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Abstract

Composite materials are in use in the shipbuilding industry for a long period of time. Composites
appear in vast number of fibre — matrix combinations and can be produced with several different
production processes. Due to the specific nature of the composite material structure, the selection of
the production process and the limitations in the quality control procedures, composite materials will
always be subject to defects and imperfections which may, under certain circumstances, lead to the
appearance and propagation of cracks. The size and the shape of the crack, the load type and the stress
field in the material surrounding the crack will be crucial for crack growth and crack propagation. This
paper reviews the composite material damage processes especially relevant for shipbuilding. The basic
principles of composite material fracture mechanics are briefly explained, and finally, mechanisms
responsible for the development of damage and fracture of composite materials are presented. This
paper has emerged from the need to summarize information about composite material fracture and
failure mechanisms and modes relevant for the shipbuilding industry.

Keywords: composite material damage, composite material fracture, fracture mechanics, composites

1. Introduction

Composites or composite materials in shipbuilding industry appear in various
combinations of resin (matrix) and reinforcements (fibres). In addition to the matrix
and fibre reinforcements, core materials can also be used to form a structural solution
called sandwich laminate. Above mentioned materials such as matrix, fibres and cores
form single skin or sandwich laminates which are most commonly encountered in
smaller ships and boats and as such are already considered as classic structural solutions
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in shipbuilding. Composite materials are often used as building material for main
structural elements in yachts and boats up to 20 meters, while in larger ships the use is
restricted to parts of the ship’s structure, i.e. superstructures, radar and sonar domes,
as well as various other structural and non-structural elements.

Composite material structure is fundamentally different from homogeneous steel
structure. Likewise, the design criteria of the composite structures differ from the
criteria applied to the steel. The use of composites in ship structure requires a deeper
insight and understanding of the mechanics of the composites materials as well as
the features of composite material production processes. No matter how precise the
production process is, there will always be imperfections and defects in the produced
composite material. The size and the type of imperfection, as well as the type and
direction of load will be decisive factors whether the material will withstand the load
or whether the crack will initiate and propagate through the material. A large number
of microscopic imperfections can abruptly escalate into a macroscopic failure leading
to significant structural damage.

Damage processes and material behaviour during the failure of the material and
structure will be listed in the text below. Cases taken into account are the most relevant
forms of material damage processes and failure mechanisms in shipbuilding practice
and vessel exploitation.

2. Composite material damage processes

Different composite material design solutions, load cases and environmental
conditions will influence the process under which the damage will occur.
Damage mechanisms pertinent to composite materials are quite complex.
Observing only the stiffness criteria and/or the strength criteria will not give all
the answers to the question of how long the composite material will withstand
the load, or predict its life span. All of the below mentioned processes can occur
during the exploitation or production of the vessel.

2.1. Fatigue

Ship or almost any other marine object is in its exploitation life subjected to various
dynamic loads such as wave loads, vibrations, sloshing, slamming etc. Subjected to
these repeating loads material loses required stiffness or loses required strength.
Material fatigue usually starts in the initial crack or imperfections of the material, which
after a number of cycles begins to expand and propagate. Unlike metallic materials,
there are four basic mechanisms of composite material failure as a result of fatigue:
matrix cracking, delamination, fibre breakage, and interfacial debonding [1].

According to [1], throughout its lifetime, composite material subjected to fatigue
loads goes through five phases:
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* breakage of the matrix and / or fibres

* crevice cracking, matrix fibre peeling, fibre breakage

¢ delamination, fibre breakage

* crack growth through delamination, fibre breakage

* breakage of material

There are many theories that attempt to explain and describe the impact of material
fatigue on composites. However, currently there is no reliable method to describe the
behaviour of the composite in all cases and composite material combinations and
layouts. Weibull distribution and variations of the formula is often used as the most
accurate prediction method for damaging behaviour and longitudinal tensile failure of
aunidirectional fibre lamina [2]. Also modifications on static strength theory have been
attempted and some of extended formulas have been in use to predict the composite
behaviour under cyclic loading. The need arose to calibrate formulas and back them
up with test data in [3] and [4]. However, this can only be used on specific cases and
in order to estimate results as there are too many variables to accurately describe the
material behaviour using such simplified approach. Therefore, new methods have been
proposed and tested for various fibre — matrix combinations, using similar fibres [5],
[6] and also dissimilar combinations of fibres [7], as well as sandwich structures [8].
New methods have also been introduced using the extended finite element modelling
method [9] and computer aided design and programing [10] trying to predict behaviour
of the mixed composite on representative volume element level as well as to calibrate
software inputs.

