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Abstract

Fatigue of Carbon Fiber Reinforced Polymer (CFRP) composites is one of the topics that
receive more and more attention since these materials are increasingly used for the
manufacturing of loading-bearing components in the aeronautical, automotive and marine
industries. The objective of this thesis is to develop methodologies that allow to evaluate the
fatigue and post-impact fatigue properties of MultiDirectional (MD) CFRP in a short time

based on the analysis of thermographic data measured by the infrared camera.

A new fatigue limit determination method is first proposed to overcome the limitations of
traditional graphic methods (Luong and Risitano’s methods). The stress amplitude
corresponding to the peak value of angle change normalized by their amplitude, is defined as
the fatigue limit. The proposed method was evaluated by the experimental data of cross-ply
and Quasi-lsotropic (QI) CFRP laminates obtained in this study, as well as the data of various
materials in the literature. Then, in view of more complex damage mechanisms in MD
laminates, a previously proposed fatigue life prediction model, which combines the stiffness
degradation with thermographic data and which has been successfully applied to
Unidirectional (UD) and £45° CFRP laminates, is modified. A new parameter r is introduced
into the expression of residual stiffness to overcome the conservative predictions resulted
from the original model. In addition, the stabilized temperature rise is normalized by the
maximum value reached for the ease of comparison between different specimens. A protocol
to determine a more reliable S-N curve from individual predicted S-N curves of several
specimens is also proposed. To further demonstrate the generality of proposed methodologies,
the above-mentioned fatigue limit determination method and fatigue life prediction model
were also applied to the compression-compression fatigue and post-impact compression
fatigue Quasi-Isotropic Quasi-Homogeneous (QIQH) CFRP laminates with three different

stacking sequences. The results imply that the fatigue limit determination method and fatigue
1



life prediction model proposed in this study can be used to rapidly determine the fatigue limit
and predict the S-N curves of MD CFRP composite materials with more than 87% of
precision. The results of this work are interesting for industrial application because with the
use of proposed methodologies, the duration of fatigue test is considerably reduced (saving at
least 50 times of time) and it makes possible to know the fatigue properties of composites

irrespective of stacking sequence and mode of loading (tension or compression).

Key words: Infrared Thermography, Fatigue Limit, Fatigue Life Prediction, Multidirectional

CFRP, Post-impact Fatigue



Résumé

La fatigue des composites polymeres renforcés par des fibres de carbone (CFRP) est un sujet
important puisque ces matériaux sont de plus en plus utilisés pour la fabrication des éléments
porteurs dans les industries aéronautique, automobile et maritime. L'objectif de cette thése est
de développer des méthodologies permettant d'évaluer les propriétés de fatigue et de fatigue
post-impact de MultiDirectionnel (MD) CFRP en un temps court sur la base de I'analyse des
données thermographiques mesurées par la caméra infrarouge.

Une nouvelle méthode de détermination de la limite de fatigue a d'abord été proposée pour
surmonter les limites des méthodes graphiques traditionnelles (méthodes de Luong et de
Risitano). L'amplitude de contrainte correspondant & la valeur maximale du changement
d'angle normalisé par leur amplitude, est définie comme la limite de fatigue. La méthode
proposée a été évaluée a partir des données expérimentales obtenues dans cette étude sur les
stratifies CFRP a plis croisés et Quasi-lsotropes (QI), ainsi que sur des données de divers
matériaux de la littérature. Ensuite, compte tenu des mécanismes d'endommagement plus
complexes dans les stratifié<s MD, un modele de prédiction de durée de vie en fatigue
précédemment proposé, qui combine la dégradation de la rigidité avec des données
thermographiques et qui a été appliqué avec succes aux stratifiés Unidirectionnels (UD) et £
45 ° CFRP, est modifié. Un nouveau parameétre r est introduit dans I'expression de la rigidité
résiduelle pour surmonter les prédictions conservatrices résultant du modele original. De plus,
I'élévation de température stabilisée est normalisée a sa valeur maximale a des fins de
comparaison entre différents spécimens. Un protocole pour déterminer une courbe S-N plus
fiable a partir des courbes S-N prédites individuelles de plusieurs spécimens a été proposé.
Pour démontrer davantage la généralité des méthodologies proposées, la méthode de
détermination de la limite de fatigue et le modéle de prédiction de la durée de vie mentionnés
ci-dessus ont également été appliqués aux résultats obtenus lors d’essais en fatigue en

compression-compression et en fatigue en compression apres impact sur des stratifiés CFRP



Quasi-lsotropes Quasi Homogenes (QIQH) avec trois sequences d'empilement différentes.
Les résultats obtenus ont montré que la méthode de détermination de la limite de fatigue et le
modele de prédiction de la durée de vie proposés dans cette étude peuvent étre utilisés pour
déterminer rapidement la limite de fatigue et prédire les courbes S-N des matériaux
composites MD CFRP avec plus de 87% de précision. Les resultats de ce travail sont
intéressants d’un point de vue industriel car avec I'utilisation des méthodologies proposees, la
durée des essais de fatigue est considérablement réduite (gain de temps d’au moins 50 fois) et
les propriétés de fatigue des composites peuvent étre obtenues quels que soient la séquence

d'empilement et le mode de chargement (tension ou compression).

Mots-clés : Thermographie Infrarouge, Limite de Fatigue, Prédiction de la Durée de Vie,

Multi-Directionnel CFRP, Fatigue Post-impact.



General Introduction

In 1829, the history of fatigue begins. Wilhlem Albert, a German mining engineer, was the
first to carry out the fatigue tests on the metallic conveyor chains and published his
observations. Afterwards, between 1852 and 1870, a German engineer, August Wohler,
constructed the first experimental program to formulate the stress-fatigue life (S-N) curve.
Since then, fatigue is well recognized as a critical loading pattern that could be the reason for
a significant percentage of engineering failure and the fatigue properties of materials are

therefore considered as an important parameter of structural design.

Owing to their high strength and high stiffness to weight ratios, composite materials have
replaced part of traditional metallic materials, being extensively used as structural materials in
the aerospace, automotive and marine industries since 1950s. Components manufactured from
composite materials are inevitably used in the situations where fatigue loads are present.
Therefore, it is of great importance to understand thoroughly the fatigue behavior of these

composite structures.

The fatigue properties of metallic materials are conventionally determined by Waéhler curve or
S-N curve [1]. However, to plot a S-N curve, a number of long-lasting tests under different
stress levels must be carried out [2], which is a rather costly and time-consuming process [3].
Besides, for a given material, its fatigue properties depend on different parameters, such as
loading frequencies, stress ratios, geometrical shapes and dimensions, manufacturing
processes and surface roughnesses, etc...[4]-[7]. Moreover, in comparison with metals, the
fatigue behavior of composite materials is considerably more complicated due to their
inherent anisotropy and heterogeneity. Fiber orientation and content [8][9], stacking sequence
[10][11], fiber/matrix interface quality [12][13], etc... can all have an influence on their

fatigue properties. As a consequence, new methods that allow for accelerating the



determination of fatigue properties are highly desired.

From the view of thermodynamics, fatigue of materials is an irreversible energy dissipation
process accompanied by temperature variation. InfraRed Thermography (IRT), as a full-field,
non-contact and non-destructive method, enables the visible identification of the surface
temperature field of a material when it is subjected to mechanical loading. It can be applied
not only to access the damage initiation and propagation in real time, but also, based on the
infrared thermographic analysis, to predict fatigue properties in a short time [14]-[16]. The

fatigue properties mentioned here mainly refer to the fatigue limit and fatigue life.

In the previous work, new data treatment methods of thermographic data that allows to
rapidly determine the fatigue limit with uniqueness by using graphic methods (Luong and
Risitano’s methods) were developed by Huang et al [17]. The methods have been successfully
applied to the metals, UD and * 45° laminates in the literature. Besides, a fatigue life model
based on stiffness degradation was also proposed by combining the IRT data with damage
accumulation process. The proposed model allows to determine S-N curve just in about ten
hours of machine time, and has been applied to predict the tension-tension fatigue S-N curves
of triaxially braided, UD [18] and £ 45° [19] CFRP laminates. Nevertheless, the case of a
more complex composite material such as MD laminates, other modes of loading such as
compression-compression and the situation that the laminates may suffer from an impact, all
of these have not been considered in this model. Therefore, in this paper, all the above

mentioned more complex cases or situations will be investigated.

In the present PhD thesis, the author aims to work on the following aspects:

1. Carry out the static tension, conventional tension-tension fatigue tests, tension-tension
fatigue tests monitored by IRT on cross-ply and Quasi-Isotropic (Ql) CFRP laminates;
static compression and Compression After Impact (CAI) tests, compression-compression

and post-impact compression fatigue tests with the use of IRT on the QIQH CFRP
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laminates

2. Propose a new fatigue limit determination method for the composite materials to
overcome the shortages of the existing graphic methods (Luong’s and Risitano’s methods).
Verify the proposed methods by experimental data of MD CFRP in two different stacking
sequences and data found in the literature of different materials.

3. Modify the rapid fatigue life prediction model proposed by Huang et al. [18], which
combines the stiffness degradation with thermographic data, to take into account of the
more complex damage mechanisms in the MD CFRP laminates.

4. Propose a protocol to determine a more reliable S-N curve from a set of individual S-N
curves of several specimens.

5. Verify the proposed fatigue limit method and modified fatigue life prediction model by the

compression fatigue and post-impact fatigue experimental data of QIQH laminates.

So, the entire thesis can be divided into 5 chapters, and the overview is given below:

In chapter 1, the definition, properties, preparation process and application of CFRP are first
presented, followed by the introduction of conventional fatigue property determination
methods and fatigue damage mechanisms in CFRP. The theoretical framework of IRT
together with the fatigue property determination methods based on IRT are reviewed. Finally,
impact damage mechanisms, post-impact residual properties and post-impact fatigue

properties prediction based on IRT are given.

Chapter 2 starts with the introduction of basic material properties of CFRP prepreg and the
detailed manufacturing process of CFRP specimens used for the static and tension-tension
fatigue tests. The experimental procedure of static tensile tests and the test results are given
first, followed by the experimental procedure of conventional tension-tension fatigue tests and
tension fatigue tests with use of infrared camera. A new fatigue limit determination method is
developed to overcome the shortage of the existing fatigue limit determination methods. Then

the experimental data of QI and cross-ply CFRP laminates and those from numerous
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publications are used to verify the proposed model. Besides, numerical analysis is carried out

to investigate the influence of loading step length on the determined fatigue limit values.

In the chapter 3, taking into account of the influence of more complex damage mechanisms in
the MD laminates throughout the fatigue loading, a modified fatigue life prediction model is
proposed. The modified model has been applied to the experimental data of QI and cross-ply
laminates and compared with the S-N curves determined by traditional fatigue tests. A
protocol was developed to determine a more reliable S-N curve from individual S-N curves of
several specimens. The protocol is evaluated by the experimental data of QI and cross-ply

laminates.

The objective of chapter 4 is to investigate whether the fatigue limit determination method
and the modified fatigue life prediction model proposed in chapter 2 and 3 can be applied to
compression-compression fatigue QIQH CFRP laminates. A different CFRP prepreg was used
for the preparation of QIQH specimens with three different stacking sequences. Static
compression tests were conducted first to determine the Ultimate Compressive Strength
(UCS), then followed by the compression-compression fatigue tests with the use of IRT. The
determined fatigue limits and predicted S-N curves of three different stacking sequences are

compared with each other.

In chapter 5, the focus is to study the CAI and post-impact fatigue behavior of QIQH CFRP
laminates, because CFRP laminates is very sensitive to the impact loading. The same material
as that in chapter 4 was used. The CAI strength and damage modes of specimens with three
different stacking sequences are compared with each other, also with those without impact.
Again, the fatigue limit determination method and the modified fatigue life prediction model
proposed in chapter 2 and 3 are applied to the experimental data of post-impact compression
fatigue QIQH laminates. Finally, the fatigue limits and fatigue life obtained by the proposed

methodologies are compared with those without impact.
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Chapter 1 Literature review

1.1 Introduction and background
1.1.1 Definition of composite materials

As the term indicates, a composite material refers to a material made from two or more
constituents or phases that have different properties that, when combined, produce a

material/structure with properties superior to the properties of its individual components [20].

Composites are made up of individual basic materials, which are named as so-called
constituent materials (Figure 1-1). There are two main categories of constituent materials: the
reinforcement and the matrix. At least one representative from each category is required to
create a composite. The role of matrix phase is to surround and bind the reinforcement, giving
the composite material its net shape. Also, the matrix acts as the load-transferring media.
While the reinforcement is added to the matrix material to enhance the mechanical properties
such as stiffness or strength of composites [21]. There is a wide variety of materials that can
be used as matrix and reinforcement materials. The classification of composite materials is

usually just based on these two constituent materials.

The first classification criterion refers to the matrix constituents. Here, Ceramic Matrix
Composites (CMCs), Metal Matrix Composites (MMCs) and Polymer Matrix Composites
(PMCs) are distinguished. The most commonly used CMCs include C/C, C/SiC, SiC/SiC and
Al;03/ Al,O3. For MMCs, numerous metallic materials and metal alloys have been explored
as matrix materials, including Al, Mg, Ti and its alloys [22]. Boron, carbon (C), alumina and
silicon carbide (SiC) are popular continuous fiber reinforcement, while silicon carbide (SiC),
alumina (Al203) and boron carbide (B4C) are often used as particle reinforcement. As for
PMCs, the commonly used matrix include polyesters, epoxies, vinyl esters, polyamide imide

[23], while carbon, glass, graphite and aramid are the most important fibers in current use.
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The second classification criterion refers to the reinforcement constituents. Three broad
classes of composite materials are fiber reinforced composites (FRCs), laminar composites
and particulate composites. For the FRCs, the principle fibers in use are various types of glass
and carbon fibers. Other fibers, such as boron, aramid, silicon carbide, etc..., are used in
limited quantities. A typical example of laminar composites is plywood, in which the layers
are made of the same wood, but the grains are oriented differently. As for particulate

composites, the well-known examples are concrete and particle board.

Reinforcement Matrix Composite
Figure 1-1. Formation of a composite material using reinforcement (fiber) and matrix (resin) [21]
Among the various composite materials, one of the most commonly used composite materials
is CFRP, the short for Carbon Fiber Reinforced Polymer, which is composed of carbon fibers

and polymer matrix. This is also the material that will be investigated in this study.
1.1.2 Properties and preparation of CFRP

For CFRP, the incorporation of long carbon fiber into the polymer matrix results in the
anisotropic mechanical and thermal behavior of material system. The mechanical and thermal
properties parallel to the reinforcement fibers are dominated by the fiber properties. While
transverse to the fibers and in the laminate-through-the-thickness direction, the properties are
dominated by the polymer matrix (see Figure 1-2). In terms of mechanical properties, the fact
that carbon fiber is five times stronger than steel results in the tensile strength of CFRP in the
fiber direction falling between 1500 and 3500 MPa, whereas its metallic counterparts such as
steel and aluminum only possess tensile strength of 750-1500 MPa and 450-600 MPa,
respectively [24][26]. The stiffness of CFRP is around 200 GPa, which is similar to steel but
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two times as much as aluminum [27]. However, since the density of CFRP is approximately
20% of that of steel and 57% of aluminum [28], the strength-to-weight and stiffness-to-weight
ratio of CFRP is remarkably higher than the metallic materials. In the direction transverse to
the fibers and through-the-thickness, the strength and stiffness of CFRP are only in the order
of 15-100 MPa and 10-100 GPa [29].

x: transverse to the fibers
y: through the thickness
z: parallel to the fibers

Figure 1-2. Schematic figure of directions in CFRP [25]
As for the thermal properties, Thermal Conductivity (TC) is taken as an example here.
Generally speaking, the TC of carbon fiber ranges from 21 to 180 W/(m-K), with exceptions
that some graphite and diamond could be even more conductive than copper and silver which
have the highest conductivity of metallic materials [30]. On the contrast, the TC of polymers
is usually very low, being in the order of 0.1-0.5 W/(m-K), due to the complex morphology of
polymer chains [31]. Since the thermal conductivity of carbon fibers is significantly higher
than the polymeric resins, the TC transverse to the fibers and in the laminate-through-the-

thickness direction is much lower than that parallel to the fiber direction [32].

After the introduction of the mechanical and thermal properties of CFRP, the manufacturing

methods of CFRP will then be described in detail.

There are various ways of producing CFRP, which offer different advantages in terms of
production costs and range of properties. The common manufacturing methods include the
following: open molding, vacuum bag molding/autoclave molding, compression molding and

filament winding.
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As the name implies, the open molding process is achieved by utilizing a single open mold
that is in the shape of the final product. Carbon fiber together with the polymer matrix or the
mixture of the carbon fiber and polymer compounds are placed into the mold and are then
cured or hardened (see Figure 1-3(a)). Open molding is a rather reliable and simple method to
manufacture CFRP. The process is inexpensive, however, since the whole process has been
exposed to the air, the produced part quality in terms of void content and fiber volume
fraction will be largely reliant on the skill of the operators (the best achievable void content is

between 5-6%) [33].

In the vacuum bagging process, the prepreg material is first laid up on the mold, thereafter,
the mold together with the material are inserted into a vacuum bag and then they are
evacuated (Figure 1-3 (b)). The homogeneous consolidation pressure on the laminate
entrapped air, volatiles and excess resin, which in turn results in few voids and stronger
adhesion between the fiber and matrix. Hence the quality of the fabricated part is more
consistent and can be guaranteed [34]. If the laid-up mold inserted in the vacuum bag is
placed in an autoclave for cure and consolidation under controlled temperature and pressure,
it is called autoclave molding. Similar to vacuum bagging, the combination of vacuum and
pressure during the autoclave molding process results in high fiber reinforcement fraction,
high quality composite part with low void content. However, since the method requires
substantial investment in the autoclave itself, making this process prohibitively expensive.

Besides, the size of the fabricated components is limited by the dimensions of the autoclave.

Compression molding is a manufacturing process by which materials ready to be processed
are cured between two matching molds under intensive pressure and heat [36] (Figure 1-3(c)).
The most common intermediate or raw materials used for this process are Sheet Molding
Compound (SMC) and Bulk Molding Compound (BMC) [37]. Due to the ease of
manufacturing, there is a high success rate of producing CFRP parts free of inclusions and air

bubbles. Besides, compression molding is also recognized as one of the least expensive
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manufacturing methods for mass-produce products. However, a major drawback of the
method is the initial cost. A compression molding machine is rather expensive. The matching

molds alone can cost even 50 times as much as an open mold.

Filament winding is an automated process that applies resin-impregnated, continuous strands
of carbon fiber reinforcements over a rotating mandrel which served as the mold (Figure 1-3
(d)). The method is typically used for manufacturing open (tubes, cylinders, pipes, etc.) or
closed end structures (pressure vessels or tanks) [38]. Filament winding is fast and economic,
and may be achieved by automation and robotic procedures. However, the process is limited
to convex-shaped components.

(a) Open molding (b) Vacuum bag molding
! /autoclave molding

(c) Compression molding (d) Filament winding

Figure 1-3. Schematic presentation of manufacturing methods of CFRP [39][40]
Since in the laboratory, there already exits un autoclave. Based on the consideration of cost
and the geometry of fabricated plates, the autoclave molding process is chosen for the

manufacturing of CFRP laminates in this study.

As previously mentioned, since the stiffness and strength properties with respect to weight of

CFRP are superior to a range of conventional materials, the CFRP components have been
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adopted in a variety of applications.
1.1.3 Applications of CFRP

CFRP are finding increased applications in many areas, ranging from the aeronautical, marine
industry to automotive industry, as well as in the advancing sporting goods, civil engineering

structures, etc...

The major structural material application of CFRP is in the aeronautical field, for which
weight reduction is critical. Compared with making the same aircraft component with
conventional metallic materials, the use of composites allows one to obtain a weight reduction
varying from 10% to 50% with equal performance, while at the same time, reducing the cost
from 10% to 20% [41]. In addition, composite materials also provide greater flexibility since
the material can be tailored to the user’s requirements by selecting the constituent material,

stacking sequence, geometrical arrangement and so on.

