation would have been higher. At 40°C, the time to saturate (99.9%) the pure Epoxy coupons
would have been multiplied by 7 (from 50 days to 360 days) and for the C/Epoxy coupons multiplied by 8
(135 to 1120 days).

3.1.4. Prediction of the water diffusion in thick composites

The benefit of identifying this diffusion model is that for thick CFRP structures to be immersed in seawater
for 50 years or more, it is now possible to predict the water profile from the experimental diffusion coefficient

obtained previously. An example of the application to a thick geometry will now be described.
3.1.4.1. Geometry

The prediction is performed on a technological coupon developed from the Fabheli project [34]. It represents
a trailing edge, the thinnest part of the propeller. It has been chosen because under operational conditions,
the water diffusion is a slow process and the thinner the part, the faster the saturation. The part studied is

presented in Figure 3.6.
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70
140 mm

Figure 3.6 — Representative coupon of a marine propeller leading edge

3.1.4.2. Finite elements model

The part is an extrusion of a 2D sketch. To reduce the computation time, it has been decided to work with a
2D model. The water uptake is simulated using the Abaqus™ Heat transfer module. This approach is valid
thanks to an analogy between heat transfer (Eq. 3.2) and water diffusion (Eq. 3.3), proposed by Shen and
Springer [229]. The same approach has been used recently to predict the water profile in a thick tidal

composite blade [230].

oT 0 oT Eq.3.2
(o = —K, —
P %t ~ ox " ox

@ _ iD @ Eq.3.3

ot 9dx *ox
We suppose here that the diffusion is isotropic in the blade, a more detailed model would require
identification of the coefficients in the three directions. The diffusion coefficient D, obtained experimentally
allows the thermal conductivity K, to be calculated from the material density p, the specific heat C obtained
experimentally by DSC, and D, the water diffusion coefficient. Eq. 3.4 is the expression used to determine

K..

K.=p-C-D, Eq. 3.4

In the case of the C/Epoxy studied here, p=1.55E~2 g/mm?3, C=2.0E-4 kJ/g/K™, and D.. is the value obtained
experimentally for a diffusion supposed isotropic. Table 3.2 summarizes the values of K. used for the model.
The blade is in contact with a heat source on its external surface. The amplitude is equal to 1. Boundary
conditions are assumed to be the same as for a real part. Except for the part on the left which is the
continuation of the propeller, all the surfaces are exposed to the temperature.

Eight diffusion times have been examined, from 1 day to 50 years for the different conditions. Four sections

have been chosen, in order to study in more detail the water profiles for different composite thicknesses.
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Table 3.2 — Thermal conductivity data used to predict the water profile in the composite blade

Temperature Dif.fu.sion Ther.m_al

[°C] coefficient D, condijctlwt_y KE

[mm?/ms] [kJ.mst.mm™.K?]
4 5.74E-12 1.78E-18
15 1.37e-11 4.25E-18
25 2.52E-11 7.81E-18
40 8.93E-11 2.77E-17
3.1.4.3. Results
3.1.4.3.1. Global behavior

The simulation time with this geometry is less than one minute. A mesh sensitivity study has been performed
and showed no influence of the mesh when its dimensions were less than 0.25mm.

Figure 3.7 shows the water profile in the composite coupon for an aging performed at 40°C and for four
immersion times.

After a simulated immersion time of 50 years at 40°C, the coupon seems to be fully saturated. The thickest

part of the coupon is 15 mm thick. After 10 years, the thinnest part seems to be saturated.
3.1.4.3.2. Local behavior

Water concentrations along four paths have been exported for five aging times: 1 year, 5 years, 10 years, 25
years and 50 years. Two temperatures are presented in Table 3.3: 15°C and 40°C. The first corresponds to a
common temperature in a marine environment, while the second is considered as an extreme condition.
When the water concentration is equal to 0, no water uptake is predicted. When the water concentration is
equal to 1, the structure is locally saturated with water.

At 40°C, the thinnest part of the coupon (Path 4) is almost saturated after 5 years. This 3 mm thick section is
representative of the thickness of the coupons mechanically tested in the remainder of this chapter.
However, this saturation time is not suitable for the duration of a PhD project, and so a higher temperature,

not representative of an operative condition, is necessary to accelerate the water diffusion.
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Figure 3.7 — Simulation of water diffusion in the composite coupon at 40°C

At 15°C, the saturation in the thinnest part (Path 4) is reached after more than 25 years in immersion. This
time is extremely long compared to the part life duration. However, the mechanical properties are affected
by the aging at lower concentrations [6]. Even if the thinnest part is not fully saturated after 5 years, its entire
thickness is still affected by water ingress. It is therefore necessary to investigate whether sea water aging
has an effect on the mechanical properties of the composite. For thicker sections (Path 1), the saturation is
not reached after 50 years. Figure 3.8 shows the change of the water concentration in the plies. The diffusion

process is very slow and only the first three plies will absorb more than half of their saturation level.

1.0

< ¢ 4
= = ©

Averaged water concentration
(=]
Y

1.2 3 4 5 6 7 8 9 10 11 12 13 14 15
Ply number [-]

I 1 year [[]5years [ 10years [ 25 years [N 50 years|

Figure 3.8 — Plies averaged concentration of water (15mm thick at 15°C)
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Table 3.3 — Comparison of water profiles for different paths in the blade
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3.1.5. Conclusion on seawater aging

Pure Epoxy and C/Epoxy coupons have been immersed in seawater at different temperatures. After 2 years

of immersion, Fickian behavior has been found to be applicable for simple coupons. Fickian diffusion
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coefficients have been used to predict the long-term water diffusion through a real composite leading edge.
Results show an acceleration of the water uptake when increasing the temperature. In addition, at lower
immersion temperatures, and when the composite thickness is increased, the water may not reach the
middle section of the blade. The saturation condition appears almost impossible to reach during service. Only
the external plies in contact with the water will then be affected by the aging effects. Also, under real
conditions, structures would be coated, further reducing the rate of water uptake. However, impacts do
happen on the external plies and if these were previously affected by water during service, the effect of aging
on the mechanical properties of the composite may be significant and should be investigated. This is the aim

of the following sections.
3.2. Ply properties

In order to perform a numerical simulation of the deformation of a composite structure, a stiffness matrix is
required (Eq. 3.5). Both in-plane and out-of-plane elastic properties are needed. These properties depend on
the fiber and the resin system. To investigate the influence of aging on the mechanical properties, it as

decided to perform as far as possible the characterization of the material chosen, suitable for a naval

application.
1 —V21 V31 ]
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In addition, if the failure of the structure is to be determined a set of failure properties corresponding to
these different loading cases is necessary. A further aspect to consider is delamination propagation. An
extensive experimental campaign was carried out in this study to obtain a complete set of data to predict the
mechanical behavior of composite structures after aging. The section hereafter describes the results of these

tests, first to characterize in—plane, then out-of-plane behavior.
3.2.1. In—plane properties

3.2.1.1. Tensile tests

Tensile tests have been performed on UD, 90° and +45° specimens. All in—plane properties used for structural

design were affected by the seawater aging (Table 3.4). Unlike the coupons of composite oriented at +45°

104



Chapter 3 — Influence of aging on quasi-static mechanical properties

(Figure 3.11), matrix dominated mechanical tests show improvements of the modulus with the physical aging
and a decrease with the seawater aging. The influence of physical aging on the shear behavior has been
investigated in the past [7]. In [8], the embrittlement of the epoxy during the physical aging was shown to
result in the growth of microcracks at lower load, and as the toughness is also reduced, the growth of
microcracks leads to global failure more quickly. With respect to the increase of the modulus, one
explanation is that as the modulus is defined between 0.2% and 0.4%, the load is still low, and so the
microcracks have not appeared yet. Thus, the modulus is calculated on an undamaged material, and this may
be the reason why the modulus is slightly higher after physical aging.

Table 3.4 — Change of the in—-plane mechanical properties with the aging conditions

Rejuvenated Physically aged Seawater aged

E11 [GPa] 127.54 £ 3.18 128.03 £ 4.45 128.41 +6.92
E2, [GPa] 7.94+0.6 9.23+0.78 4.39+0.45

viz [-] 0.274 £ 0.010 0.320 £ 0.025 0.341 £ 0.026
G1, [GPa] 3.72+0.12 4.07 £ 0.05 2.70+0.08

Figure 3.9 and Figure 3.10 shows the stress vs. strain response for tensile tests performed respectively on
the fiber direction and perpendicular to the fiber direction. For both orientation, the curves are brittle until
the coupon failure. For the test on the fiber direction, it must be noted that the behavior is purely linear and
does not reveal a non-linearity, as observed on aerospace materials [231]. This is mainly due to the stitching

that keeps the fibers aligned during the infusion.
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Figure 3.9 — Comparison of Stress vs. Strain curves with the Figure 3.10 — Comparison of Stress vs. Strain curves with the
aging for tensile tests on [0], aging for tensile tests on [90],
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Figure 3.11 - Shear stress vs. shear strains plots of [-45,45],s C/Epoxy before and after aging

The transverse strain field has been checked for the tensile test on [0]s. As shown Figure 3.12, it is
heterogeneous. A periodic pattern which corresponds to the wavy yarns can be seen. It must be noted that

the Poisson ratio vi1; has been determined for the widest surface as far as possible.

Figure 3.12 - Visualization of the transverse strain measured by DIC during a tensile test on [0],

The last aspect considered is the change in ultimate ply properties after aging. Tension tests have also been
performed on +45° coupons to determine the shear stress at failure. Results are shown in Table 3.5. In
tension, the physical aging improves the stress at failure for both orientations while the seawater aging
decreases it. For the seawater saturated coupons, a loss is observed in the UD strength. This is unexpected
because the aging is only supposed to change the matrix properties. A fractography study has been
performed and showed a cohesive failure between two carbon plies below the tabs. The pressure generated
by the jaws induces a stress at the interface which leads to a premature failure of the coupon. Coupled with
the drop in transverse strength, it is possible to suspect the degradation of the fiber/matrix interface during

the seawater aging.
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Table 3.5 — C/Epoxy in—plane strength before and after aging

Rejuvenated Physically aged Seawater aged
X" [MPa] 2271.7 £136.5 2140.3 £ 24.7 1760 + 96
YT [MPa] 383+1.7 36.4+5.5 16.6+ 1.3
ST [MPa] 73.313.0 68.7+1.6 54.0+1.0

3.2.1.2. Compression tests

Compression tests have been performed on UD and 90° C/Epoxy coupons. Strain gages have been bonded
on both faces of the coupons to measure the buckling, then to validate or not the results. An example of a
buckling result is shown in Figure 3.13. At the end of the test, the strain increases on one face and becomes

negative in the other. This is due to buckling and the test result is invalid and cannot be used.
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Figure 3.13 — Example of a buckling failure observed with two strain gages

A comparison of the compressive stress vs. compressive strain curves is shown Figure 3.14 and Figure 3.15
respectively for tests on the longitudinal and transverse direction. While the behavior is purely linear until
failure for the unidirectional layup, the transverse layup exhibits a nonlinear part which is reduced after
seawater aging. One hypothesis is the interface degradation that allows crack to propagate for a lower load.
It must also be noted that the gage section is relatively small for this test. The measure is performed by a
strain gage bonded on a surface with an area of 13x12 mm?2. This represents four carbon fiber yarns on the
width with a stitching that promotes microbuckling. To avoid this measurement issue, the use of a DIC system
could help to determine if the strain is homogeneous or affected by the wavy yarns.

Figure 3.16 shows the post-mortem observation for the [0]4. It must be noted that for all the tests, the failure

was obtained on the gage section.
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Figure 3.14 — Comparison of Stress vs. strain curves pour Figure 3.15 — Comparison of Stress vs. strain curves pour

compression tests performed on [0], compression tests performed on [90],

Figure 3.16 — Comparison of the post-mortem observation for the [0], coupons tested in compression

The influence of aging on compressive properties has previously been studied on open—hole compression
properties [232]. In that study, the T800 carbon fiber—epoxy quasi—isotropic composite coupons were aged
in humidity chambers at 70°C and 85% RH during 40 days until the equilibrium was reached. The authors
noted a loss of 4% of the stress at failure. In this present study, results for the compressive strength and
modulus are summarized in Table 3.6.

Table 3.6 — In-plane compression stress at failure with the aging

Rejuvenated Physically aged Seawater aged
ES [GPa] 117 + 4 112 +1 115+ 11
ES, [GPa] 9.98 £ 0.05 10.0 £ 0.03 9.17 £ 0.03
X¢ [MPa] 934 +50 950 + 76 607 + 33
Y¢ [MPa] 124+ 4 134 +3 94 +3

After seawater aging, the compression strength loss is estimated to be 35% for 0° and 24% for 90°. For the
90° orientation, the failure begins in rich resin regions due to the inhomogeneity of the material at the

mesoscale. For the 0° coupons, as the compression is in the fiber direction, the loss was not expected to be
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so high. The main reason for the drop appears to be the presence of weft stitching (Figure 3.17). Carbon
fibers in the warp direction are deviated by the presence of these PET weft threads, and the main
consequence is a reduced compression resistance [233] due to fiber misalignment, in comparison with the
straight fibers in a prepreg—based composite. After seawater aging, the properties of the matrix drop due to
water ingress in the material. Swelling of the stitching during immersion may also contribute to the loss in
strength. In all cases, failure occurred in the gage section.

No explicit change has been observed for the longitudinal and transverse modulus.

Figure 3.17 — PET weft threads added to maintain the carbon fiber yarn during the composite manufacturing process

3.2.1.3. Intralaminar and translaminar fracture toughness

In—plane damage propagation tests have been performed in order to evaluate the change of fracture
toughness with the aging, both in tension and compression. These tests were based on previous studies
[234]-[236]. Compact Tension (CT) and Compact Compression (CC) coupons have been manufactured then
cut with a waterjet. Two layups were tested: [0]g and [0, 90],,. However, for all coupon, a premature failure
was observed, away from the area of interest. Other tests are possible, and designing a coupon knowing the
mechanical properties could help to get a failure where it is expected. Another coupon has been developed
[237] and showed a reduced scatter for a woven composite. For unidirectional composites, results shows a

high scatter [234] and often depend on the testing procedure.
3.2.2. Out-of-plane properties

3.2.2.1. Three—point bending tests

Flexural tests have been performed on [0], coupons. Flexural modulus values Ey are necessary in order to
calculate the mixed mode bending fracture toughness. Tests have been performed up to the coupon failure.
A comparison of the bending stress as a function of the backface strain is shown Figure 3.18. The physical
aging does not change the flexural modulus but increases the threshold that leads to a nonlinearity, then to
the coupon failure. The consequences of the seawater aging are reductions in both the flexural modulus and
the strength. A hypothesis is a local damage bellow the pin due to a stress concentration. It could have been
interesting to perform the test with rubber sheet between the pin and the composite to distribute the load

to a larger area, and then to avoid a failure caused by an indentation.
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Figure 3.18 - Effects of aging on the bending stress vs. backface strain of coupons tested

Results are shown in Table 3.7. The flexural modulus after seawater aging is reduced by 16%, while the

strength is reduced by 36%.

Table 3.7 — Three-point bending modulus and strength as a function of aging

Rejuvenated Physically aged Seawater aged
Elf [GPa] 121.2+3.1 120.3+3.2 101.4+4.38
Strength 1212 £ 67 1379 £ 36 776 £ 28
[MPa]

3.2.2.2. Four—point bending tests

To highlight the effects of seawater aging on the three-point bending results, a comparison has been
performed from four-point bending tests. This test is known to distribute the load over a larger region,
avoiding local damage on the elastic part and a premature failure. [0]4 coupons have been tested.

Strain gages have been bonded on both sides of the coupon. Bending stress as a function of strain measured

on the external surfaces is shown Figure 3.19.
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Figure 3.19 — Effects of aging on the Stress vs. strain curves of coupons experiencing a four-point bending test

Results are reported Table 3.8. The physical aging seems to improve the strength but the bending modulus

is not affected by this aging, while the physical aging decreases by 15% the flexural modulus and by 30% the

bending stress at failure.
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Table 3.8 - Four-point bending modulus and strength as a function of aging

Rejuvenated Physically aged Seawater aged
Elf [GPa] 142.1+4.4 142.2+1.8 121.2+2.3
Strength
+ + +
[MPa] 1136+ 37 1267 + 33 796 +7

Even if the failure seems to be more affected by the stress concentration in the case of the three-point

bending test, the flexural modulus drop observed after seawater aging is at the same level for both tests.

3.2.2.3. Out-of-plane shear tests

Figure 3.20 shows shear stress versus shear strain plots for a rejuvenated coupon cut in the 13 and 23 planes.
For the shear test in the 13 direction, irregularities are noted on Figure 3.20 and correspond to matrix
cracking in the V—notched part of the coupon. The failure modes are quite different since the shear plane is

normal to the fiber direction in one case and parallel to the fiber direction in the other case where it leads to

a brittle failure. This is clearly illustrated by digital image correlation (Figure 3.21).

111




Chapter 3 — Influence of aging on quasi-static mechanical properties

Shear stress [MPa]

Shear strain [%]

Figure 3.20 — Differences in Shear stress [MPa] vs. Shear strain [%] plots for rejuvenated coupons cut in the 12 and 13 planes
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Figure 3.21 - Difference of failure mode observed by DIC in red for a shear test on the 1-3 plane (left) and on the 2-3 plane (right)

Changes to out-of-plane shear modulus and shear stress at failure after aging are shown in Table 3.9. With
respect to the reference state, the seawater aging reduces both modulus values, while only Gs is affected
by the physical aging. Because of the nature of the losipescu coupons, values of 7,3 were determined at the
first load drop. For seawater aged coupons all values are significantly lower than those for unaged specimens.

Table 3.9 — Out-of-plane shear properties of the C/Epoxy studied before and after aging

Rejuvenated Physically aged Seawater aged
Gai3 [GPa] 4.60+0.17 5.17 £0.27 3.21+0.17
Gas [GPa] 3.07+0.12 3.02+0.23 2.48+£0.28
713 [MPa] 43429 41.7+3.0 25.8+1.6
7,3 [MPa] 246122 21.2+2.7 18.6+1.3

3.2.2.4. Out-of-plane tensile tests

Results for Poisson’s ratios are shown in Table 3.10. Compared to the rejuvenated state, the physical aging

increases all Poisson’s ratios. A value of v,5 > 0.5 was measured after seawater aging. While this value is not
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possible for isotropic materials, higher values have been measured experimentally in the past [238][239] on

orthotropic materials.

Table 3.10 — Out-of-plane Poisson ratio of the C/Epoxy studied before and after aging

Rejuvenated Physically aged Seawater aged
Vi3 0.29+0,01 0.32+0.01 0.39+0.01
Va3 0.48 £0.01 0.48 £0.01 0.52+0.01

3.3. Interface properties

Delamination in composite laminates is a two-step process. The initiation of a crack is due to high interfacial

stress, while the propagation happens when the fracture toughness of the material is exceeded.

3.3.1. Damage initiation
3.3.1.1. Pure Epoxy coupon

Tensile and shear tests have been performed on pure Epoxy coupons in order to characterize the influence
of aging on ultimate properties. A comparison of the stress as a function of the strain is shown Figure 3.22
for pure epoxy coupons during a tensile test. Results are shown on Table 3.11. These clearly indicate that the
resin is sensitive to physical aging, which results in increases in the tensile and shear stresses at failure of 41

and 23% respectively compared to the rejuvenated values. Seawater saturation results in a drop of 24 and
26%.