2.2. Impact (collision)

When designing a vessel, impact is rarely the one of the cases that designers take as
relevant state of loading condition. In case the vessel is intended for operations during
which it is frequently in contact with the shore, other vessels, etc., impact needs to be
taken into account. When designing tugs, work boats impact can also be referred as a
collision. Similarly, the designers of the sailing yachts and boats, when designing the
keel and surrounding structure need to take into account the grounding and collision
load cases, see Figure 1. Some of the warships, especially minesweepers and similar
purpose vessels are also designed to withstand underwater blasts [11]. However, data
from these calculations and tests are often hard to find and not readily available.

An impact can be divided into several cases. If the structure is sufficiently stiff, the
entire collision energy is absorbed into the elastic deformation of the structure. After
impact the structure returns to its initial position. If the structure is not stiff enough to
absorb all of the impact energy, some of the energy is absorbed in the form of plastic
deformation of the structure. Finally, if the collision energy greatly exceeds the strength
of the material, the structure itself will break. Cracking of fibres, matrix or delamination
can occur in these cases. Impact with smaller objects was particular interest of research
in aerospace applications [12], but can find its uses in shipbuilding as well.
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In general, the behaviour of a composite during a collision can be described in
several stages:

* collision and energy absorption

« elastic deformation

* matrix breakage

* delamination

* fibre breakage

* peeling and / or breaking the core of the sandwich laminate [1].

Recently, experiments were conducted in order to gain more accurate experimental
data and find analytical data to calibrate the numerical models, on smaller scales [14]
as well as a real life cases [15].

Figure 1: A large crack as a result of hard grounding [13]

2.3. Delamination

Delamination usually occurs in areas where the properties of one material
are significantly different from those of surrounding material. The existence of the
interlaminar stress, the cause of the delamination process, indicates that laminate can
fail around the edges or holes and such failure cannot be neglected when designing
with the composite material. Some of the most common cases and positions where
delamination can occur are illustrated on Figure 2.
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Figure 2: Sources of out-of-plane loads from load path discontinuities

Delamination manifests itself as the crack propagating between layers of composite
material. Interlaminar stress is difficult to determine using just classical laminate theory
[16]. As presented in classical laminate theory, the joint between the layers is considered
perfect and its thickness is 0. Therefore, there are no shear stresses at the edges of the
laminate (7., and t.,), nor normal stress in the z-axis (c.). Thus, classical laminate
theory cannot fully explain the mechanisms of delamination at the free edge of the
laminate, one of the most common causes of the laminate breaking. [17]. Therefore, an
elasticity approach was suggested, using the three-dimensional stress state [18], thus
forming the system of second order partial different equations through the section of
the laminate. Proposed system was solved using the finite difference method and results
were confirmed experimentally using the moiré technique [19]. The study intensified
during eighties and nineties with usage of finite element method examining the notches
in laminate [20] as well as the free edges of the laminate [21], [22] and [23], while also
investigating more efficient ways of analytical calculations [24]. Some of the newer
studies introduce the use of commercial software in modelling the interlaminar stress
[25] and even the use of cohesive elements in finite element analysis [26].

2.4. Blistering and water absorption

Blisters usually appear in area of the laminate where excess fluid accumulates.
Blisters are very easy to spot if they appear in gelcoat, the first layer of laminate, but
in case they are formed inside the laminate itself, it is almost impossible to detect them
without using some non-destructive material testing method (i.e. ultrasound). When
the blister is punctured, the viscous fluid will usually flow from the blister. Depending
on the cause of the blistering, the types of fluid in the blister may also differ. So the
blister may contain a catalyst, water, solvent, oil and non-cured resin.
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There are usually two main reasons for blistering. The first is any imperfection
created during the production of laminate. The second reason is osmosis and the
environmental exposure of the laminate, in which case the water is most common type
of fluid found in the blisters.
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Figure 3: Structure description for the skin coated composites with: Layer A =
Gelcoat, Layer B = Interlayer, Layer C = Laminate Substrate according to [1]

Exposure of the laminate to the aquatic environment inevitably results in the
transfer of water from the environment into the laminate itself, schematically shown
on Figure 3. The transfer of water to the laminate is enhanced by temperature, and the
transfer is influenced by the composition of the water. Thus, in warm, freshwater lakes
the transition will be greater than in the North Atlantic, for example.