In recent years, the usage of CFRP has continued to deepen in the commercial aircraft. In the
1970s, CFRP were marginally used in tertiary and secondary bearing components of aircraft
structures [42]. Now, they are the most preferred materials for large primary structures, such
as central wing box, beams, vertical and horizontal stabilizers and numerous parts of fuselage

[43] (Figure 1-4).

. Other
-CFRPIamlnate Steel 59

D CFRPsandwich 10%
D Flbreg'Ia.SS Titanium Composites
[l Aluminium alloys 15% 50%
[J Aluminium/steel/titanium alloys (engine pylons)

Aluminium

20%

Figure 1-4. Airframe material distributions and percentages for the Boeing 787 [43]

In the marine industry, CFRP are perfect choice for the challenging marine environment for
14



being light in weight, which offers potential savings in the structural weight, and having
strong environmental resistance properties, including freedom from rotting, corrosion, marine
organisms, etc... [44]. CFRP are common in various structures and components of vessels,
including hulls, floors, wall panels, decks as well as piping systems, fuel tanks, sonar hoods,

pipes, pumps and valves [45].

In the automotive industry, the outstanding specific strength, specific stiffness and fatigue
properties of CFRP compared to the commonly used metallic materials have drawn increasing
attention. Nowadays, the CFRP components are included in virtually all facets of a vehicle’s

design: chassis members, body panel, brake rotor and driveshaft components, etc... [46].

Besides, CFRP are also extensively used in sporting goods ranging from tennis rackets to
bicycles and are displacing traditional materials like wood, metals, and leather in many of
these applications [47]. The key advantages of using this material are reduction of weight,

vibration damping and design flexibility.

CFRP also have a great potential for replacing wood, steel and reinforced concrete in bridges,
buildings and other civil infrastructures [48]. The principal reason for choosing this material
is their corrosion resistance, which leads to longer life, lower maintenance costs and possible

reduction in seismic problems.

During service, the CFRP components, such as the fuselage, wings and vertical tail of an
aircraft, frame stiffener of an automobile, are often employed in the situation where fatigue
loads are present. The fatigue durability properties of these components are critical for the
long-life safety of the whole structure. As a consequence, there have been extensive studies

investigating the fatigue properties of CFRP materials [49]-[52].
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1.2 Determination of fatigue property
1.2.1 Traditional fatigue testing

Fatigue properties are commonly described by fatigue limit or the Stress-Life (S-N) curve.
Fatigue limit is defined as the threshold value of stress level below which fatigue failure
occurs when the fatigue life N, is sufficiently high (e.g., 10® or 107 cycles) [53][54]. It can be

conventionally determined by the staircase approach or the S-N curve.

The staircase approach, is also named as the up and down method. When performing a
staircase test, the expected range of stress level for fatigue limit is first selected. A constant
factor d (staircase factor) is chosen to separate the region into several neighboring stress
levels which equally spaced in a logarithmic scale. The first specimen is tested at an arbitrary
stress level. If the test is completed without failure, then the subsequent specimen is tested at
the next higher stress level. In contrast, if the test failed prior to a predetermined number of
cycles (usually 10° cycles), the consecutive test is conducted at next lower stress level, as
shown in Figure 1-5. Therefore, each test depends on the previous test results. In practice, it
is recommended to run the test with at least 15 specimens [55]. The duration of fatigue limit

determination by this approach is at least 20 days.

O = run out
2 ‘ X = failure
=
e PSR d
Sl e i e e -X———X———d—
; " G o . e 6——0—————d—
g o R R—— P — i — e q
0] N VN _e, ____________

-

specimen number

Figure 1-5. Principle of staircase approach [56]

S-N curve is a plot of the relation between magnitude of cyclic stress (S) and the number of
cycles to failure (N), preferably on a log-log or linear-log scale, as presented in Figure 1-6.

The fatigue life for any loading level could be directly read from the curve. In general, the S-
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N curves are plotted for a constant value of stress ratio R. Due to the large scatter of
experimental fatigue life, to plot a S-N curve, a number of long-lasting tests (at least 15

specimens) on similar specimens under different stress levels must be carried out.
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Figure 1-6. S-N curves of carbon/PEEK and carbon/epoxy laminates loaded in tension-tension fatigue [56]
1.2.2 Fatigue damages in CFRP

The fatigue damage in the CFRP depends on the loading mode, for example tensile or
compressive, the stress ratio R, the frequency of test, and various material factors including
constituent materials: fiber and matrix, architecture of reinforcement, stacking sequence,
etc.... Previous studies [57]-[60] have identified a number of damage mechanisms involved,
which are: matrix cracking, delamination, fiber-matrix debonding, fiber pull-out and fiber

fracture.
1.2.2.1 Matrix cracking

Due to the large difference in stiffness between matrix and reinforcement, matrix cracking
becomes a very common mode of fatigue damage in CFRP. Matrix cracking often initiates at
the free edges of a specimen where the stress state is different from that away from the edge,
then extending across the thickness of the ply but not necessarily across the width of specimen
[61]. An example of matrix cracking observed during fatigue test of different layups is shown
in Figure 1-7. In addition to reducing the mechanical properties (stiffness [63], Poisson’s ratio
[64], etc...) of composite materials, the development of matrix cracking can further lead to

other types of damage such as delamination and/or fiber fracture.
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Figure 1-7. Mid-ply matrix cracking observed during fatigue test of different layups [62]
1.2.2.2 Delamination

Delamination is an inter-ply damage form induced by the mismatch of elastic properties
between adjacent layers. A typical figure of delamination fracture is shown in Figure 1-8. As
can be seen from the figure, delamination is associated with matrix crack damage because

matrix cracking is almost always a necessary precursor for delamination to occur.

Delamination is a crucial damage for CFRP. In the short term, it can lead to a lack of support
of load-bearing layers in the material, promoting damage growth and premature failure
[66][67]. In the longer term, it provides opportunities for the moisture and contaminant to

invade into the interior of material [68].

| Matrix crack in 90° ply |

(@) (b)
Figure 1-8. Edge view of a CFRP laminate showing delamination between plies:(a) overall view;

(b) The circular region of (a) at higher magnification [65]
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1.2.2.3 Fiber-matrix debonding

When the stress at fiber-matrix interface exceeds the local strength, debonding occurs and
cracks form [69]. Fiber-matrix debonding, therefore, is a localized mode of damage that is
rather difficult to detect using conventional technique. Figure 1-9 illustrates when a load is
applied perpendicular to the fiber direction, the raise of average strain magnification in the

matrix between two fibers giving rise to fiber-matrix debonding.

&

50 ym
A

Figure 1-9. Coalescence of fiber-matrix debonding into a crack [70]
Fiber-matrix debonding does not appear to have a significant influence on the load-carrying
capabilities of composite materials. However, it acts as a precursor to matrix cracking - a

more detrimental form of damage.
1.2.2.4 Fiber pull-out

Fiber pull-out is a typical tensile fiber failure mode, especially when both fiber and matrix are
brittle. In the region of high stress concentration, such as the tip of an advancing crack, fibers
often fail and fracture [69]. As the crack front continues to propagate, these fibers are pulled

out of the surrounding matrix and fiber pull-out occurs (Figure 1-10).
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Figure 1-10. SEM micrograph of fiber pull-out [71]
1.2.2.5 Fiber fracture

As a type of fiber-reinforced composite materials, CFRP is manufactured from bundles of
carbon fibers, with the strength and failure strain of each fiber within the bundle being
different from each other. With the initiation of fatigue loading, the fibers fail under different
values of applied strain, generating isolated fiber fractures. Then at higher strains, localized
stress concentration resulted from isolated fiber fractures can induce failure in adjacent fibers,

leading to an accumulation of fiber fractures [61].

Fiber fracture is often seen as the final step towards failure for CFRP, since fibers represent
the principal load-bearing constituent of a fiber-reinforced composite, the fracture of fibers
can have a severe effect on the stiffness and strength of composite materials [69]. Figure 1-11

gives the fracture morphologies of fiber fractured in fatigue.

Figure 1-11. The fracture morphologies of fiber broken in fatigue [72]
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As previously mentioned, investigating the fatigue properties of CFRP by traditional fatigue
tests is costly and time consuming. Besides, for a given material, its fatigue properties can be
dependent on different parameters, such as loading frequencies [4], stress ratios [5],
geometrical shapes and dimensions [73], manufacturing processes [74] and surface
roughnesses [6], etc.... Moreover, in comparison with metals, the fatigue behavior of CFRP is
considerably more complicated due to their inherent anisotropy and heterogeneity. Therefore,

there is a strong need for new approaches to rapidly evaluate the fatigue behavior of CFRP.

With the development of high resolution infrared camera and the improvement in relevant
theories, InfraRed Thermography (IRT), as a non-contact, real-time, full-field technology, has

been extensively used for the rapid prediction of fatigue properties.
1.3 Rapid determination of fatigue property based on IRT
1.3.1 Theoretical framework

Fatigue can be specified as a cyclic damage evolution process, accompanied by thermal
energy dissipation which macroscopically leads to temperature changes on the material’s
surface. The framework used to interpret the fatigue behavior is the Thermodynamics of
Irreversible Processes (TIP) [77][78]. Combining the first and second thermographic principle,

the local heat equation can be expressed as follows [79]-[81]:

pCT — div(k: gradT) = dy + Sne + Sint + e (1-1)
With
d1=a:D—pg—(§:é—pg—(§:d (1-2)
Sthe = pT ;;(;pg € (1-3)
Sint = pT g;(i a (1-4)

Here, p denotes the mass density, C is the specific heat capacity, k is the thermal conductivity,

T is the absolute temperature, o is Cauchy stress tensor, D is the strain rate tensor, € is the
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strain tensor, a is the internal variable describing the change of microstructure within the

material, ¢ is the Helmholtz free energy and g, stands for the external heat supply.

The first term pCT on the left-hand side of the Eq. (1-1) denotes the heat storage rate due to

increase in the thermal inertia of specimen, the second term —div(k: gradT) characterizes

the rate of heat conduction through the specimen. In Eq. (1-2) to (1-4), d; is the intrinsic
dissipation caused by irreversible deformation, s;,. represents the thermoelastic coupling
effect between the temperature and strain and s;,r stands for the thermo-mechanical

couplings between temperature and internal variables.

In order to simplify Eq. (1-1), the following hypothesis are put forward [79]:
(1) The parameters mass density p, specific heat capacity C and thermal conductivity k are

material constants, independent of the thermodynamic state.

(2) At a mesoscopic scale, thermoelastic coupling s, and intrinsic dissipation d, are
uniform throughout the gauge volume.

(3) The coupling effect between temperature and internal variables, s;,;, is neglected.

(4) The external heat supply q. due to heat exchange is supposed to be independent of time,

therefore, the equilibrium temperature field T, verifies:

—k: ATy = q, (1-5)

Under the above hypothesis, the local heat equation can be simplified into the following form:

0 0 0% 0%
pC EJFE —k(—x+—y = dy + Stne (1-6)

Where 8 = T — T, denotes the temperature variation at the center gauge part of specimen.

The time constant ., characterizes the heat loses through the specimen surfaces z = +e/2 (e

denotes the thickness of specimen).

The linearity of Eq. (1-6) allows us to study separately the respective influence of source d,
and s;,. On the temperature. The temperature variation induced by thermoelastic coupling
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Stne and intrinsic dissipation d; is denoted as 6,,, and 8, respectively. Assuming that the
thermoelastic behavior is linear and isotropic, under cyclic loading, the expression for 8,

can be deduced by solving Eqg. (1-6):
ToAo, nf

pC 122 + 4m?f?

Where A denotes the linear thermal expansion coefficient, o, represents the stress amplitude

Otne (1) = — sin (2rft + @) (1-7)

of cyclic loading, f stands for loading frequency, and tang = 2rft.,. From Eq. (1-7), it is
observed that the temperature 8,;, is directly related to the applied stress: it has the same
frequency f as the applied stress signal and is proportional to the amplitude of applied stress

o, [83].

As for 6,4, since the intrinsic dissipation is always positive, the temperature variation 6,
induced by d; is also positive according to Eq. (1-6). This temperature rise is caused by the
dissipated energy due to mechanical damping, which corresponds to the encircled area by the

hysteresis loop [84]:

— Qdiss
d - C

(1-8)

Where Qg ;55 IS the generated dissipated energy.

A typical average temperature evolution in the gauge section of a specimen with the increase
of number of cycles is illustrated in Figure 1-12. As can be seen from the figure, the
temperature fluctuation 6,,, caused by reversible thermoelastic heating and cooling during
each cycle is significantly smaller when compared with the temperature rise 8,. Besides, it is
demonstrated that this thermoelastic effect can be eliminated by a time dependent averaging
of AT [84]. Therefore, the thermoelastic term s;;, can be neglected [82][85]. Eq. (1-6) can be

rewritten as:

c(22 .8 k629+629 —d 1-9
Pe\at T 7., Gzx azy)_ 1 (1-9)

23



3 A h A h "‘ ) IZ-ATel
'/ { ‘ ! |', \ .S, /
K

AT,

diss

y

t

Figure 1-12. Typical time dependent temperature evolution during fatigue tests [84]
According to Eg. (1-9), the total heat generation under cyclic fatigue loading is mainly
influenced by intrinsic dissipation, which paves the way for the analysis of fatigue behavior

based on temperature data measured by IRT.
1.3.2 Infrared thermography

InfraRed Thermography (IRT) is a non-destructive technique concerned with the detection,
registration, processing and visualization of thermal information. Laying on the principle that
anybody at a temperature above absolute zero (i.e., T > 0K) emits electromagnetic radiation
due to its thermal conditions, IRT allows performing the non-contact measurements of the
surface temperature variation of emitting object [86]-[88]. Practically, it includes an infrared
detecting device (infrared camera in Figure 2-8) to sense the emission of thermal energy from
the objects; such energy, with the aid of specific software, is convert into an electrical signal
and then processed to produce the surface temperature profile of the viewed object in the form

of gray scale or colored infrared images [89][90].

The measurement of emitted radiation in the IR range of the electromagnetic spectrum is the
basis for IRT, which corresponds to wavelengths longer than the visible light portion of the
spectrum. Every physical body spontaneously and continuously emits electromagnetic
radiation. The bodies in real life show very diverse radiation properties. Therefore, it is
worthwhile to initially consider the simplified laws of a model body of ideal radiation

properties, and then applied the laws to actually occurring objects. This model body is known

24



as the “black body”, The spectral radiance, defined as the spectral emissive power per unit
area of a surface for a particular frequency, emitted by a black body is described by Planck’s
law [91]:

2hc? 1
FE

Nap = (1-10)

hc
exp (ZKT -1)
Where h is the Planck’s constant, ¢ is the speed of light, K is the Boltzmann’s constant [92]
(K=1.381x 10723 JK~1), 1 is the wavelength of emitted radiation (um), T is the absolute

temperature of the surface and subscript b denotes black body.

By integrating the above equation across all wavelengths, the total emitted energy across the
entire spectrum of wavelengths at a given temperature could be obtained. This correlation is
called Stefan-Boltzmann’s law [93]:

P(T) = oT* (1-11)

Where ¢ is the Stefan-Boltzmann constant (¢ = 5.670 X 1078 W /(m? - K*)).

A black body is a perfect absorber and emitter of electromagnetic radiation, regardless of
wavelength or angle of incidence. In the case of a real object, only part of the energy will be

radiated out from the surface, for which the Stefan-Boltzmann’s law is modified as:
P(T) = eoT* (1-12)

Where ¢ is the emissivity of the surface. Emissivity is a measure of the ability of a surface to
radiate energy in comparison to a black body. The value of emissivity ranges from 0 (perfect
mirror reflector) to 1 (perfect black body). It depends on temperature, wavelength and nature

of the surface.

The fundamental equation of IRT relates the radiance received by an infrared camera to the
radiance emitted from the surface of object and environment at a given temperature T,

neglecting the atmosphere contribution [94]:
Ncam = gNobj + (1 - E)Nenv (1'13)
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Where N,,,, is the radiance emitted by the surrounding environment considered as a black
body. Since an IR camera is not a thermometer but a radiometer. To allow for a successful
measurement, the value of emissivity of the object should be close to 1. If the emissivity & of
surface is high, Eq. (1-13) reduces to N.qm~N,p; and knowledge of the calibration curve of
camera linking N,,; to T allows the retrieval of the surface temperature. There are plenty of
methods to solve the low or uneven emissivity problems. Among them, covering the viewed
surface with a high emissivity flat paint or grease is the most common one for imaging

applications [95]. In practice, black coating is often used.

A typical thermography testing experimental set-up is presented in Figure 2-8. An IR camera
is placed in front of the testing machine and specimen. The camera is connected to a laptop
computer to process the acquired data. The orientation and position of camera, the distance
between camera and specimen should be justified before the tests to obtain the desired field of
view (FOV). Also, the thermal scene must be isolated to avoid external disturbance that can
alter the measurements. This could be achieved by using an obscuring insulator curtain or
keeping the surrounding in dark. Before the testing begins, the camera needs to be calibrated
with a reference blackbody simulator. After calibration and setting the parameters, the
mechanical tests start and the observation shall begin. The detected IR energy is displayed as
a digital temperature-profile map. This image is presented on the screen of a color monitor,
with the various colors (up to 256) indicating temperature differences of 0.1°C. The
temperature indicated has taken into account of the emissivity of the object. The IR images

was recorded over a period of time, which can be represented by a 3-D matrix.

IRT can be applied in a passive or active configuration [96]: the former is often applied on
materials which experience a different temperature from the surroundings, the latter, instead
needs an external thermal stimulation to induce the surface temperature variation. The

external stimulations can be a mechanical or heat source.
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1.3.3 Review of fatigue property determination method based on IRT

Initially, IRT was widely used for the metallic materials in terms of fatigue property
determination, a number of methods and theories were created based on the observations on
these materials. Later on, these methods have been applied to the composite materials. In
general, the studies that utilize IRT to study the fatigue behavior of materials mainly contains
the following three aspects: damage evolution during fatigue process, determination of fatigue

limit and evaluation of fatigue life [97].
Damage evolution

When the material is deformed or damaged, part of the energy necessary to initiate and
propagate the damage will transform into heat, which can be captured by IR camera. The
study of Liaw et al. [98], Yang [99] and Yang et al. [100] suggests that the temperature profile
obtained by IRT could be used to reveal the damage in the metallic materials. In the work of
Naderi et al. [101], entropy production evaluated by the surface temperature of specimen is
utilized as an effective tool to access the damage variation under both constant and variable
amplitude fatigue loading. A strong correlation between accumulated damage and entropy
production is observed, independent of load, frequency, load history and geometry for the two

materials tested: Al 6066-T6 and SS304.

As for the composite materials, Naderi et al. [102] utilized IRT combined with acoustic
emission to explore the temperature evolution and various damage state of woven glass/epoxy
composites during fully reversed bending fatigue tests. The obtained results of both methods
revealed the existence of three separated stages during the whole lifespan, which accounts for
10-20%, 70-75% and 10-20% of total fatigue life, respectively (Figure 1-13). The three stages
are characterized by matrix cracking, delamination and fiber/matrix debonding and fiber

fracture, respectively.
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Figure 1-13. Evolution of surface temperature profile [102]
Montesano et al. [103] pointed out that the temperature evolution profile detected by IRT is
directly correlated with stiffness degradation (Figure 1-14). The critical damage states at
cyclic transition regions together with the evolving damage mechanisms can also be clearly

identified via temperature data.

Stage | Stage 111

Stage 11
80 e /

1 n/Ny=081

Delamination
initiation

Temperature (°C)

Figure 1-14. Temperature and normalized axial stiffness profile [103]
An in-situ damage characterization of CFRP was achieved by Steinberger et al. [104] via two
thermographic testing approaches: passive and active. It was shown that the thermal images of
passive thermography allow the identification of starting point of damage growth via
localized heat source. The results of active thermography suggests that it was possible to

characterize fatigue damage via heat conductivity.