80 - = Physically aged
m— Rejuvenated

= Seawater aged

Axial stress [MPa]

Axial strain ¢, (%)

Figure 3.22 —Stress vs. strain plots of pure Epoxy coupons in tension
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Table 3.11 - Epoxy ultimate properties versus aging

Rejuvenated Physically aged Seawater aged
Tensile stress 56,4+ 0,6 79,5+ 1,9 42,9103
at failure [MPa] e e e
Shear stress
+ + +
at failure [MPa] 45,5+0,4 56+2,7 33,7+0,3

3.3.1.2. Fracture toughness from film insert

Another aspect to be considered in the design of marine composite structures is the initiation and
propagation of a crack within a composite laminate. In order to characterize the resistance to these events,
[0]6 laminates have been manufactured with a Teflon insert between the two middle layers. These coupons
are opened in Mode |, which enables a value of the Mode | fracture toughness from the insert to be
determined. This test is performed until a crack propagation is visually observed. The force versus
displacement curves is shown Figure 3.23 for the three aging. An inflexion point is observed for the seawater

saturated coupon but not for the two other aging conditions.
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Figure 3.23 - Force vs. displacement of DCB coupons opened in Mode |

Two initiation criteria are proposed in the ASTM D5528 standard. A first fracture toughness (non—linear) is
determined from the deviation from linearity of the Force vs. Displacement slope. A second is determined
either from a loss of 5% of the F—u slope or from the maximal force Fmax. The comparison between these
values is presented in Figure 3.24. The fracture toughness from the non-linear deviation is lower than for the

other criterion. This is due to the nonlinear behavior of the resin around the insert film at a low load, which

induces a loss of the stiffness of the coupon.
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Figure 3.24 — Comparison of the Mode-I initiation fracture toughness from insert film for the two criteria

3.3.1.3. Fracture toughness from precrack

The fracture toughness from a natural precrack is more interesting, because the nonlinear behavior of the
resin around the film is no longer considered. This time, precracked coupons are tested in pure Mode |, pure

Mode Il or Mixed—Mode, which considers both Mode | and Mode II.
3.3.1.3.1. Mode | fracture toughness from precrack

Figure 3.25 shows the change of the fracture toughness with the aging for the two criteria. In comparison
with the tests from film, the nonlinear fracture toughness is higher, because the process zone does not
interact with the film. Given the error bars, the rejuvenated and the physically aged states show equivalent
results. The fracture toughness of seawater aged composite is a little lower.

0.9

Bl Rejuvenated

08+ |JM Physically aged
Bl Seawater aged
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0.6
0.5
0.4 +
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Mode | fracture toughness from precrack [kJ/m?]

NL 5%/Max

Figure 3.25 — Mode | fracture toughness from precrack for the two criteria

3.3.1.3.2. Mixed—Mode fracture toughness from precrack

Mixed—mode bending tests have been performed for different contributions of Mode Il: 23%, 43%, 60% and
80%. The same initiation criteria s for mode | above are compared (Figure 3.26). For some tests, the error
bars are large compared to the average fracture toughness. This may be related to scatter in the coupon

thickness caused by the manufacturing process. For both rejuvenated and physically aged states, whichever
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the criterion, the fracture toughness increases when the mode Il contribution Il increases. For the seawater
aged state, the fracture toughness does not increase as much as the other states. One hypothesis is the

seawater aging degrades the interface, leading to a premature crack propagation in the coupon.
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23% of Mode Il | 43% of Mode Il | 0% of Mode I | 80% of Mode Il

Mixed-mode fracture toughness from precrack [kJ/m?]

Figure 3.26 — Mixed—Mode fracture toughness from precrack for the two criteria
3.3.1.3.3. Mode Il fracture toughness from precrack
Figure 3.27 shows the change of fracture toughness with aging for the two criteria in pure Mode Il. Fracture

toughness values obtained with this test are higher than those obtained in pure Mode I. It is difficult to

conclude on the influence of aging because the scatter is high compared to the averaged values.
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Figure 3.27 — Mode Il fracture toughness from precrack for the two criteria

3.3.1.3.4. Conclusion on results obtained from precrack

Fracture toughness values calculated based on two initiation criteria have been compared for the three aging
conditions considered here. From the nonlinearity, the fracture toughness is always lower than for the
5%/Max. This is because the material exhibits a nonlinear behavior at a much lower load than the load where
the 5%/Max criterion is calculated. The effects of seawater aging seem to be higher when the contribution
of Mode Il is increased. When comparing with the results on pure resin, both tensile and shear strength are

affected by the aging. The physical aging increases the strength of the pure Epoxy coupon, while the seawater
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aging reduces it. The seawater aging induces a decrease of both the strength measured on pure Epoxy
coupons and fracture toughness from precracks on C/Epoxy coupons. The physical aging induces an increase
of the strength of pure Epoxy coupon but no explicit effect on the composite fracture toughness. This may
be due to the interface between the fiber and the matrix. When the interface between the fiber and the
matrix is strong, the crack propagates only in the matrix. When the interface is weak, the crack propagates
both in the matrix and at the interface. Effects of aging on the interface need to be studied to clarify their

role on the crack propagation.
3.3.2. Fracture propagation

The mechanical tests performed were chosen to promote stable propagation. Once the crack has begun to
propagate, it is possible to calculate an averaged value of the fracture toughness using several points on the

Force—Displacement plot together with the corresponding crack tip localization.
3.3.2.1. Mode | fracture toughness

Figure 3.28 shows examples of the Force vs. Displacement curves for DCB tests for the three aging conditions.
The seawater saturated coupon has a lower force peak than the two other aging conditions.

In all cases, the crack propagation seems stable. The averaged Mode | fracture toughness G, is determined
from 30 data points of the R—curve, as shown Figure 3.29. Drops are observed because of the complexity of
the surface that delaminates, with wavy yarns and a stitching that could locally reduce the critical fracture

toughness.
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Figure 3.28 — Force vs. Displacement for DCB test from Figure 3.29 — R-curves of DCB tests for the three aging
precrack
Averaged fracture toughness values during propagation are shown in Table 3.12. No difference is seen
between the unaged and the physically aged state. Even though the scatter is significant, the Mode | fracture
toughness is lower after seawater aging. SEM observations have been performed to examine the fiber/matrix
interface region for the rejuvenated and seawater aged states (Figure 3.30). After seawater aging, no resin is

found on the fibers while after rejuvenation, resin is observed to remain on the fibers. The main conclusion
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is that the seawater aging degrades both the matrix strength and the interface, and the DCB test peels off

the matrix from the fibers. The propagation path is then more within this interface region than in the resin.

Table 3.12 — Averaged Mode | fracture toughness for propagation

Rejuvenated Physically aged Seawater aged
Mode | fracture
toughness G, during 0.63 +0.06 0.60 +0.06 0.50+0.06
propagation [kl/m?]

100 um

Figure 3.30 — Comparison of fiber interface after Mode | test : (L) Rejuvenated (R) Seawater aged

3.3.2.2. Mixed—Mode fracture toughness

Propagation tests gave been performed for mode ratios of 23%, 43%, 60% and 80% of Mode Il. A comparison

of Force vs. Displacement curves is presented in Figure 3.31. When increasing the contribution of Mode II,
the coupon is stiffer and the propagation range is smaller.
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Figure 3.31 - Force vs. Displacement for MMB tests from precrack with three mode Il ratios
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Results from these tests are presented in Table 3.13. When the contribution of Mode Il is lower than 60%,
the fracture toughness does not change with aging. However, for an 80% Mode Il contribution, the seawater

aging reduces the fracture toughness significantly.

Table 3.13 — Mixed mode propagation fracture toughness G as a function of aging and Mode Il contribution

Contribution of Mode Il Rejuvenated Physically aged Seawater aged
23% 0.63+0.04 0.60+0.11 0.72 £0.02
43% 0.82+0.14 0.87+£0.19 0.83 £0.08
60% 1.04 £ 0.17 0.94 +0.04 0.93+0.11
80% 1.29+0.08 1.22 £0.06 0.94+0.03

3.3.2.3. Mode Il fracture toughness

Figure 3.32 shows the Force vs. Displacement curves of the ELS tests. While the rejuvenated and physically
aged curves have a very similar shape, the response after seawater aging is lower. The main cause is a

decrease of the Mode Il fracture toughness Gyj..
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Figure 3.32 — Force vs. Displacement for ELS tests from Figure 3.33 — R-curves of ELS tests for all aging

precrack

Averaged values from pure Mode Il fracture toughness tests are presented in Table 3.14. Five tests were
performed for each condition. Even if it is difficult to track the mode Il crack tip accurately, the scatter is
mainly due to differences between coupons. The panels manufactured by infusion do not have the same
thickness and the resin volume ratio can also change. SEM fractography images are shown in Figure 3.34. At
the same magnification, we can observe large hackles for the seawater aged coupons and smaller hackles for

the physically aged coupons. These observations are corroborated by the tensile tests on pure epoxy
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coupons, for which a brittle fracture was noted after physical aging and a ductile fracture after seawater
aging.

Table 3.14 — Averaged Mode Il fracture toughness for propagation

Rejuvenated Physically aged Seawater aged

Mode Il fracture
toughness Gy from
propagation [kl/m?]

1.46 £0.10 1.46+0.24 1.04+0.14

Figure 3.34 — SEM fractographies of Rejuvenated, Physically Aged and Seawater aged coupon tested in pure Mode Il

3.3.2.4. Modeling the mixed—mode fracture behavior

The aim of this part of the study was to characterize the interlaminar fracture behavior of the C/Epoxy for
three aging conditions. In order to represent the influence of mode ratio on the fracture toughness, the B-K
criterion proposed by Benzeggagh and Kenane was applied [221]. Their equation is shown below, Eq. 3.6. An
optimization of the n parameter has been performed with the least squares method to improve the fit of the

model. The values of G, Gy, and the fitting parameter n are presented in Table 3.15.
Gir\" Eq. 3.6
Gr = Gic + (Gyge — Gy) (?)

Table 3.15 — Mixed—mode fracture toughness values and fit parameter for the BK criterion

Rejuvenated Physically aged Seawater aged
Gic [ki/m?] 0.63+0.06 0.60 + 0.06 0.50+0.06
Gic [k)/m?] 1.46 £ 0.09 1.46+0.24 1.04+0.14
n 1.59 1.67 0.58

The comparison between the experimental data and the B—K criterion is shown in Figure 3.35. As reported
previously, when the contribution of Mode Il increases, the loss of fracture toughness due to seawater aging

becomes significant. The data appear consistent, despite the different methods used and differences

between coupons.
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Figure 3.35 — Change of the propagation fracture toughness with the mode ratio: comparison experiments/B—K criterion

3.3.3. Discussion

The B—K fracture criterion is often applied; it is available as an option in Abaqus™, and provides a good fit to
a number of sets of mixed mode data. Nevertheless, it should be remembered that it is just one of many
mixed mode fracture criteria which have been proposed for composite delamination in the past [240].

While this criterion appears to fit the MMB data quite well here, it should be noted that the final points,
corresponding to the pure mode Mode Il fracture toughness, are obtained from a different specimen
geometry (ELS) and calculated with a flexural modulus E; s determined from a different method (compliance
calibration). The range of values obtained with this method varies from 85 GPa to 120 GPa with significant
scatter. If the same 3—point flexural modulus is used for both MMB and ELS test data then the ELS values do
not fall so nicely on the same plot. There has been considerable discussion on the validity of pure mode I
tests, in particular due to the important role of friction between the cracked surfaces [241], so the choice

was made here to use the B—K fracture criterion identified on the mode | and mixed mode MMB data.
3.4. Normalization of the properties change

For each property determined experimentally, a normalization with respect to the rejuvenated state
(reference) is applied, as summarized in Table 3.16. This provides a global view of the property changes due
to aging. Properties that are not used for this percentage calculation are marked with an asterisk (*). This
separation was performed because it is not expected that the fiber behavior will be affected by the aging
until damage is observed.

The average change in all the mechanical properties after physical aging is a 5% increase, whereas an average

loss of 30% was found after seawater aging.
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Table 3.16 — Experimental values normalized with the rejuvenated and dried state (reference)

Property Rejuvenated Physically Change Seawater Change
considered [R] aged [PA] normalized aged [SWA] normalized
8 (PA/R) & (SWA/R)
Ei; [GPa] * 127.50 128.00 1.00 128.40 1.01
E»» [GPa] 7.94 9.23 1.16 4.39 0.55
Ess [GPa]
B vi [ * 0.274 0.320 1.17 0.341 1.24
(]
Q.
S vz [-] * 0.289 0.323 1.12 0.385 1.33
C
.50
3 v [-] * 0.477 0.481 1.01 0.515 1.08
o
G2 [GPa] 3.72 4.07 1.09 2.70 0.73
Gi3 [GPa] 4.60 5.17 1.12 3.21 0.70
Ga3 [GPa] 3.07 3.02 0.98 2.48 0.81
Xt [MPa] 2272 2140 0.94 1760 0.77
Xc [MPa] 934 950 1.02 607 0.65
.ﬁ Yt [MPa] 38.3 36.4 0.95 16.6 0.43
@
g' Yc [MPa] 1235 134.2 1.09 94.1 0.76
(o}
E S12 [MPa] 73.3 68.7 0.94 54.0 0.74
S13 [Mpa] 43.4 41.7 0.96 25.8 0.59
S23 [MPa] 24.6 21.2 0.86 18.6 0.76
Matrix
tension 56.4 79.5 1.41 42.9 0.76
8 [MPa]
o .
S | Matrix shear 45.5 56.0 1.23 33.7 0.74
5 [MPa]
8
e Gic [kl/m?] 0.63 0.60 0.95 0.50 0.79
(O]
C
- Giic [kI/m?] 1.46 1.46 1.00 1.04 0.71
n[-]* 1.590 1.670 1.05 0.580 0.36
(O]
&
S +5% -30%
>
=4
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3.5. Application of aged properties to a structural test

To examine the use of this set of data in a practical application, three sets of quasi-static 4-point flexural tests

were performed, on reference and aged quasi—isotropic specimens.
3.5.1. Experimental tests

The ASTM D6272 standard was followed. The test geometry used is an intermediate loading condition,
between a short beam test dominated by interlaminar shear (L/t= 5) and a long beam test (L/t=24) closer to
pure flexure. A span to thickness ratio of L/t=12 was chosen. The configuration of one third was chosen
between the load span and the support span. The loading-rate was 1 mm/min and 3D digital image
correlation was performed to measure the beam displacement throughout the test. In each case samples
were tested in the rejuvenated, physically aged and seawater saturated conditions. The tests were carried

out until coupon failure. Experimental plots are shown Figure 3.36.
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Figure 3.36 — Comparison of the force vs. displacement plots for quasi-isotropic coupons during a four-point bending test

The failure occurs at the same stress for both rejuvenated and physically aged states, but it is reduced by
36% after seawater aging (Table 3.17). The physical aging reduces the non-linearity before the failure in
comparison with the rejuvenated state, the failure is more brittle after physical aging.

The 3D digital image correlation shows the difference in damage a few seconds before the coupon failure
(Figure 3.37). In all cases, the failure was located between the mobile and the static support points. In the
case of rejuvenated and physically aged coupons, the damage seems to be local and then propagates abruptly
leading to a global failure. For seawater aged coupons, damage is more distributed. In addition, on the upper

face of the coupons where compressive strains occur, fibre bundles were observed to break.
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Table 3.17 - Influence of the aging on the flexural stress at failure

Rejuvenated Physically aged Seawater aged

Flexural stress at failure

20+ 22 1+2 *
[MPal] 620 63 7 400+ 8

Figure 3.37 — Major strain computed by 3D DIC of four-point bending coupon a few seconds before the failure. From top to

bottom: (1) Rejuvenated, (2) Physically aged and (3) Seawater aged

3.5.2. Numerical simulation

A numerical simulation of this experimental test was performed with the commercial finite element solver
Abaqus™ Explicit. Plies were modeled individually using continuum shell elements (SC8R) and were stacked
using cohesive surfaces. The cohesive surface elasticity coefficients Knn, Kss and Ky are based on the Epoxy
modulus and on the Von Mises theory. The opening modulus Ky, is supposed to be ten times the value of the
resin modulus. The Von Mises theory tells us that for homogeneous materials, the ratio between the shear
yield stress and the tensile yield stress is equal to 1/+/3. This ratio was used to determine the values of K
and Ky from the value of K. A linear elastic traction—separation behavior has then been defined with

Knn=24600 N/mm?3, Kis=K=14200 N/mm?. Properties used are summarized Table 3.18.
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Table 3.18 — Summary of properties used to predict the mechanical behavior of the coupons

Physically aged

Seawater aged

Property Symbol Rejuvenated [R]
[PA] [SWA]
Density P [kg/m3] 1.55
Friction CFRP/CFRP €crc -] 0.05
Friction metal/CFRP Ewe [-] 0.3
Young’s moduli E;=Eis, E; [GPa] 121.2,7.94 120.3,9.23 101.4, 4.39
Poisson’s ratio Va2 [-] 0.274 0.320 0.341
Shear moduli G1, Gi3, G23 [GPa] 3.72,4.60, 3.07 4.07,5.17,3.02 2.70,3.21, 2.48
XT, X, Y7 2272,934, 38.3, 2140, 950, 36.4, 1760, 607, 16.6,
Ply strength
Y, St=ST[MPa] 123.5,73.3 134.2, 68.7 94.1,54.0
- o 0

Cohesive surface

elasticity

Kan, Kss, Kt [N/mm?]

24600, 14200, 14200

Interface strength

T Ts, T [MPa]

56.4,45.5, 45.5

79.5, 56.0, 56.0

42.9,33.7,33.7

Fracture toughness

ply failure

Gic, Gre [kJ/m?] 0.63, 1.46 0.60, 1.46 0.50, 1.04
[kJ/m?]
BK model parameter
n 1.590 1.670 0.580
(-]
Energy dissipated for
Gty Gme [K)/m?] 0.63,1.46 0.60, 1.46 0.50, 1.04

The load is applied by discrete rigid rollers with a radius of 5mm, meshed with R3D4 elements. Enhanced

hourglass control has been used. The friction coefficient between the material and the pins was defined at

0.3. The material constitutive model [220] is based on Hashin’s failure criteria for unidirectional fiber

composites [44]. This model is included in the Abaqus™ library. The experimental failure in the upper ply was

observed to be at the fiber yarn scale. A mesh sensitivity study was performed with length sizes of 0.5, 1.0,

1.5 and 3.0 mm, and the stiffness did not change when the mesh was smaller than 1.5mm (Figure 3.38).
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Figure 3.38 - Sensitivity of the mesh on the Force vs. Time plots of a seawater saturated coupon (G;. = 40 kj/m?)

The mesh dimensions were therefore chosen to have a width equal to 1.5 mm, which represents two
elements in the yarn width. A relatively high loading rate (0.2 m/s) was needed for the calculation because
of the explicit method. A smooth step was used to apply the load gradually. The balance of energy has been
checked [220] to verify inertia effects, and this loading rate did not induce significant dynamic effects on the
simulation results. An image of the model is shown below (Figure 3.39).
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Figure 3.39 — Numerical model of the four-point bending test

3.5.3. Intralaminar and translaminar fracture properties

In the Abaqus™ model, propagation values are needed to consider the energy released when translaminar
and intralaminar cracks propagate. It was not possible to get experimental data due to premature failure in
compression of CC and CT coupons. The mode | and Il translaminar fracture toughness prior to aging have
therefore been taken from a previous study [237]. A reference value of 60 klJ/m? has been used for the
rejuvenated material, and the comparison with the experimental results indicated that this assumption was
satisfactory for this state. To correctly capture the force at failure for the seawater aged saturated material,
a reduction to 40 kJ/m? was necessary, and an increase of 80 kJ/m? has been found to be suitable for the
physically aged state. A comparison between a seawater saturated coupon and simulations with different

values of translaminar fracture toughness is presented in Figure 3.40.