The transfer of moisture from the surrounding area to the laminate takes place
over long periods of time. Filled with water, laminate begins to lose its properties over
time and weakens. According to some experimental data reported in the literature [1],
the laminate strength can be reduced to up to 40% of the initial strength.

Water absorption takes place exclusively in the matrix (especially within
composites using polyester and vinyl ester resins). Experimental data has also shown
more degradation in physical properties of orthophthalic resins over the isophthalic
resins [27]. Through several experiments, the voids in the laminate were pinpointed
as places suitable for detaining the water. Therefore, the voids were observed [28] to
study the influence of water absorption on laminate properties, as well as the influence
of production processes [29] on number of imperfections suitable for water absorption.
Laminates with more imperfections were prone to absorb more water.

Prevention of blistering caused by production process can be easily achieved with
more rigorous quality control. Blisters caused by water absorption can also be prevented
by selecting the proper matrix material and coating, as shown in [30] and [31]. For that
purpose, new coatings are investigated [32]. There are also patented procedures for
drying moisture from laminates [33], but their efficiency needs to be experimentally
checked and approved.
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2.5. Cracks in gelcoat

Gelcoat is often not considered as an integral part of the laminate and often it is not
included in the calculation of the strength of the laminate. Although it consists mainly
of a matrix, as the most exposed laminate layer, in some cases it can be significantly
subjected to external loads and it is not advisable to neglect cracks and damage that
might appear in gelcoat. The thickness of the gelcoat layer has significant role in
surface appearance and also the performance of the laminate [34]. Its performance can
be enhanced by adding the nanoparticles [35] or other additives and structural strength
of the gelcoat can be increased. As the first layer of the laminate, gelcoat protects the
laminate from environmental influences.

Damage in gelcoat can easily be visually inspected. Depending on its visual
appearance, crack damage can be divided into three basic types. This is illustrated
on Figure 4, where three distinctive type of damage are shown. Type I is most often
caused by changes in the thickness of the gelcoat layer, causing the cracks to spread
radially from the area that is most loaded. It can occur at the part where the protective
decorative layer is thickest, but also at its thinnest part. If the focal point of the radial
spread is in the centre of the panel, a cause of the cracks can be excessive deformation
of that panel. Type II commonly occurs on structure and hull area, the most common
cause being thermal stretching of the structure and/or fatigue of the material. The
cracks in the gelcoat layer in this case are arranged parallel to the fibres. They are
extremely dangerous because they can propagate into adjacent layers of laminate,
ultimately causing the failure of the laminate. Type III is self-evident and occurs around
the opening. Usually it is the result of poor design of the surrounding reinforcement
around the opening, a stress concentration occurs around the hole and cracks expand
around the hole.
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Figure 4: Schematic representation of gelcoat crack patterns [1]

2.6. Sandwich delamination

Sandwich laminate is extremely popular in boatbuilding. It increases the thickness
of the laminate while minimally increasing the weight of the boat. Using the sandwich
in composite structures, panel gains rigidity and higher strength. One of the common
damage processes that occurs in sandwich plates is the separation of the core of the

sandwich panel from the laminate skins.
The reasons for this may be different, from imperfections created due to the
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production process to the failure in design. The most common causes are insufficient
core preparation, surface impurities, or premature application of the next layer of
laminate. Sandwich panel, subjected to a certain load case (namely compression or
flexion) due to the factors mentioned before, often experience delamination of the skins.
Therefore, sandwich delamination is often one of the observed processes during the
testing of the sandwich panel behaviour, as in [36].

A novel solution of composite shear keys is presented in order to minimize the
influence of imperfections created in the production process and trying to raise the
safety and stability of sandwich structures. The shear keys can be inserted into the core
of sandwich laminate to prevent the delamination of the skins due to the shear loads,
as explained in [37], [38] and [39].

2.7. Ultraviolet light degradation

Polyester, vinyl ester, and epoxy resins are degraded when exposed to Ultraviolet
light (UV) over extended period of time. In order to protect and prolong the life of
the laminate, the vessels are coated with a protective layer that contains fillers. Resins
that are least sensitive to UV degradation are polyester orthophthalic and isophthalic
resins. Therefore, the protective decorative layer is basically a polyester resin with the
addition of fillers and UV inhibitors [40].

However, even such resins, due to prolonged exposure to UV light, often became
damaged and cracked. The colours of the protective coating change due to exposure
(e.g. the white coloured layer becomes yellowish). After a time of exposure to UV
radiation, the glossy surface of the layer becomes completely damaged, leaving a
rough chalky surface. Damaged layer will eventually fail and degrade in such manner
that cracks will propagate to surrounding laminate. Protecting the composite laminate
with appropriate protection, composite material will at the end have better mechanical
properties and longer life span than unprotected composite [41].