Two different full-field techniques, Digital Image Correlation (DIC) and IRT, are employed in
the study of Dattoma et al. [105] to evaluate the energy of fatigue damage in notched GFRP
during the fatigue tests. The strain field images together with thermal images were elaborated
to relate the hysteresis area with heat sources. The thermographic data shows a clear

intensification of dissipative phenomena in the region where final failure is about to occur.
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In most cases, fatigue cracks act as a precursor of the final failure of the structure, which
makes the detection of fatigue cracks during damage evolution process become rather
important. Direct observation of fatigue crack initiation and propagation is generally not
possible by the naked eyes. During fatigue testing, since fatigue cracks tend to initiate in the
plastic deformation localization area and lead to an extensive heat dissipation, it makes
possible the detection of initiation of fatigue cracks by IRT. The observation of Charles et al.
[106] suggests that IRT was not only able to visualize the surface temperature of steel during
fatigue tests, but also allows the prediction of location of fatigue crack origins. Barile et al.
[107] reported that the crack position and propagation path could be precisely evaluated by
the temperature rise around the crack tip. In the work of Plekhov et al. [108], the temporal
evolution of spatial Standard Deviation of the Temperature (SDT) field is proposed as an
indicator to monitor the crack initiation in 35CrMo4 steel. Wagner et al. [109] evidenced that
the sudden increase in temperature at the end of the tests corresponds to the initiation of crack.
In the study Dassios et al. [110], crack growth in SiC fiber/ ceramic matrix composites is
measured using combined IRT and Acoustic Emission (AE). By identifying the time instances
where the maximum temperature occurred and quantifying the damage span within the

thermographic image at specific instance, the crack growth can be established (Figure 1-15).

Temperature

Figure 1-15. Thermographs showing the crack growth during composite fracture and contour plots of

maximum damage zones at crack tip [110]

29



Fatigue limit

In terms of fatigue limit, Risitano et al. [111]-[115] firstly developed an empirical method, i.e.
One-Curve Method (OCM), to rapidly access the fatigue limit of metallic materials by
monitoring the temperature increase data AT corresponding to different stress levels o through
the step-loading procedure performed on only one specimen (Figure 2-14). After that, Luong
et al. [116]-[119] put forward a Two-Curve Methodology (TCM), which is similar to OCM.
Fatigue limit is interpreted as the stress level where an abrupt change in intrinsic dissipation
heat occurs. The details of these two methods will be described in section 2.4.2. The
aforementioned methods have been widely explored in literature for a vast range of materials,
from steel, aluminum, alloy, cast iron to polymers, CFRP and GFRP, hybrid composites. The
geometry of specimen varies from plat, dog-bone, hourglass to welded joints, notched and
pipe specimens. The range of stress ratio R (R = R,,in/Rmax), ranges from -1 to 0.2, being
suitable for almost any value of R. A summary of part of last 5 years work (2018-2022) that

utilizes Risitano and Luong’s method for fatigue limit determination is listed in Table 1-1.

However, it should be noted that in both methods, since they purely rely on graphical
presentations and are sensitive to the choice of data points used for interpolation below and
above the fatigue limit, the value of determined fatigue limit may not be unique, as illustrated
in Figure 1-16. To solve this problem, Cura et al. [138] developed an iteration approach. The
method starts by choosing a first trial stress o;, which is used to split the data pairs (AT, o)
into two temporary groups, below and above g;. Two different curves are then utilized to
interpolate the data pairs below and above o; and stress level corresponding to the intersection
of the two lines is determined as the first trial fatigue limit a,;. The difference between first
trial stress g; and first trial fatigue limit a,;, also named as first trial error, can then be
calculated. If the so obtained error is positive (negative), the second trial stress o;,, will be
chosen lower (greater) than the first one. This iteration process stopped when the error is less
than a prefixed value. In this approach, the author did not point out how to choose the step

length g;,, — g; between g;,, and o; and the prefixed value in the final step. Besides, study
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of Huang [139] demonstrated that the value of determined fatigue limit depends on the choice
of first trial stress.
Table 1-1. Summary of the last 5 years (2018-2022) work of fatigue limit prediction based on Risitano and

Luong's method (sorted according to year)

Geometry of

Method Year Reference : Materials R
specimen
2019 [120] Dog-bone AISI 304L steel Not mentioned
2020 [121] V-notched AISI 1035 steel -1
2020 [122] Dog-bone PE 100 polyethylene 0.1
2021 [123] Dog-bone C45 steel -1
Risitano
2021 [124] Welded joint TI6AL4V/INCONEL 625 alloy 0.1
2021 [125] Dog-bone AZ31B Magnesium alloy 0.1
2021 [126] Plat Modified GFRP -1
2022 [127] Plat S275JR steel -1
2018 [128] Pipe Steel 0.1
2018 [129] Hourglass Cast iron Not mentioned
2019 [120] Dog-bone AISI 304L steel Not mentioned
2019 [130] Dog-bone S355 steel -1
2019 [131] Plat Jute/glass woven relnfor(_:ed polyester 01
hybrid composites
Luong 2021 [132] Hourglass Al 6351-T6 alloy -1
2021 [133] Notched LCS 1018 carbon steel -1
dog-bone
2021 [134] Dog-bone High density polyethylene 0.2
2021 [135] Dog-bone Polyamide 0.1
2021 [136] Dog-bone Short CFRP 0.1
2022 [137] Dog-bone GFRP -0.1
4
~3F
= Fatigue limit 1 . Fatigue limit 2
° Il;O 2:)0 Jll)l) 4II)0 5(;0 600

Stress (o)
Figure 1-16. The difficulty of determining unique fitting cut-off point
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Under such circumstance, Huang et al. [17] proposed three data treatment methods. The first
method utilizes the angle change to separate the data points below and above the fatigue limit,
followed by the application of Luong’s method. The detail of this method is presented in
section 2.4.3. The second method consists in fitting the data points with a consistent
exponential curve. The radius of curvature is calculated for each stress level and the point
with minimum radius of curvature is estimated as fatigue limit. The third method is inspired
by the previously mentioned idea of Cura et al. [138]. For a total of n data points, all the
possible combinations of two data points groups {P;, P,, P;,.. P} and {Py 1, Px+2, ... B, } are
first listed. The data points in the two groups are interpolated by two different linear lines to
obtain the intersection point P;. If the stress amplitude of P; lays between that of P, and Py,
(0p, < 0p, < 0p,,, ), the average of fitting goodness of two lines will be calculated to
determine the combination of data points that achieves the best fitting results. The maximum

stress of intersection point obtained by this combination is fatigue limit.

In the work of Krapez et al. [140]-[142], the lock-in thermography (LT) is adopted to evaluate
the fatigue limit of metallic materials. LT, also known as modulated thermography, is one of
the active thermography which consists in applying a periodic (sinusoidal) heat wave to the
surface of tested object. The thermal waves get reflected when it reaches the region where the
heat propagation parameters change. The internal defects of the tested object can then be
derived by evaluating the phase shift of the reflected waves in relation to the input thermal

waves.

In this study, the specimen is subjected to a series of stress levels with increasing loads. At
each stress level, the specimen is only tested for a few tens of cycles. A specific demodulation

procedure is performed for each pixel in the thermographic image recorded during the test:
n
J =) Texp(t) = Tmoa(t)? (1-14)
i=1
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Where T, (t;) is the experimental temperature value at time t; and Ty,,4(t;) is the model

temperature defined by:

Trmoa = To + ATft + T; sin(wt + @) + Tysin Qwt + ¢,) (1-15)
f =w/2m is the stress frequency, T, is the temperature level at which the temperature
recording starts, AT is the mean rise of temperature per cycle, T, and ¢, are the amplitude and

phase of the first Fourier component, T, and ¢, are the same for the second component.

The author pointed out that most previous works that utilized IRT for the determination of
fatigue limit focused on the temperature increment that is equivalent to AT [143][144], but in
fact, all three measured parameters AT, T, and T, may give valuable insight on the fatigue
limit. As shown in Figure 1-17 (a), (c) and (d), the characteristic value corresponding to the
stress amplitude above which a significant heat dissipation is revealed could be derived for

each figure. These three values are similar to each other and are close to the fatigue limit

determined by traditional experiments.
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Figure 1-17. 316L stainless steel sample submitted to a fatigue test at frequency f=2Hz (R=-1). Lock-in

thermography provides an image of AT, T, and T,: (a) AT (0); (b) T1(0); (c) the difference between and

the linear fit of its initial part; (d) T, (o). Each point is the result of 10 cycles. Failures occurs during the
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test at 270MPa [140].

Besides, there is also other fatigue limit prediction method based on lock-in thermography.
For example, based on Luong’s method, Bremond et al [145] developed a digital processing
‘D-mode’ method to evaluate the fatigue limit of a gravity die-cast Aluminium alloy. This
digital processing algorithm D-mode allows to separate the non-linear coupled
thermomechanical effects (dissipated energy) from thermoelastic source. With the application
of Luong’s method to the data of dissipated energy against the stress level, the fatigue limit

could be determined (Figure 1-18).
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Figure 1-18. Fatigue limit determination by D-mode method [144]
Fatigue life

According to Risitano et al [146], from the energy standpoint, the failure of materials through
fatigue occurs when the energy of plastic deformation reaches the limiting energy E., a
constant that is independent of the loading level and loading history. By neglecting the
variation of stored energy within the material, then the limiting energy E. will be equal to the
energy dissipated as heat Q. Since the heat energy Q < @ (@: the integral of AT-N curve
which is an energetic constant), accordingly E. «< &. During fatigue tests, the stabilized
temperature stage is reached in a short time and occupies almost the whole fatigue life (70-

80%) for the cyclic loads higher than the fatigue limit but lower than the yield limit. Hence,

the energetic parameter @, defined as @ = fONf ATdN, can be simplified as the product of

stabilized temperature AT and the fatigue life Ny
® ~ AT, - Ny (1-16)
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If a succession of increasing loads is stepwise applied to the same specimen for a certain
number of loading cycles with the unchanged loading frequency. The stabilized temperature
rise ATg; under different stress levels og; could be recorded by the infrared camera.
Consequently, the fatigue life Ny under different stress levels could be conveniently

determined:
Nfi = q)/ATSl (1'17)

The whole S-N curve can then be plotted by a set of data pairs (N¢;, 0;) (Figure 1-19).
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Figure 1-19. Qualitative increase in temperature AT and energetic parameter ¢ for
different histories of stress over the fatigue limit Ago [115]
Figure 1-20 plots an idealization of the temperature evolution under cyclic loads. It is
observed that for loads greater than fatigue limit, the stabilized temperature rise of stage 1l
and temperature gradient in stage I, are higher the greater the stress level with respect to
fatigue limit. Amiri et al. [147] [148] pointed out that the initial slope of temperature rise
plotted as a function of fatigue cycles could be used as an index for fatigue life prediction.
More specifically, the relationship between the rate of temperature rise in stage | Ry and the
number of cycles to failure 2Ny could be described by:
2N; = ¢, Ry’ (1-18)

Where c; and c, are two constants. The value of ¢, is found to be independent of tested

materials, and holds for different types of experiments, including torsion, bending, as well as
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rotating-bending fatigue tests. As for c,, even though its value strongly depends on the

material but the experimental data of a series of tests shows that the plot of N¢/c, against Ry

can be consolidated into a universal curve, as presented in Figure 1-21 [148].
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Figure 1-20. Rate of temperature in stage | and stabilized temperature rise in stage Il increase with the

increase of stress level [147]
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Figure 1-21. Universal curve of N¢/c; versus Ry [148]
Huang et al. [14] showed that the rate of temperature rise of high ductility material near the
end of the fatigue testing is related to the fatigue life. Their experimental results revealed that
very close to the final failure, there is a sharp increase of temperature rise (see Figure 1-22)
just after the steady-state stage Il. This temperature rise is associated with initiation and
propagation of macrocracks [149] and imminent fracture. The relation between the rate of
temperature rise A7 and fatigue life was given as:

AT G
o =Cexp N7 (1-19)

where t is time. C’, G and b are constants which depend on the properties of the material and
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the test conditions.

Figure 1-22. Schematic presentation of temperature variation with time used for fatigue life prediction [14]
Jiang et al. [150] showed that the stabilized temperature rise could be used as an index and is
correlated with the fatigue life (Figure 1-23). They reported the following relationship
between the fatigue life Ny and the temperature index AT;,,, defined as the temperature
difference between steady-state temperature and the temperature of the initial stress-free stage:
(N))" = CATing (1-20)
where m and C are material constants. The temperature index exhibits a linear relationship

with the fatigue life on a logarithmic scale.
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Figure 1-23. Schematic definition of AT}, ; [150]
Based on the damage accumulation mechanism, Huang et al. [18] developed a two-parameter
fatigue life model for CFRP by combining the stiffness degradation with the temperature

variation measured by IRT. The details of this method will be presented in section 3.1.2.

During the service life, it is highly likely that CFRP structures can be exposed to unexpected
impact damage from foreign objects. Very often, damage introduced in this way is not visible

by the naked eyes and difficult to detect. However, various damage mechanisms including
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matrix cracking, delamination and fiber fracture may be induced inside the material. Under
fatigue loading, the initial impact damage behaves as a discontinuity and tends to propagate
and leads to premature failure of the structure. Therefore, apart from the study on the fatigue
behavior of CFRP, it is also important to investigate the post-impact fatigue behavior of CFRP

for safety and reliability considerations.

1.4 Determination of post-impact fatigue properties
1.4.1 Characterization of impact damage

Impact is defined as the collision between two or more objects, where the interaction
between the objects can be elastic, plastic, fluid or any combination of these. The impact
velocity is one of the fundamental quantities in impact dynamics. The nature of all forms of
impact damage is best classified with respect to the impact velocity, which may span several
orders of magnitude. Generally, there are four types of velocity: low, intermediate, high and
hypervelocity. In particular, low velocity impact usually implies the impact with velocity of
projectile in the range of 4-10 m/s and energies no more than 50 J. Dropped hand tools during
maintenance or service, hail hit endured by the aircraft during flight operations all fall into
this category. In the intermediate velocity impact range, bird strikes and impacts due to
runway debris are typical examples. The velocity of impact varies from 10 m/s to 300 m/s and
the energy could reach up to 10 kJ. When the impact velocity increases further, there is high
velocity impact. High velocity impact is understood to be in the range of 300-2000 m/s with
impact energy varies between 10-20 kJ. Ballistic impact caused by the missile fragments can
be classified into this category. Finally, there is hypervelocity impact, which has been applied
to characterize spacecraft or satellite that may be struck by the space debris at velocities of

order of 30-70 km/s.

When subjected to impact loading, composite materials are capable of absorbing and
dissipating the impact energy in the following elastic and fracture processes [151][152]. As a

consequence, when a projectile hits the composite materials with low velocity, the incident
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energy of projectile is basically absorbed by the whole structure. Damage usually occurred
inside the material without any significant evidence on the surface, which is also known as
Barely Visible Impact Damage (BVID). Whereas in a high velocity impact, most of the
impact energy is dissipated over a small zone immediate to the point of contact. Hence, the

impact will leave an obvious local indentation on the impacted surface.

All forms of composite damages can take place in the laminate after impact. However, the
most common damage characteristics are matrix cracks, delamination and fiber fracture.
Matrix cracking caused by high transverse stresses is normally dispersed within the entire

damage zone with a concentration under the impactor.

Delamination is primarily driven by the interlaminar shear stress. It normally appears between
the composite plies of different orientations and are found to be manifested in a spiral-stair
manner in the through the thickness direction [153][154]. A typical distribution of
delamination in composite laminates is shown in Figure 1-24 (a). As can be seen from the
figure, the delamination is lemniscate or ‘peanut’ shaped with major axes oriented along the
fibers of the lower layer [155]. The envelope of region affected by delamination is usually in a
conical shape with the largest damage extent nearest to the rear face (Figure 1-24 (b)) [156].
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Figure 1-24. Individual delamination caused by impact: (a) distribution of delamination [157][158];

(b) envelope of delamination [159]

Fiber fracture generally occurs much later than matrix cracking and delamination in the
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damage process. Under the contact area, fibers failed due to locally high stresses and
indentation effects of shear stresses, while local tensile failure of fibers has been observed on
the back face. More extensive fiber fracture normally occurs in the central part of the impact
zones, extending to approximately half the delamination width with direction perpendicular to
fibers in each ply [160] and appears to be fairly uniformly distributed through the thickness

[161]. A projected view of delamination and fiber fracture is presented in Figure 1-25.

(a) 16 plies (b) ~ 48 plies

N

10mm 20mm

Figure 1-25. Fiber fractures in the laminates: (a) 16 plies; (b) 48 plies [161]
1.4.2 Post-impact residual properties

After the impact loading, impact damage formed inside the structure can not only degrade the
material properties, but also impair its structural integrity and static load-bearing capacity, or
namely, the residual strength and stiffness [162][163]. The degradation of strength and
stiffness is affected by a wide variety of factors, including the impact energy, size and
geometry of impactor as well as material property, geometry, stacking sequence of the

structure, etc.

The influence of impact events on the tensile and compression strength is quite different,
mainly due to the differences in tensile and compressive failure mechanisms. Tensile failure
of impacted composite materials is basically governed by fiber fracture, although it may be
preceded by matrix cracking and subsequent delamination growth. Fiber damage can cause a
degradation of local tensile stiffness by more than 80% [164][165], but the reduction in global

strength is smaller owing to the inherent toughness of composite material.
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The compressive strength, by contrast, is strongly affected by impact events, even of very low
energy. Compressive failure of impacted composite laminates includes several types of
competing and interacting damage mechanisms, i.e., notch effect, global buckling, local
buckling and a combination of the local and global buckling (Figure 1-26). These failure
mechanisms lead to a more significant reduction in the residual properties. In the study of
Mitrovic et al [166], the reduction in the compressive strength of AS4/3501-6 QI composites
was amounted to 25%, once the impact energy slightly exceeds the impact threshold level (2.1
J). Stellbrink et al [167] observed a reduction of 50% in residual compressive strength for
T300/69 and T300/914 when the ratio of delamination diameter to specimen width varied
from 0.32 to 0.44, while Uda et al [168] reported a 60% and 45% reduction for UT500/epoxy

and AS4/PEEK laminates.
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Figure 1-26. Failure mechanisms for compression after impact

1.4.3 Post-impact-fatigue life prediction of composite materials

Very often, impact damaged components, particularly when damage can barely be detected by
visible inspection, will continue to fulfill their function unless the damages visibly affect the
safety of structure. If the cyclic fatigue loading is applied to the impacted composite structure,
since the properties of impacted structure are already degraded, it will fail prematurely
compared to the unimpacted ones. Therefore, in order to evaluate the fatigue life of impacted
composite structures, it is needed to consider the behaviors under both impact and fatigue
loading simultaneously. In this regard, a strength reduction concept based on the Broutman’s

model is introduced here.
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Broutman et al [169] reported that the residual strength of composite structure decreases
linearly in accordance with the cycle number of fatigue loading and based on the experimental
observations, developed a fatigue life prediction model under block loading. When a series of
m fatigue blocks with cycle number n; at stress level o; is applied, the residual strength a,, is

given by:

i (;)0__;;) ~1 (1-21)

=1
Where g, is the tensile strength and n; denotes the number of cycles at g; under constant

amplitude loading. N; is the fatigue life when o; is applied.

For the case of a 2-stage block loading, Eq. (1-21) becomes:
(Uo - 01) n, Ny
gy — 0/ N1 N, B

1 (1-22)

From Eq. (1-22), it is obvious that the strength reduction by the first loading block can be
expressed as (o, — g;)n,/N;. As stated above, all of the impact and fatigue loading
contribute to the residual strength degradation of structure. It can be, therefore, occurred that
the strength reduction due to impact damage, o, — oy, IS equivalent to that due to the first

loading block, as shown in Figure 1-27. Then the following relationship can be obtained:

n
0o — og = (09 — 01) N—l (1-23)
1
Substituting Eq. (1-23) into Eq. (1-22) leads to
Op — Or n;
=1 -
(O-O - 0'2) A NZ (1 24)

In order to avoid a confusion of symbols, the constant amplitude fatigue maximum stress
Omax 1S SUbstituted for o5, the fatigue life of impacted composite materials Nj,,, is substituted
for n, and the fatigue life of non-impacted composite materials Ny is substituted for N, thus

EQ. (1-24) can be rewritten as follows:
O-O - O—R
Nimp = Nf (1 — —)

0o — Omax

(1-25)
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Figure 1-27. Strength reduction behavior due to impact and fatigue loading [170]

From Eq. (1-25), the residual fatigue life of impacted composite materials is formulated as a
function of the residual strength oy and fatigue life N of non-impacted composite materials.
Therefore, if Ny and oy are available, then N;,,,, can be obtained. This leads us to identify the

fatigue life of non-impacted composite materials Ny and residual strength of impacted

composite materials oy.