126



Chapter 3 — Influence of aging on quasi-static mechanical properties

4.5+
4.0 4
3.54
3.04
é 254
8
5 204
w
1.5 G, =130 kJ/im?
G, = 80 kJ/m?
1.0 Gy = 40 kJ/im?
054 G =.0 kJ/m?
Experiment
UD T T T T T T 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75

Traverse displacement [mm]

Figure 3.40 — Comparison of Force—Displacement curves for seawater saturated coupon with different values of G . (mesh =
1.5mm)
Very few studies have considered the intralaminar fracture toughness [242] mainly due to the lack of
standard test methods. These properties are generally assumed to have the same values as interlaminar
fracture toughness [243], determined using DCB, ELS and MMB test methods. This assumption is commonly
made since interlaminar and intralaminar fracture involve matrix plasticity and degradation, and fiber—matrix
interfacial debonding. For prepreg materials, this assumption makes sense, because of the material
homogeneity at mesoscale. However, in the present study, weft stitching is likely to improve the transverse
tensile fracture toughness. For the transverse compressive fracture toughness, no studies have been found.
In the absence of alternative values, the mode | and Il intralaminar fracture toughness are here supposed to

be equal to the interlaminar fracture toughness, Table 3.19.

Table 3.19 - Properties used for translaminar damage propagation

Rejuvenated Physically aged Seawater aged
GIE™ [k)/m?] 60 80 40
G2 [k)/m?] 60 80 40
GHE [k)/m?] 0.63 0.60 0.50
GO [ki/m?] 1.46 1.46 1.04

3.5.4. Comparison experiment/simulation

Figure 3.41 shows the predicted and the experimental response for the four—point bending test. As expected,
there is a significant influence of seawater saturation on the flexural response. The flexural model captures
the coupon failure level and the stiffness quite well. For the rejuvenated material, a nonlinear behavior is
experimentally observed but not well predicted. This may be due to the type of element chosen, which does

not consider out-of-plane damage. Stiffness and stress at failure are compared respectively in Table 3.20 and
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Table 3.21. The stiffness and the failure level are overpredicted by the model, but the difference is
acceptable, and may be due to variations in the ply thickness. This shows that it is essential to include

seawater aging data in design of immerged structures.
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Figure 3.41 — Comparison between experiment and simulation of the 4 points bending test

Table 3.20 - Comparison between experimental and numerical bending stiffness

Rejuvenated Physically aged Seawater aged
Experimental [N/mm] 3808 + 69 3886 + 159 3645+ 16
Numerical [N/mm] 4074 4101 3806
Difference [%] 7 5 4

Table 3.21 — Comparison between experimental and numerical bending stress at failure

Rejuvenated Physically aged Seawater aged
Experimental [Mpa] 619.8 +21.5 631.1+26.6 400.1+8.2
Numerical [Mpa] 652.8 696.2 456.0
Difference [%] 5 9 12

3.6. Conclusion

In this study, in—plane and out-of-plane properties of a C/Epoxy composite manufactured by infusion have
been characterized for three aging states: dried and rejuvenated (without physical aging), physically aged,
and seawater aged to saturation. It was demonstrated that physical aging had, in most cases, a beneficial

effect on the mechanical properties used in design, while seawater aging results in a drop in stiffness and
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strength. The latter is significant, and must be considered in design of marine structures. In terms of
interlaminar crack propagation, seawater aging effects are noted for high in—plane shear (mode Il) loadings.
The reference, physically aged and seawater aged properties were introduced in simple numerical
simulations of a flexural test, and these provided a good prediction of the unaged and aged behavior. The
study also highlighted a lack of reliable input data for translaminar and intralaminar fracture, and
development of test methods for these properties would improve confidence in numerical modelling of
composite structures. However, the material model used can be criticized because it does not take into
account the out-of-plane damage which is observed experimentally. The prediction of the coupon behavior
could be improved with the use of volumic elements and with a material law that considers both in-plane

and out-of-plane damage.
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Chapter 4 — Influence of aging on C/Epoxy impact behavior

4.1. Introduction

This chapter is devoted to the study of the out-of-plane impact behavior before and after aging. The aim is
to describe and explain the effects of aging on the out-of-plane impact behavior. To do this, both
experimental and numerical aspects were considered.

The first section of this chapter is focused on the impact behavior when the C/Epoxy is in the unaged state.
Results from experimental out-of-plane impact tests performed at different energy levels will be presented.
Then, post—mortem analysis including C—scans, microscopy observations and tomography, was carried out
in order to characterize the damage created by impact. Once the experimental aspects were sufficiently
understood, numerical simulations were performed using the Abaqus™ finite element code. Results from
experimental tests and numerical simulations were then compared.

Then, in the second section of this chapter, focus is placed on the behavior after aging with the same
procedure as the one followed for the unaged composite.

A comparison between experimental and predicted impact behavior will be shown.

4.2. Influence of the loading—rate on the mechanical properties

of the C/Epoxy

There is a very significant literature on this topic, but no clear universal conclusions as results are test
dependent and no single test method allows the whole range of loading rates to be studied (quasi—
static/servo-hydraulic/Hopkinson bar). The response will also depend on the particular
fibre/matrix/manufacturing combination studied.

For the stiffness, a review [244] has summarized the strain—rate effects on CFRP stiffness and strength. In
compression, it appears that the compressive elastic modulus is matrix dominated and probably increases
with increasing strain—rate. However, tests are often performed using a Split Hopkinson Pressure Bar (SHPB)
and effects from inertia tend to mask the initial behavior of the material under dynamic loading. For this
reason, the authors concluded that the lack of general agreement in the literature regarding the sensitivity
of the dynamic modulus to strain rate could be cause by the testing machine. In tension, they concluded that
there is some indication of a positive sensitivity to strain-rate but high scatter and the lack of studies make
this difficult to say with any certainty.

For the strength, both tensile and compression strength are seen to increase with the strain—rate. However,
a large scatter is observed. Conclusions depend mainly on the material system and the manufacturing
process.

Rate effects on the fracture toughness have also been studied. However, these tests are difficult to perform,

particularly at high loading rates, and results difficult to post—process. A previous study [245] reviews some
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results on this topic. In the introductive part of that paper, the author notes discrepancies from the available
reports in the rate effect on initiation fracture toughness and dynamic delamination fracture toughness of
polymer composites. It is reported that in some studies, the initiation fracture toughness increased with
loading-rate [246]—[248]. In another study [249], the opposite was found. A stepwise-drop was also found
[250]. On the other hand, a few researchers reported that dynamic initiation fracture toughness was
insensitive to loading-rate [251] and that dynamic fracture toughness was insensitive to crack propagation
speed [252]. The author concludes by noting that most of these conclusions were based upon test data that

exhibited significant scatter and compared different material systems.
4.2.1. Mechanical tests from 1 mm/min to 1000 mm/min

The aim of this study is to compare the effects of the loading-rate between the quasi—static and the dynamic
(impact) behavior. For this study, tensile and shear tests on pure epoxy and tensile tests on C/Epoxy on
coupons oriented at 0°, +45° and 90° have been performed at rates up to 1000 mm/s. The aim was to
characterize the change in mechanical properties in a range between the quasi—static and the impact

behavior.
4.2.1.1. Effects of loading—rate on the tensile and shear strength of pure Epoxy coupons

An example of a comparison between tensile stress vs. strain curves is presented in Figure 4.1 for unaged
pure Epoxy coupons. These tests have been performed at crosshead displacement rates from 1Imm/min to
1000mm/min. For all cases, increasing the loading—rate increases the strength while reducing the strain at

failure. The same comparison is shown in Figure 4.2 for the different aging conditions.
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Figure 4.1 — Effects of loading—rate on the stress vs. strain curves for an unaged Epoxy coupon in tension
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V3=100mm/min and V4=1000mm/min
The change of the tensile and shear strength with the increase of loading-rate is shown respectively in Figure
4.3 and Figure 4.4. Increasing the loading—rate by three decades increases the tensile strength by 21 MPa
and the shear strength by 16 MPa. These values are averaged for all aging. Similar results have been found
in the literature [253]. In [254], the authors proposed that the decrease of strain at failure with the increase
of the strain—rate is related to chain mobility. At high strain-rate, deformations of the sample during the short
duration of the test involve only short—range intermolecular interaction between polymer chains without
any change in the intramolecular configuration shape of the large polymer chains. At low strain—rate,
intramolecular interactions are possible, resulting in an increase of the strain during the test. Also, if the test

duration is long, stress relaxation affects the sample by decreasing the effective stress.
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4.2.1.2. Effects of loading—rate on the tensile strength of C/Epoxy coupons

Tensile tests have been performed on unaged and aged composite coupons oriented at UD, +45° and 90°.
For UD coupons, no effect of the strain—rate has been observed in the range studied. For the 90° specimens,
Figure 4.5 shows the change of transverse strength for unaged and aged coupons with an increase of the
loading—rate. For the seawater saturated coupon, no increase of the strength is observed. The main
conclusion is that a degradation of the interface occurs during ageing, and this has already been characterized
in Chapter 3 for this aging condition. It must also be noted that the physically aged coupon strengths are not
improved compared to an unaged state. Similar results have been found previously [170], and the author
concluded that the physical aging embrittles the resin which will break at a lower strain. This hypothesis
seems interesting if the transverse modulus is not affected by the physical aging, which is not our case (7.94
1 0.6 GPa for the unaged state, 9.23 + 0.8 GPa for the physically aged state). From these results and the
conclusions in Chapter 3, a hypothesis can be a degradation of the interface which leads to a premature
failure between the fibers and the matrix. This could explain why the strength is increased with the loading

rate but stays below the unaged strength.
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Figure 4.5 — Effect of loading—rate on the tensile strength of unaged and aged transverse C/Epoxy coupons

For the shear behavior of the composite, the change of the shear strength is equivalent to the change of the
transverse strength. The change of the in—plane shear modulus is shown Figure 4.6. The loss of the shear
strength with the physical aging has been investigated in the past [174][175]. In [175], the embrittlement of
the epoxy during the physical aging results in the growth of microcracks at lower load, and as the toughness
is also decreased, the growth of microcracks leads to global failure more quickly. For the shear modulus, one
of the hypotheses is that as the modulus is defined between 0.2% and 0.4%, the load is still low, and the
initiation of microcracks has not occurred. Thus, the modulus is calculated on an undamaged material, and

this is why it appears to be higher than for unaged state, while the strength is higher for the unaged state.
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4.2.1.3. Rate effects on fracture toughness

Except for Mode | tests on composites that have been performed from 1 to 1000 mm/min and showed no
explicit change on the fracture toughness (Figure 4.7), no further testing has been performed to evaluate the
rate effects on fracture toughness. An issue is the accurate identification of the crack tip position during high
rate testing. At high loading rate, the use of a high—speed camera is necessary due to the very short test
duration. However, the images taken during the test need to have a good resolution. For pure mode | tests,

the crack propagation is easy to determine but this is not the case during mode Il and mixed mode tests.
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Figure 4.7 — Mode I fracture toughness change from 1 to 1000 mm/min
4.2.2. Strain—-rate comparison

In order to have an idea of the strain rate during a drop weight impact event, rosettes with three strain—
gages have been bonded on the back face of impact coupons. The rosettes were bonded on the coupon
center where the strains are supposed to be maximal. Results from these tests are reported in Table 4.1. For
the coupons impacted at 5 m/s, the 0° corresponds to the length direction, the 90° corresponds to the
transverse direction and the +45° corresponds to the direction between these. The maximum strain—-rate

values during impact are significantly higher than those applied during the material characterization tests,
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though the differences in strain rate are less than those noted between 1 and 1000 mm/minute. One might
nevertheless expect the matrix-dependent properties such as strength to be underestimated if quasi—static
test values are used in modelling.

A second question is whether the strain rates during these impact tests are representative of the impacts a
composite propeller will undergo during service. This is more difficult to address as a wide range of impacts
is possible and the loading rates will depend on the resultant of boat speed, propeller rotational speed and
current speed. An estimation of the tip speed determined for a chemical tanker propeller blade with a
$2120mm at a max RPM of 355 was proposed to be 39.4m/s [114].

In the absence of further information on real impact conditions the drop weight impact configuration was

adopted in this study.

Table 4.1 — Comparison of strain-rates measured during this project

Strain rate [s7}]
Loading R o °
rate C/Epoxy 0 C/Epoxy 45 C/Epoxy 90
1 mm/min 2,4E-05 9,0E-05 8,0E-05
1000. 2,4E-02 9,0E-02 3,0E-02
mm/min
>m/s 2 2 2
(Impact)

4.3. Development of a new drop weight impact tower

4.3.1. Use and qualification of an existing drop weight impact tower

At the beginning of the project, an existing drop weight impact tower was used to perform impact tests.
Historically, it was used to perform impact test on GFRP laminates, much less stiff than the CFRP laminates
of this study. A tracker was bonded on the impactor surface, and a high—speed camera was used to film the
tracker few milliseconds before the impact. It required a post processing step with image analysis to
determine the impact velocity. This facility was instrumented by four piezoelectric force sensors. A thin steel
plate was used as a reference plane. The force sensors connected the reference plane and the ASTM D7136

fixture. The old setup is shown in Figure 4.8.
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ASTM D7136 fixture
Thin metallic panel

Piezoelectric force sensors

Figure 4.8 — Old drop weight impact tower used for preliminary tests

An example of the force-Time curves is shown in Figure 4.9. The contact time was less than 3ms. The curves

seem good because no periodic signal due to vibrational issues are observed.

Contact force [kN]

T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0
Contact time [ms]

Figure 4.9 — Force vs. Time curves for impacts on the old drop weight impact tower

After several tests, a plasticization of the thin metallic support panel was observed. This was due to high force
levels experienced by the panel because of high impact energies. In addition, this panel was connected to
the tower with a vertical stiffener on the middle which allows the panel to bend. The use of a high—speed
camera also showed bending of the ASTM D7136 support during the tests. This is unsatisfactory because the
numerical simulation of experimental tests requires well-defined boundary conditions which were not

experimentally verified.
4.3.2. Development of a new drop weight impact tower

Based on the observations made during preliminary tests on the existing tower, it was decided to develop a
new drop weight impact facility. The new setup was designed to be stiffer: The reference metallic panel is
thicker, while the ASTM D7136 fixture has been manufactured to be 75mm thick. This avoids bending during
the impact. In addition, new sensors to automatically measure the impactor velocity and the out-of-plane

displacement of the coupon during the impact have been added. An automatic anti-rebound system has also
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been implemented for the experimenter security, together with an interlocked safety cage. This system is
based on two pneumatic actuators which are triggered when the contact between the impactor and the
coupon is broken. It supposes that the impactor will have a T-shape, which is suitable to measure the
impactor velocity with a laser at the extremity of the horizontal bar. A photo of the new setup is shown in

Figure 4.10.

T-shape impactor

Laser to measure the

impactor velocity ASTM D7136 fixture

Force sensor

Laser to measure the
out-of-plane
displacement

Figure 4.10 — New drop weight impact tower with improved stiffness and new sensors

The main issue with this system is the vibrations induced by the large impactor. These are visible in Figure
4.11. At 5J, the force signal presents a periodicity, which is due to the impactor response. This signal shows
a frequency around 2kHz. It would be possible to filter the signal to remove these vibrations. However,
filtering could remove data related to material damage, so for this study, no filter has been used. The contact
time was found to be around 4ms, which is higher than those obtained with the old setup, but with well-

defined boundary conditions.
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Figure 4.11 — Force vs. Time curves for impacts with the new drop weight impact tower

Another issue with the laser sensor has been observed. When the impactor is in contact with the coupon,
both force and out-of-plane displacement are supposed to increase. In our case, the force was observed to
increase before the out-of-plane displacement. This may be due to the laser sensor conditioner that requires

more time to process the signal. This shift is shown Figure 4.12.
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Figure 4.12 — Change of the experimental force and out-of-plane displacement in the first moments of the impact

4.3.3. Conclusions

The development of a new drop weight impact tower was necessary, in order to improve the boundary
conditions during the impact tests. The implementation of a new sensor to measure the out-of-plane
displacement of the coupon during the impact is also beneficial and adds an experimental value to compare
with the simulation.

At low impact energy, the pneumatic actuator worked well. For higher impact energies, the impactor
rebound was high, and for these conditions, the pneumatic solution was not sufficient to prevent a second

impact. A solution based on a high—speed hydraulic actuator is recommended.
4.4. Experimental impact behavior in the unaged state

The first experimental campaign focused on the impact behavior of unaged coupons. Prior to the test,
coupons were rejuvenated, to be sure that the physical aging did not influence the results. Impact tests have

been performed at seven energy levels: 5J, 15J, 25J, 35J, 45J, 60J and 80J.
4.4.1. Impact curves

Figure 4.13 shows a comparison of the Force vs. Out-of-plane displacement curves for seven levels of energy
in the range 5J to 80J. The initial stiffness seems to be the same for all coupons. An offset is observed at the
end of the unloading. This is not necessary the coupons that exhibits an irreversible deformation, but it could
be the stitching which is teared out during the impact and then affects the contactless measure performed
by a laser. For an impact of 80J (in purple), a significant failure mechanism occurred during the test, leading
to an abrupt load drop. It should be noted that this test was designed to introduce damage localized at the
coupon center. With a $50mm hemispherical impactor, the contact area is large and at high energy levels
the damage can reach the coupon borders. Except for the coupon impacted at 80J, all curves show the same

shape.
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Figure 4.13 — Force-Time plot comparison for the rejuvenated state at different energy levels

The higher out-of-plane displacement, coupled with the large drop, suggests that significant damage was
created at 80J. It may also be noted that when the impact energy increases, the maximal out-of-plane
deflection increases considerably (from 1.5mm at 5J to nearly 6.5 mm at 80J).

Figure 4.14 compares the force and the out—of—place displacement peaks averaged for three coupons for
each impact energy. The standard deviation is small compared to the averaged value. Below 45J, force and
out-of-plane displacement curves show a similar shape. For higher energy levels, the out-of-plane
displacement increases at a lower rate. This may be due to the impactor diameter which is large and results

in a load distribution on a larger surface, and this prevents the penetration.
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Figure 4.14 — Force peak and out-of-plane displacement peak averages for rejuvenated coupons at 7 energy levels

4.4.2. C-Scans

After the impact, the coupons were evaluated with a C—Scan measurement technique to characterize the
delamination. Figure 4.15 shows the delamination detected in rejuvenated coupons, from 5J to 35J.

At 5J, no damage is observed, the delamination threshold has not been reached. For higher energy levels, a
delamination is observed. The area increases when increasing the impact energy. At the center of the

coupon, a dot is detected. This area is not delaminated due to the impactor contact. The delamination begins
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when the initiation scalar, a mixture between the tensile and the shear strength, is exceeded at the interface.
Just below the impactor, the interface is purely in compression along the impactor axis. Neither the tensile
nor shear criterion is reached, that is the reason why this area does not show any delamination.

For impact energies of 45) and 60J (Figure 4.16), the delamination is stopped by the boundary conditions. It
then propagates in other directions. Finally, at 80J, the delamination extends to the coupon side. As the
impactor is large, the stress is distributed over a large area, which prevents the fiber failure by extending the

delamination to the coupon borders.

- -10 -20 -30 -40 -50 -60

Attenuation
[dB] [ B ]

Figure 4.15 — Comparison of the delamination for rejuvenated coupons impacted at 5J, 15J, 25J and 35J
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Figure 4.16 — Comparison of the delamination for rejuvenated coupons impacted at 45J, 60J and 80J

4.4.3. Balance of energy

One criterion used to compare impact tests is the balance of energy. The contact force is plotted as a function
of the out-of-plane displacement. The area between the loading and the unloading part corresponds to the

impact energy (Figure 4.17).
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Figure 4.17 — Force vs. Out-of-plane displacement plotted to determine the impact energy

The change of energy during the impact is then plotted as a function of the contact time. The peak
corresponds to the energy given by the impactor E;,. Then, the impactor rebounds: this corresponds to the
elasticenergy E,;. The difference between the impact energy and the elastic energy has been used to damage
the material. This is the absorbed energy E;;,. The balance of energy is presented Figure 4.18 for a 20J impact

on an unaged coupon.
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Figure 4.18 — Balance of energy during the impact test

The increase of impact energy is supposed to increase the absorbed energy. When the damage threshold has
been reached, each increase of impact energy will create more damage in the coupon. Figure 4.19 shows a
comparison of the balance of energy of impact tests performed from 5J to 80J. The 4ms acquisition has been
found to be sufficient to stabilize the balance, and then to determine the absorbed energy. At 80J, 85% of
the total energy is absorbed, i.e. used to damage the material, while at 25J, 60% is absorbed. That means at

80J, the coupon suffers more damage than at lower energy. At 5J, the absorb energy is around 45%.