3. Basic principles of composite material fracture mechanics

Development and propagation of the crack is one of the most common mechanisms
of damage to isotropic, brittle materials [ 1]. Due to variations in laminate composition,
the use of matrices and fibres of dissimilar properties, it is difficult to determine the
unique and unambiguous crack propagation in the composite material.

Damage, i.e. cracking of the composite material can be viewed from the aspect
of satisfying the rigidity criteria or meeting the strength criteria. In the case of strength
criteria, fracture occurs when the stress in the laminate reaches values greater than the
values that the laminate is capable of carrying. In the case of stiffness criteria, material
deformation is of outmost importance. The laminate will crack if the material deforms
more than it is allowed by the material properties.
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3.1. Composite material fracture

If the composite material is considered as a homogeneous anisotropic material,
all the main properties of fracture mechanics can be applied. The fracture mechanics
of composite materials are known from Wu’s work [42], which in addition to stress
intensity factors considered other relevant factors, including material anisotropy and
crack location. Observing the propagation of the crack in the composite material, he
concluded that in case of the opening mode (mode I), the crack will propagate in the
direction of fibres. Tests have shown that the propagation of a crack, regardless of the
direction of loading or the angle of fibres, most often goes through the matrix. Even
if initially formed perpendicular to the fibre direction, the crack will in most cases
continue to propagate through the matrix as depicted on Figure 5.
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Figure 5: Direction of loading and cracking according to [17]

However, composite laminate is usually composed of several layers with different
orientations, causing the crack to be self-similar in one layer, but not in the next one,
not considering the delamination between the layers [43]. Therefore, as suggested in
[44], the only exact method to estimate the crack growth in such composites is to test
them according to the loads they will carry. Even though finite element method is not
new to solving fracture mechanic problems as already seen in [45], new methods like
extended finite element method with minimal remeshing [9] are also being developed
and applied in the field of composite material fracture studies [46].
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4. Failure modes

The classical engineering approach to structural design, is to take into account
allowable stresses and design structure accordingly. However, considering the fact that
during the manufacturing process there will always be imperfections in the material
itself, it is necessary to include them in the calculation and to take into account the
probability that under the influence of external forces, the defect in the material can
increase enough to grow into a crack.

Having its structure in mind, there are two distinctive failures that can occur in
composite material: failure of the matrix or failure of the fibres. Of course, there are
cases where damage occurs both in the matrix and in the fibres itself. Some of the causes
due to failures can appear are: fracture under the influence of tensile loads, fracture
under the influence of compressive loads, buckling, bending, first ply failure, creep.

4.1. Tensile failure

Under the influence of tensile forces, the fibres can break. Broken fibre ceases to
carry a load which is in that case transmitted to the surrounding fibres. However, as
the fibre is immersed in the matrix, after a certain distance along the fibre length, the
broken fibre will again start to carry load. Thus, the matrix transfers the load to the part
of the fibre that is ready to take the load. The fracture of composite materials under the
influence of tensile forces can be depicted in several steps. At first, threadlike cracks
appear on the surface of the composite, then larger cracks become visible, and just
before the fracture, the matrix becomes blurred and the material can be white coloured.
When remaining fibres are not able to withstand the applied load, the composite material
will break [47].

The tensile strength of the composite material can be represented by the stress-
strain curve which may be more or less different from the curve representing the
isotropic material curve. For the most of the composite materials this curve is similar
to the curve of a brittle isotropic material. According to the literature [48], using the
Weibull distribution function and the tensile strength of a composite, it is possible to
predict to some extent the behaviour of the composite material in the damaged state.
It is possible to determine the ratio of broken fibres to the total number of fibres in a
given cross section using the formula 1:

N [ol ]m
- mel Iy
DﬂzF(c])zl—e : (1)

where D,; is ratio of discontinuous fibres to total fibres, m is Weibull shape factor,
o ; is effective strain in the fibre direction, F; is tensile strength of composite and e is
Euler number [2].
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However, tensile loads can be applied along the fibre direction and also transversal
to the direction of the fibres. To fully understand the mechanism, the test like in [49] and
[50] still needs to be performed in order to clarify and describe the failure mechanics
according to initial conditions and materials, although on micro level the prediction of
the failure can be modelled using the numerical and finite element methods described
in [51] and [52].