Huang et al [171] suggested that the fatigue life of composite materials without impact Ny can
be predicted by the expression:

O-max B
Ny = A (1 - ) (1-26)
0

Where A and B are the parameters that can be obtained from the fatigue tests of unimpacted
composite materials.

Substituting Eq. (1-26) into Eq. (1-25), one obtains:

— o B
Nimp = (1 - _000 i )A (1 - m“") (1-27)

0 — Omax Op

As N¢ is already evaluated, the only thing left is to identify the residual strength op.

As stated in the work of Kang et al [170], the residual tensile strength oz of impacted
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CU125NS carbon/epoxy composite material can be obtained by Caprino’s model [172]:
B

%k _ (@) (1-28)
o E;

Where oy is the residual strength, o, is the tensile strength of undamaged structure, E; and
E,; are the incident impact energy and threshold impact energy, respectively and the exponent
« is a constant which depends on the geometry and material.

Hence, the fatigue life prediction model for the impacted CU125NS composites can be

expressed as follows:

imp

— Op (Eth/Ei)ﬁ — Og A (1 _ O-max)B (1_29)
Op — O0qg

While Koo and co-workers [173] developed another strength reduction model for the woven
CFRP composites assuming the permanent impression left on the surface as a hole notch. The
model was able to account for the convergence of residual strength with the increase of

impact energy:

Or — OHR _ [
0o

14 0.67 (%) : (5_;>]_2 —0.01 (1-30)

Where oy, IS the tensile strength of notched specimen with hole notch diameter equivalent to
that of permanent impression. D; and D is the diameter of permanent impression and impactor,

respectively. E, is the absorbed impact energy.

Substituting Eq. (1-30) into Eq. (1-27), the residual fatigue life becomes:

-2
D; E Oyr — Oy o 0.\

N...=|{1+0.67 (—l) - (—“) = 2_0.01 ( )A (1 - —) 1-31

e < D Etn i 0o 0p — 0q 0o ( )

The model was further shown to be also valid for the damaged C-shaped CFRP structure in a

later study.

Vasconcellos et al [174] extended the empirical fatigue life model developed by Epaarachchi
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et al [175] for composites without impact to predict the fatigue life of impact-damaged woven
hemp composites in tension-tension mode. To adapt the model to impacted specimens, the
static tensile strength of the non-impacted specimens g, is replaced by the residual static
strength of impacted specimens o;. The number of cycles to failure N;,,,,, has the following

form:

|-

OR f* OR \0.6- 1-32
N =1 ( _ 1) 0.6-R (1-32)
me l * Omax a(l - R)1'6_R (Gmax)

Where a,,,, IS the maximum stress during fatigue cycling, R is the stress ratio, f is the
frequency, @ and B are the two material parameters experimentally evaluated on non-

impacted specimens.

Even though the exact expression of three above mentioned models are different from each
other, the basic idea of these models are similar: it is to predict the fatigue life of impacted
composites based on the fatigue life of composites without impact and the residual strength

for a given impact energy.

As previously mentioned, IRT can be applied to determine the fatigue properties of non-
impacted materials in a short time. Similarly, it can be also used for the rapid prediction of the

post-impact fatigue properties .
1.4.4 Rapid determination of post-impact fatigue properties with IRT

Compared to the studies that utilize IRT for the rapid prediction of fatigue properties, the
number of studies that evaluating the post-impact fatigue properties with the use of IRT is

rather limited.

Kosmann et al. [176] studied the temperature evolution of impacted GFRP during fatigue

through the use of IRT. The results show that the temperature curves is well correlated with
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the stiffness degradation curve, as expected. In addition, the temperature curves have a higher
sensitivity in displaying damage in the material. Locally increased damage could be well
shown by the hotspot in the IR images, which occurred in the area of impact damage during
tests. In the study of Christian et al [177], the evolution and propagation of impact damage in
CFRP during fatigue testing is evaluated by IRT. The temperature of impact damage is
superior to its surrounding area and could be clearly identified by the hotspot in the IR
photographs. Similar observations were also made by the authors of Ref. [178] for impacted
CFRP, but with the use of Pulse Phase Thermography (PPT). PPT is one type of active
thermography which preserved the advantages of LT but with reduced measurement time. It is
because the external excitation of PPT is a rectangular pulse which is decomposed of a
multitude of sinusoidal components with different frequencies. This way, magnitude and
phase images for various excitation frequencies and accordingly depths can be obtained with

one measurement.

In the work of Li et al. [180], the maximum surface temperature difference, AT, ., iS
defined to investigate the temperature variation of impacted CFRP during fatigue. The
evolution of AT,,,, increase by three stages in a ‘rapidly-slowly-rapidly’ manner, with each
stage occupies less than 5%, more than 85% and less than 10% of fatigue life, respectively.
The corresponding damage mechanisms for each stage is similar to those of unimpacted
specimens. But the duration of first stage is shorter for impacted specimens. This is because
the friction between the cracked matrix that caused by impact test, promotes a quicker
temperature increase. Tuo et al. [179] studied the damage evolution and failure mechanisms of
impacted CFRP under fatigue loading using both IRT and ultrasonic C-scan approach. Similar
results in maximum temperature increase have been observed by the authors. Besides, a
method to distinguish the fiber, matrix and delamination damage based on the temperature
and C-scan data has been proposed. It is observed that the evolution of different types of
damage with loading cycles can all be divided into two stages. In the other two studies of Li et

al. [180][181], the damage evolution was quantitatively investigated via damage area using
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passive and active IRT, respectively. The damage area of impacted CFRP being inspected
under different fatigue cycles was acquired through post-processed IR images. It is revealed
that even though due to the difference in stacking sequence and impact energy, the evolution
of damage area with respect to the number of loading cycles may be composed of two stages
or three stages. Quantitatively, the relationship between these two terms could be well

described by the following expression regardless of the configuration of IRT:

Ddamage =Dy + a( - 1P (1-33)

B
B—N
Where Dgamage is the damage area of the specimen, D, is the initial impact damage, «, § and

p are parameters which depend on material, loading, structure, etc. in a complex manner.

In the study of Katunin et al. [182], the influence of Low-Velocity Impact Damage (LVID) on
the fatigue limits of both CFRP and GFRP was investigated by IRT. The tests have been
performed on CFRP and GFRP that have been subjected to different impact energies. The
maximal self-heating temperature rise of each image obtained from IR camera is plotted
against the applied stress levels to determine the fatigue limit following Luong’s method. The
results suggest a clear decreasing tendency of fatigue limit with the increase of impact energy

for both materials.

1.5 Summary

In this chapter, the general definition, constitution and classification of composite materials
are first given. CFRP, as one of the composite materials that have been extensively used as
structural materials in the aerospace, automotive and marine industries, is the focus of this
study. Components manufactured from CFRP are inevitably used in the situations where
fatigue loads are present. Therefore, it is of great importance to understand thoroughly the
fatigue behavior of this material. However, the traditional fatigue tests are rather expensive
and time consuming. To overcome these shortcomings, new methods that allows for the
accelerated determination of fatigue properties of materials are highly desired. Among the

various methods, the thermographic approach, which is based on the self-heating phenomenon
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in a material under loading, allows to determine fatigue properties of the material in a short
time. This method was originally designated for metallic materials, but later successfully
applied to a variety of composite materials. Nevertheless, the fiber orientation of these
composite materials was basically unidirectional [18], £45° [19] or woven [18], but rarely in
MD. Whether these methods can be applied to all kinds of composite materials, especially the
MD composite materials or not? Do these methods have clear physical mechanisms, or they
are just empirical?

These questions are needed to be answer in this thesis.

Furthermore, it should be noted that even though the stiffness and strength to weight
properties of CFRP are superior to a range of conventional materials, due to the lack of
through-the-thickness reinforcement, CFRP are extremely susceptible to impact loading, even
the imperceptible impact can cause such internal barely visible impact damages as matrix
cracking, delamination and fiber fracture. The employment of impacted composites under
cyclic loads seriously causes a significant drop in the material property, raising concerns for
the safety of composite structures. Therefore, it is also important to understand the post-
impact fatigue behavior of CFRP. Considering the shortage of traditional fatigue testing, the
previously mentioned thermographic approach, is still the first choice for this case. However,
in the literature, the number of studies that utilize IRT to investigate the post-impact-fatigue
behavior of composite materials is rather limited. Besides, in these studies, IRT is mainly used
as an NDE method to characterize the fatigue damage evolution, but not for fatigue life
prediction. As a consequence, in this thesis, the possibility to extend the thermographic
approach of unimpacted composite materials to impacted ones for fatigue life prediction will

be discussed.
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Chapter 2 Determination of fatigue limit of MultiDirectional (MD)

composite materials under tensile loading

Compared to the UD and angle-ply laminates, the fatigue damage mechanisms in the MD
laminates are more complex, leading to different thermographic behaviour. Taking into
account of this, a new fatigue limit determination method based on thermographic data is

proposed in this chapter.

2.1 Materials and specimens
2.1.1 Materials

Composite laminates used for the fatigue tests were manufactured from unidirectional carbon
fiber epoxy prepreg (Hexcel). The carbon fiber is UD150/CHS/12K high resistant with area
weight 150 g/m?. The resin is a formulated epoxy HexPly®M79 with a resin volume fraction
;. of 38%, well adapted for low temperature curing process (below 100 °C). The basic
physical properties of matrix and the mechanical properties of carbon fiber epoxy prepreg
used in this work are listed in Table 2-1 and Table 2-2, respectively, which are both provided
by the manufacturer.

Table 2-1 Basic physical properties of HexPly®M79

Parameters Values
Density 1.15 g/cm?®
Color Translucent
Tonset 120 °C [+ 5°C]
Tpeak 145 °C [+ 5°C]
Enthalpy 100 J/g [+ 20%)]
Cure cycle 70°C*480 min/80°C*360 min/90°C*240 min
Recommended heat 05-5 °C/min
rate
Pressure gauge 0.5-5 bar
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Table 2-2. Basic mechanical property of the cured epoxy carbon fiber prepreg

Properties Values
0° tensile strength 2280 MPa
0° tensile modulus 117 GPa

0° compression strength 1270 MPa
0° compression modulus 128 GPa
0° flexural strength 1810 MPa
0° flexural modulus 120 GPa
0° interlaminar strength 68 MPa
Nominal mass 455 g/m?

2.1.2 Preparation of CFRP laminates

The composite layers were first cut from the prepreg row with a size of L500xW300 mm and
then hand laid into two MD stacking sequences: cross-ply-[(0/90),/0/(90/0),] and QI -
[0/45/90/—45]s. The cross-ply stacking sequence is chosen to complete the unfinished
work of Huang et al [139]. While the reasons for the choice of QI stacking sequence are: i)
this laminate is usually used in composite structures, having the same in-plane stiffness
regardless of the loading direction; ii) in the literature, the thermographic approaches were
barely applied to QI laminates. The stacked plies, which are covered on both sides by a fine
polyester cloth peel-ply (for enhancing surface effect) are laid onto the mold surface, on top of
which a porous release film, bleeder ply and vacuum bag are placed (Figure 2-1). Two valves
with gasket and tightening wheel are also embedded in the bag. One is used for exhausting air
from the inside of the bag by a vacuum pump and the other one is used to measure the actual
pressure. A minimum pressure value of -0.85 bar should be applied to meet the requirement of
airtightness. Thereafter, the entire assembly is placed inside an autoclave for cure. During the
cure cycle, the pressure in the autoclave is set as 2.0 bar. The temperature is raised at a
1 °C/min rate up to 80 °C and held for 4 hours, as depicted in Figure 2-2. Subsequently, the
layup is cooled down naturally to the room temperature under the same pressure, which

results in a laminate of nominal thickness 1.204 (+ 0.018)/1.012 (+ 0.025) mm, respectively.
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Figure 2-1. Autoclave process schematic [139]
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Figure 2-2. Recommended curing cycle

The specimens were water-jet cut from the fabricated composite laminates to the dimensions
given in Figure 2-3. The main advantage of using water-jet cutting is that the cuts made by
waterjets are significantly more accurate and precise than those made by other tool (the
accuracy is close as 0.001" (0.025 mm). Besides, since flow waterjets cut the specimens by
erosive action rather than friction and shearing, they produce a uniform smooth edge free of

frayed or delaminated areas. This point is rather important because as is well known, the

fatigue property of composite material is significantly affected by the edge quality [183].

To prevent rupture and slippage in the grip region of the test device, Glass Fiber Reinforced
Plastic (GFRP) glued end-tabs were used at either end of the specimens. Tabs of dimensions
L50 mm x W25 mm were adhered to the specimens’ surface using Hysol EA 9394 Part A+ B
epoxy after curing at 66 °C for more than 24 h in an oven. The fibers in the tabs were oriented

in the = 45° direction.
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Figure 2-3. Dimensions of specimens (in accordance with ISO 527-4: 2021 [184])

2.2 Quasi-static tensile tests
2.2.1 Experiments

In order to determine the Ultimate Tensile Strength (UTS) for the fatigue tests, quasi-static
tensile tests were conducted at room temperature using INSTRON universal testing machine
(INSTRON 5500R), equipped with a 100 KN load cell (see Figure 2-4). The tensile tests
were performed according to standard 1SO 527-4: 2021 [184], in displacement control with a
2.0 mm/min cross-head speed. 3 specimens were tested for each stacking sequence. During
the tests, the tensile force was recorded by the sensor of Instron 5500R testing machine and
the tensile strain was measured with a Digital Image Correlation (DIC) system Aramis 2M

(GOM, Braunschweig, Germany).

source

—— Testing
specimen

Figure 2-4. Experimental set-up of quasi-static tensile test with DIC
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DIC is a non-contact, optical full-field deformation measurement technique which combines
modern optoelectronic technology, digital image processing technology with computer
technology. The basic concept of DIC is based on the comparison of images before and after
deformation. By correlating the location of pixel subsets or facets in the original and
deformed image (see Figure 2-5), normally based upon light intensity (i.e., grey level), the
full field displacements and strain field can be accurately determined, which facilitates the

accurate and efficient measurement of elastic modulus.
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Figure 2-5. Principle of DIC
A DIC system consists mainly of light sources, digital cameras and correlation analysis
software. In this study, two 8-bits Complementary Metal Oxide Semiconductor (CMOS)
cameras with a resolution of 1624*1236 pixels were positioned on the same side of the
specimen to capture the images of the specimen surface, as shown in Figure 2-4. Before
testing, a random speckle pattern which was created by the black and white spray paints is
applied on the surface of the specimen. The data recording rate is one frame per second and
the post-processing of the obtained results was performed by the Aramis software. The

calculation of the strain field is carried out after the measurement of the displacement field.
2.2.2 Results and discussion

The experimental results of quasi-static tensile tests are reported in Figure 2-6 and Figure 2-7.
Figure 2-6 gives the evolution of load versus displacement for the specimens of each stacking
sequence. For the cross-ply laminates, the initiation of matrix cracking and rapid growth of

cracks in 90° layers occurred at the beginning of the test [185]. But the global stiffness is not
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really influenced by this damage. The curves show an almost linear elastic behavior, then
followed by a quasi-brittle failure. The final failure of the laminate occurred at the failure
stress of 0° plies. For the QI laminates, transverse cracking in the 90° occurs at the beginning
of tests [186], which causes delamination at 90/45 and 90/-45 interfaces at the same time.
These damage lead to the change of slope (stiffness reduction), as shown in Figure 2-6. With
the increase in load, off-axis cracks in the 45 and -45 plies initiate [186]. Before arriving at
the failure load, fluctuations are observed in the loading curves accompanied by a continuous
crackling sound, which is mainly caused by the fiber fracture in the £ 45° plies [186]. The

final failure of the specimen is caused by the failure of 0° plies.
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Figure 2-6. Load-displacement curve of tensile tests
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Figure 2-7. Stress-strain curve of tensile tests
The stress-strain response is presented in Figure 2-7. The tensile stress is computed by
dividing the applied load by the initial cross-section of the specimen, while the tensile strain is

evaluated based on the DIC results. All the cross-ply laminates clearly exhibit an elastic
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behavior until failure. For the QI laminates, similar to the load-displacement curve, the stress-
strain curves first showed an elastic behavior, and then followed by some fluctuations in the

curves.

The average tensile properties of cross-ply and QI laminates are summarized in Table 2-3.
Young’s modulus of the laminates was determined using linear regression between strain of
0.05% and 0.25%. The tensile strength for each laminate obtained here, named as UTS will be
referenced in fatigue tests.

Table 2-3. Average experimental results of tensile tests

Stacking sequence UTS/MPa Young’s modulus/GPa
[(0/90),/0/(90/0),] 1329.4 +24.7 79.53£1.96
[0/45/90/—45], 607.45 + 22.14 42.04 +0.14

2.3 Fatigue tensile tests
2.3.1 Experiments

All the uniaxial fatigue tensile tests were carried out at room temperature by using the Instron
servo-hydraulic fatigue testing system (cross-ply laminates using INSTRON model 8800, 250
kN capacity of load; QI laminates using INSTRON model 1342, 100 kN capacity of load).
The fatigue tests were performed in a load amplitude control mode at a frequency of 5 Hz and
with a stress ratio of R=0.1. This frequency allowed obtaining reasonable test duration
without excessive temperature increase of specimen due to the self-heating effect, which may

in turn have an influence on the mechanical, especially fatigue properties.

A FLIR X6800sc Series IR camera was utilized to measure the changeable surface
temperature of the specimen in-situ and in real time. The device used in this work was a mid-
wavelength InfraRed camera, with a spectrum response covering the range from 3 to 5 um.
The detector spatial resolution was 640x512 pixels and the thermal sensitivity was 18 mK at

30°C. The data recording rate of IR camera was set as 520 Hz. Optimal Field-Of-View (FOV)
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conditions were achieved by placing the IR camera at a distance of approximately 68 cm in
front of the specimen. To increase the thermal emissivity of the specimen surface, before
fatigue tests, the surface of the specimen was coated with a thin and mat layer of black paint.
A rectangular region of interest (ROI) of pixels was defined on each image to measure the
mean temperature of the specimen. The detailed experimental set-up is depicted in Figure 2-8
(a). A reference specimen is placed nearby the testing specimen to monitor the temperature

change of ambient.

There are two type of fatigues tests conducted in this study to obtain the fatigue properties of
material, both in accordance with the test standard ASTM D3479 [187]. The first set of tests is
the traditional fatigue tests, various stress levels were chosen for different tests, where each
test was stopped at specimen’s failure or until a run-out of 10° cycles was reached. At least
three tests were conducted at each stress level in order to produce a reliable S-N curve. The
second set of tests is the step-loading fatigue tests monitored by IR camera. Herein, loading
level applied on one specimen increases a step after certain cycles. In each loading step, the
specimen was tested for a duration of 6000 cycles, which was sufficient to achieve
temperature stabilization. The stabilized temperature rise is subsequently used for the fatigue
limit determination. The first loading maximum stress starts with 30% UTS because the
temperature rise is practical nil for the maximum stresses below. Up to 50% UTS, the
maximum stress was increased by 5% UTS for each step. Beyond 50% UTS, the loading step
decreased to 2.5% UTS and remained the same until failure, as shown in Figure 2-8 (b). This
variation in loading step size is aimed to provide higher resolution in the stress region closer
to the expected fatigue limit. The duration of unloading between two loading steps was set as
10 min, which was necessary for stabilizing the temperature of a tested specimen to the

ambient temperature. In total, three specimens were tested in this approach.
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Figure 2-8. Fatigue tests with IR camera: (a) experimental set-up; (b) staircase loading procedure
A typical thermographic image of a specimen during the test is shown in Figure 2-9. The hot
zone on the specimen surface is visibly identified through the thermographic images recorded
by IR camera. The average temperature T of ROI could be obtained from the temperature
distribution in the gauge length of the specimen (Box 1). The Box 2 records the temperature
T, of the reference specimen. For the sake of characterizing the temperature variation caused
by intrinsic dissipation and thermoelastic effect and eliminating the influence caused by
ambient environment, the real-time average temperature rise, defined as AT =T —T,, Is

introduced to analyze the temperature variation.