143



Chapter 4 — Influence of aging on C/Epoxy impact behavior

90 —

80

~
o
1

[o2]
o
1

— R -

— R

— R

s R -
-25J
-13J
-5J

030

80J

-80J
-45J

35J

Energy [J]
8 8 8 8
1 1 1 1

-
(=3
1

o

0.5 1.0 1.5

T T
2.0 25 3.0 3.5 4.0 4.5

e
[S]

Time [ms]

Figure 4.19 — Comparison of the balance of energy for rejuvenated coupons impacted from 5J to 80J

Figure 4.20 shows the change of absorbed energy when the impact energy is increased. Two slopes are
observed. The first for Eit<55J). The main failure mode is the delamination (Figure 4.21). The second for
Ewt>55J). Two failure modes are observed: multiple delamination and ply damage. The latter consumes more

energy to initiate then propagate. This is the reason why the absorbed energy increases more in this range.
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Figure 4.20 - Effect of impact energy on the increase of absorbed energy

4.4.4. Microscope observations

One coupon per impact energy has been cut then polished to determine the delamination planes. Due to the
architecture of the material, it was difficult to quantitatively characterize the change in damage with the
increase in impact energy. Figure 4.21 shows the through thickness damage at 15J. Observations mainly
revealed delaminations between 0/45 and 0/0 interfaces. While the former seems normal, the second is
rarer because the delamination is mainly due to a difference of bending stiffness of the two successive plies.
For plies with the same material and the same orientation, the bending stiffness is the same. In this case the
0/0 interface delamination may be due to the weft fibers which reduce the toughness of this interface.

In the case of the —45/45 interface, the stitching (Figure 4.22) prevents the delamination between the plies.

It has also been observed that porosities develop around the stitching during the infusion process.

144



Chapter 4 — Influence of aging on C/Epoxy impact behavior

-a5

45

-a5

4.4 mm

4.4 mm

Figure 4.21 — Delamination observed with an optical
Figure 4.22 - Stitching in the —45/45 fabric

microscope for rejuvenated coupon impacted at 15J
For specimens impacted at more than 55J, Figure 4.23 shows a change in the damage observed. In addition
to delaminations, ply failures in yarns are seen. These correspond to intralaminar fracture. It occurs when

the delamination is stopped by the boundary conditions at energy levels higher than 55)J.

4.4 mm

Figure 4.23 — Interlaminar and intralaminar fracture observed at 80J

4.4.5. Tomography on unaged coupons

An X-ray tomography inspection of unaged coupons impacted at 5J and 30J was performed. At 5J, the C-
Scan shows no delamination on the unaged coupon. This coupon was therefore used to characterize the

porosity localization through the thickness, and voids were found to be mainly located between the +45°

carbon fiber yarns (Figure 4.24).
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30cm

Figure 4.24 - Porosities observed between carbon fiber yarns in a +45° ply

The delamination was characterized at 30) (Figure 4.25) and is observed even if the porosities and the
stitching degrade the contrast. The impact was on the upper surface of each tomography plane. In the length
direction, delamination is observed at the —45/45 interface. In the width direction, delamination is observed
between the —45/45, 45/0 and also 0/0 interfaces. The damage propagates in the thickness direction around
the carbon fiber yarns, and no fiber damage is observed. It may be noted that the classic “damage tree” is

observed on the bottom of the Figure 4.25.

Figure 4.25 — Delamination observed in the length (top) and width direction (bottom) for an unaged coupon impacted at 30J

4.4.6. Conclusions on the LVI behavior of rejuvenated coupons

Impact tests have been performed from 5J to 80J. Coupons were then evaluated by C—Scan. At 5J, the
delamination threshold was not reached. For higher impact energies, a delamination was observed. Both
out-of-plane displacement and force peak have been found to increase with the impact energy. However,
between 35J and 45J, the data begin to diverge. This is due to the incapacity of the coupon to deflect more

because of the large impactor diameter.
4.5. Numerical simulation for unaged state

To simulate the impact behavior of unaged C/Epoxy coupons, a numerical model has been developed using
Abaqus Explicit™ software. The choice of a commercial solver was a requirement of the funder of this study.
It should also be noted that one of the aims of the study was to develop as simple a methodology as possible,

which would provide information on impact and seawater aging that could be used in design.
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4.5.1. Model description

The model reflects the geometrical, boundary and loading conditions. Both the hemispherical impactor and
support were assumed to be rigid relative to the CFRP specimen. To reduce the computation time, they were
defined as analytical rigid to avoid meshing them. A mass of 4.5 kg was assigned to the impactor through a
point mass definition. The laminate layers were modeled individually with a nominal ply thickness of 0.55
mm for 0° and 90° plies and 0.275 mm for —45° and 45° plies. Zero thickness cohesive interactions were
defined between each laminate ply. Two mesh strategies have been tested. The first involves a standard
mesh, while the second is based on an oriented mesh. Mesh length was defined to be 1.5 mm long. This was
found to be a suitable compromise (see Chapter 3). The composite plies were discretized with continuum
shell elements (SC8R). SC8R elements have a continuum solid element topology, but their kinematic and
constitutive behavior is similar to conventional shell elements that allows for finite membrane deformation
and large rotations [255]. Enhanced hourglass control was used to prevent excessive distortion, which can
cause the simulation to abort prematurely. The general contact algorithm was used to simulate the contact
behavior between the composite layers while a surface to surface contact behavior was used to simulate the
contact between the rigid and the deformable parts. A coefficient of friction of 0.05 was used for the general

contact, and 0.1 for the surface—to—surface contact. A gravity load of 9.806 m. s~2 was applied in the model.
4.5.2. Mesh strategy

Standard simulations of the LVI test use elements with a square shape. Simple parts such as CFRP plies with
a supposed constant thickness are easy to mesh and Abaqus™ offers the capacity to mesh the plies simply.
Based on results from recent work [168][256], it was decided to study the influence of an oriented mesh on
the delamination, displacement and force prediction. Even though the model studied here does not consider
interlaminar or intralaminar damage by the use of intralaminar elements [256] to reduce the computation
time, cohesive surfaces with oriented elements are expected to improve the results. Abaqus does not offer
the capacity to orient the mesh. To do that, a python script has been written to automatically generate the
Abaqus™ INP file, whether an oriented mesh or a standard mesh. To avoid damage due to the free edges, it
has been decided to separate the material model in two sections (Figure 4.26): near the edges, the material

is purely elastic, while near the contact area, the material is elastic with a damage model.
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Figure 4.26 — Segregation of the mesh to avoid ply damage close to the free edges

In Abaqus™, the definition of all nodes is done with the keyword *Node, followed by the list of all nodes that
are in the ply. Each line represents one node. The first value corresponds to the node ID, the second is the X
coordinate, the third is the Y coordinate, and finally the fourth is the Z coordinate. Values are separated by a
comma. The definition of an element is done with the keyword *Element, followed by the list of all elements
that are in the ply. Each line represents an element which is defined by its nodal connectivity. It is important
that the continuum shells elements are oriented properly, since the behavior in the thickness direction is
different from that in the in—plane direction. By default, the element top and bottom faces and, hence, the
element normal, stacking direction and thickness direction are defined by the nodal connectivity [220]. This

connectivity is not the same for a standard mesh and an oriented mesh.
4.5.2.1. Generation of ORTHO mesh

The first case is the simplest. Figure 4.27 represents the mesh called ORTHO, which is the standard mesh
given by Abaqus™. The Python program used to write the input file deals with the distance between nodes.

Coarser or thinner mesh are possible but the mesh size will be the same in all the composite coupon.

L [u] ]

~

Figure 4.27 —Example of an ORTHO mesh

Figure 4.28 shows the nodal coordinates for the standard element. For the element definition, it is necessary
to pair the element ID to its 8 nodes. Table 4.2 reports the order of the nodes chosen from the node

coordinates.
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Top surface

Bottom surface

Figure 4.28 — ORTHO element definition with the coordinates of all eight nodes

Table 4.2 — Node ID and respective coordinates to assign to an ORTHO element

Node ID Nodes coordinates

1 XY, Z,

XY, Z,

XY, Z

XY, Z

X, Y, Z,

XY, Z

2
3
4
5 XY, Z,
6
7
8

X+, Y+, Z+

4.5.2.2. Generation of ORIENT mesh

The second oriented mesh is more complex to create because two types of elements coexist. Elements with
material orientations at 0° and 90° are defined in the standard way. For plies oriented at —45° and 45°, the
mesh is oriented in the fiber direction. An example of a composite layup is given in Figure 4.29. Nodes have

the same coordinates on the top and bottom surface. Only the element connectivity changes.

Figure 4.29 — Example of a mesh with oriented elements

As the element is oriented, three coordinates are needed in the X axis as shown Figure 4.30. Table 4.3 reports

the node coordinates to use to define correctly the node connectivity.
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For this mesh, a cohesive behavior has been implemented between elements that are in contact with each

other and that can simulate the behavior between yarns. However, no difference was found compared with

Bottom
surface

Figure 4.30 — ORIENT element definition with the coordinates of all eight nodes

Table 4.3 — Node ID and respective coordinates to assign to an ORIENT element

Node ID

Nodes coordinates

1

X+, Y+,Z+

XY, Z,

XY, Z

X, Y., Z

Xe Yy, Zy

X, Y, Z,

XY, Z

0l N o L | W N

Xen ¥ Z

a version without intralaminar cohesive contact.

4.5.3. Input data

As described in Chapter 3, a quasi-complete dataset has been obtained experimentally. This section

summarizes the input data used in the model. To keep consistent units in Abaqus™, the units presented in

Table 4.4 were used.

Table 4.4 — Property and unit used to keep consistent units in Abaqus™

Property

Mass

Length

Time

Force

Stress

Energy

Density

Unit

mm

ms

N

MPa

N.mm

g/mm3
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The mechanical properties used with this model are summarized in Table 4.5. It must be highlighted that the
ply fracture toughnesses in tension and compression are not the same as used in Chapter 3 to predict the
mechanical behavior of the quasi—isotropic coupon under flexural loading. The post—processing step of these
tests had not been performed when the simulations were run, so the value has been supposed to be equal
to 80 kJ/m?, both in tension and compression.

Table 4.5 — Mechanical properties used for the rejuvenated state in the model

Property Symbol Numerical value
Density p 1.55E-3
Friction metal/composite Ewv/c 0.1
Young’s moduli Eq, E> 127540, 7940
Poisson’s ratio V12 0.274
Shear moduli G12, Gi3, G23 3720, 4600, 3070
Ply strength X", X YT Y€, ST s¢ 2272,934, 38,124, 73,73
- a 0
Cohesive surface elasticity Kon, Kss, Kit 24600, 14200, 14200
Interface strength Tn, Ts) Tt 80, 56, 56
BK model parameters Gic, Giie,m 0.63, 1.46, 1.59
Friction
13 0.05
composite/composite
Energy dissipated for ply
erilure Grtr Grer Gty Gme 80, 80, 0.63, 1.46

Friction coefficients between metallic parts and the composite coupon are supposed to be the same as

graphite/steel, given to be 0.1 [257].
4.5.4. Comparison between Experiment and Simulation for the unaged state

This section focuses on the comparison between the experimental results and the numerical simulations.
Simulations have only been performed up to 35J because for higher energy levels, the experimental

delamination was stopped by the boundary conditions.
4.5.4.1. Prediction of the force vs. out-of-plane displacement curves

Comparisons between the experimental and the predicted force vs. out-of-plane displacement curves of
rejuvenated coupons impacted at 5J, 15J, 25J and 35J are respectively presented in Figure 4.31, Figure 4.32,
Figure 4.33 and Figure 4.34. At these levels, the prediction is good even if the initial stiffness is not well

predicted. A force drop is experimentally observed in the first moments of the impact which is not predicted
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by the model. The reason could come from the laser conditioner that needs time for the signal conditioning,
so the force and the out-of-plane displacement measures are not perfectly synchronized (Figure 4.12).

At 5J, both mesh techniques predict the irreversible deflection well, while at higher levels, models
underpredict it. The maximum force is also predicted well. While the loading shows similar results between
the two mesh techniques, the force and out-of-plane peaks are higher with the standard mesh.

On the coupon back face, the stitching has been observed to be released from the laminate. Before the
impact, carbon fiber yarns are wavy because of the stitching. During the impact, the coupon back face
experiences tension that stretches the yarns and could push the stitching out of the laminate. After the
impact, the carbon fiber yarns are straighter, which leads to a stiffer coupon during the unloading step. This
hypothesis could be experimentally validated with tomography on the coupon back face, but this was not

done here. In all cases, an irreversible damage has occurred, that increases the absorbed energy.
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Figure 4.31 — Comparison Exp/Sim of Force vs. Out-of-plane Figure 4.32 — Comparison Exp/Sim of Force vs. Out-of-plane

displacement curves for a rejuvenated coupon impacted at 5  displacement curves for a rejuvenated coupon impacted at 15J

152



Chapter 4 — Influence of aging on C/Epoxy impact behavior

14 o 16 -
| ——EXP T — EXP
12 = SIM - ORTHO 144 == S|M - ORTHO
SIM - ORIENT SIM - ORIEN
12
— — 10
prd P
= =
@ L]
Q 9
(s} (o]
[T [T
0 T — T T T T T T ! 0 T T T T T T T T T |
00 05 10 15 20 25 30 35 40 45 00 05 10 15 20 25 30 35 40 45 50
Qut-of-plane displacement [mm] Qut-of-plane displacement [mm]
Figure 4.33 — Comparison Exp/Sim of Force vs. Out-of-plane Figure 4.34 — Comparison Exp/Sim of Force vs. Out-of-plane

displacement curves for a rejuvenated coupon impacted at 25]  displacement curves for a rejuvenated coupon impacted at 35J

4.5.4.2. Prediction of the energy balance

To validate the numerical simulations and the models, it is necessary to compare the balance of energy during
the impact. The balance of energy is compared for impacts at 5J, 15J, 25J and 35J respectively in Figure 4.35,
Figure 4.36, Figure 4.37 and Figure 4.38. The impact energy noted in the figure legend is determined from
the initial velocity and the mass of the impactor.

The standard mesh shows a good correlation compared to the experiment. In some cases, the experimental
total energy that corresponds to the peak is lower than the experiment. It must be noted that springs have
been used in the simulation to account for the small displacement of the fixture during the impact. The values
where chosen to fit the out-of-plane displacement measures, and have been set to 2500 N/mm per sensor,
i.e. 10 kN/mm for the all fixture. This could explain the difference between the experiments and both models.
The comparison between the two models shows that a premature failure is predicted for all simulations
around 2.5kN for the oriented mesh. This comes from the delamination threshold that has been reached.
Matrix damage was also seen to be more extensive than in the standard mesh.

Another issue faced with the oriented mesh is the Abaqus version used. Reading the input file then launching
the job led sometimes to aborted runs. Complex contacts between oriented elements may be problematic.

In this case, Abaqus 2022 was used, but results may vary between different versions.
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Figure 4.37 — Change of the energy balance for a rejuvenated Figure 4.38 — Change of the energy balance for a rejuvenated

coupon impacted at 25J coupon impacted at 35J

4.5.4.3. Prediction of the delamination

The delamination prediction is a possibility offered by Abaqus™. To do this, the overall value of the scalar
damage variable D, named CSDMG, needs to be requested when using cohesive surfaces. It corresponds to
the overall value of the damage variable d. The surface is considered delaminated when this variable is equal
to 1. To compare with our experimental results, only the projected delamination has been exported, even if
the model can predict multiple delamination. Comparisons between experimental data and numerical
simulation for the two mesh types at impact energies from 5J to 35J are presented in Figure 4.39.

At 5J, both models predict damage, while experimentally no damage was observed. One hypothesis is that
the interface damage initiation data, based on pure resin tests, are too low compared to the reality. Tests on
composite materials should be performed instead of tests on pure resin coupons to provide this input value.

This may improve the prediction. Another hypothesis is that loading-rate effects exist. The dataset used in
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the simulations was obtained experimentally with a quasi—static loading—rate of 1 mm/min. As noted
previously in the case of LVI, the loading—rate will be higher.

At 15J and 25J, the delamination shape is good for both models. However, the non—delaminated spot under
the impactor contact is not predicted with the simulation. This means that this area is in shear. One
hypothesis is a small sliding of the coupon on the fixture in the simulation which leads to this stress state.
Friction coefficients can be increased to avoid this sliding but these have been shown to have an effect on
the stiffness.

Finally, at 35J, an overprediction for the standard mesh is observed and for the oriented mesh, the

delamination is predicted to move in the width direction, which was not experimentally the case.
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Figure 4.39 — Experimental delamination compared with prediction for impacts from 5J to 35J (Exp/standard mesh/Oriented
mesh)
It must be noted that the model can predict multiple delamination but the final shape will not be accurate
because continuum shell elements do not calculate g,3 which is mainly responsible for matrix cracking.
Unless ply damage is included, the damage tree commonly observed will not be predicted because the

damage will propagate in the least resistant direction, i.e. the interlaminar plane.
4.5.5. Conclusion on unaged impact

To conclude the impact study for unaged coupons, experimental test results have been compared with a
numerical model for impacts at 5J, 15J, 25J and 35J. The predictions of delamination have been found to
differ according to the type of mesh, standard or oriented. The standard mesh is better compared to the
oriented mesh. The Force-Deflection curves have been compared. The initial slope in not well taken into
account probably due to a time offset between two sensors. Then, the balance of energy has been compared,
and results from the standard mesh show a good agreement with the experiments. Finally, the delamination
has been compared. It is overpredicted at high energy levels, but both models show a good agreement at

lower levels.
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Improvements would be possible with the use of cohesive elements at the interface between plies. In
addition, the tomographic analysis has shown that damage propagation initiated between plies in the
thickness direction. The model with continuum shell elements is then not fully suited to simulating the impact
behavior of this material because it cannot predict through thickness damage. No fiber failures have been
detected or predicted. The standard meshed model provides a reasonable prediction of the experimental

results with our impact setup for unaged coupons.
4.6. Effect of aging on the impact behavior

Impacts on aged coupons have also been performed. The aim was to characterize the influence of aging on

the impact behavior in order to provide information for propeller design.
4.6.1. Effects of aging on impact curves

A comparison of the Force vs. Out-of-plane displacement is presented for impacts at 5J, 15J, 25J and 35)
respectively in Figure 4.40, Figure 4.41, Figure 4.42 and Figure 4.43. The data are quite similar for the
rejuvenated and the physically aged states. For the seawater aged coupon, the loading slope seems to be
lower. In addition, the force peak is also lower, while the deflection peak is a bit higher. In this case, the

effects of seawater aging are obvious.
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Figure 4.40 - Effects of aging on the Force vs. Out-of-plane Figure 4.41 - Effects of aging on the Force vs. Out-of-plane
displacement curves for coupons impacted at 5J displacement curves for coupons impacted at 15J

Figure 4.44 shows the change of the force peak with the increase of impact energy for all aging conditions.
While the physical aging shows similar results with the rejuvenated state, the seawater aged coupons present
lower peak forces from 45J. The maximal deflection value seems also to increase more with the seawater
aging (Figure 4.45) compared to rejuvenated and physically aged coupon responses. At 45J, the impact test
is slightly higher than recommended by the standard. Delamination almost reaches the coupon sides but is

limited by its deflection and the support.
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It should be noted that the effects of the seawater aging could be more significant. Quasi—static mechanical

properties are affected by this aging condition when the matrix affects the coupon strength. The quasi—

isotropic layup tested here offers the same in—plane stiffness due to unidirectional plies. As the fiber is not

affected by the aging, the influence of aging on a quasi—isotropic layup could be less than for an oriented

layup with less 0° plies. The use of the dataset obtained experimentally in Chapter 3 for the simulation of a

layup with less plies oriented at 0° could validate this point.
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4.6.2. Influence of aging on the delamination

Quasi—static mechanical tests on unaged and aged coupons have shown an effect of aging on properties that

could affect both the damage initiation and propagation.