4.2. Compressive failure

Due to the impact of compressive loads, the laminate part will tend to buckle and
kink. For the laminates made only of fibre and matrix, the buckling mechanism can be
described in several steps.

The twisting in such laminates will occur due to the misalignment of the
compressive force angle and the fibre direction. Fibres that are not completely parallel
to the tensile force tend to bend. The more such fibres bend, the more adjacent fibres
are loaded and tend to follow the buckling curve depicted in Figure 6. Good overview
of compressive failure in long fibre polymeric composites was given in [53].

Sandwich panel buckling can take many forms and bending mechanisms contain
many more variables. Some of the most common failures in the boatbuilding are
described in [54], [55] and [56].

N

.

Figure 6: Buckling of the panel shortens the panel and increases the number of
laminate imperfections [17]

4.3. First ply failure

First ply failure refers to the stress at which the ply of laminate will break and fail.
In order to calculate the stress in the layer, it is necessary to determine the stress in all
plies of the laminate and then check it against the ply material properties. Maximum
stress is usually in the first or last layer of the laminate (farthest from the neutral axis),
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but the failure can occur in any ply which is not sufficiently strong enough to withstand
the applied load. As the laminate is mostly made of layers of fibres arranged in different
directions, failure of the first layer does not necessarily mean that all other layers will
fail. The crack in the first layer spread through the matrix, affecting the fibres in the
adjacent layer. As the fibres are in a direction different from the fibres in the first layer,
they assume some of the stress. This is not the case for a unidirectional laminate where
all layers are stacked in the same direction. The crack propagation of such laminate
very likely encompasses all layers of the laminate.

First ply failure problems can be sorted in composite macro mechanics finite
element analysis [57], but it can also be studied on the micromechanical level if the
laminate is constituted exclusively of unidirectional laminate [58].

4.4. Sandwich panel bending

There are two cases of bending a sandwich panel. One is where the sandwich
panel contains a core that is relatively rigid and can carry bending loads, and the case
where the core is soft, and a large part of the shear stress is transmitted by the fibres
in the sandwich laminate skins. For solid cores, the sandwich is designed so that the
normal stresses are taken up by the outer and inner skins of the laminate, while the
shear stresses are taken over by the cores.

For soft core sandwich panels, the core does not participate in the shear stresses,
and most stresses propagate through the outer and inner skins of the laminate.

4.5. Creep

Structures may experience creep if exposed to high level of stress that is still below
the yield strength of material over a long period of time. Stress strain curve in such
materials oscillate between the elastic region and the viscoelastic region. When it comes
to creep in composite materials, factors such as load, temperature, humidity and other
external influences have a profound effect. The creep of the composite material has
been found to be mostly influenced by matrices, while fibres do not have an influence
on the creep mechanism but do alter the creep magnitude and rate [59].

5. Conclusion

Due to the variety of case studies, only the most common examples that may
appear in practice are presented. Observing those common cases, it is worth of noting
that the damaged composite material does not have to experience complete fracture and
not all damage is equally hazardous to the material. When not repaired, damage caused
by material fatigue, collisions, delamination and separation can ultimately lead to the
fracture of the material and ultimately to the failure of the structure itself. The causes

Pomorski zbornik Posebno izdanje, 307-323 319



Davor Bolf, Albert Zamarin, Robert Basan Composite Material Damage Processes

of such damage are usually external loads, which, due to certain conditions, exceed the
permissible stresses. Other damages affect structure over long period of time and, by
their mechanisms, weaken the material, but may not necessarily be critical in the short
term for the stability of the structure itself. For example, such damage of the gelcoat
caused by UV rays, which can usually be repaired with protective coatings without
having to repair the whole laminate. The other listed damage may cause severe failure
if not treated and requires more invasive techniques and reparation of the layers of
the structure.

The area covered by this work is extremely large, and this work only addressed
the problems in the field of damage and fracture of composite materials. Comparing
the literature on composites with the literature covering the mechanics of fracture of
metals and homogeneous materials, it was noticed that there is a lack of systematic
review work that would cover the damage and fracture of composite materials and
structures relevant to shipbuilding. As such, this paper serves to provide an overview
of the mechanisms and mechanics of fracture of a composite, present the current state
of technology, technical knowledge and accompanied shipbuilding rules. In authors
opinion, it lists and embeds the topic relevant to shipbuilding and clarifies authors area
of interest. Deeper investigation of the problems of fracture of composite materials
would require more in-depth review of particular field and significant resources.
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