Figure 2-9. IR temperature distribution at center portion of specimen

Figure 2-10 plotted the hysteretic load-displacement curves at initial and subsequent number
of loading cycles. From these curves, the experimental stiffness K (N), which is defined as the
slope of line joining the peak and valley of the hysteresis curve, can be identified as well as its

evolution with respect to the cycle number. As can be seen from the figure, as the fatigue
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cycle increases, the slope of the load-displacement curve, i.e., the stiffness constantly
decreases. This is due to the softening of matrix and the weakening of bond between fiber and

resin [188].
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Figure 2-10. Hysteresis loops during fatigue tests
2.3.2 Traditional fatigue test results

For the QI laminates, five different stress levels were examined in the traditional fatigue tests,
which ranging from 70% to 90% UTS with steps of 5% UTS. The fatigue tests were
performed on at least 3 specimens for each loading level. The number of cycles to failure
corresponding to each loading level was recorded to establish the S-N curve illustrated in
Figure 2-11. As can be seen from the figure, the curve is linear in a semi-log scale over
fatigue life from 103 to 107 cycles. In the literature, the number of cycles corresponding to
the fatigue limit is often taken between 10° and 107 cycles [189][190]. Therefore, both values
are considered here. The fatigue limit corresponding to a fatigue life of 10° cycles is 74.76 %
UTS and that corresponding to 107 cycles is estimated to be 65.62 %UTS, by extrapolating

the S-N curve.
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Figure 2-11. S-N curve determined by traditional fatigue tests for the QI CFRP laminates
For the cross-ply CFRP laminates, the traditional fatigue tests were performed on the loading
level ranging from 65% UTS to 85% UTS. At least 3 specimens for each loading level were
tested and the fatigue life values corresponding to each level were used so as to create the S-N
curve presented in Figure 2-12. The curve is linear in semi-logarithm scale over four decades
of life from 102 to 107 cycles. The fatigue limit corresponding to a fatigue life of 10° cycles

is 68.94% UTS and that corresponding to 107 cycles is estimated to be 64.94 % UTS, by the

extrapolation of the best-fit line.
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Figure 2-12. S-N curve determined by traditional fatigue tests for the cross-ply CFRP laminates

2.4 Rapid determination methodology for fatigue limit

2.4.1 Introduction

Compared to the conventional fatigue tests, the thermographic approach, which is based on
the self-heating phenomenon in a material under loading, allows to determine fatigue limit of

the material in a short time. As previously mentioned, the two graphic methods proposed by
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Risitano et al. [111]-[115] and Luong et al. [116]-[119] allow to access the fatigue limit of
metallic materials by monitoring the stabilized temperature rise AT, COrresponding to
different increasing loading levels o through the stepwise loading procedure (Figure 2-14).
Both authors assume that the increasing rate of stabilized temperature rise above the fatigue
limit is greater than that below the fatigue limit and consists in performing the linear
regression to fit the data pairs (o, ATs:,p)- Later on, in a number of studies, both graphic
approaches have also been employed to determine the fatigue limit of various composite
materials. It is worth noting that in the study of Gornet et al. [195][196], the author intended
to use Risitano’s method to access the fatigue limit of CFRP with three different stacking
sequences (£45°, cross-ply and QI). However, the stabilized temperature rise does not show a
linear increase with the applied loading level. Even though the authors interpolated the last
few data points with a linear line, a relative important error of 20.12% was observed for +45°
compared to the traditional fatigue test results. From this, it can be concluded that both
graphic methods were efficient for the fatigue limit determination, but showed some

limitations.

First, although these graphic approaches which were originally designed for the metallic
materials [197]-[202], have been successfully applied to some composite materials [191]-
[196], most of them are unidirectional, 0°/90° cross-ply or +45°. They are barely applied to QI
laminates usually used in composite structures. Second, these graphic methods are disputed:
why should we use straight line instead of other kinds of lines to fit the experimental data
[139]? Third, the application of these graphic methods is based on the assumption that the
temperature increasing rate above the fatigue limit is greater than that below. But in the cases
where the thermographic data does not satisfy this assumption or involves fluctuation, the

usage of the methods will be restricted or cannot ensure the accuracy.

In this context, a new method for fatigue limit determination based on the thermographic data

is proposed in this section. In order to make the reader clearer of the difference between
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different fatigue limit determination methods, the two graphic methods and the thermographic
data treatment method proposed by Huang et al [17] are firstly reviewed, followed by a
detailed description of proposed method, where the fatigue limit is defined as the maximum
stress corresponding to the peak value of the angle change normalized by their amplitude.
Thirdly, the feasibility of the new method to determine the fatigue limit is verified by the
fatigue experimental data of cross-ply and QI CFRP laminates and also by the data found in
the literature. Finally, the predicted fatigue limit values are compared with the ones
determined based on traditional experiments, graphic methods and Huang’s method. Besides,
a study has been realized to understand the influence of loading step length imposed during

the test on the accuracy of the fatigue limit determined by the proposed method.

2.4.2 Areview of fatigue limit determination methods
2.1.2.1 Luong s method (Two-curve method) [116]-[119]

Luong et al. [116]-[119] proposed an experimental approach to rapidly evaluate the fatigue
limit based on the experimental measurement of a metallic material undergoing a fatigue test.
This last is subjected to an increase of surface temperature, such that the higher the stress
amplitude, the higher the temperature increase. More precisely, the temperature evolution
during the fatigue test can be divided into three distinctive stages: at the beginning of the test,
microcracks initiate in multiple locations in the matrix, the temperature increases quickly
owing to the friction between cracked matrix. After a relatively small number of cycles, the
growth of matrix cracking and delamination propagation tend to stabilize, the friction induced
heat decreases and the temperature rise increases slowly, covering almost the whole life-span
until an abrupt increase prior to failure (Figure 2-13). From this, it can be seen that it is not
necessary to run the fatigue test until the failure of specimen to obtain the value of stabilized
temperature rise. Therefore, the step-loading procedure presented in Figure 2-14 is adopted. A
succession of increasing cyclic loads at a given stress ratio is applied stepwise to the same
specimen. For each loading level, the corresponding stabilized temperature rise ATs;qp 1S

recorded by the infrared camera and then plotted as a function of the applied stress amplitude
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o as presented schematically in Figure 2-15.
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Figure 2-13. Variation of temperature over time during constant amplitude fatigue loading [17]
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Figure 2-14. Step-loading procedure for R=0.1
According to Luong’s method, when the stress amplitude (or maximum stress) does not
surpass the fatigue limit, it is expected that the plot of stabilized temperature rise vs stress
amplitude (or maximum stress) shows a straight-line trend with flat slope. As soon as the
stress amplitude (or maximum stress) exceeds the fatigue limit, the irreversible phenomenon
becomes dominant. The stabilized temperature rise starts to increase significantly and can be
described by another straight line with a steeper slope. Therefore, the method is also named as
Two-Curve Method (TCM). Figure 2-15 illustrates the determination process of Luong’s
method. The abscissa of the intersection point of the two lines is considered as the fatigue

limit.
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Figure 2-15. Fatigue limit determination by TCM and OCM
2.1.2.2 Risitano's method (One-curve method) [111]-[115]

Similar to Luong’s method, Risitano’s method also comprises of applying successive blocks
of cyclic loading with increasing amplitude. However, the stress amplitudes below the fatigue
limit are not taken into account since the temperature rises under these loading levels are
extremely limited (practically nil). By plotting the stabilized temperature rise AT, O the
initial thermal gradient AT /AN against the applied stress, the fatigue limit is determined by
the intersection between the regression line of AT, (second line in Luong’s method) or
AT /AN and the x-axis (AT, = 0), as shown in Figure 2-15. In other words, fatigue limit is

the maximum stress level at which that there is no significant increase in temperature rise.
2.4.3 Thermographic data treatment method proposed by Huang et al. [17]

As has already been explained in the section 1.3.3, in the study of Huang et al. [17], three new
data treatment methods have been proposed to overcome the difficulty of determining unique
cut-off point that encountered with Luong’s method. Among these three methods, the basic
idea of first method is to use angle (6;) change instead of slope change to determine the point

of drastic change in the stabilized temperature rise AT qp-

Herein, angle 6; is defined by one pair of points Pi and Pi.1 as illustrated in Figure 2-16. The

measured points are numbered as P;, P,, Ps, ... B,, where n is the total number of points.
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Figure 2-16 Definition of angle 6; [17]

In this study, the normalized angle change is employed instead of angle change:
0i+1— 6;

max(03,4.) — min(6,3,4.)

oc = (i=23.n-1) (2-1)

Where the subscript i(i = 2) denotes the number of point in the sequence. 6; and 6;,, are the
angle between the line determined by the point set {P;_,,P;}, {P;, P11} and x-axis,
respectively. The amplitude of angle change defined as: max(8y,3,4.) — min(6,3.4.), is used

for the normalization of angle change.

Figure 2-17 presents the normalized angle change 6f versus sequence number of the point
computed based on the data in Figure 2-16. If the thermographic data exhibit a good bilinear
behavior, the peak value of normalized angle change could be easily found, as depicted in
Figure 2-17. Huang et al. [17] proposed that the point corresponding to the peak value of
normalized angle change could be first used to separate the data into two groups, and then
Luong’s method can be applied to determine the fatigue limit. This method works well for the
cases where the temperature rise is a monotone function of maximum stress. However, if the
function contains some fluctuations, the precision of the method can be significantly

perturbed or the method may be failed to be applied.
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Figure 2-17 Loci of normalized angle change versus sequence number of point [17]
2.4.4 Proposed method

Compared to the isotropic metallic materials, the damage mechanisms in the composite
materials are more complex due to their inherent heterogeneity and anisotropy, especially in
the MD composite laminates. As what has already been stated in Ref. [195][196], the
stabilized temperature rise does not increase monotonically with the increase of maximum
stress, as shown in Figure 2-18. In fact, in the MD composite laminates, delamination
between plies with different fiber orientations occurs early in fatigue testing from specimen
edges where interlaminar stresses exist. As the stress level increases, the growth of the
delamination could destroy the symmetry of the initial laminate and split it into different non-
symmetrical sub-laminates. Under tensile fatigue loading, the coupling effects of these sub-
laminates, such as tensile-bending and tensile-torsion, should increase the contact surface of
the specimen with the ambient air so as to promote the release of heat to the environment.
Therefore, it is possible that the stabilized temperature rise could be constant, or even
decrease with the increase of the stress level as shown in Figure 2-18. Under this
circumstance, even though the thermographic data could be interpolated by two straight lines,
the slope of the second line will be flatter than the first line, which is contradictory with the
assumption of Luong and Risitano’s methods: the increasing rate of stabilized temperature
rise above the fatigue limit should be superior than that below the fatigue limit. Consequently,
both graphic methods could no more be used for the fatigue limit determination for the case

shown in the figure.
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Figure 2-18. Schematic explanation of the special case: (a) stabilized temperature rise remains constant; (b)

stabilized temperature rise decreases with the increase of stress level

Facing with this problem, a new fatigue limit determination was proposed here. The

normalized angle change corresponding to each point (i > 2) is first calculated with Eq. (2-1)

based on the data pairs (g, AT,.,p)- Thereafter, the point corresponding to the peak value of

normalized angle change can be determined, which signifies a dramatic change in the intrinsic

dissipation mechanisms [118]. The maximum stress corresponding to this point is identified

as the fatigue limit. For the data shown in Figure 2-18, the loci of normalized angle change

versus the sequence number of the point are illustrated in Figure 2-19. For both cases, the

peak value of normalized angle change occurs at point P,. Hence, the maximum stress of

point P,
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Figure 2-19. Loci of normalized angle change vs. sequence number of the point based on data

in Figure 2-18

2.4.5 Influence of loading step length on measured fatigue limit by the proposed method

It should be noted that the fatigue limit determined by the proposed method is influenced by
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the length of loading step. The smaller length of loading step, the more precise the fatigue
limit determined. So, the length of loading step should be enough small so as to have enough
points for the reliable determination of fatigue limit. In order to evaluate this influence, the
thermographic data in Ref. [199] for a stainless steel and [203] for woven carbon fiber
reinforced thermoplastic are analyzed here since the quantity of original data points is up to
23 and 41 points, respectively. To facilitate comparison, the loading step length is normalized
with their UTS in both reference papers. The loading step length used is 10 MPa, equalizes to
0.74% and 2.21% UTS in Ref. [199] and [203], respectively. By the proposed method, the
fatigue limit determined based on all points is 350 MPa and 274 MPa, respectively. Figure
2-20 shows the fatigue limit values obtained by the proposed method as a function of loading
step length. It can be seen that with the increase of loading step length, the fatigue limit values
can be away from the values obtained at the smallest loading step length. The error relative to
these last values is plotted as a function of the loading step length in Figure 2-21. It is
observed that with the decrease of loading step length, the relative error gradually decreases.
In order to limit relative error less than 5%, loading step length less than about 3% UTS
should be needed for the stainless steel according to Ref. [199], whereas for woven carbon
fiber reinforced thermoplastic (Ref. [203]), it is better to use the loading step length no more

than 10% UTS.
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Figure 2-20. The influence of loading step length on the determined fatigue limit

(@) Results from Ref. [199]; (b) Results from Ref. [203]
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Figure 2-21. Relative error between determined results and the results obtained by the smallest loading step
length in Ref. [199] and [203]
However, if this last criterion (loading step length=10% UTS) is applied to our experimental
data of QI and cross-ply laminates and the data in Ref. [139] of UD and +45° laminates, as
shown in Figure 2-22, the fatigue limit is determined as 70% UTS for UD laminate, 70%
UTS for +£45° laminate,70% UTS for QI and 50% UTS for cross-ply laminates, respectively.
If 5% UTS is chosen as the loading step length, the fatigue limit determined for three premiers
laminates is unchanged, but 55% UTS for cross-ply laminate is obtained. Recall that the
fatigue limit determined by traditional fatigue tests is about 75.8% UTS for UD laminates,
65.6% UTS for +45° laminates, 75% UTS (10° cycles) or 66% UTS (extrapolation to 107
cycles) for the QI laminates and 69% UTS (10° cycles) or 65% UTS (extrapolation to 10’
cycles) for the cross-ply laminates, and that the total testing duration for one specimen when
the loading step length is 5% UTS is only 4-5 hours longer than that when the loading step
length is 10% UTS. Therefore, the measurement using loading step length of 5% UTS is more
acceptable. Consequently, to ensure the accuracy of the results, the loading step length no

more than 5% UTS is recommended for composite materials when using the proposed method.
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Figure 2-22. Influence of loading step length on the fatigue limit for CFRP of different stacking sequences
2.4.6 Application of proposed method to the experimental data of present work

The variation of average surface temperature rise as a function of loading cycles is shown in
Figure 2-23 and Figure 2-24 for QI and cross-ply laminates, respectively. The maximum
stress is indicated at the end of each profile. As can be seen from both figures, the temperature
profiles reached a steady-state plateau after a certain number of loading cycles for the
maximum stress from 30% to 87.5% and 30% to 67.5% UTS for QI and cross-ply laminates,
respectively. The stabilized temperature rise plotted against the corresponding maximum

stress is depicted in Figure 2-25 and Figure 2-26.
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Figure 2-23 Surface temperature rise versus number of loading cycles of specimen 1 of QI laminates
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Figure 2-24 Surface temperature rise versus number of loading cycles of specimen 1 of cross-ply laminates
The two graphic methods (TCM and OCM) were first applied to determine the fatigue limit.
For the QI laminates, even though the data pairs (AT, ) could be interpolated by two
straight lines, as shown in Figure 2-25, both methods fail to access the fatigue limit as the
slope of the straight line above the fatigue limit is flatter than that below the fatigue limit.
This is contradictory with the hypothesis of the methods: the difference in stabilized
temperature rise between two consecutive loading steps above the fatigue limit is expected to
be greater than that below the fatigue limit. Whereas for the cross-ply laminates, both TCM
and OCM have been successfully applied to determine the fatigue limit as 44.55% and 36.33%
UTS, respectively. However, these two values are both far from that evaluated by the

traditional fatigue tests (68.94% UTS at 10° cycles).
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Figure 2-25. Stabilized temperature rise vs maximum stress of QI specimen 1
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Figure 2-26. Stabilized temperature rise vs maximum stress of cross-ply specimen 1
Since both graphic methods fail to evaluate the fatigue limit accurately, the proposed method
is employed. Figure 2-27 plots the loci of 67 versus the number of points computed based on
the data in Figure 2-25 and Figure 2-26. The number of the point corresponding to the peak
value of 67 is 13 and 9 for the QI and cross-ply laminates, which corresponds to maximum
stress of 70% and 60% UTS in Figure 2-25 and Figure 2-26, respectively. Therefore, fatigue

limit is determined as 70% and 60% UTS for the QI and cross-ply laminates, respectively.

In fact, the fatigue life (number of cycles) corresponding to the fatigue limit determined by
the graphic methods based on thermographic data is not defined in the Luong [118] and
Risitano’s [112] methods. In the engineering design processes, 10° to 107 cycles are usually
considered as conventional fatigue lives for most materials. Therefore, as can be seen in the
studies of Table 2-4, the fatigue limit determined by the graphic methods is always compared
with that determined by conventional fatigue tests in which the fatigue life was set between
10%and 107 cycles. Similarly, in our work, the fatigue limit, no matter it is determined by the
graphic methods or by the proposed method, is compared with that determined by traditional
fatigue tests in which the fatigue life is between 10° and 107 cycles. The comparison between
the values determined by traditional experiments and those by the proposed method is listed
in the last two rows of Table 2-4. A good agreement is found between the predicted values
and experimental results for both laminates configurations. The relative error between the

fatigue limit corresponding to a fatigue life of 10° cycles determined by the traditional

71



experiments and that by the proposed model is -6.37% and -12.97% for the QI and cross-ply
laminates, respectively. For the fatigue limit corresponding to a fatigue life of 107 cycles,
these two values turn out to be 6.67% and -7.61% for the QI and cross-ply laminates,

respectively.
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Figure 2-27. Loci of 6 versus number of points in the sequence of specimens 1 of QI and

cross-ply laminates
2.4.7 Application of proposed method to the data published in the literature

After the validation of proposed method by the experimental data of QI and cross-ply
laminates, it has been further applied to the data published in the literature. Table 2-4 gives
the fatigue limits determined by Huang’s method and proposed method for various composite
and metallic materials reported in the articles. The results evaluated by the traditional fatigue
experiments (staircase method or S-N curve) in which the fatigue life is between 10° and 107
cycles and graphic methods are also listed in the same table for comparison. It is noted that
the results obtained by the proposed model agree well with those from the literature by
traditional experimental measurement. The relative error ranges from 0.13% to 13.04%.
While the relative error of Huang’s method and graphic methods are in the range of 0-65.69%

and 0-35.38%, respectively.