Figure 4.46 shows the C—scan results of physically aged coupons impacted at four energy levels. At 5J, no

delamination is observed, while for higher energies, the delamination is observed. The shape is very similar
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to those observed on the rejuvenated coupons, with an orientation in the 45° directions. C-scans for impact

energies higher than 35J are presented Appendix 1.

Attenuation
[dB]

Figure 4.46 — C—scans results on impacted physically aged coupons (from left to right: 5J, 15J, 25J and 35J)

Figure 4.47 shows the C—scan results for seawater saturated coupons impacted at four energy levels. At 5J,
a delamination is observed. The shape is different from those observed for rejuvenated and physically aged
coupons. The undamaged point below the contact point is also larger. At 35J, a damage growth from the
contact area in the width direction is noted. This may be due to the compression of UD external plies that

leads to a buckling, and a delamination.
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Figure 4.47 — C—scans results on impacted seawater saturated coupons (from left to right: 5J, 15J, 25J and 35J)

From the quasi—static results, it is expected that the seawater aging will reduce the interface strength and
then shift the delamination initiation to a lower impact energy value. Visually, this shift is observed. At higher
impact energy, the aging does not seem to affect the delamination even though the 45° orientation is less
clear than for the unaged and physically aged states. In addition, after seawater aging, the small undamaged

area below the contact point seems to be larger. One possible explanation is the matrix ductility, which could
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lead to a smaller indentation. The area below the impactor is in pure compression, which prevents the

interlaminar damage from propagating.
4.6.3. Effects of aging on the balance of energy

The effects of aging on the energy balance for impacts between 5J and 35J are shown from Figure 4.48 to
Figure 4.51. At 5J, the impact energy, i.e. the peak, calculated from the force and deflection is not exactly the
same for all conditions. For low impact energies, the drop height is supposed to be the same but a small
difference compared to the low value measured will result in an increase of the gap between the curves. It

must be noted that this gap is the same for higher impact energies.
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At 15J, 25J and 35J, the slope is a bit lower for seawater aged coupons than for the other aging conditions.
The coupon absorbes energy at a lower rate, which means the coupon submitted to an impact event is a bit
less stiff after seawater aging. No change is observed between the unaged and the physically aged conditions.
These observations make sense. In chapter 3, except in the fiber direction, every modulus was observed to
decrease with the seawater aging, while a small increase was observed after physical aging.

In Chapter 3, the quasi-static characterization of the material for different aging conditions has shown that
both elastic and ultimate properties are affected by the aging. However, the absorbed energy is not observed
to increase more after seawater aging when the impact energy increases (Figure 4.52).

Even if the delamination threshold is obtained at a lower energy after seawater aging, the energy used to
initiate then propagate the damage is low at 5J. At higher energy, the shape of the through thickness
delamination is a bit larger after seawater aging, but as the difference is small, it is not explicit on the

absorbed energy.
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Figure 4.52 - Effect of aging on the absorbed energy for impact energy in the range 0-80J

4.6.4. Microscopic observations

Microscopic observations have been performed on sections of physically aged and seawater saturated
coupons.

At 15J, both show a 0/0 delamination (Figure 4.53 and Figure 4.54). However, this delamination is less
extensive in the physically aged than in the seawater saturated coupon where the damage seems also to be
intralaminar. This delamination has also been observed in the unaged coupon, and is related to the weft UD

fabric used.
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4.4 mm
4.4 mm

Figure 4.53 — 0/0 delamination for a physically aged coupon Figure 4.54 — 0/0 delamination for a seawater saturated

impacted at 15 coupon impacted at 15J
At these levels of energy, cracks have been found in the upper plies in the area of contact with the impactor.
These cracks propagate in the carbon fiber strands of the ply in contact with the impactor.

4.6.5. Tomography on aged coupons

Tomography analyses have been performed on seawater saturated coupons impacted at 5J and 30J. Figure
4.55 shows images in the length and width directions, just below the contact area. On the upper photo, we
can imagine a delamination at the 45/0 plane (between the red arrows). However, this delamination

becomes very difficult to observe on the width direction.

M e St i 8 L e At e S St 5

Figure 4.55 — Tomography on the length (top) and width (bottom) direction of a seawater saturated coupon impacted at 5J

At 30J, the delamination is easier to observe (Figure 4.56). The damage tree is visible on the width direction
and length direction where the damage has propagated from a —45/45 interface to a 45/0 and then to a 0/0
interface. The contact with the impactor is symbolized by the white tablet on the upper face of each view.
Below the contact point, no delamination is observed (bottom photo) which is in accordance with Figure
4.47. However, matrix cracking could be present but is impossible to observe at this scale due to the low

resolution of the tomography scan.
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Figure 4.56 — Tomography on the length (top) and width (bottom) direction of a seawater saturated coupon impacted at 30J

The comparison with the tomography results on the unaged specimen shows that no bending stress cracks
nor fiber breakage are apparent. Delaminations between —45/45 and 45/0 interfaces have been
characterized, as well as at 0/0 interfaces in some cases. Improvements in the visualization could be obtained

with higher resolution of tomography scans.
4.6.6. Simulation of the aging effects on the impact behavior

The experimental tests have been performed at 5J, 15J, 25J and 35J on unaged and aged coupons. This

section reports the results of the comparison between these tests and the numerical simulation.
4.6.6.1. Dataset for aged materials

The complete dataset used to simulate the out-of-plane impact behavior of physically and seawater
saturated aged coupons is summarized in Table 4.6. All the mechanical properties have been obtained

experimentally, except the cohesive surface elasticity, the friction parameters and ply fracture toughness.
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Table 4.6 — Mechanical properties used for the physically aged and seawater saturated state in the model

Property Symbol Physical aging Seawater aging
Density p 1.55E-3
Friction
Em/c 0.1
metal/composite
Young’s moduli Ey, E> 127540, 9230 127540, 4390
Poisson’s ratio V12 0.320 0.341

Shear moduli

G12, Gi13, Ga3

4070, 5170, 3020

2700, 3210, 2480

Ply strength

XT, X5, YT, Y€, ST, s¢

2140, 950, 36, 134, 69, 69

1760, 607, 17, 94, 54, 54

- a 0

Cohesive surface
Knn, Kss, Kit 24600, 14200, 14200

elasticity

Interface strength T, Ts) Tt 80, 56, 56 43,34, 34

BK model parameters 0.60, 1.46, 1.67 0.50, 1.04, 0.58

Gic, Gre, M

Friction
Ec/c 0.05
composite/composite

Energy dissipated for

80, 80, 0.60, 1.46 80, 80, 0.50, 1.04

ply failure Grer Grer Gme, Ge

4.6.6.2. Prediction of the force vs. out-of-plane displacement curves

The prediction of the force-deflection curves is compared respectively for the physically aged and seawater
saturated coupons Figure 4.57 and Figure 4.58, for impacts at 5J, 15J, 25J and 35J. As found for the
simulations on the unaged state, the initial stiffness is not well predicted. The cause could come from the
deflection measure which is performed after a delay compared to the force measure. It remains the model
gives consistent results compared to the experiments, even if this simplified model is not as accurate as
published approaches that use volume elements [168][258].

The meshing techniques give close results until a delamination is initiated. For the physically aged coupons,
the loading part gives same results except the force peak that is higher for the standard mesh. In all cases,
the model overpredicts the force. As the model is not able to predict the out-of-plane damage, the ply
stiffness remains almost constant, then the force peak is overpredicted. The irreversible out-of-plane
displacement once the impactor has left the coupon surface is underpredicted. As the out-of-plane
displacement measure is performed on the area where the stitching is released, a change of the surface
topology can lead to a measurement error.

At 35J for the seawater saturated coupon, both meshes predict an early failure. The matrix damage is

extensive and reaches the boundary conditions. A drop of the force predicted is observed.
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Figure 4.57 — Comparison of the force vs. deflection curves between the experiment and the simulation for physically aged

coupons impacted at 5J (top left), 15J (top right), 25J (bottom left) and 35J (bottom right)
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Figure 4.58 — Comparison of the force vs. deflection curves between the experiment and the simulation for seawater aged

coupons impacted at 5J (top left), 15J (top right), 25J (bottom left) and 35J (bottom right)
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When comparing the experimental data and the simulation results, the simple model used to predict the
force and out-of-plane displacement study is also validated for the physically aged and seawater saturated
materials up to 35J. While the oriented mesh was promising, the comparison between the experiment and
the model shows often a load drop due to the delamination extent, and at high energy levels, a global failure
which is not seen experimentally. This is mainly due to the type of elements, that does not consider out of

plane damage. The energy consumed by the out of plane damage is then transferred to other damage

mechanisms such as the delamination which becomes larger.

4.6.6.3. Prediction of the energy balance

The energy balance predicted by the simulation for both mesh types has been compared with the

experiments for coupons aged then impacted. Results are presented for physically aged and seawater aged

coupons respectively in Figure 4.59 and Figure 4.60.
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Figure 4.59 — Comparison of the energy balance between the experiment and the simulation for physically aged coupons

impacted at 5J (top left), 15J (top right), 25J (bottom left) and 35J (bottom right)
For physically aged coupons, the prediction is better for the standard mesh. The absorbed energy is predicted
well in the range of these energy levels. The oriented mesh predicts an early failure around 3kN. This is the

point where the matrix damage is initiated then propagates abruptly to the width direction of the coupon.
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Figure 4.60 — Comparison of the energy balance between the experiment and the simulation for seawater aged coupons

impacted at 5J (top left), 15J (top right), 25J (bottom left) and 35J (bottom right)

The absorbed energy is also much higher for the oriented mesh. At 35J on the seawater aged coupon, the

oriented mesh predicts a drop of the out-of-plane displacement that leads to a discontinuity of the energy

balance.

4.6.6.4. Prediction of the delamination

A comparison of the experimental and predicted delamination is presented Table 4.7. Both mesh predicts a

delamination at 5J, while only the seawater saturated coupons is experimentally delaminated. At 15J, the

shape and the delaminated surface are in accordance with the experiment,

Both mesh techniques predict a good delamination shape for the physically aged coupon, while for the

seawater saturated coupon, the standard mesh over-predicts the delaminated area. Neither of these meshes

predict the undamaged region below the contact point.
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Table 4.7 - Comparison between the experimental and predicted delamination (standard and oriented meshes) for aged coupons

impacted from 5J to 35J

Physically aged

Seawater saturated

5)

15J

25)

35]

For an impact energy of 35J, the shape prediction seems reasonable even though the model does not capture

the overall orientation at —45° of the delamination. For the seawater saturated coupon, at this level of

energy, the standard mesh over-predicts the delaminated area, and the oriented mesh predicts in—plane

matrix damage.

4.6.7. Conclusion on aged impacts

Impacts on physically aged and seawater saturated coupons have been performed up to 80J. Only the

experimental results for impacts up to 35J have been presented because for higher impact energies, the

delamination is limited by the boundary conditions, and is thus difficult to simulate. C—scans and tomography
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have shown delamination at the same interfaces as for the unaged coupons. The model developed with
Abaqus™ is consistent with the experimental data, even if when the impact energy is increased, the predicted
force peak is higher than the experiment. The forces and deflections predicted by the model based on

continuum shell elements show a reasonably good correlation.
4.7. Conclusion

To conclude, investigations have been performed into the effects of aging on the out-of-plane impact
behavior of unaged and aged C/Epoxy coupons studied for a naval application. Compared to materials used
in the aerospace industry, this material has been found to show higher porosity, and the role of the stitching
in the damage propagation requires further study. In the unaged and physically aged states, a delamination
threshold between 5J and 15J was found, while for the seawater saturated state, the damage threshold is
below 5J. This is in accordance with interface strength results in Chapter 3. The contact time for seawater
saturated coupons was higher than for unaged and physically aged coupons, indicating either a stiffness
decrease due to aging or an out-of-plane damage. A numerical model has been developed with the Abaqus™
commercial code. Two meshing techniques have been tested: standard orthotropic and oriented. While
results are reasonable for both, premature failure has been predicted with the oriented mesh for an impact
at 35J. Given the additional time needed to set up the oriented model, it is recommended to follow a standard
approach for meshing these quasi—isotropic flat composite coupons. A parametric study has been performed
and showed that the cohesive surface stiffnesses have a strong influence on the prediction of the
delamination. Different values have been tested, and the higher the stiffness, the lower the delamination
and the longer the computation time. With respect to the stiffness prediction, the friction coefficient
between the metallic parts and the composite affects the stiffness and the value chosen was optimized to
improve the results. Improvements of the model are possible. First, the use of volume elements with an
implementation of the out-of-plane damage could improve both the prediction of contact time and the force
peak. For a given impact energy, experimental out-of-plane damage occurs. The predicted delamination area
could then be less with other elements than with the continuum shells, and volume elements will probably
be better suited for thick plies such as those studied here. Another improvement is the use of cohesive
elements to replace the cohesive surfaces. It has been shown that cohesive elements are more accurate than
cohesive surfaces but the computation time is also increased, and limiting this was a priority for this study.
At a certain scale, this model is consistent with the experiment. Meshing a real propeller blade with
continuum shells could represent a compromise between a high—fidelity model with volume elements and a
lower fidelity element but with a reduced computation time.

Impacts on marine propellers are not limited to flat composite parts. Chapter 5 will introduce an
experimental approach with different geometries to try to understand the impact behavior of more

representative propeller parts.
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5.1. Introduction

In the previous chapters the influence of seawater aging on impact behavior has been examined for a
particular idealized impact configuration. However, impacts on a real marine composite propeller could be
more severe than indicated by the out-of-plane flat plate impact tests performed and summarized in Chapter
4. During this thesis work, several additional tests have been developed and performed to investigate these
effects, and this chapter will describe these complementary tests. Given the time available it was not possible
to explore all these avenues in as much detail as those in the previous chapter, and in particular numerical
modelling was not developed in parallel. Nevertheless, a description of the work done is important as it
provides a basis for future studies.

A propeller blade section is presented in Figure 5.1. Different regions are visible and each can be subjected
to impact events. Region (1) represents a planar section. The impact study of this section has already been
studied in Chapter 4, but the residual strength will be investigated in this chapter. The section (2), the trailing
edge, is curved and will be studied in the third part of this chapter. Three curvatures were studied at three
energy levels. Finally, region (3) represents the most probable area for an impact, the leading edge. For this
test, the impact is in-plane, which is probably the most severe for a marine propeller blade. A coupon similar

to a real leading-edge section has been designed and manufactured and a preliminary study was carried out.

Figure 5.1 — Propeller blade section, from the RAMSSES project (©ONaval Group)
5.2. Influence of aging on the CAl strength

The compression after impact test (ASTM D7137) has been developed to characterize the residual strength
of a composite coupon impacted and damaged (ASTM D7136). For this study, coupons have been impacted
at 5J, 15J, 25J, 35J, 45J, 60J and 80J. The results in Chapter 4 have shown that the interlaminar damage was

limited by the boundary conditions for impact energies higher than 35J. The CAl method provides a structural
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strength which can be compared with a reference undamaged material compression strength experimentally
characterized with the standard ASTM D6641. It is widely used in the aircraft industry, much less for marine

applications.
5.2.1. CAl procedure

The ASTM D7137 standard recommends bonding four strain gages on the upper part of the composite
coupon to check if buckling occurs. In the present work we have preferred a stereo digital image correlation
system, which is able to measure the out-of-plane displacement of the coupon during the test. This technique

can also verify the uniformity of the loading. Three coupons per impact energy have been tested.
5.2.2. CAl results

Figure 5.2 shows an example of the Force vs. Displacement plots for seawater saturated coupons impacted
at 7 levels of energy. When the impact energy is high, extensive damage is present, which leads to a decrease
of the post impact strength. For the stiffness, except after the highest energy impact where the delamination

reached the coupon borders, no significant change is observed.
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Figure 5.2 — CAl Force vs. Displacement for seawater saturated coupons

The DIC system allowed an elastic modulus to be determined from low stress and strain data. Initial stiffness
values have been determined for all tests, and the aging had no influence on them, with an average value
around 44 GPa for all aged coupons (Table 5.1). This was expected because in a quasi—isotropic lay-up, the
stiffness is given by the contribution of all plies, and the elastic modulus of the 0° plies, the stiffest in the

layup, is not influenced by the aging.
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Table 5.1 — Elastic compression modulus after impact, influence of seawater aging versus reference

eergi/cFJ] Rejuvenated [GPa] Seawater saturated [GPa]
5 450+1.1 43.5+0.8
15 453+1.0 42.5+1.2
25 46.1+2.0 45.7+0.7
35 457+1.4 419+1.0

Figure 5.3 shows the CAl Stress vs. Axial strain for a seawater saturated coupon impacted at 5J. The DIC
images show the out-of-plane displacement of the coupon. At the beginning of the test, no deflection is
observed, but when the stress increases, the deflection becomes high in the area where the impactor

damaged the coupon. Finally, the damage propagates to the coupon borders, which is also seen in Figure 5.4

below.
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Figure 5.3 — CAl stress vs. axial strains for a CAl test of a seawater saturated coupon impacted at 5J
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KCAl § 6o

Figure 5.4 — Images of a failure due to a fiber yarn micro buckling for an unaged (left) and seawater s<aturated (right) coupons
impacted at 60J
The CAl residual strength vs. impact energy is shown in Figure 5.5. The seawater saturated coupons have a
significantly reduced strength compared to the unaged and physically aged coupons. Two slopes are visible.
Afirst up to 35J, where the delamination is local and has not reached the impact fixture limits. Then a second,
steeper drop, where the delamination has reached the impact fixture limits, and probably where the impact

has created other damage due to edge effects.
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Figure 5.5 — CAl residual strength for impacts from 5J to 80J for 3 aging conditions

A coupon edge of a seawater saturated coupon impacted at 75J is shown in Figure 5.6. This section is far from
the impact point, but extensive damage is visible. Multiple delaminations are observed, together with
intralaminar fractures. The boundary condition is complex at this location because the delamination from
the center of the coupon is stopped by the fixture edge while the impactor continues to indent the coupon.
The energy release is then brutal. This type of damage has only been observed on coupons where the

delamination has interacted with the edge of the fixture.
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Figure 5.6 — Seawater saturated coupon impacted at 75J (side of the coupon far from the impact point)

In terms of failure, two modes have been observed. First, as shown in Figure 5.4, a failure in the middle of
the coupon. This is due to the local micro buckling of fiber yarns and is initiated by the stitching. This is
important, whitening of the stitching that maintains the carbon fibers during the manufacturing process is

noted and local flexure of these PET stitching fibers leads to an early failure. This is highlighted in Figure 5.7.

Figure 5.7 — Micro buckling due to transverse stitching

The influence of stitching has been noted in several previous studies [259][260]. An influence was also
observed in Chapter 3 for uniaxial compression tests on [0]4 coupons, where the seawater aging reduced the
strength by 35% in comparison with the unaged and physically aged coupons. The other failure mode
observed during these tests on coupons with low impact damage was a local crushing damage close to the
compression platens. As the material is brittle, the friction and maybe a small defect of parallelism can cause
an early failure. Such a defect could be caused by the water jet divergence at the nozzle outlet during coupon
preparation. In order to avoid these defects trials were made with a conventional machining machine, but
this worsened the effect because of cracks that were generated by the milling cutter. Tests where an early
failure was observed are indicated in Figure 5.5.

In the literature, a study on a woven aramid—glass fibre/epoxy composite found a decrease of the CAl
strength of 42% at 32J after humid aging [206]. This can be compared with another study [261] where the

authors sealed together E-Glass reinforced vinyl-ester specimens to manufacture a tank that they filled with
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artificial seawater to perform a monofacial aging. They found a loss of 10% of the CAIl strength. Another
previous study was performed on a woven carbon/vinylester [210]. The author measured a loss of the CAl
strength of around 20% between an unaged and seawater aged specimen, and the effect of increasing
seawater aging temperature was also reported to result in larger strength loss.