Comparing with the graphic methods and Huang’s method, it is obvious that the scope of
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application of the proposed method is the widest. The proposed method can be applied to all
the experimental data in Table 2-4, whereas Huang’s method fails to be applied to the
thermographic data in [206][207]. In the case where the plot of temperature rise as a function
of stress amplitude (or maximum stress) contains some fluctuations, as in [204][205][211], or
even shows a typical trilinear behavior, as shown in Figure 2-28 of [211], although both
Huang’s method and graphic methods can generate the fatigue limit value, the precision is
significantly perturbed. Maximum relative errors of 35.28% and 65.39% between the fatigue
limits evaluated by traditional experiments and those determined by Huang’s method and
graphic methods can even be reached. From these, it can be concluded that the proposed
model can not only be applied to more cases, but also give more reliable predicted results.
The accuracy of predicted fatigue limit is reassured even without conducting the costly and

time-consuming traditional fatigue test.
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Figure 2-28. Experimental data of stabilized temperature rise vs maximum stress in [211]
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Table 2-4. Summarized results of fatigue limit determined by manual graphic method, conventional experimental method and proposed method

No  Geometry Material Unit TE GM Huang P GM —TE Huang —TE  Huang - GM P—TE P—GM
TE TE GM TE GM
[197]1 Dog-bone C55E steel (5Hz) MPa Null 420 368.38 420 Null Null -12.05% Null 0
[197] Dog-bone C55E steel (10Hz) MPa  Null 400 394.27 410 Null Null -1.43% Null 2.5%
[198] Flat Steel M800 MPa  333(2e6 cycles) 330 359.82 360 -0.90% 8.06% 9.04% 8.11% 9.09%
[199] Flat FV520B stainless steel MPa Null 357.48 357.39 350 Null Null -0.02% Null -2.09%
[206] Flat X5CrNi18-10 steel MPa 278.2(e” cycles) 292.4 Failed 276.7 5.1% Null Null -0.54% -5.37%
[207]1 Dog-bone 316L stainless steel MPa 222 219 Failed 220 -1.35% Null Null -0.90% 0.46%
[208] Dog-bone Spheroidal cast iron MPa 265(e6 cycles) 285 285 275 7.55% 7.55% 0 3.77% -3.51%
[209] Dog-bone JIS G3141 SPCCsteel MPa  130(e7 cycles) 155 155 140 19.23% 19.23% 0 7.69% -9.68%
g ycles)
[210] Dog-bone Aluminum UTS% 75.1(e6 cycles)  74.8 74.8 75 -0.40% -0.40% 0 -0.13% 0.27%
[210] Cross-ply dog-bone Glass fiber ceramic \;1qo0 Ny 70 70 70 Null Null 0 Null 0
matrix composite
[196] [+45/-45/+45/-45]s CFRP MPa  69(3e6cycles) 829  80.14 78 20.15% 16.14% -3.30% 13.04% -5.91%
[212] Flat CFRP woven UTS%  63(e7 cycles) 64 67 55 1.59% 7.69% 5.17% -12.7% 14.06%
[194] 0° Flat CFRP UTS% 53(6e6 cycles) 51 51 50 -3.77% -3.77% 0 -5.66% -1.96%
[211]  0° Flat CFRP (test 1) MPa  400(2e6 cycles) 390 346.75 360 -2.50% -13.31% -11.09% -10% -7.69%
[211]  0° Flat CFRP (test 2) MPa  400(2e6 cycles) 390 31157 360 -2.50% -22.11% -20.11% -10% -7.69%
[211] [45]g CFRP MPa  130(2e6 cycles) 44.6 44.6 125 -3.85% -65.69% 0 -3.85% 0
[192] +45°Flat GFRP MPa  Null 36 3757 36 Null Null 4.36% Null 0
(18] 0° CFRP UTS% 75.8(e6 cycles)  73.8 738 70 -2.64% -2.64% 0 -7.65% -5.15%
[19] +45° CFRP UTS% 65.6(e6 cycles)  63.7 69.31 70 -2.90% 5.66% 8.81% 6.71% 9.89%
[203] (0/90),s flat CFRP MPa  273(2e6cycles) 273 273 274 0 0 0 0.37% 0.37%
Basal fi
[191] [0/90/45/—45], asalt IDre \tpa  65.9(5e6cycles) 685 69 70 3.95% 4.70% 0.73% 6.22% 2.19%
relnforced Epoxy
[195] [45/—45/90/0], CFRP MPa  354(3e6cycles)y 3521 3514 338 -0.54% -0.73% -0.20% -4.52% -4.00%
[(0/90)5/0/(90/0)s] ~ CFRP UTS% 23&?55()66-67 4455 4455 60 -35.38% -35.38% 0 12.97% 34.68%
[0/45/90/—45], CFRP UTS% Zsjei()es'” Failed Failed 70 Null Null Null -6.37% Null

UTS: Ultimate Tensile Strength. Null: Non available value. Failed: the method failed to generate an acceptable value. TE: Traditional experiments. GM: Graphic Method (Luong or Risitano’
method). Huang: angle change method proposed by Huang et al. P: Proposed method.
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2.5 Summary

In this chapiter, a new method has been developed for the rapid determination of fatigue limit
based on thermographic data obtained by means of an infrared camera. The angle change
normalized by their amplitude is adopted to describe the temperature increasing rate as a
function of the applied maximum stress. The fatigue limit is defined as the maximum stress
which corresponds to the peak value of normalized angle change. A comparison with the
results from traditional fatigue tests on cross-ply and QI CFRP laminates and from those
reported in the literature shows that the proposed method can rapidly determine the fatigue
limit corresponding to a fatigue life between 10° and 107 cycles for both metallic and
composite laminates, even in the case where the Risitano and Luong’s graphic methods fail to
be applied. The relative difference between the fatigue limit determined by the proposed
method and that determined by traditional fatigue tests for different materials studied is less
than 13.04%. However, it is revealed that to ensure the accuracy of the result obtained by the
proposed method, loading step length no more than 5% UTS is recommended for composite

materials.
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Chapter 3 Determination of S-N curve of MultiDirectional (MD)

composite materials

In this chapter, a modified fatigue life prediction model in term of S-N curve is proposed to
take into account of the more complex damage mechanisms in the MD CFRP laminates.
Besides, a protocol to determine a more reliable S-N curve by taking into account of the

scatter of several obtained S-N curves is also discussed.
3.1.1 Introduction

In the section 2.2, a new method has been proposed for the rapid determination of fatigue
limit. But besides fatigue limit, stress-life (S-N) curve is also an important fatigue property for
engineering applications. As mentioned in Chapter 1, a number of methods which are based
on thermographic data analysis have been developed to determine the S-N curve rapidly
[146]-[148][150]. Notable is that these methods were mainly applied to unidirectional [18],
+45° [19] and braided composite materials [18] in the literature. However, to the author’s
knowledge, there are few studies which utilize IRT to determine the fatigue properties of MD
composite laminates, probably due to the notably more complicated damage mechanisms in
these materials. Apart from that, because of the same reason, these thermographic methods,
which has been originally designed for metallic materials may not be applicable anymore for

the MD composite laminates without modification or adaptation.

The damage mechanisms of composite materials under fatigue loading are very complex.
However, three distinctive stages of damage evolution can be generally distinguished:
interlaminar matrix cracking and fiber-matrix debonding at the beginning of fatigue life,
followed by growth and coalescence of matrix cracks leading to delamination, and fiber
fractures in the final stage [214][215]. The accumulation of damage is accompanied with the

degradation of stiffness [216][217]. Therefore, measurement of residual stiffness could be
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used as an indication of the extent of accumulated damage during fatigue loading and further

will give predictions of fatigue life [213]-[221].

In a previous work, a fatigue life model based on stiffness degradation was proposed by
Huang et al. by combining the IRT data with damage accumulation process [18]. The
proposed method allows to determine S-N curve just in about ten hours of machine time. The
model has been successfully applied to predict the fatigue S-N curves of triaxially braided,

UD [18] and £45° [19] CFRP laminates.

In this work, firstly Huang’s model has been applied to QI CFRP laminates. Nevertheless, it
produces rather conservative fatigue life predictions because in a MD laminate, damage
initiation and accumulation processes are more complex. Hence, the prediction model is
modified in the present study. Herein, a new parameter r is introduced into the original
Huang’s model to consider the influence of more complex damage mechanisms in MD CFRP
laminates. The determination of the parameters of new model has been discussed. Lastly, the
experimental data of QI CFRP laminates, as well as cross-ply CFRP laminates, are used to

validate the proposed model.
3.1.2 Huang’ model [18]

The evolution of accumulative damage as a function of the number of loading cycles may be
generally described by the curve in Figure 3-1. The accumulation of damage results in the

degradation of stiffness, which can both be divided into three typical stages.

Micro-cracks Matrix cracking and Fiber
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Cumulative damage D(N)
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Figure 3-1 A typical trend for stiffness degradation and damage accumulation during fatigue loading [139]
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In the work of Huang et al [18], the change in residual stiffness has been used to express the

extent of accumulated damages in the material. The damage index D is defined as [222]:
Ko—K(N) _1—k(N)

D*(N) =

(3-1)

Where N is the number of loading cycles, K,, K(N) and K7 are residual stiffness
corresponding to the initial cycle, the N cycle and final cycle prior to failure N¢, respectively.
k(N) and k¢, defined as K(N)/K, and K; /K,, are normalized residual stiffness at N and

final cycle N, respectively.

In Eq. (3-1), the failure stiffness K¢ (k¢), can not be determined until specimen failure occurs.
Since the third stage only takes a rather small portion of fatigue life, during which damage
propagation is relatively unstable and difficult to capture [223][224], only the first two stages
will be taken into consideration. On account of this, N/ and k; may be replaced by the
number of cycles Ny and the normalized residual stiffness at the end of second stage kg,
respectively. Moreover, based on the fact that the critical value of normalized failure stiffness
k7 is independent of maximum applied stress [225], thus k; is also considered to be
independent of the maximum applied stress. After simplification, we have:
1 —k(N)

Huang et al. [18] proposed that the normalized stiffness k(N) is associated with the stabilized
temperature rise AT, by the following relationship:
k(N) = 1 — p'2TstavN* T yith (q > 1) (3-3)
Where p’ and g are two constants, independent of temperature and loading cycles. ATgqp

is the stabilized temperature rise.

Substituting Eq. (3-3) into Eq. (3-2) and then simplifying, Eq. (3-2) becomes:

'AT.,.,N1/a
D(N) = % with (q = 1) (3-4)
- Ry

The values of parameter p’, q and kr can be determined empirically from the measurement
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during the fatigue tests. Besides, the stabilized temperature rise AT, IS related to maximum

applied stress o by:
a,0 + by (0 <o < op)

a,o + by(0 = o5) (3-5)

ATstap(0) = {

Where a4, a,, by and b, are four constants determined by TCM shown in Figure 2-15. oy,

denotes the maximum applied stress which corresponds to fatigue limit.

Considering the boundary condition that as the number of cycles approaches the fatigue life

N¢, D approaches 1. Under this condition, Eq. (3-4) becomes:

P'ATsrap Ny
= > 3'6
1k (@=1) (3-6)

This formula can be expressed in another form and then the following fatigue life prediction

model can be found:
1—k a
Ny = (—f) (3-7)
p ATstab (0)

3.1.3 Application of the model proposed by Huang et al. [18] to QI laminates

In this section, Huang’s model is applied to the experimental data of QI CFRP laminates to
validate model’s generalization. The procedure and calibration details for fatigue limit
determination and fatigue life prediction are listed below:

Step 1: determine fatigue limit and corresponding stabilized temperature rise based on
thermographic data

Figure 3-2 is a plot of average surface temperature rising, collected by IRT, as a function of
the number of cycles of specimen 2. The maximum applied stress is indicated at the end of
each profile. It is observed that for all the stress levels indicated in the plot, the temperature
profile reached a stabilized plateau after a certain loading cycles. The stabilized temperature
rise for each profile was then plotted as a function of the maximum applied stress, as shown in
Figure 3-3 (a). The method proposed in section 2.2 was adopted here to determine the fatigue

limit. The number of points corresponding to the peak value of normalized angle change 67 is
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8 (see Figure 3-3 (b)), which corresponds to a maximum stress of 65% UTS (see Figure 3-3

(a)). Hence, the fatigue limit is determined as 65% UTS. The stabilized temperature rise

corresponding to the fatigue limit (ATsqp f;) is 4.21°C.

Figure 3-2. Variation of temperature rise with the number of loading cycles of QI specimen 2
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Figure 3-3. Fatigue limit determination of QI laminate (specimen 2): (a) stabilized temperature rise vs

maximum stress; (b) loci of normalized angle change vs sequence number of the point

Step 2: calibrate the value of p’ and q

Figure 3-4 is a plot of the normalized stiffness degradation as a function of the number of
loading cycles and stabilized temperature rise for the specimens cycled at 50%, 55%, 60%, 65%
and 70% of UTS. For each profile, 20 points were sampled, therefore, a total of 100 points
were available for fitting. Herein, Eq. (3-3) is employed to fit the experimental data using 3D
surface fitting in MATLAB®. The best fit value of p’ and q are determined as 2.344e-
2 (°C x Cycle7)~1 and 11.80, respectively. The coefficient of determination R?, defined by

Eq. (3-8) [180], is introduced to evaluate the accuracy of fitting. It can be seen from the
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equation, the value of R? varies between 0 and 1. If the value of R? is close to 1, the result of

fitting is great. Otherwise the result is not appropriate.

Yy —D)?
xy?

Where y is the experimental data and D is the fitting data. The coefficient of determination R?

RZ=1— (3-8)

using Eq. (3-3) is 0.884 for the data shown in Figure 3-4.
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Figure 3-4. Surface fitting of Eq. (3-3) by MATLAB®

Step 3: calculate the failure threshold stiffness k¢

The number of cycles corresponding to the fatigue limit is often taken between 10° cycles and
107 cycles. Hereby, both k(Ns; = 10° cycles) and k(Ns;, = 107 cycles) are considered for
the calculation of failure threshold stiffness. According to Eq. (3-3), k; = 0.682 when the

fatigue life Ny, = 10° cycles while this value is 0.614 when Ny, = 107 cycles.

Step 4: prediction of S-N curve

Having the values of p’, q and k¢, the whole S-N curve can be determined and a plot of the
determined curve is shown in Figure 3-5. Traditional fatigue test results with 95%
confidence interval are also included in the plot for comparison. As can be seen from the
figure, the S-N curves corresponding to Ny, = 10° cycles and Ny, = 107 cycles are both
below the 95% confidence interval. The determined fatigue life is much lower than the
traditional fatigue test results overall. When the loading amplitude is 75% UTS, the fatigue

life corresponding to Ny, = 10° cycles and Ny; = 107 cycles using Huang’s model are 14421
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and 144211 cycles, which is around 30.7 times and 2.2 times less than the values determined
by the lower boundary line of 95% confidence interval. In conclusion, the fatigue life of the

tested QI CFRP laminates determined by Huang’s model is too conservative to be accepted.
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Figure 3-5. Comparison of S-N curves determined by Huang's model with traditional experimental results
3.1.4 Proposition of the modification of Huang’s model for characterization of S-N curve

Recall that Huang’s model has been applied successfully to UD [18] and £45° [19] laminates
made from the same prepreg as that used in this study, but it underestimates the fatigue life of
a QI laminate. In fact, according to the study of Huang et al. [18], in Eqg. (3-3), the parameter

p' allows to regulate the scale of temperature rise, while the role of q is to control the shape of

the function.

According to the work of Gamstedt et al [226] and Razvan et al [227], the main damage
mechanisms in UD laminates under tensile fatigue loading are basically matrix cracking,
fiber/matrix debonding and fiber breakage/splitting, while for the angle-plied laminates (£45°),
the predominant damage mechanisms are matrix cracking, fiber/matrix debonding and
delamination [52]. However, for a MD laminate under tensile loading, each ply with different
fiber orientation can be subjected to different stresses, leading to more complex damage
modes compared to that of UD and +45° laminates. Investigations of fatigue damage
mechanisms in cross-ply laminates by Broutman et al [228] have shown that the first event of

failure is the debonding of transverse fibers. The debonding crack grows towards the ply
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interfaces caused stress concentrations at the interfacial layers. Delamination then follows,
reducing the laminate to a UD lamina. For the QI laminates, the sequence of damage
mechanisms is found to be the failure of 90° plies, followed by delamination of 45° plies,
leading to overstressing of the 0° plies and consequent failure. For both stacking sequences,
the fatigue damage mechanisms including transverse cracking or splitting, delamination, fiber

peeling (only for cross-ply laminates) and those of UD laminates [229][230].

The differences in damage mechanisms are reflected in the relationship between the
normalized stiffness and the stabilized temperature rise. In Huang’s model, when the values of
p’, q and N are determined, the Eq. (2-4) becomes k(N) =1 — p'ATgq,(0)NY4 =
s X ATsqp(0) with (@ = 1) (s is a constant). As can be seen from the equation, there is a
quasi-linear decrease of stiffness with the increase of stabilized temperature rise, which is
well fitted for UD and +£45° laminates, while for the MD laminates, it is no more suitable. The
experimental stiffness degradation data plotted as a function of stabilized temperature rise of
specimens with different stacking sequence when the number of loading cycles equals to 4000
and 8000 cycles are illustrated in Figure 3-6 and Figure 3-7. The values of these two
numbers of loading cycles are chosen arbitrarily. For the UD (or for + 45°) laminates,
according to the study of Huang et al [18][19], the best-fit values of p’ and q are 10.87 X
1072(°C x cycle/9)™1 (1.68 x 1073(°C X cycle/9)~1) and 4.75 (5.56), respectively. When
the values of N are taken as 4000 and 8000, the corresponding values of s become 0.623
(7.47 x 1073) °C~1 and 0.721 (8.46 x 1073) °C~1 and the exact expression for k(N) will
change to k(4000) =1 — 0.623 X ATg4p(0) and k(8000) =1 — 0.721 X AT (0)
respectively. Subsequently, these two linear equations are adopted to fit the experimental data,
as shown in Figure 3-6. The coefficients of determination R? are determined as 0.922 (0.950)
and 0.965 (0.9745) when N=4000 cycles and 8000 cycles, respectively, which indicates that
the fitting curve agrees well with the experimental data. While for the QI laminates, the values
of p’ and q determined by Huang’s model are 2.344e-2 (°C X Cycle9)~* and 11.80,

respectively. When the number of cycles is equal to 4000 and 8000 cycles, the corresponding
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values of s turn out to be 4.73 x 1072 °C~1 and 5.02 x 1072 °C™1, respectively. The fitting
results using these two linear equations for the experimental data are depicted in Figure 3-7.
The corresponding R? are 0.806 and 0.827, respectively. Based on these R? values, it is clear

that linear fitting is less accurate for QI laminates.
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In order to take the complex damage mechanisms in MD laminates into account, the
expression of normalized stiffness k(N) in Eq. (3-3) is modified by introducing another
parameter r as follow:

k(N) = 1 —p'AT{q, N4 (3-9)
In addition, as can be seen from Figure 3-6 and Figure 3-7, the scale of stabilized
temperature rise of different stacking sequences varies deeply from each other. For example,
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the stabilized temperature rise of UD laminates varies between 0.25 and 2.1°C, while that of
+45° laminates ranges from 7 to 24°C. For the ease of comparison between different

specimens, a normalization process is proposed for the ATs;4p:

ATgap = ATstap/(ATstan) max (3-10)
Where ATj;,;, is the normalized stabilized temperature rise, (ATstqp)max 1S the maximum

value of stabilized temperature rise of each specimen.

Substituting Eqg. (3-10) into Eqg. (3-9):
k(N) = 1 = p(ATgyqp) " N4 (3-11)
Where p = p' X (ATstab);nax-

The expression for the fatigue life model is then modified accordingly:

-k \?
=— 3-12
Nf <p (ATs*tab (o.))r) ( )

Now, there are three parameters p, g and r to determine empirically. The value of these three
parameters can be calibrated by fitting experimental data with the help of MATLAB®.
However, it should be noted that if the parameter r is close to 1, this model returns to Huang’s
model (Eq. (3-3). Therefore, the modified model in Eq. (3-11) is more general, it includes the
model in Eq. (3-3).

3.2 Validation of the proposed model

In this section, the experimental data of QI CFRP laminates is first employed to validate the
proposed model. Thereafter, the proposed model is applied to the cross-ply laminates to
further demonstrate the universality of model in the fatigue life determination of MD

laminates.
3.2.1 QI laminates

In the first step, as previously mentioned, the fatigue limit and corresponding stabilized
temperature rise are determined as 65% UTS and 4.21°C, respectively. In the second step, Eq.

(3-11) is employed to fit the experimental data using MATLAB® software. The values of p, q
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and r were determined as 3.736e-2, 11.776 and 0.660, respectively. The corresponding
coefficient of determination R? is 0.980. In the third step, according to Eq. (3-11), the failure
threshold stiffness k, was computed as 0.689 and 0.621 when Ny = 10° cycles and 107
cycles, respectively. Finally, fatigue life calculated using proposed model is illustrated in
Figure 3-8. In the meantime, traditional test results with 95% confidence interval and that

determined by Huang’s model are also plotted in the same figure for comparison.