It should be noted that there is a strong influence of stacking sequence on impact damage tolerance. The
layup used in the present study with external plies oriented at 0° cannot prevent microbuckling from
occurring. The results would have been different if the layup proposed by the standard, with a 45° or —45°
external ply, had been tested. The strain at failure would have been higher, with probably a higher strength
due to the containment of the microbuckling. The lay-up in our study was based on the funder’s
requirements, and fabrics were chosen based on previous work in the laboratory [170] to complete the

investigations into the effects of aging on mechanical property changes.
5.2.3. Comparison with undamaged material strength

The validation of CAl results is performed by checking if structural buckling occurs, and if the failure is not
caused by a load concentration around the boundary conditions. Compression tests at the coupon scale have
been performed following the ASTM D6641 standard. The aim of these tests was to determine if for low
impact energies, the structural strength (coupon almost undamaged) reaches the ‘intrinsic’ material
strength, as this can validate the CAl tests. For all these coupon tests, the failure was caused by the external

ply failure. The microbuckling of external UD plies is shown in Figure 5.8.

Failure of
the 0° ply :
loss of global
stiffness

Figure 5.8 — Failure of the quasi—isotropic coupon due to the external ply failure

In terms of ultimate properties, the unaged and physically aged materials have the same strength, while the

seawater aged strength is reduced by 50% (Table 5.2).
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Table 5.2 — Change of the compression material strength with the aging (ASTM 6641)

Rejuvenated Physically aged Seawater aged

ASTM D6641

373+34 374+ 42 184+ 14
strength

A comparison is proposed in Figure 5.9. The unaged and physically aged materials exhibit the same behavior.
However, at low impact energy, the CAl strength does not reach the same value as that found on undamaged
coupons using the ASTM 6641 fixture. This is due to the premature failure mode during the CAl test, where
damage initiates due to stress concentrations around the compression platens when no or little damage is
present in the center of the specimen (Figure 5.10). For these aging conditions, the CAI test does not
therefore provide a valid result at low impact energy. For the seawater saturated coupons, at low impact
energy, the CAl strength reaches the material strength. The failure modes are the same for these tests, which

indicates that for seawater aging the CAl test is valid.
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Figure 5.9 — Comparison between the material and the structural strength for all aging

Figure 5.10 — Premature failure of a rejuvenated coupon impacted at 5J (top left corner)
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5.2.4. Discussion of CAl results

Even though the CAI tests provided interesting results, the gap between the CAl strength at low impact
energy and the material strength for the unaged and physically aged states is a problem for design. The
impact standard ASTM D7136 proposes a smaller impactor radius, 16mm instead of the 50mm radius for this
present study, which undoubtedly tends to concentrate the damage in a smaller composite volume. When
the energy is too high, fibers begin to break which has severe consequences. A reduction of the post—impact
strength is observed because the coupon is locally less stiff. In the present study, no fiber breakage has been
experimentally observed nor numerically predicted (see Chapter 4). Delamination was the main damage
mechanism. For the unaged and physically aged states, the delamination was not sufficient to initiate the
structural failure, which happened locally close to the contact area between the coupon edges and the
compression platens.

For the seawater saturated state, the test appears to be valid because even at low impact energy, the CAl
strength reaches the material strength. Then, the CAl strength is decreased when the impact energy is
increased. In addition to the delamination, impact tests on seawater saturated coupons have probably
generated matrix cracking in the material. This damage coupled with the delamination characterized in
Chapter 4 leads to a global failure. Numerical simulation of this test has not been performed here, but
examples in the literature show good agreement with the experiments, whether with volumic or shell

elements [262].
5.3. Influence of curvature on the out-of-plane impact behavior

All the work described previously was performed on flat samples, both the identification tests and the
impacts. However, given the complex shape of a propeller the relevance of such tests can be questioned. For
this reason, some preliminary work was initiated to investigate the influence of specimen curvature. This
work was inspired by a published study [142]. In that work, the authors have performed impacts on GFRP
curved panels, at energies from 5 to 30J, with curvature radii between 75mm and 125mm. These dimensions
are standard in the piping industry, and there is a rich literature on impact of glass reinforced composite
tubes [153][263][264]. These authors have looked at residual tube strength under internal and external
pressure, and manufacture of tubes of different diameters would have been one way to examine the
influence of curvature. However, that approach introduces a major difficulty which is the influence of the
manufacturing process. The composite propellers are produced by infusion and tube—making processes such
as filament winding will not produce a representative composite (fiber content, porosities, internal
stresses...). There are alternative ways to produce both curved sections and propellers, such as automated
tape laying, and these are being studied in a parallel thesis at UNSW [265][266], but at present infusion

molding is the preferred manufacturing route for propellers.
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In this study, tests have been performed on curved panels manufactured by infusion around half-pipes with
diameters of 30mm, 50mm, and 70mm. In order to fix the specimens to the impact support frame our first
approach was to integrate a flat flange (Figure 5.11). This avoided having to manufacture a specific fixture
for each curvature, and this required some work as this inverse curvature is very sensitive to defects.
However, high speed camera images during preliminary tests showed that the contact area between the
flange and the fixture is not constant which was a problem for this study because the friction changes during

the test.

Figure 5.11 — Curved coupon with flat flange taken by a high-speed camera (top: before the impact / bottom: during the impact
with delamination)

A second version of this test has been designed with only the curved part of the specimen, without the flat

flange. This requires a specific fixture per curvature studied. The coupons and the fixture used for the impact

on the $70mm curved panel have been presented previously (Figure 2.22).
5.3.1. Presentation of the test

Four fixtures have been manufactured to maintain the different coupons. The coupons are simply supported
by the fixture. A window allows the coupon to deflect during the impact. Impacts are monitored: the impact
force and the out-of-plane deflection are measured. Then, a C—Scan was performed after impact to
determine if the delamination threshold had been reached and if the coupon was delaminated. Table 5.3

shows the tests performed. One coupon per condition was tested on unaged samples.
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Table 5.3 — Experimental impact tests on curved panels performed

7] 12) 17) Preliminary
®30mm X X X
®50mm X X X
®70mm X X X
®90mm X

5.3.2. Experimental results

5.3.2.1. Analysis of force and deflection data

The force signals were found to be more irregular than those recorded on flat plates (Figure 5.13). This may
be due to the vibrations that occur during the impact. In addition, the delamination between plies and the
residual stress released during the test can lead to a sudden loss of stiffness. In [142], the authors found the
same type of curves but on GFRP curved laminates. In their case the first load drop happened at the force
peak, and they concluded that once the delamination is initiated, it leads to a sudden stiffness loss. In our
case, the first force drop does not occur at the force peak. The most probable reason is the smaller curvature
tested here and the stiffer reinforcement. Once the delamination threshold has been reached, the force
drops. But then, as the impactor continues to deflect the coupon, the structural stiffness takes over until
another delamination.

The out-of-plane displacement has been measured and seems continuous. A residual deflection is measured,
around 0.25mm for the test at 15J. On the back face, just below the contact area, the stitching has been torn
off by the impact (Figure 5.12). A similar observation was made in Chapter 4, and the explanation was that
before the impact, yarns of the external plies are wavy due to the stitching, and when the impact occurs,

carbon fibers are straightened, which locally tears off the stitching (the white points in Figure 5.12).
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Figure 5.12 - Stitching torn off by the impact (15J on ®70mm)

No clear change in the out-of-plane displacement has been found (Figure 5.14). The same conclusion was
made for the force data, whether the first drop or the peak force. This may be due to the lack of experimental

data for these tests that were preliminary and require more investigations before making any conclusions.
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Figure 5.13 — Comparison of the force and deflection data for Figure 5.14 — Comparison of deflection peak for curved
an impact of 15J on a curved coupon with a diameter of coupons impacted from 7] to 17J
70mm

In term of contact duration, impacts on curved coupons have been found to be shorter than impacts on flat
coupons (Table 5.4). This may be due to the curvature or to the boundary conditions. The dimensions of the
window that allows the coupon to deflect have a strong influence at high energy: the larger the window, the
higher the deflection and the higher the contact time. However, after impacts, coupons did not show visual
damage linked to the boundary conditions. The hypothesis of the increased structural stiffness due to the

curvature is therefore preferred.
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Table 5.4 — Comparison of the contact durations [ms] for impacts on curved coupons impacted from 7J to 17J

®30mm ®50mm ®70mm Qoo
7] 2.67 2.53 2.59
12) 2.99 2.85 2.86 =4.0
17) 2.86 291 2.96

5.3.2.2. Analysis of C—scans

The C—scan results are presented in Figure 5.15 for the smallest diameter coupons (30mm) impacted from 5J
to 15J. Due to the small diameter, the impact is severe. Even at the lowest impact energy, the delamination
is already clearly visible, and it seems to have reached the limit on the coupon circumference at 10J. When
the energy is further increased, the delamination extends in the length direction of the coupon. This seems

normal because the window which allows the coupon to deflect is rectangular.
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Figure 5.15 — Projected delamination of ®30mm curved coupons impacted (from left to right: 7J, 12J and 17J)

For larger diameters, the increase of impact energy does not affect the delamination in the length direction
(Figure 5.16). In the circumferential direction, when the impact energy increases, the delamination becomes
wider. It must be highlighted that the C—scan technique used here is only able to measure the projected
delamination. With the increase of impact energy, multiple delaminations through the thickness occur (see
next section) and have been observed elsewhere [142] but these cannot be characterized with this
inspection system. At these energy levels, the shape is almost the same as found in the literature for

glass/epoxy [142].
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Figure 5.16 — C-scan results of ® 50mm and @ 70mm curved coupons impacted (from left to right: 7J, 12J and 17J)
5.3.3. Microscopy observations

Coupons impacted at 17J) have been cut then polished. Due to the curvature and the dimensions of the
coupons, many photos have been taken, then the freeware Hugin™ has been use to rebuild the complete
section in a panorama. However, some pictures present a distortion on the corners which is due to the
software. The microscopic observations (Figure 5.17) show fiber failures of the upper and lower plies with
fibers oriented at 0°. In addition, a damage tree is visible. Both delamination and intralaminar damage are
visible. The damage seems more severe than that observed for out-of-plane impacts performed at the same
levels of energy.

A section has also been prepared for an impact of 7J on the ®50mm curved coupon. The aim was to define
the first type of damage that the coupons experienced during the impact. The photo of the section is
presented in Figure 5.18. Delamination is observed at -45/45 and 45/90 interfaces, and matrix cracks are also

visible. Even if the upper ply shows fiber failure, the lower ply does not seem damaged.
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4.4 mm

Figure 5.17 — Damage observed in curved coupons impacted at 17J. From top to bottom: ®30mm, ®50mm and @70mm

4.4 mm

Figure 5.18 — Damage observed on a @50mm curved coupon impacted at 7J
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5.3.4. Conclusion on these preliminary tests

Preliminary tests to evaluate the influence of the curvature on the impact behavior of unaged CFRP coupons
have been performed. The curvature radii are smaller than in another recent study [142] but similar trends
in force curves have been found. When the delamination threshold is reached, a sudden force drop is
measured, because of a stiffness loss. Then, a second higher force peak is noted, due to the curvature that
resists the further deflection of the coupon. C—scan analyses have shown delamination at low impact energy.
Microscopy observations on sections have shown multiple damage features, including delamination, intra
and translaminar fractures. More investigations are needed to conclude on the effects of the curvature on
the impact behavior but these impacts seem more severe for the composite, that shows more damage than
in planar coupons at the same energy levels. It must be underlined that the observations made with the
microscope have shown a wide range of damage types, including intralaminar matrix damage. The numerical
simulation of such tests would be considerably more complex than for out-of-plane damage, but in future
work it will be important to investigate the effects of the curvature on the damage extent in the composite

propeller.
5.4. In—plane impact: from element level to component level

As explained in the introduction of this chapter, in-plane impacts are likely to happen on a marine propeller,
as the rotating edge encounters immerged objects. Two different tests have been performed in this thesis to
account for this particular loading case: A first at element level and a second at component level on a

representative CFRP propeller part.
5.4.1. Edge impact at element level

The first test is based on a paper found during the literature study [169]. In that work, the authors studied a
laminate with a stacking sequence based on 0°, £45° and 90° plies. The lay-up was chosen to evaluate
different failure mechanisms. They used a $12.7mm cylindrical steel impactor and performed impacts at 5
energy levels (that are not detailed in the paper).

For our study, a $50mm hemi-cylindrical impactor was used. This shape was preferred to a hemispherical
shape to avoid an asymmetric impact on the thin edge in the case where the impactor is not perfectly
centered. The same coupons as those used in Chapter 4 were tested, but this time the impact was performed
in the width direction and required a specific fixture (Figure 2.24).

Impacts have been performed on unaged and seawater aged coupons, at 7 energy levels: 20, 40, 60, 80, 100,
200 and 3301J. The highest energy level is the maximal capacity of the Ifremer drop weight impact tower. The
measurement of the indentation was made by a high-speed laser targeting the horizontal bar of the T-shaped
impactor carriage. This also allowed the impactor initial velocity to be measured. As this was an exploratory

study, only one impact test was performed for each aging condition at each impact energy level.
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5.4.1.1. Analysis of force and deflection data

A curve representing the contact force vs. contact time is presented for four energy levels on Figure 5.19.
When increasing the impact energy, the maximal force value is increased, as well as the contact time. Around
the peak force, a plateau is observed which suggests that crushing is occurring. High speed camera images

confirm this hypothesis (Figure 5.20). Then, the last part of the curve is the impactor rebound with the release

of the stored elastic energy from the coupon.
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Figure 5.19 — Comparison of force vs. contact time for coupons impacted at four energy levels in the in—-plane direction
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Figure 5.20 — Crush debris ejected during the impactor rebound for an unaged coupon impacted at 330J, high speed camera
image
Comparisons of the force and penetration peak are shown in Figure 5.21 and Figure 5.22. On both figures, a
shift is observed. For the force peak, two trends are apparent. First, for impact energies lower than 80J, the
mechanical response is given by the in—plane stiffness of the coupon.
Then, for impact energies higher than 80J, the force peak seems to stabilize with the increase of impact
energy. This limit is associated with the crushing of the material as noted above. Seawater aged coupons

show a lower peak force compared to the rejuvenated coupons. A decrease in the peak force after humid
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aging has been observed in the literature [267]. In that work, SEM observations showed a degradation of the

interface between the fiber and the matrix, which reduced the on—edge impact strength.
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Figure 5.21 — Comparison of the peak force between unaged

and seawater saturated coupons aged up to 330J

5.4.1.2. Observations and C—scans
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Figure 5.22 — Comparison of the maximal penetration

between unaged and seawater saturated coupons aged up to

330J

C—scan inspections have been performed to investigate the damage extent in the coupon. This is not an easy

exercise as there is considerable out-of-plane expansion at higher energies. However, results for the

rejuvenated coupons (Figure 5.23) have been found to be equivalent to those from seawater saturated

coupons. The part seen as delaminated corresponds to the part where the fibers have moved the most

(Figure 5.25) out of the coupon plane. An important conclusion is that the damage seems to be very local,

and did not propagate to the coupon center. This was confirmed, by polishing cut sections of coupons

impacted at 330J (Figure 5.24). In this figure, the crush is visible on the upper part. Delamination is visible in

the zone affected by the impactor penetration, but this damage is local.
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Figure 5.23 — Comparison of delamination extent in unaged and seawater saturated coupons impacted in the in—plane direction

from 20J to 330J

Figure 5.24 - Polished sections of unaged (left) and seawater saturated (right) coupons impacted at 330J

Further investigations with X—ray tomography could be performed to visualize the fiber crush and the
interface damage in these coupons. A post—impact compression test has been described in the literature
[169] to investigate the influence of in—plane impact energy on the residual strength. The main challenge
was to design such a test. Because of the damage to one side of the impacted coupon, the compression
coupon is mechanically asymmetric. To deal with this issue, the compression fixture ASTM D6641 was used,

but the dimensions of the coupons were modified: 150x25mm?2. Results showed a decrease of the
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compression strength by 20% for the impact energy range studied in that work (which is actually not given

in the paper due to confidentiality).

8J 17) 60J 100J 200J 300J

Figure 5.25 — Photo of a coupon impacted in the in-plane

Figure 5.26 — Photo of coupons impacted from 8J to 300J
direction at 330J

On-edge impacts have shown visible damage even at low impact energy (Figure 5.26).
5.4.2. In—-plane impact at component level

Finally, moving up the test pyramid (Figure 2.6), some preliminary impact tests have also been performed on
a leading edge from the Fabheli propeller blade. The aim of this study was to investigate the effects of a hard
impact on the behavior of the leading edge. The same tests have been performed previously elsewhere with
a wooden impactor but are not presented here. Interpretation of tests in which both impactor and coupon
are damaged is complex. The idea here was to simplify the impact by using a non—deformable material for a
first simulation of this test, and once the simulation has been validated, to simulate a composite/wood
impact.

In order to obtain data to compare to the simulation (performed outside the scope of the thesis) coupons
were impacted at 24J, 35J, 50J, 70J, 100J and 160J. A specific fixture was designed to block the coupon base
on the drop weight impact tower (Figure 2.27). The Epoxy system is the same as used in this thesis, but two
slightly different carbon fiber fabrics were used for this geometry: UD PANEX35 50K 600g/m? and a Serge 2-
2 T700 600g/m?2.

Figure 5.27 shows the Force versus Time curves at the different energy levels. For impact energies lower than
100, the contact time is slightly lower than 4.5ms. At 160J, the contact time has been measured to be much
higher than this value. This may be due to severe damage developed at that energy level, which seems to
have affected a larger area.