From Figure 3-8, it is found that, compared to the S-N curves determined by Huang’s model,
those determined by the modified model are obviously closer to the 95% confidence interval.
The S-N curve corresponding to fatigue life of Ny, = 10° cycles based on proposed model is
still lower than the traditional fatigue test results overall. The error, defined as (Huang’s
model-lower boundary of 95% confidence interval)/Huang’s model, between the S-N curve
that corresponds to a fatigue life of N;, = 10° cycles and the lower boundary of 95%
confidence interval for a determinate maximum stress varies between 49.28% and 87.51%.
This error is much less than that determined by Huang’s model, especially for higher loading
maximum stresses. On the contrary, the determined S-N curve corresponding to Ny =
107 cycles matches well with the traditional fatigue test results. The determined fatigue lives
fall totally within the confidence interval. This suggests that in comparison to Huang’s model,

the modified model is more accurate and reliable in predicting the fatigue life of QI CFRP

laminates.
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Figure 3-8 Comparison of S-N curve determined by proposed model with traditional fatigue test results
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3.2.2 Cross-ply laminates

Step 1: determine fatigue limit and corresponding stabilized temperature rise based on
thermographic data

Figure 3-9 illustrates the average surface temperature rise versus the number of loading
cycles under 9 successive stress levels. As can be seen from the figure, for the stress levels
from 30% UTS to 65% UTS, the profile reached temperature stabilizing after certain loading
cycles. Figure 3-10 (a) depicts the stabilized temperature rise plotted as a function of the
maximum applied stress. Similar to the previous case, the new fatigue limit determination
approach (Figure 3-10 (b)) was employed here and the fatigue limit was determined as 65%
UTS, which is near the results obtained by the traditional fatigue tests (68.94% UTS). The

corresponding stabilized temperature rise (ATs¢qp f;) is 2.73 °C.
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Figure 3-9 Evolution of temperature rise vs number of cycles of cross-ply specimen 2
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Figure 3-10 Fatigue limit determination of cross-ply specimen 2: (a) stabilized temperature rise vs

maximum stress; (b) loci of normalized angle change vs sequence number of the point
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Step 2: calibrate the values of p, gand r

A plot of normalized stiffness degradation against the number of loading cycles and stabilized
temperature rise under stress level of 45%, 50%, 55%, 60% and 65% UTS is shown in Figure
3-11. Eq. (3-11) is adopted to fit the experimental data using MATLAB® 3D surface fitting

Toolbox. The best-fit values of p, g and r are 8.301e-3, 7.023 and 1.26, respectively.

o
=1
L

45% UCS
50% UCS
55% UCS
60% UCS

i

ves—  °

0.5

0.985 -

0.98

0.975
0

Normalized stiffness degradation

X

2000

4000 5099 B
! 10000 1

Cycle (N) AT 51 (degree)

Figure 3-11 Surface fitting of Eq. (3-11) by MATLAB®

Step 3: calculate the failure threshold stiffness
Similar to the case of QI laminates, both k(Ng; = 10° cycles) and k(Ny; = 107 cycles) were
chosen for the calculation of failure threshold stiffness. According to Eq. (2-9), ks = 0.952

when Ny; = 10° cycles while this value is 0.938 when N;; = 107 cycles.

Step 4: determination of S-N curve

The fatigue life calculated using proposed model and traditional fatigue test results with 95%
confidence interval are plotted in Figure 3-12. It can be clearly seen that the determined S-N
curve corresponding to Ny, = 10° cycles is relatively conservative. The determined fatigue
life is lower than the traditional fatigue test results. The security factor, defined as the ratio
between maximum stress of traditional fatigue tests and that determined by proposed model
for a given number of fatigue cycle, lies between 1.04 and 1.08. Both values are very close to
1. In consideration of the variability of the fatigue test results, this is acceptable. Whereas the

S-N curve corresponding to Ny, = 107 cycles lies totally within the 95% confidence interval.
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The error induced by the determined S-N curve (Ny; = 107 cycles) is well within the
measurement uncertainty. This approves that the proposed model can be used to predict the

fatigue life of MD CFRP laminates.
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Figure 3-12 Comparison of S-N curve obtained by proposed model with traditional fatigue test results

3.3 Determination of an average S-N curve considering the variability of

thermographic data

It is well known that the measurement of fatigue life on composite laminates under the same
test condition presents a large scatter. Considering this variability of fatigue data, in the
traditional fatigue tests, it is recommended to run the tests with at least three specimens for
each stress levels in order to produce a reliable S-N curve. Similarly, in the fatigue tests
accompanied with the use of IRT, each test should be run for at least two-three specimens.
Without doubt, the S-N curve from thermographic data measured on different specimen could
be quite different. Therefore, how to process the thermographic data from several specimens
becomes a critical question in order to determine an “average” single S-N curve more reliable
for engineering design. The possible solution to this question will be discussed in this section

by using the data obtained on our laminates tested under tensile fatigue loading.
3.3.1 Cross-ply laminates

As already been stated before, in our previous tests, three specimens were tested for each
stacking sequence. Since the data of three specimens are all available for cross-ply laminates,

therefore, the discussion starts with this stacking sequence. Following the same fatigue limit
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determination and fatigue life determination procedure in chapter 2 and section 3.2, the

calibration results and obtained S-N curves of all three specimens (specimen 1, 2 and 3) using

proposed model are directly given in Table 3-1 and Figure 3-13.

Table 3-1. Fatigue limit and calibration parameters of specimen 1, 2 and 3

Parameters Specimen 1 Specimen 2 Specimen 3
Fatigue limit 65 65 60
ATgap 11 3.96 °C 2.73°C 5.15°C
D 3.342 x 1072 8.301x 1073 3.412 x 1072
q 25.79 7.023 19.56
r 0.40 1.26 0.77
kg(Np = 10° cycles) 0.950 0.952 0.942
ke(Np = 107 cycles) 0.945 0.938 0.935
R? 0.95 0.98 0.97

As can be seen in Figure 3-13, for all the three specimens, the determined S-N curves

corresponding to Ny; = 10° cycles are relatively conservative. The determined fatigue life is

lower than the traditional fatigue test results. The S-N curve corresponding to Ny =

107 cycles of specimen 1 lies totally within the 95% confidence interval. For the maximum

stress between 65% and 80% UTS, the S-N curve corresponding to Ny; = 107 cycles of

specimen 2 lies within the 95% confidence interval. Above 80% UTS, the determined curve is

a little higher than the traditional test results. For specimen 3, the S-N curve corresponding to

N, = 107 cycles is relatively lower than the 95% confidence interval for the maximum stress

below 75% UTS.
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Figure 3-13. Comparison of S-N curves based on thermographic data of three specimens with

90

traditional fatigue test results



To determine a more reliable S-N curve from the three different S-N curves, the initial thought
is to ‘average’ the data of three S-N curves. Similar to the fatigue life determination procedure

already stated before, the details of this ‘average’ process are described below:
‘Average’ process on all the specimens

Step 1: Determine the fatigue limit and corresponding stabilized temperature rise

The stabilized temperature rise of each laminate is first normalized with its own maximum
value to obtain AT, corresponding to each stress level. Then, the average value of ATy, of
three specimens is calculated to obtain AT, corresponding to each stress level. Figure 3-14
(a) is a plot of average normalized stabilized temperature rise AT;,,, of three specimens as a
function of maximum stress. The new fatigue limit determination approach (Figure 3-14 (b))
was employed here and the fatigue limit was determined as 65% UTS, which is close to the
results obtained by the traditional fatigue tests (68.94% UTS at 10° cycles). The

corresponding normalized stabilized temperature rise (AT;,,;) is 0.78.
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Figure 3-14. Fatigue limit determination based on data of three specimens: (a) normalized stabilized
temperature rise vs maximum stress; (b) loci of normalized angle change vs sequence number of the point
Step 2: calibrate the values of p, gand r
The average normalized stiffness degradation of three specimens corresponding to stress level
of 50%, 55%, 60%, 65% and 70% UTS is employed to plot against the number of loading
cycles and average normalized stabilized temperature rise AT, ,;,, as shown in Figure 3-15.
Eq. (3-11) is adopted to fit the experimental data using MATLAB® 3D surface fitting Toolbox.

The best-fit values of p, g and r are 2.189e-2, 16.818 and 0.483, respectively. The coefficient
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of determination R? is 0.73, which implies that the fitting results are not good.
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Figure 3-15. Surface fitting using Eq. (3-11) in MATLAB®
Step 3: calculate the failure threshold stiffness
Still, both k(Ny; = 10° cycles) and k(Ng, = 107 cycles) are chosen for the calculation of
failure threshold stiffness. According to Eq. (3-11), k; = 0.956 when N, = 10° cycles while

this value is 0.950 when N;; = 107 cycles.

Step 4: determination of S-N curve

The determined S-N curves calculated based on the average data of three specimens and
traditional fatigue test results with 95% confidence interval are plotted in Figure 3-16. It can
be clearly seen that starting from around 70%-75% UTS, with the increase of maximum stress,
both the determined S-N curves corresponding to 10° cycles and 107 cycles tend to deviate
largely from the 95% confidence interval. For a given maximum stress, the fatigue life is
overestimated, especially for the S-N curves corresponding to 107 cycles. Less than half of

the traditional fatigue test results lies between the two determined curves.

=23
(=3
T

Maximum stress (MPa)
o =2
T T
$
’
’
of
’
s,
’
’
’
o

95% confidence interval

[~ =M= average of specimen 1,2 and 3:1076 cycles
=M= average of specimen 1,2 and 3:1077 cycles

50 a1 aaaaal " aasul A sl o sl 1 L
100 1000 10000 100000 1000000 1E7
Number of cycles (N)

w
by

Figure 3-16. Determined S-N curve calculated based on the average data of three cross-ply specimens and

traditional fatigue test results
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Based on the above protocol, it can be concluded that the idea of calculating the S-N curve

based on the average data of three specimens does not seem to work well.

In fact, it can be noted that the fatigue limit of specimen 1 and 2 are identical, and their S-N
curves are closer to each other. However, the fatigue limit of specimen 3 is different from the
others leading to a quite different S-N curve. A new idea comes up: only the data of
specimens having the same fatigue limit will be used for the ‘average’ process. In this case,

only the data from specimen 1 and 2 are treated.

‘Average’ process on the specimens having the same fatigue limit
Using the above stated the procedure, in the step 1, the average AT, value of specimens 1

and 2 is calculated to obtain ATZ, .

“rqp COrresponding to each stress level. The proposed method

in Chapter 2 is employed to determine the fatigue limit using the data sets (o, ATg,,;,)- Figure
3-17 (a) is a plot of average normalized stabilized temperature rise AT, ,, of specimen 1 and
2 as a function of maximum stress. The normalized angle change calculated based on the data
as a function of sequence of number of points is shown in Figure 3-17 (b). The sequence
number of point corresponding to fatigue limit is 8, which corresponds to 65% UTS in Figure

3-17 (a). The corresponding normalized stabilized temperature rise is 0.68.
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Figure 3-17. Fatigue limit determination based on data of specimens 1 and 2: (a) normalized stabilized

temperature rise vs maximum stress; (b) loci of normalized angle change vs sequence number of the point
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In the step 2, the average normalized stiffness degradation of specimens 1 and 2
corresponding to stress level of 50%, 55%, 60%, 65% and 70% UTS is employed to plot the
number of loading cycles against normalized stabilized temperature rise, as shown in Figure
3-18. The best-fit values of p, q and r using MATLAB® 3D surface fitting are 2.026e-2, 15.64
and 0.546, respectively. The coefficient of determination R? is 0.93, which is much closer to 1,

indicating a better fitting result.
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Figure 3-18. Surface fitting using Eq. (3-11) in MATLAB®

As for step 3, the failure threshold stiffnesses corresponding to fatigue life of 10° cycles and
107 cycles are 0.960 and 0.954, respectively. And finally, the determined S-N curves
calculated based on the average data of specimens 1 and 2 and traditional fatigue test results
with 95% confidence interval are illustrated in Figure 3-19. As can be seen from the figure,
the obtained S-N curve corresponding to Ny = 10° cycles is relatively lower than the
experimental results, while that corresponding to fatigue life of Ny, = 107 cycles is little
higher than the upper 95% confidence interval for the maximum stress above 75% UTS. Most
of the experimental test results (11/16 specimens) are between the two determined S-N curves.
Compared to S-N curves calculated based on the average of all specimens, better results are

obtained based on the average of specimens 1 and 2.
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Figure 3-19. Determined S-N curve calculated based on the average data of specimens 1 and 2

and traditional fatigue test results
3.3.2 QI laminates

Herein the experimental data of QI laminates are adopted. Since one specimen failed at 45%
UTS, only the data of two specimens are available. Using fatigue limit determination method
proposed in chapter 2, the fatigue limit is 65% UTS and 70% UTS for specimens 1 and 2,
respectively. The parameters of fatigue life for each specimen determined by the proposed
model are listed in Table 3-2. If ‘Average’ process on all the specimens is applied following
the steps of protocol cited above, the plot of average normalized stabilized temperature rise

AT, ,,, of two specimens as a function of maximum stress can be obtained.

In the step 3, 3D surface fitting in MATLAB® is employed to fit the average normalized
stiffness degradation as a function of average stabilized temperature rise AT, ,, and number
of cycles. The obtained values of p, g and r and coefficients of determination R? are listed in

Table 3-2.

In step 4, the computed failure threshold stiffness corresponding to Ny, = 10° cycles and 107

cycles are also listed in Table 3-2.

Ultimately, the obtained S-N curves based on the ‘average’ of two specimens, the individual

S-N curves of each specimen and traditional experimental results are compared in Figure
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3-20.

Table 3-2. Fatigue limit and calibration parameters

Parameters Specimen 1 Specimen 2 “Average”
Fatigue limit 70 65 % UTS 65% UTS
ATstap i/ AT gtap 11 5.068 4.205 0.72
p 0.189 3.736e-2 0.148
q 61.01 11.78 20.63
r 0.42 0.66 0.518
ke(Np = 10° cycles) 0.782 0.689 0.756
k¢(Ns; = 107 cycles) 0.773 0.621 0.728
R? 0.98 0.98 0.99

As can be seen from the figure, even though the determined S-N curves corresponding to
Ng; = 10° cycles of specimen 1 and that corresponding to N; = 107 cycles of specimen 2 are
both within the 95% confidence interval of traditional experimental results, the curves
corresponding to two fatigue lives calculated based on the average of two specimens are both
below the 95% confidence interval. The determined fatigue life is significantly lower than the
traditional fatigue test results overall. This proves that if the determined fatigue limits of two
specimens are different from each other, the S-N curves obtained by the average data of these
two specimens is not credible. In this situation, only a set of individual S-N curves of each
specimen can be obtained to predict the fatigue life. It is absolutely necessary to redo a test to

have another specimen whose fatigue limit is close to one of the 2 cases.
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Figure 3-20. Determined S-N curve calculated based on the average data of two QI specimens

and traditional fatigue test results
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3.3.3 Proposition of a protocol to obtain a more reliable S-N curve

On the basis of above results, a protocol to obtain a more reliable S-N curve based on the data
of several individual S-N curves is proposed here:

Step 1: Each test should be run for at least three specimens until the determined fatigue limits
of two specimens are identical.

Step 2: the average AT;,,, value of these two specimens is calculated to obtain AT,
corresponding to each stress level. The proposed method in Chapter 2 is employed to
determine the new fatigue limit and corresponding normalized stabilized temperature rise
using the data sets (o, AT, )-

Step 3: the average normalized stiffness degradation of these two specimens corresponding to
a series of stress level is employed to plot the number of loading cycles against normalized
stabilized temperature rise. Eq. (3-11) is adopted to fit the experimental data using 3D surface
fitting Toolbox in MATLAB®.

Step 4: the failure threshold stiffness corresponding to Ny; = 10° cycles and 107 cycles are
calculated by Eq. (3-11).

Step 5: the more reliable determined S-N curves corresponding to fatigue life of 106 cycles

and 107 cycles can be obtained by Eq. (3-12).

3.4 Summary

In this section, the fatigue life model in term of S-N curve proposed by Huang et al. [18] has
been modified. Firstly, a new parameter r is introduced into original expression of normalized
stiffness to take the more complex damage mechanisms in the MD CFRP laminates into
account. Secondly, the variable “stabilized temperature rise” is replaced by its normalized
value defined as AT, = (ATstan)/ (ATstap)max- This modified model is an extension of
Huang’s model. The results have shown that the modified model allows to determine the S-N
curves of QI and cross-ply CFRP laminates much more closed to traditional test results. In

particular, the S-N curves corresponding to Ny; = 107 cycles lie totally within the 95%
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confidence intervals of traditional fatigue test results. To sum up, the modified model is more
general, it can be applied to predict the fatigue life of CFRP with arbitrary stacking sequence.
Moreover, a protocol of the treatment of thermographic data has been proposed by taking in
account of the variability of experimental results in order to obtain a S-N curve more reliable

for engineering design.
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Chapter 4 Compression-compression fatigue behavior of CFRP

The focus of this chapter is to study the compression and compression-compression fatigue
behavior of Quasi-Isotropic Quasi-Homogeneous (QIQH) CFRP laminates. The method
proposed in chapter 2 for fatigue limit determination and the modified fatigue life model,
described in chapter 3, will be applied to compression-compression fatigue experimental data

of QIQH laminates to demonstrate the universality of both methods.

4.1 QIQH laminates

In the chapters 4 and 5, QIQH laminates were chosen for the compression (compressive
fatigue) and CAIl (Compression After Impact) tests. There are mainly three reasons for this
choice: i) according to the standard ASTM D7136/D7136M [231], QI stacking sequence is
recommended for the impact tests; 2) Most of the previous work focus on the study of
compression and CAI behavior of QI laminates, the number of studies on the QIQH laminates
is limited. 3) In most of the researches that aim to investigate the influence of stacking
sequence on the behavior of CFRP, the global effects (membrane and bending stiffnesses
modification) are not separated from the local effects (ply orientation). In order to isolate the

local effects, QIQH stacking sequences are needed.

In order to explain what a QIQH laminate is, two main theoretical tools are used: the Classical
Laminated Plate Theory (CLPT) and the polar description of plane anisotropy. In the
composite materials, the presence of a reinforcement in an isotropic matrix results in a general
anisotropy for laminas; laminates obtained by superposing laminas with different orientations
of fibers are anisotropic, in general. The analysis of composite laminates by the classical
CLPT needs the transformation of elastic properties of laminas by rotation. This
transformation is rather cumbersome. However, with the use of polar description, material and
frame rotations can be easily expressed, giving much simpler equations than those obtained

by Cartesian transformation.
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Another important advantage of polar description is the physical meaning of tensor polar
components: taking the elastic tensor as an example, these are invariant parameters directly
representing the symmetries of a given material. By polar components, it is possible to
distinguish the kind of anisotropy of a lamina at a glance, independently of the reference

frame.
4.1.1 Classical Laminated Plate Theory (CLPT)

Let us consider a laminate which is composed of a given number, n, of anisotropic laminas.
Each ply is characterized by its basic elastic properties, its fiber orientation, its position and
thickness. Assuming the ply with index k is oriented in the direction whose difference with

the global coordinate axes is &, extending from z,_, to z;, (Figure 4-1), the intrinsic stiffness

of the ply is Q(6y).