Figure 5.28 shows the change in visible damage close to the contact area for impacts from 24J to 160J. At the
lowest impact energy, fiber crushing is present even though it is not extensive. At 160J, the penetration of
the impactor has led to severe damage. It should be noted that these hard impacts damaged all the coupons,

even when the impact energy was low.
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Once again further investigations including microscopy on polished areas around the crushed section are
underway within the project, in order to characterize the damage sequence during the impact. High speed

camera images provide some indications of the damage progression (Figure 5.29).
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Figure 5.27 — Force vs. time curves for leading edges Figure 5.28 — Comparison of damage observed for impacts up
impacted from 24J to 160J to 160J on leading edge

Figure 5.29 — Comparison of the maximal penetration in the leading edge for impacts at 50J (left) and 330J (right) : the

presence of CFRP debris generated by the impact is visible at 330J, high speed camera images

From the force and deflection signals, the energy balance has been plotted (Figure 5.30) and compared (Table
5.5) for the different tests from 35J to 100J. (At 24J and 160J, there was a problem with the high—speed laser
so the data are not available). It appears that the elastic energy is very low compared to the energy used to
damage the material (~*6%). In addition, a comparison of the impact energy measured prior to the impact by
the high—speed laser and the impact energy measured by the integration of the force—displacement curve

has shown some differences, with a maximal value around 10%. This may be due to the T-shaped impactor.
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In fact, measurements on both ends of the horizontal beam have shown a difference which indicates that
the T-shaped impactor, with a length of 460mm, may not be not perfectly horizontal during his drop. Another
hypothesis is the displacement of the support fixture, but preliminary measurements during out-of-plane
impact tests have shown very low displacements compared to the deflection of the coupon. However, as the

force level was lower for out-of-plane tests, we can expect larger effects for in—plane impact tests.
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Figure 5.30 — Energy balance for leading edges impacted at 35J, 50J, 70J and 100J

Table 5.5 — Comparison of the energy balance measured for impacts on leading—edges

Impact energy
| A
from the mpact energy Absorbed Elastic Part of elastic veraged Part
. from F-U data of elastic
impactor 0] energy [J] energy [J] energy [%] energy [%]
velocity [J] gy %
34.3 31.3 29.6 1.7 5.5 5.5
49.6 50.1 46.4 3.7 7.3
6.6
49.2 51.3 48.3 3.0 5.8
69.8 76.2 70.3 5.9 7.7
6.5
70.0 73.5 69.5 4.0 5.4
100.7 105.2 99.6 5.6 5.3 53

Strain—gages have been bonded on the flat surfaces of coupons impacted at 25J, 50J and 70J. The aim was to
estimate the strain—rate on a blade during an impact. Axial compression strains measured on the flat surface
are presented at three energy levels on Figure 5.31. The initial slope gives the strain—rates that are

summarized in Table 5.6.
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Table 5.6 — Strain—rates measured for impacts at 35J, 50J and 70J

Strain—rate

Impact energy [J] measured [s-]

35 1.51
50 0.42
70 0.96

It can be noted that these strain rates are only one decade higher than those of the quasi—static tests
performed at 1000mm/min and discussed in Chapter 4. However, this response was measured away from
the impact point. To develop a numerical simulation of this test, dynamic properties of the material are
needed closer to the contact point. However, these results suggest that quasi-static input data may be
adequate to provide a global simulation of the response of the structure. Another interesting point is the
difference in strain-rates between the tests. As the impact energy is given by the impactor velocity (the
impactor mass is constant during the test), the higher the energy, the higher the impactor velocity and the
higher the expected strain—rate. However, this is not observed here. A possible cause is the geometric
differences between coupons. The external ply was also observed to delaminate at 100J (Figure 5.32), which
was not observed at the other energy levels. The number of tests performed is small, and some scatter exists
mainly due to the manufacturing process. The damping effect of the damage mechanisms may also affect

the strains seen by the strain gauges further from the impact.
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Figure 5.31 — Compressive strain measured on leading—edges impacted at 35J, 50J and 70J
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Figure 5.32 — Delamination of the external ply due to the impact at 100J

5.5. Conclusion

In contrast to Chapters 3 and 4, which present more complete studies of the integration of aging behavior
into the prediction of static and impact performance, this chapter has mainly focused on the ongoing
development of tests aiming to be more representative of operating conditions of a composite propeller.
First, a complement to the out-of-plane impact tests presented in Chapter 4 has been described. The post—
impact strength has been characterized and showed a significant decrease of the compression residual
strength after seawater aging. However, the difference with respect to the unaged and physically aged
materials cannot be quantified, because for those conditions, the coupons failed early, due to high stresses
close to the loading boundary conditions. A comparison with the undamaged material strength allowed the
results for the seawater saturated coupons to be validated but not those for the unaged and physically aged
tests. For the valid tests, the failure always involved microbuckling failure of the transverse stitching. These
results have underlined the well-known difficulties in performing compression tests on composites and a
focus on the role of stitching parameters during these tests could help to improve propeller blade
performance.

Then, custom tests have been developed and performed to investigate the material behavior under more
realistic conditions. As propellers present different section geometries, impact tests should be performed
which allow us to analyze the critical loading conditions. Curved coupons have been manufactured and
impacts performed from 5J to 15J. Except for the smallest radii, the projected delamination did not interact
with the boundary conditions. More investigations are needed to relate ply damage to curvatures, and
evaluate which interfaces are delaminated but curvature does appear to concentrate damage.

On—edge impacts have been performed on unaged and seawater saturated coupons. Results show a decrease
of the force peak after seawater aging. A shift is also observed on the deflection peak, which is higher after
seawater aging. One hypothesis is that crushing consumes less energy after seawater aging than for the
unaged and physically aged materials. This could be further investigated by performing CC and CT tests as

discussed in Chapter 3.
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Finally, impact tests on leading—edges more representative of a propeller geometry have been performed
from 24) to 160J. Even at the lowest impact energy, damage is visible. This is mainly due to the stiffness of
the steel impactor used, and the thickness of the leading edge, which is thin at the blade tip.

Results from these exploratory tests have provided indications of areas to investigate in more detail in the
future, but they have also underlined the difficulty in dimensioning of a complex composite component

working under dynamic loading conditions in a hostile environment.
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Conclusions

The aim of this study was to investigate the effects of aging on the long—term durability and impact behavior
of a CFRP composite manufactured by infusion for naval applications. A Carbon/Epoxy material sensitive to
both physical aging and seawater aging has been studied.

In the first part of this thesis, an extensive experimental campaign has been proposed. The aim was to
characterize the change of elastic, strength and interface fracture toughness properties with aging. Both in—
plane and out-of-plane tests have been performed. It was demonstrated that physical aging had, in most
cases, a beneficial effect on the mechanical properties used in design, while seawater aging results in a
reduction in stiffness and strength. The latter is significant, and must be considered in design of marine
structures. In terms of interlaminar crack propagation, significant seawater aging effects were noted for in—
plane shear (mode IlI) loadings, for which a reduction of G, by 30% was measured. The reference, physically
aged and seawater aged properties were introduced in numerical simulations of four point bending tests
combining flexure and shear loads, and a good prediction of the unaged and aged behavior was obtained.
The study also highlighted a lack of reliable input data for translaminar and intralaminar fracture, and
development of test methods for these properties would improve confidence in numerical modelling of
composite structures.

In the second part of this thesis, out-of-plane impacts have been performed and simulated with a finite
element (FE) model. Compared to materials used in the aerospace industry, the material studied has been
found to show higher porosity, and the role of the stitching in the damage propagation requires further study.
In the unaged and physically aged states, a delamination threshold between 5J and 15J was found, while for
the seawater saturated state, the damage threshold is below 5J. This is in accordance with interface strength
results in Chapter 3. The contact time for seawater saturated coupons was higher than for unaged and
physically aged coupons, indicating either a stiffness decrease due to aging or an out-of-plane damage. A
numerical model has been developed with the Abaqus™ commercial code. Two meshing techniques have
been tested: standard orthotropic and oriented. While results are reasonable for both, force and
displacement drops are observed for the mesh with oriented elements. A parametric study has been
performed and showed that the cohesive surface stiffnesses have a strong influence on the prediction of the
delamination. Different values have been tested, and the higher the stiffness, the lower the delamination
and the longer the computation time. With respect to the stiffness prediction, the friction coefficient
between the metallic parts and the composite affects the stiffness and the value chosen was optimized to
improve the results. In terms of damage, no fiber failure has been found and the model is in accordance with
this observation, delamination is the main damage mechanism. The model over-predicts the delamination
because the elements used cannot predict the out-of-plane damage, in particular o553 which is mainly

responsible for matrix cracking.
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Finally, in the third, more prospective part of this thesis, a focus on the ongoing development of tests aiming
to be more representative of operating conditions of a composite propeller is proposed.

First, a complement of the out-of-plane impact tests presented in Chapter 4 has been described. The post—
impact strength has been characterized and showed a decrease of the compression residual strength after
seawater aging. However, the difference with respect to the unaged and physically aged materials cannot be
guantified because for those conditions, the coupons failed prematurely. A comparison with the undamaged
material strength allowed the results for the seawater saturated coupons to be validated but not those for
the unaged and physically aged tests. For the valid tests, the failure always initiated at the transverse stitching
causing microbuckling failure. These results have underlined the well-known difficulties in performing
compression tests on composites.

Then, custom tests have been developed and performed to investigate the material behavior under more
realistic conditions. As propellers present different section geometries, impact tests should be performed
which allow us to analyze the critical loading conditions. Curved coupons have been manufactured and
impacts performed from 7J to 17J. Except for the smallest radii, the projected delamination did not interact
with the boundary conditions. Even at the lowest impact energy, delamination, intra— and translaminar
fracture have been observed. Curved coupons seem to be more affected by an out-of-plane damage than
flat coupons. This is relevant for propellers, since propeller shapes are almost always highly curved.
On-edge impacts have been performed on unaged and seawater saturated coupons. Results show a decrease
of the force peak after seawater aging. A shift is also observed on the deflection peak, which is higher after
seawater aging. One hypothesis is that crushing consumes less energy after seawater aging than for the
unaged and physically aged materials. This could be investigated further by performing CC and CT tests, as
explained in Chapter 3.

Finally, impact tests on leading-edge specimens more representative of a propeller geometry have been
performed from 24J to 300J). Even at the lower impact energy, damage is visible. This is mainly due to the
stiffness of the steel impactor used, and the geometry of the leading edge, which is thin at the blade tip.
Results from these exploratory tests have provided indications of areas to investigate in more detail in the
future, but they have also underlined the difficulty in dimensioning of a complex composite component

working under dynamic loading conditions in a hostile environment.
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Perspectives

Composite propeller developments are recent and published studies of industrial solutions do not exist. Very
few studies that have proven the interest of using composites have been published, and those focus more
on hydrodynamic aspects. There are a number of material aspects which require further examination:

» Investigation of the water uptake effects.
Effects of aging must be considered if adequate safety factors are to be applied, particularly in the case of
thin sections. For thicker sections, as the water diffusion is very slow, composite plies located far from the
propeller surface will not be exposed to water diffusion because of the transient regime. Thus, mechanical
tests on composites with a water profile through the thickness will be closer to reality. At coupon scale,
coupons will need to be aged for different humidity levels, in a climate chamber at an elevated temperature
to accelerate the humidity diffusion into the composite. The implementation of humidity dependent
mechanical properties to simulate the composite behavior will give a more accurate prediction of the blade
behavior. In addition, vibration problems exist and for specific applications, the shape is chosen to reduce
the reflected noise. A change of local properties may change the blade behavior and result in increased noise
over time, which may not be acceptable for some application.
To reduce water ingress, the use of an appropriate coating may be a solution. This has not been investigated
here. However, replacing the coating needs to be performed regularly and is not environment friendly.
In this work we have concentrated on the influence of seawater immersion on impact, but impacts will also
affect water ingress. There is scope for studies of coupling between the two phenomena which may lead to
accelerated degradation. In this case, cracks initiated by the impact could create paths that will accelerate
the diffusion of water into the composite. Then, local hygroscopic swelling may initiate and propagate
damage. This is a complex area but a logical future step to extend our understanding of diffusion and
mechanical behavior. A recent study created a first framework to examine coupling effects [267]-[268].
Another aspect is the effect of ageing on the intra— and translaminar fracture toughness of the composite. A
preliminary campaign was performed, but premature failures out of the area of interest prevented useful
data from being obtained. Development of these tests is of interest since no values are available in the
literature for seawater saturated composites and this leads to uncertainty in modelling.

» Investigations of the dynamic effects on the composite
The effects of strain-rate have been investigated briefly in this study, and mechanical tests have been
performed with strain—rates up to 0.1 s™X. Out-of-plane impact tests instrumented by strain—gages have
shown strain—rates up to 2 s for impacts at 4 m/s. For impact velocities of 40 m/s defined in the literature
[114], strain—rates should be at least equal to 20 s. An experimental campaign could be launched to
investigate the strain—rate effects on the composite behavior. Using a high-speed hydraulic system may help
to reach the target strain-rate but to design for specific applications knowledge of the type and characteristics

of expected impacts is necessary.
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A numerical simulation has been proposed in this thesis work with shell elements. The use of volumic
elements will improve the simulation if a constitutive material law is implemented. Different approaches
have been proposed in the literature, and can be tested with the complete dataset obtained experimentally
in this PhD. However, the relatively simple and rapid simulation presented here gave good results for the
stiffness. Depending on the design requirements, this may be sufficient.

As impacts happen underwater, the effect of the impact environment must also be investigated. The
interaction between the fluid and the composite part must be studied, and simulated. This topic is being
developed in the PhD study of Rowan Caldwell from UNSW, within this project.

» From laboratory to full scale operation

Finally, the last point to consider is the experience on a real propeller blade. Even if numerical fluid—structure
interaction models (FSI) give information about the strain experienced by the propeller blades when rotating,
experimental measurements are necessary to validate the models. The use of strain gages allows
measurement of the strain on the external surface of the blade, and the development of optical fibers can
give information about the internal strains. The use of sensors in the composite to measure the presence of
humidity could also be interesting, since thick coupons manufactured in this project showed a higher porosity
ratio, which can assist the water diffusion into the composite. In addition, monitoring impacts and following
damage is possible using piezoelectric sensors in the propeller blade. This technique can be used to localize
the damaged section by triangulation. It requires signal processing analysis, but can be done in service.
Another aspect is the material system. The development of thermoplastic materials allows the manufacture
of complex shapes using an Automated Fiber Placement (AFP) system, and also provides opportunities for
repair. As impacts are unpredictable, a certified repair process needs to be set up. Effects of aging on the

repair capabilities of composite propeller blades will also need to be investigated.

Composites offer great potential for a range of highly loaded marine structures. The very fast development
of composite foil structures for racing yachts over the last 5 years is providing a rapid learning curve.
Extending the lifetime of these structures, by improving understanding of ageing and fatigue response, will

encourage their use in a new range of marine applications.
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Appendix 1 — C-Scans of unaged and aged C/Epoxy coupon impacted from 5J to 80J

Appendix 1 — C-Scans of aged C/Epoxy coupon impacted from 5J to 80J

Attenuation -10 -20 -30 -40 -50 -60
[dB] [ ]

Figure A.1 — C-Scans of physically aged coupons impacted (from left to right) : (Top) 5J, 15J, 25J, 35] (Bottom) 45J, 60J and 80J

Attenuation -10 -20 -30 -40 -50 -60
[dB] I ]

Figure A.2 — C-Scans of seawater saturated coupons impacted (from left to right) : (Top) 5J, 15J, 25J, 35J (Bottom) 45J, 60J and 80J
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Appendix 2 — Comparison EXP/SIM for unaged coupons impacted at 5J and 25)
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Appendix 3 — Comparison EXP/SIM for physically aged coupons
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Impact energy [J] Comparison of the delamination (Exp / Sim_Ortho / Sim_Orient)
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Appendix 5 — Extended French abstract

Appendix 5 — Extended French abstract

De par leurs propriétés mécaniques spécifiques, les matériaux composites sont de plus en plus utilisés dans
I'industrie du transport. Pour l'industrie navale, les matériaux métalliques historiques sont peu a peu
remplacés par des composites hautes performances. Ces matériaux ont comme renfort des fibres de carbone
et comme matrice des résines thermodurcissables, telles les résines Epoxy, ou des résines thermoplastiques,
comme le PEEK. De nombreuses pieces ont déja été fabriquées et sont actuellement utilisées : coques, foils,
radomes, superstructures, ... Une application récente est I’'hélice de propulsion en composite, qui a déja fait
ses preuves dans le domaine aéronautique (Ratier—Figeac NP2000). Néanmoins, I'utilisation de structures
tournantes en milieu marin génere des efforts plus importants du fait de la densité du fluide, mais aussi un
vieillissement du matériau lié a son contact permanent avec I'eau de mer.

Cette these s’est intéressée a l'influence de vieillissements sur les propriétés mécaniques du matériau. Un
état réjuvéné et séché a d’abord été étudié. Cet état correspond a un matériau sec et dénué de vieillissement
physique. Ensuite, un état vieilli physiquement sous vide a 60°C pendant 30 jours a été étudié. Finalement,
un état vieilli en eau de mer jusqu’a saturation a été étudié. Ces vieillissements sont basés sur des travaux
antécédents qui ont apporté une premiere compréhension du comportement du matériau sur le long terme

[170].
A.1l. Vieillissement en eau de mer

La premiére étape de ce travail a consisté a immerger des éprouvettes de C/Epoxy de 40x40x4.4 mm?3 en eau
de mer a différentes températures. Le vieillissement étant accéléré par la température, plus la température
est élevée, plus le temps d’'immersion nécessaire pour obtenir la saturation sera court. La Tg initiale du
matériau étant de 82°C, les températures de 4°C, 15°C, 25°C, 40°C et une température maximale de 60°C ont
été choisies. Cette derniere est supposée ne pas engendrer de dégradation chimique irréversible au
matériau.

Au cours de leur immersion, les échantillons sont pesés. Une comparaison entre les données expérimentales
et le modele de Fick 1D est présentée Figure A.3. A 60°C, le modele suite les données expérimentales jusqu’a
7 mois d’'immersion. Ensuite, le modéle diverge. Une cause probable est 'endommagement du réseau
macromoléculaire a cette température qui engendre une plus grande absorption d’eau. A plus basse
température, le modéle est cohérent avec les données expérimentales. Néanmoins, aprés plus de deux

années d’'immersion a 40°C, le matériau n’est pas saturé, d’ou la nécessité d’un vieillissement a 60°C.
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B C/Epoxy 60°C —— Fick@80°C
C/Epoxy 40°C Fick@40°C
1.0 m crEpoxy25°C

Fick@25°C % f
B C/Epoxy 15°C —— Fick@15°C % E E ;
0.9 m CiEpoxy4°C Fick@4°C i

: .o = 7 months

0.0 T T T T T 1
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Immersion time normalized by the thickness [h®%/mm)]

Figure A.3 — Prise en eau en fonction du temps d’immersion normalisé par I'épaisseur des échantillons : comparaison
expérimental/modeéle de Fick
Le modele de Fick a été utilisé pour comparer les données expérimentales. Deux propriétés matériaux ont
été optimisées pour que le modele correle les données expérimentales : le coefficient de diffusion isotrope
D ainsi que la masse a saturation. Ces données ont ensuite été utilisées dans Abaqus™ pour prédire la
diffusion d’eau dans un bord d’attaque. Connaissant le drapage initial de la section, il a été possible de définir
plis par plis la concentration moyenne en eau. Celles—ci sont présentées en Figure A.4 pour différents temps

de vieillissements.
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Figure A.4 — Concentration moyenne en eau de plis de composites d’une section de 15mm vieillie a 15°C

Il est a noter que pour cette section, aucun pli n’est saturé en eau, mais qu’apres 10 ans d'immersion, tous
les plis ont absorbé de I'humidité. Une modélisation du comportement mécanique au plus pres des
conditions opérationnelles pourrait se faire a partir de données d’essais mécaniques réalisés sur des
éprouvettes vieillies et saturées en humidité (0<RH<1). Néanmoins, ces essais n’ont pas été réalisés durant

cette these du fait de la multiplication des essais mécaniques et du nombre d’éprouvettes a fabriquer.
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A.2. Influence du vieillissement sur les propriétés quasi—statiques

Ce travail de thése s’est intéressé a I'influence du vieillissement sur les propriétés mécaniques du composite.
Pour cela, une importante campagne expérimentale a été réalisée. Des essais de caractérisation du pli ainsi
gue de l'interface ont permis de mettre en avant le caractére nocif du vieillissement en eau de mer, et dans
une moindre mesure celui amélioratif du vieillissement physique.

Tout d’abord, des essais ont été réalisés pour définir I'influence des vieillissements sur la matrice de raideur.
Une comparaison des modules de cisaillement en fonction du vieillissement est présentée en Figure A.5. Le

vieillissement en eau de mer réduit les modules alors que le vieillissement physique les augmente, excepté

pour le G,3.
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Figure A.5 — Evolution des modules de cisaillement en fonction du vieillissement

Concernant les propriétés ultimes, la Table A.1 présente I’évolution de la contrainte en compression
longitudinale et transverse a rupture en fonction du vieillissement. Les données sur I’'UD montrent une
diminution drastique de 35% de la contrainte de compression a rupture aprés saturation en eau. Cette baisse
est attribuée a la trame en PET dont le but est de maintenir les fibres alignées durant le process de mise en
ceuvre, mais qui a pour défaut d’onduler les fibres de carbone de chaque pli, menant a une rupture
prématurée du matériau. La perte de propriétés avec le vieillissement en eau de mer peut s’expliquer par
une détérioration de linterface fibre/matrice, qui aurait des conséquences néfastes lors d’essais de

compression.

Table A.1 - Propriétés ultimes du composite en compression

L, Vieilli Vieilli en eau de
Rejuvéné . .
physiquement mer et saturé
X¢ [MPa] 933.6 £50.1 9499 +76.1 607 £33
Y¢ [MPa] 123.5+4.2 134.2+2.6 941+3.4
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Les propriétés obtenues expérimentalement par les essais quasi—statiques ont été utilisées pour simuler un
essai expérimental de flexion 4 points (I/t=12), entre un essai de flexion sur poutre courte (I/t=4), avec une
réponse dominée par le cisaillement interlaminaire, et un essai de flexion sur poutre longue (l/t=24), avec
une réponse plus proche d’un essai de flexion. La simulation numérique réalisée avec le logiciel commercial
de Dassault Systemes Abaqus™ a montré des résultats cohérents (Figure A.6) méme s’il a été trouvé que les
propriétés de fissurations translaminaires, non obtenus expérimentalement du fait d’une rupture hors de la
zone d’intérét, étaient critiques pour corréler au plus proche les résultats expérimentaux. Les résultats de
simulation ont montré une surprédiction moyenne de 5,3% pour la raideur, et de 8,9% pour la contrainte a
rupture. Ces résultats pourraient étre améliorés si des éléments volumiques, qui donnent un état de

contrainte tridimensionnel malgré une augmentation du temps de calcul, étaient utilisés.
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Figure A.6 — Comparaison Exp/Sim pour I'essai de flexion 4 points
A.3. Influence du vieillissement sur le comportement a I'impact hors—plan

La validation des propriétés mécaniques obtenues expérimentalement en chargement quasi—statique étant
faite, une campagne d’essais de caractérisation du comportement a I'impact de plaques composites vieillies
et non vieillies a été réalisée. Cette campagne a suivi la norme ASTM D7136. Un banc d’'impact a été
développé pour augmenter le nombre de mesures et rigidifier I'ensemble. Des essais d'impact hors—plan de
5J a 80J ont été réalisés, suivi par des essais de compression aprés impact (ASTM D7137). Ces derniers ont
pour objectifs de caractériser les propriétés résiduelles en compression d’une plaque impactée et

endommagée.
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Figure A.7 — Comparaison Force—-Temps pour des essais d’impact hors—plan de 5J a 25J

Tout d’abord, les essais d’impact ont été réalisés sur le matériau non vieilli. Les courbes Force—-Temps ont
montré des temps de contact aux alentours de 4ms (Figure A.7). En termes d’endommagement, des controles
US ont montré un seuil de délaminage entre 5J et 10J. Plus I’énergie d’'impact augmente, plus le délaminage
est important (Figure A.8). Au—dessus de 35J, la propagation du délaminage est bloquée par le montage
d’essai. L'essai est donc valide jusqu’a ce niveau d’énergie. Des tomographies aux niveaux d’énergie de 5J
(non délaminé) et 30J ont été réalisées. Les sections montrent un délaminage entre les surfaces —45/45 et
45/0 vers le centre de I'éprouvette. Aucune rupture de fibre n’a été observée, a 'inverse de ruptures

matricielles et de délaminages autour des torons de fibres de carbone.

Attenuation -10 -20 -30 -40 -50 -60
[dB] [ 1

Figure A.8 — Contréles US réalisés sur des éprouvettes non vieillies impactées a 5J, 15J, 25J] et 35J (de gauche a droite)

Ensuite, ces mémes essais ont été réalisés sur les matériaux vieillis physiquement et saturés en eau de mer.
La principale conclusion du vieillissement physique est que celui—ci n’apporte pas grand intérét sur des
problématiques dynamiques de type impact hors—plan. A I'inverse, le vieillissement en eau de mer a montré

une diminution du seuil d’endommagement interlaminaire inférieur a 5J (Figure A.9).
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Attenuation -10 -20 -30 -40 -50 -60
[dB] [

Figure A.9 — Contréles US réalisés sur des éprouvettes vieillies et saturées en eau de mer impactées a 5J, 15J, 25J et 35J (de
gauche a droite)
Des analyses par tomographie ont permis d’identifier les surfaces délaminées d’éprouvettes vieillies,
saturées et impactées a 5J et 35J. A 5J, il est possible d’observer des délaminages sur des surfaces 0/45 et —
45/45. A 35J, ces délaminages sont plus visibles (Figure A.10). De plus, il a été observé des délaminages 0/0
(Figure A.11), du fait du stitching (couture) utilisé pour maintenir les fibres alignées durant le process de mise

en ceuvre. Ce stitching fait office de défaut artificiel dans le matériau, favorisant I'initiation de délaminage a

ses abords.

Figure A.10 — Vue de cété d’une éprouvette vieillie en eau de mer impactée a 30J

Un modele sous Abaqus Explicit™ a été développé pour simuler numériquement ces essais d’impact. Deux
types de maillages avec des éléments de type coque (SC8R) ont été utilisés. Cet élément a I'avantage d’avoir
le critére de rupture d’Hashin en 2D déja implémenté, ainsi qu’un critére énergétique pour la prédiction de
la propagation de 'endommagement. Le premier maillage suit une approche standard, ou les mailles de base
carrée sont empilées les unes sur les autres. En vue d’améliorer la prédiction du délaminage, un autre
maillage orienté a été utilisé. Dans cette approche, les mailles sont orientées dans la direction des fibres. La
génération d’un tel maillage nécessite d’écrire le fichier d’entrée d’Abaqus™ avec un code externe, Python
dans notre cas. Les plis sont en contact les uns avec les autres avec des surfaces cohésives, moins précises

que les éléments cohésifs, mais permettant la réduction du temps de calcul. Ces surfaces permettent une
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prédiction du délaminage. Les données d’entrée sont celles obtenues expérimentalement par les essais

quasi—statiques.

4.4 mm

Figure A.11 - 0/0 delamination in the mid-thickness of a coupon saturated and impacted at 15J

Le modele permet de comparer les mesures effectuées expérimentalement ainsi que la prédiction du
délaminage, pour les différentes conditions de vieillissement et aux niveaux d’énergie de 5J, 15J, 25J et 35J.
Au—dela, les données expérimentales ont montré que la propagation du délaminage était bloquée par le
montage d’essai, favorisant d’autres endommagements pouvant ne pas étre prédictibles par le modéle.

Pour un essai d’impact a 15J sur une éprouvette non vieillie, et comme le montrent les Figure A.12 et Figure
A.13, les deux modeles prédisent correctement la raideur initiale de I'éprouvette non vieillie. Néanmoins, le
modele avec un maillage standard ne présente pas la rupture prématurée telle que prédite par le maillage
orienté. En termes de délaminage, a ce niveau d’énergie, la prédiction du délaminage est cohérente avec
celle expérimentale (Figure A.14). Sous le point de contact, la zone purement en compression est observée
comme non délaminée expérimentalement mais celle—ci est prédite comme délaminée dans les simulations
numériques. L’augmentation des coefficients de friction pour éviter des déplacements latéraux de la plaque

sur le montage pourrait étre une solution pour améliorer la prédiction du modéle.
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Figure A.12 — Comparaison Exp/Sim des courbes Force-Temps  Figure A.13 — Comparaison Exp/Sim des courbes Déflection—

d’un matériau non vieilli impacté a 15J Temps d’un matériau non vieilli impacté a 15J

Figure A.14 — Comparaison du délaminage expérimental (gauche) aux délaminages prédits par le maillage orienté (centre) et
standard (droite) pour un impact de 15J sur une éprouvette non vieillie
A 35J, une surprédiction de la force maximale est observée (Figure A.15), alors que le déplacement hors-plan
semble correctement prédit (Figure A.16). Aussi, une surprédiction de la surface du délaminage est observée
(Figure A.17), celle-ci dépendant du type de maillage utilisé. Ces deux observations peuvent trouver leur

origine dans le type d’élément utilisé. Contrairement aux éléments volumiques (C3D8) qui permettent le

calcul des composantes tridimensionnelles des contraintes, les éléments de type coque ici utilisés (SC8R) se
limitent aux contraintes dans le plan. Pour des problématiques de type impact, la contrainte de cisaillement
0,3 est importante car celle—ci permet la prédiction des fissures matricielles. Avec le modéle développé dans
le cadre de cette thése, la prédiction de 0,3 n’est pas possible. En pratique, les conséquences directes sur la
simulation numérique sont une surprédiction de la réponse mécanique de |'éprouvette, car chaque
endommagement prédit aura tendance a diminuer localement la raideur des éléments. De plus, chaque
rupture d’élément est associée a une perte d’énergie, qui diminue donc I'énergie distribuée au matériau et
réduit donc le délaminage prédit.

L’évolution du modeéle vers un modeéle avec des éléments volumiques prend son sens aussi du fait des fissures

matricielle observées. Néanmoins, il est a noter qu’un tel modele augmenterait drastiquement le temps de

calcul, ce qui n’était pas souhaité dans le cadre de ce projet.
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Figure A.15 — Comparaison Exp/Sim des courbes Force-Temps  Figure A.16 — Comparaison Exp/Sim des courbes Déflection—
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Figure A.17 — Comparaison du délaminage expérimental (gauche) aux délaminages prédits par le maillage orienté (centre) et

standard (droite) pour un impact de 35J sur une éprouvette non vieillie

A.4. Vers des essais mécaniques plus représentatifs pour des hélices de

propulsion navales

Des essais complémentaires de caractérisation des propriétés résiduelles en compression ont été réalisés.
Ces essais suivaient la norme ASTM D7137. Cet essai a le principal avantage de tester une éprouvette
impactée sans travail de découpe, mais a pour inconvénient des ruptures parfois prématurées au niveau des

plateaux de compression, du fait de défauts de parallélisme.
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Figure A.18 — Comparaison entre la contrainte résiduelle post-impact et la contrainte maximale donnée par un essai de
compression uniaxiale

La Figure A.18 présente les résultats de compression aprés impact aux différents niveaux d’énergie d’impact,
et pour les trois conditions de vieillissement. Alors que le vieillissement physique n’a aucune influence sur
les propriétés résiduelles, les effets du vieillissement en eau de mer sont clairement visibles. Néanmoins, ces
essais ont présenté des ruptures en dehors de la zone d’intérét a certains niveaux d’énergie, encadrées en
vert. Un essai de compression uniaxiale (ASTM D6641) a donc été réalisé sur des éprouvettes non impactées.
Par rapport a I'essai de CAIl qui est structurel, I'essai uniaxial apporte des réponses quant a la contrainte
matériau admissible. Pour les essais valides, la rupture a toujours été obtenue du fait du stitching. Celui—ci
est intéressant lors de la mise en ceuvre du matériau puisqu’il maintient les fibres alignées, mais ondule les
fibres de carbone ce qui a des conséquences néfastes en compression. Apres vieillissement en eau de mer,
ces conséquences sont empirées du fait d’'une dégradation de I'interface entre le stitching et la résine.
D’autres essais d’'impact de caractérisation ont été réalisés. Ces essais exploratoires avaient pour but
d’identifier des essais qui seraient plus proches d’impacts susceptibles d’étre rencontrés par des hélices.
Tout d’abord, I'influence de la courbure sur le comportement a I'impact a été étudié. Des plaques courbées
non vieillies de rayon de courbure de 15mm, 25mm et 35mm ont été fabriquées puis impactées avec un
impacteur hémicylindrique de rayon 25mm. Des mesures d’effort et de déplacement hors plan ont été
effectuées mais les essais préliminaires ne permettent pas de conclure quant a I'effet du rayon de courbure
sur le pic de force ou sur la déflection maximale. Néanmoins, au plus bas niveau d’énergie de 5J, un
délaminage est observé (Figure A.19) ce qui n’était pas le cas sur les éprouvettes planes impactées hors plan.
Cet essai semble donc plus critique que les essais d’'impacts hors plan, méme si des essais de reproductibilité

sont nécessaires.

227



Appendix 5 — Extended French abstract

Figure A.19 — Contréles US réalisés sur les éprouvettes courbées de @50mm (haut) et ®70mm (bas) impactées (de gauche a
droite) a 5J, 10J et 15J
Deuxiémement, des essais d’'impact sur chant ont été effectués. Ceux—ci visaient a caractériser I'influence du
vieillissement sur le comportement dynamique du matériau dans le plan. Des éprouvettes non vieillies et
vieillies en eau de mer ont été testées a I'aide d’un impacteur hémicylindrique. Un exemple de rupture est
proposé en Figure A.20. La force maximale mesurée pour ces essais est diminuée aprés vieillissement en eau
de mer (Figure A.21). La conséquence est un crush du matériau sous I'impacteur qui aura lieu a plus basse
charge. Des contrbles ultrasons ont été réalisés et montrent que I'endommagement reste local, le

délaminage ne se propageant par hors de la zone d’'impact.
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Figure A.20 — Eprouvette impactée dans le plan a 330J Figure A.21 — Evolution de la force maximale mesurées en

fonction de I’énergie d’impact

Enfin, des essais d’impact sur des bords d’attaque ont été réalisés avec un impacteur métallique

hémicylindrique de diamétre 50mm. La géométrie de I'éprouvette est issue du programme Fabheli. Ces essais
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ont été réalisés pour des énergies d’'impact de 24J a 160J. A la différence des essais sur chant, ces essais sont
plus représentatifs puisque la section de I'éprouvette n’est pas constante : plus épaisse au niveau du pied de
pale et plus mince au niveau du bord d’attaque. Les courbes force—temps (Figure A.22) montrent un temps
de contact de I'ordre de 4.5ms, mais pour I'impact a 1601, la pénétration est plus importante et le temps de
contact est mesuré a 6ms. Concernant 'endommagement, la Figure A.23 présente le bout du bord d’attaque

apres les impacts. Plus I'énergie d’impact est élevée, et plus la pénétration dans I'éprouvette est importante,

ce qui augmente la zone de crush.
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Figure A.22 — Comparaison des courbes Force—Temps pour des impacts sur bords d’attaque pour des énergies de 24J a 160J
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Figure A.23 — Comparaison du bord d’attaque impacté de 24J a 160J

A.5. Conclusion est perspectives

Cette étude a permis de contribuer a I'évaluation et la prédiction des propriétés mécaniques sur le long—
terme d’un composite qui pourrait étre utilisé pour le domaine naval. Un état non vieilli et deux états vieillis
physiquement et vieillis en eau de mer ont été étudiés.

La premiére partie expérimentale a permis de mettre en avant un abattement des propriétés mécaniques du

composite apreés vieillissement en eau de mer de I'ordre de 30%, alors qu’une augmentation de I'ordre de
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5% a été observée grace au vieillissement physique. Néanmoins, ce dernier est surtout lié au process de mise
en ceuvre, puisqu’en pratique, I'eau de mer est a basse température et que ce vieillissement se révéle lent.
Les propriétés mécaniques obtenues ont permis de simuler et valider la simulation d’un essai de flexion
complexe.

Dans la seconde partie, des essais d’'impact ont été réalisés expérimentalement puis simulés numériquement.
Les données d’entrée de la simulation numérique sont les propriétés quasi—statiques obtenues dans la
premiere partie expérimentale. Le modele numérique, a base d’éléments de type coque, est concluant pour
la prédiction de la raideur, mais sous évalue les endommagements.

Enfin, la troisieme partie expérimentale a permis la caractérisation des propriétés résiduelles post—impact
du composite. L'apport du vieillissement physique n’a pas été observé par rapport a un état non vieilli. Le
vieillissement en eau de mer a des conséquences néfastes sur la tenue du composite, avec des ruptures
toujours observées au niveau du stitching. Des essais d’'impact sur tubes pour juger de l'influence de la
courbure sur le comportement du composite non vieilli ont été réalisés, de 5J a 15J, pour des rayons de
courbure de 15mm, 25mm et 35mm. A 5J, des délaminages ont été observés sur toutes les éprouvettes, alors
que les impacts hors-plan a ce niveau d’énergie n’avaient pas généré de délaminage. Enfin des essais de
caractérisation d’'impact sur chant et d’impact sur bord d’attaque ont été réalisés. Pour les premiers, le
vieillissement en eau de mer diminue la force maximale lors des essais. La conclusion est qu’en comparaison
a un état non vieilli, I'’écrasement du matériau vieilli en eau de mer aura lieu a une charge inférieure.
Concernant les essais sur bord d’attaque, les éprouvettes ont été endommagées pour tous les niveaux

d’énergie. Le temps de contact d’est révélé identique jusqu’a 100J.

Concernant les perspectives, la caractérisation de composites saturés a différents niveaux d’humidité
permettrait de simuler au plus prés I'influence du vieillissement sur I’évolution des propriétés d’une structure
immergée en régime transitoire. Une loi de comportement qui serait fonction de la quantité d’eau
apporterait des réponses méme si les simulations numériques deviendraient plus longues. Un autre point est
I'effet de la vitesse de déformation. Les essais de caractérisation réalisés dans cette thése se sont limités aux
des vitesses de déformation de 'ordre de 0.1s7}, alors que les jauges extensométriques ont mesuré des
vitesses de I'ordre de 2 s pour un impact a 4m/s. Suivant la littérature pour ce type d’impacts [114], les
vitesses maximales annoncées sont de I'ordre de 40m/s, donc a minima les essais devraient étre réalisés a
des vitesses de déformation de 20 s. Des essais de caractérisation quasi—statiques pourraient aussi étre
réalisés pour mettre en avant le role de I'eau dans la propagation des fissures translaminaires.

En termes d’impacts hors—plan, des améliorations sont possibles au niveau du modele numérique développé.
L'utilisation d’éléments volumiques permettrait le calcul tridimensionnel des contraintes, et I'utilisation d’un
modeéle matériau prenant en compte les endommagements hors plan devrait permettre d’améliorer les

résultats du modele. Néanmoins, cette approche ménera a une augmentation drastique du temps de calcul.
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Finalement, concernant la partie exploratoire, des essais d’'impacts sur une gamme plus étendue de rayons
de courbure et la simulation associée devrait permettre de conclure quant au role de la courbure sur le
comportement structurel. Pour les essais sur chant, une simulation numérique de I’essai devrait mettre en
avant I'influence du vieillissement en eau de mer sur la ténacité a rupture des fibres de carbone.
Finalement, pour un cas de chargement au plus prés de la réalité, le vieillissement de bords d’attaque
pendant une durée suivie d’un impact apporterait des réponses quant a l'influence d’une diffusion d’eau
transitoire sur les propriétés de la structure.

Des essais ont été réalisés en partenariat avec 'UNSW pour la thése de Rowan Caldwell. Les composites
thermoplastiques doivent étre comparés aux thermodurcissables. De plus, le réle de I'eau dans le cas d’un
impact sous—marin doit aussi étre caractérisé et une simulation numérique de type interaction fluide—

structure pourrait apporter des réponses.
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A. ROBIN, M. ARHANT, P. DAVIES, S. LEJEUNE, E. LOLIVE, T. BONNEMAINS and B. HABERT,
“Effect of aging on the in—plane and out-of-plane mechanical properties of composites for

design of marine structures”, accepted for publication in Composites Part C, March 2023

» Conference - oral contributions:

A. ROBIN, M. ARHANT, P. DAVIES and B. HABERT, “Development of tests to investigate
impact behavior of marine composites for propellers”, presented at CompTest—2021, online,
May 2021

A. ROBIN, M. ARHANT, P. DAVIES and B. HABERT, “Effets du vieillissement en eau de mer sur
le comportement a I'impact de composites marins pour des hélices de navires”, presented
at JNC22 — 22iemes Journées Nationales sur les Composites, online, June 2021

A. ROBIN, M. ARHANT, P. DAVIES and B. HABERT, “Effect of seawater aging on fracture
behavior of a C/Epoxy composite”, presented at EMMC18 — 18" European Mechanics of
Materials Conference, online, April 2022

A. ROBIN, M. ARHANT, P. DAVIES and B. HABERT, “Influence du vieillissement en eau de mer
sur le comportement mécanique d’'un composite C/Epoxy pour des hélices de propulsion
navale”, presented at Conférence VIP — Vieillissement des Polyméres, ENSAM Paris, June
2022

A. ROBIN, P. DAVIES, M. ARHANT, E. MORINEAU and R. CAIRO, “Sandwich materials with
reduced environmental impact for marine structures”, 1CSS13 — 13™ International
Conference on Sandwich Structures, Knoxville, October 2022

A. ROBIN, M. ARHANT, P. DAVIES and B. HABERT, “Effect of seawater aging on the in—plane
and out-of-plane impact of C/Epoxy composites”, ECCCS2 — 2" European Conference on

Crashworthiness of Composite Structures, Toulouse, November 2022
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