In the frame work of CLPT [232]-[234], the mechanical behavior of laminates is described by
the generalized Hooke’s law, which linearly relates the generalized forces (in-plane forces N
and bending moments M) to the generalized strains (middles-plane strains ° and curvatures

k), which, in a compact form is written as :
N = A£° + Bk
(4-1)
M = B&° + Dk
Where A4 is the in-plane or membrane stiffness matrix, D is the out-of-plane or bending
stiffness matrix and B is the membrane-bending coupling stiffness matrix. All these

stiffnesses are fourth order tensors and can be expressed by the properties and stacking of

plies:
p
A=) Q6@ ~7-0) (42
k=—p
1 14
B=5 ) Q@ -7 (4-3)
k=—p
1 14
b= 5;, Q(61) (2 — zi_y) (4-4)
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In the above formulas, n = 2p if n is an even number ; n = 2p + 1 if n is an odd number; z,
are the distances between the top surfaces and the middle plane, as shown in Figure 4-1. In

this way, if the thickness of each layer of the laminate is identical (hpe 1qyer = h/n), We have:

' ks
£ f Lk
hi2 k % hi2 7 i
R ] _f:"' S 5 = T:’“ s
-1 x = x
hi2 -k hi2 -
y P K
-»
n even n odd

Figure 4-1. Sketch for the numbering of layers and interfaces [235]

_2k+1h _Zk=1h . 1
Zy = ) n,Zk_l— > n orn = 4p
h h
z=k— zgy = (k= 1)~ ifk > 0andn = 2p (4-5)

h h
Zy = (k+1);,zk_1 = k; ifk <Oandn =2p

4.1.2 Polar description of plane anisotropy [236]

Let us first consider simultaneously two Cartesian frames of reference, an old one, with
coordinates x; and y;, and a new one, rotated by an angle 8, with coordinates x and y (Figure

4-2). The transformation formulas for these four coordinates can be written as:
X = x,€080 + y;sin0
1 1 (4-6)
y = —x,5inf + y,cosf
To make easier the understanding of polar description, the vectors are first taken as an
example. For a vector F, with Cartesian components A, and A, in the old frame, its polar

decomposition with modulus R and polar angle b is given as:

A; = Rcosb
(4-7)
A, = Rsinb
The reverse equations of Eq. (4-7) can be expressed in the complex form:
Re'? = A; +i4, (4-8)

If the old frame is rotated by an angle 6 with respect to the other, the Cartesian components
change according to the transformation of Eq. (4-6):
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A, = Aicos0 + A,sinf

(4-9)
A, = —A;sinf + A cos6
Where A, and A,, are the Cartesian coordinates in the new frame.
While the polar form for the new components is:
A, = Rcos(b —0)
_ (4-10)
A, = Rsin(b — 0)
And the reverse equation in the complex formula is:
Re'®=9) =4, +i4, (4-11)
L 3%
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Figure 4-2. Schematic illustration of the rotation of frames
Comparing Eq. (4-11) with Eq. (4-8), the basic rule for transformation in polar form could be
revealed: the modulus R is invariant during rotation and the polar angle b is decreased by the
angle of rotation from the original to the new frame.
This polar decomposition can be extended to plane tensors of any order. For the case of a
fourth order tensor with typical symmetry of elasticity, i.e.:
Lijii = Lijik = Ljixi = Lyaji (4-12)

Its six Cartesian components in the old frame can be expressed as:
L1111 = BO + ZBl + RCOS4‘b0 + 4‘R1C052b1

L1112 = Rosin4‘b0 + 2R15in2b1

L1122 = _BO + ZBl - ROCOS4‘b0 (4-13)
L1212 = BO - ROCOS4‘b0

L1222 = —Rosin4‘b0 + 2R15in2b1

Ly, = By + 2By + Rycos4by — 4R cos2b,

Where B, and B, are scalars, R, and R, are modulus, b, and b, are polar angles. Conversely,
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these six polar components can also be expressed by the six Cartesian components following
the complex equations:
8Bg = L1111 — 2L1122 + 4L1212 + L2222
8By = L1111 + 2L1122 + L2222
. (4-14)
8ROeMbO = L1111 - 2L1122 - 4'l‘1212 + L2222 + 4'i(L1112 - L1222)
8RieP1 = Ly1q4 — Lyz22 + 2i(L1112 + L1222)
A rotation of coordinate axes results in the following expression for the Cartesian component:
Lysxx = L1111€08%*0 + 4L11,c0530sinB + 2L,1,,c05*0sin’0
+ 4L,,1,05%05in?0 + 4L15,,c050sin30 + L,y,,s5in*6 (*+19)
And so forth for the other components.
From Eq. (4-15), it is obvious that the formula is rather complex and do not allow a clear
insight into the occurring process. However, the use of polar composition may greatly

simplify the transformation:
Lxxxx = BO + ZBl + ROCOS4(b0 - 9) + 4R1C052(b1 - 0)

Lxxxy = ROSiTl4(b0 - 0) + ZRlsan(bl - 9)
Lxxyy = _BO + ZBl - ROCOS4’(bO - 9) (4 16)
Lyyxy = By — Rycos4(by — 0)

Lyyyy = —Rysind(by — 0) + 2R, sin2(b; — 0)

Lyyyy = Bg + 2By + Rycos4(by — 60) — 4R, cos2(b; — 0)
The comparison of Eq. (4-16) with Eq. (4-13) shows that, for a rotation 6 of the reference
frame, By, B;, R, and R; are invariant, as well as the difference between the polar angles b, —
b, . This suggests that once one of the polar angle is determined, the other polar angle is found
thanks to the invariance of difference b, — b;.

And the reverse equations of Eq. (4-16) are:

8By = Lyyryx — 2Lyyyy + 4L

xXXyy Xyxy + Lyyyy

8B1 = Lyxxx + 2Lxxyy + Lyyyy

. . (4-17)
8Roe o= = I v — 2Ly — 4Lyyxy + Lyyyy + 4i(Lyxxy — Liyyy)

8R1€2i(b1_9) = LXXXX - Lyyyy + Zi(Lxxxy + nyyy)

103



4.1.3 Application of polar method to the laminates

For each of the laminate stiffnesses A, B and D, polar method can be introduced as they are
linear combinations of Cartesian components. Eq. (4-2) to (4-4) can all be easily transcribed
in polar form, with the polar components of tensor Q(6y) represented by Ty, T1x, Roks Rik.

d,, and ®,,. Furthermore, in the case where all the plies of laminate are made of the same

material, then Ty, Tix, Rok, Rix, Pox and &, are the same. The terms Z£=_p(zk — Zp_1),

he—p(Zk — zi—1) and X7 __(z¢ — z¢_,) can be simplified into [237]:

Zp: (zx — zg—1) = h

K=p
14
z (2§ — 2f-1) =0
& (4-18)
p
h3
3_ .3 y_1
Y @G- =3
k=—p

Then the polar components of A, B and D can be simplified into the following forms [235]:

Tensor A:
T$ = Toh
TlA == Tlh
p
) h ) )
Rglezucb‘(;1 — ;Roeéucbo z e4lé‘k (4_19)
k=-p
p
Ri‘lQZiCD’lq — ﬁRleZi‘Dl Z 0216k
n =,
Tensor B:
TE =0

TE=0
» (4-20)

. 1 . )
B ,4i®8 _ 4idp § 4i6 2 2
RO e 0 = EROe 0 e k (Zk - Zk—l)

k=-p
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14
g 1 . .
RlBeZlel — ERleZlCDl E eZl6k (Zl% _ ZI%—l)

k=—
Tensor D:
h3
TP =T, —
012
h3
TP =T, —
112
p
RD 4idY _ lR 4id, 4i8k (3 _ .3 4-21
0€ =3 0€ e (Zk — Zj-1) ( )
k=—p
p
. 1 ) .
Rlnezlcb’f — ERlezlq:l Z 216k (213 _ Zg_l)
k=-p

4.1.4 Design of QIQH laminates

According to Ref. [238], a QIQH laminate is defined as a laminate with no membrane-

bending coupling and equal normalized stiffnesses for bending and membrane:

1A 12 D=0
R h3 T (4-22)
B=0
Where 1/h and 12/h3 are the CLPT homogenizing coefficients for membrane A and bending

D stiffness tensor.

This kind of laminates do exist. One trivial case is a laminate in which all the plies have the
same material properties and direction. The detailed procedure for solving Eq. (4-22) will not

be presented here (see [235]), since it is rather long and not the emphasis of the thesis.
4.2 Materials and specimens
4.2.1 Materials

The raw material used to fabricate the composite laminates for static and compression-

compression fatigue tests is a unidirectional pre-impregnated (prepreg) carbon fiber epoxy
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material from Gurit. The prepreg is made of High Elongation Carbon (HEC) fiber and
SE84LV resin, with fiber weight of 150 g/m? and resin content between 34-40 %. The basic

mechanical properties of the prepreg provided by the material manufacturer are summarized

in Table 4-1.
Table 4-1 Basic mechanical properties of SE84LV/HEC/150/400/37+/-3%
Properties Values

0° tensile strength 2458 MPa

0° tensile modulus 134 GPa
0° compression strength 1354 MPa
0° compression modulus 121 GPa
0° flexural strength 1448 MPa

0° flexural modulus 106 GPa

0° interlaminar strength 86.6 MPa
90° tensile strength 39.2 MPa

90° tensile modulus 8.3 GPa

in plane shear modulus 4.0 GPa

In plane Poisson’s coefficient 0.3

In order to investigate the influence of ply orientation on the compression-compression
fatigue properties of composite materials, QIQH laminates were used. Among all the potential
sequences, three 24-ply QIQH laminate configurations were chosen for the study, as given in

Table 4-2 under the names QIQH-1, QIQH-2 and QIQH-3. Note that

1. These laminates are not symmetrical

2. The fibers at adjacent plies have always different orientation;

3. The fiber orientation at the surfaces of each configuration is different: one surface has
fiber 0°, another one has fiber in £45° or 90°;

4. From the surface with fiber 0°, the fiber orientation at the adjacent ply (45° for QIQH-1
and QIQH-2; 90° for QIQH-3) or at sub-adjacent ply (90°, -45° and 45° for QIQH-1, 2
and 3, respectively) can be different; while from another surface, the fiber orientation at
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the adjacent ply is always 0°, but different fiber orientation at sub-adjacent ply (-45° for
QIQH-1 and 3, 90° for QIQH-2);

Number of each interface (see Table 4-3) is different one laminate to another one; the
distribution of the interfaces is more homogeneous in laminate QIQH-3;

all of three laminates is composed by 6 plies of fibers at 0°, 6 plies at 90°, 6 plies at 45°
and 6 plies at -45°

These laminates have the same stiffness matrix A, B and D, all anisotropic coupling
terms are zero;

These laminates are QIQH: Their apparent elastic constants in-plane and out-of-plane,
calculated using material properties in Table 4-1 based on CLPT [232]-[234], are
presented in Table 4-4, showing quasi-homogeneous. The graphics in Figure 4-3, shows
that their stiffnesses are also quasi-isotropic.

Table 4-2. Laminate configurations: stacking sequences

Specimens stacking sequences

QIQH-1 [-45/0/45/90/45/90/0/90/-45/45/-45/0/-45/0/90/0/45/-45/45/90/45/90/-45/0]
QIQH-2  [0/45/-45/90/-45/90/45/90/0/—45/0/45/0/45/90/45/-45/0/—45/90/—45/90/0/45]
QIQH-3  [0/90/45/—45/45/—45/90/—45/0/45/0/90/0/90/—45/90/45/0/45/—45/45/—45/0/90]

Table 4-3. Laminate configurations: number of interfaces

Interfaces
Specimens
0/45 or -45 90/45 or-45 0/90 45/-45
QIQH-1 7 8 4 4
QIQH-2 9 2 10 2
QIQH-3 6 6 5 6

Table 4-4. In-plane and bending elastic properties (GPa)

In-plane Bending
Properties
Ex Ey Gy Vxy Ex Ey Gy Vxy
Values 50.68 50.68 19.26 0.32 50.68  50.68 19.26 0.32
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Figure 4-3. Polar description of quasi-isotropy in stiffnesses for the three stacking sequences:

(a) in-plane properties; (b) bending properties
4.2.2 Preparation of specimens

To consolidate cohesion between the plies and to reduce the potential defects (voids, bad
compaction, entrapped air, humidity) before the final curing cycles, it is required to perform a
pre-cure compaction process according to the Airbus technical Manual [239]. As presented in
Figure 4-4, the individual plies of prepreg with dimensions of 360*200 mm/300*250 mm (for
the impact /post-impact fatigue tests) were cut from the prepreg roll and then divided into two
groups. Every group of twelve layers was laid-up with prescribed stacking sequence. The
prepreg stacks, which are covered on both sides by a fine polyester cloth peel-ply are laid onto
the metal plate, on top of which is placed with a bleeder ply and plastic vacuum bag. Two
vacuum valves were also contained in the bag to allow the extraction of air from the interior
of the plastic bag. A first compaction is then carried out at ambient temperature with 0.5 MPa
of pressure for a duration of 30 min. Later on, the two 12-layer plates were stacked together to
perform the correct stacking. Similar to the first compaction, the entire plates were sealed
with a vacuum bag again and then further compacted at ambient temperature, at a constant

compacting pressure of 0.8 MPa for another 30 min.
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Figure 4-4. Schematic illustration of pre-cure compaction process

Once the described compaction process has been finished, the compacted plates were
assembled in a standard vacuum bagging schedule and then cured in an autoclave. The curing
of the laminates was carried out according to the process suggested by Gurit, Ltd. The
temperature of the layup was raised at a 1°C/min rate up to the maximum temperature 80°C
and then held for 6 hours, as depicted in Figure 4-5. The differential pressure was set as 1.0
bar. Thereafter, specimens with two different dimensions (for static tests and for compression-

compression fatigue tests) were cut from the cured laminates using water jet cutting machine.

~
=
N~

(b)

100

Temperature (°C)

L L L L
0 100 200 300 400 500
Time (min)

Figure 4-5. Preparation of specimens: (a) recommended curing cycle; (b) specimens
The dimensions of specimens used for the compression tests and compression fatigue tests
were L150xW100xThickness3.65 mm and L250xW90xThickness3.85 mm, respectively, as
illustrated in Figure 4-6. The choice for dimensions of compression fatigue test specimen will

be presented in section 4.1.2 in detail.
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Figure 4-6. Dimensions of specimens: (a) compression and CAl test specimens; (b) fatigue and post-
impact fatigue test specimens
To prevent premature failure in the grip region, glass fiber reinforced epoxy tabs oriented in
+45° of 1.5 mm thick were glued to each end of the compression fatigue test specimens using
Hysol EA 9394 Part A + B epoxy adhesive following the same curing process as indicated in

the previous chapiter. The central gauge length of specimens is 150 mm (Figure 4-6 (b)).

4.3 Static compression tests
4.3.1 Experiments

The static compression tests were conducted at room temperature using a 100 KN Instron
universal testing machine, according to the standard ASTM D7137 [240]. Three specimens
were tested for each stacking sequence. All specimens were loaded in a displacement-
controlled mode, with a crosshead displacement rate of 1.25 mm/min. This speed of the test
was set such that the failure is produced within 1-10 min. The experimental set-up is shown in
Figure 4-7. During the tests, the specimens were secured with the CAI fixture to prevent
global buckling. The CAI fixture is made up of flat edges on the upper and lower ends in

contact with the specimen surfaces and two pairs of plates with knife edges on the left and
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right sides, leaving a central rectangular of 125x75 mm unsupported zone. Thus, constraints
were provided such that the rotation and lateral movement of the upper and lower specimen
edges were arrested and simply supporting conditions at the two vertical sides were achieved.
Preloading was applied to the fixture/specimen assembly prior to the test in order to ensure
that all loading surfaces are in contact and to align the specimens. Then the compressive force
was reduced and made to zero to balance all the instrumentation. The crosshead displacement

and applied force were recorded by the sensor of the testing machine.

= | —
Instron universal
testingsmachine

B

Specimen g
| | B
= s

o
.-
.

Figure 4-7. Experimental set-up of static compression tests

4.3.2 Results and discussion
Mechanical test results

The load versus displacement curves of static compression tests are depicted in Figure 4-8 for
three stacking sequences. It can be seen that the trends of load-displacement curves of
different stacking sequences are quite similar to each other. Even though the curves from the
specimens of the same stacking sequence show good repeatability, the stiffness and the

strength of those QIQH-3 are lower than others.

One load-displacement curve is here taken as an example, as illustrated in Figure 4-9. The
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global compressive load-displacement curve can be divided into three stages. At the beginning
of the test, which includes the segment between origin O and the point A, since the specimen
is not in perfect contact with the upper ends, the load showed an accelerated increase with the
increasing of displacement. In the first stage (stage I), which includes the segment between
the origin A and point B, the load showed a purely linear elastic relationship with the
displacement. The stiffness in this stage is considered as the initial stiffness. When the
compressive load further increased and reached point B, the initial stiffness begins to decrease,
indicating the damage initiation and cumulation of matrix cracking, delamination and local
buckling. Afterwards, delamination and matrix damage would be further induced and would
eventually lead to fiber breaking. This stage Il is shown relatively short for the specimens
tested whatever the stacking sequence. Finally, the specimen failed completely with a sudden

drop in load (Stage I1I).
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Figure 4-8. Force-displacement curves of static compression tests
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Figure 4-9. Typical load-displacement curve of compression tests
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To accurately quantify the compressive performance of different stacking sequences, the
average Ultimate Compressive Strength (UCS) is calculated based on the load-displacement

curves in Figure 4-8 for each stacking sequence according to:
UCS = P4 /A (4-23)

Where UCS is the ultimate compressive strength, B, IS the maximum force prior to failure

and 4 denotes the initial cross-sectional area.

Table 4-5 shows the average UCS of three QIQH CFRP laminates. The standard deviations
are also listed in the table. It is observed that the UCS of QIQH-1 and QIQH-2 are nearly
identical, the influence of stacking sequence on their static compressive strength does not
seem to be significant. For QIQH-3, since on one surface, the specimens have fibers at 90°,
during the tests, the damage introduced by stress concentration at the upper end of the
specimens occurred early at this ply, accompanied by the edge-restrained delamination growth.
This leads to the final premature fracture of the specimens closer to the upper ends which is
not acceptable according to the ASTM D7137/D7137M [231]. As a result, its UCS is much
smaller than QIQH-1 and QIQH-2. So, the average UCS of QIQH-1 and QIQH-2 is used to
replace the measured value (i.e. 192.66 MPa) for QIQH-3 in following study.

Table 4-5. UCS of compression test specimens

QIQH-1 QIQH-2 QIQH-3
UCS (average)/MPa 258.88 243.61 192.66*—251.25
Standard deviation/MPa 8.4 5.83 8.61*

*: the measure value is not used in following studies.
Fracture surfaces

The fracture surfaces of different stacking sequences under compressive loading are shown in
Table 4-6 by visual inspection. The region at which final failure occurred was highlighted by
the red rectangle. Here, when the surface having the first ply fiber oriented at 45° or 90° is
observed, the sign of 45° is inversed. Among the 8 specimens, it was evident that in specimen

QIQH-1-2, damage is initiated only from the top side of the specimen, so that in practice the
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specimen failed by end crushing, which is not acceptable according to the ASTM D7137
standard. The three QIQH-3 specimens failed by edge-restrained delamination growth, which
is also not acceptable according to the standard. Apart from these specimens, a good
repeatability is observed for each stacking sequence. In general, the cracks on one surface are
more visible than another one for each specimen, that could be explained by flexion-buckling
direction at the final fracture. At the compression side, the crack propagation should be more
developed than that at the tension side. Moreover, the cracking observed on the tensile side is
essentially following the fiber orientation of the first ply, while on the compressive side, the
cracking observed is not only influenced by the fiber orientation of the first ply on the surface,
but also by the fibers on adjacent ply, even by those on sub-adjacent plies.

Table 4-6. Fracture surfaces of specimens under compression loading

QIQH-1-1 (left: side with first ply fiber oriented in -45°; right: side with first ply fiber oriented in 0°)

<

QIQH-1-2 (left: side with first ply fiber oriented in -45°; right: side with first ply fiber oriented in 0°)

QIQH-1-3 (left: side with first ply fiber oriented in -45°; right: side with first ply fiber oriented in 0°)

114



QIQH-2-2 (left: side with first ply fiber oriented in 0°; right: side with first ply fiber oriented in 45°)

QIQH-3-1 (left: side with first ply fiber oriented in 0°; right: side with first ply fiber oriented in 90°)
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QIQH-3-3 (left: side with first ply fiber oriented in 0° side with first ply fiber oriented in 90°)

It is interesting to examine in detail the fracture region on the surface with more visible cracks

(the compressive side) of QIQH-1 and QIQH-2 in Figure 4-10.

As can be seen in Figure 4-10 (a) for QIQH-1, on the surface of first ply fiber at 0°, a large
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number of cracks are orientated along the fiber of the first ply. Besides, the path of crack
propagation through the cross section can be guided by 90° plies even by 45° and -45° plies.
For QIQH-2, on the side having the first ply fiber at 45°, the path of crack propagation
through the cross section follows globally 45° and 90°, but the trace of crack propagation
along -45° and 0° can be also identified. As a results, it can be concluded that the cracks on
the surface of QIQH is not only influenced by the orientation of the fiber of the surface ply,

but also those of the nearby three plies.

IR i |

Figure 4-10. Details of fracture surfaces
(a) QIQH-1 the surface with first ply fibers at 0° (left: QIQH-1-1;right QIQH-1-3);

(b) QIQH-2 the surface with first ply fibers at 45° (left: QIQH-2-1; right QIQH-2-2)
4.4 Compression-compression fatigue test
4.4.1 Experiments

The compression fatigue tests were conducted at room temperature using Instron servo
hydraulic machine (8800) capable of a maximum static or dynamic load of 250kN, as shown
in Figure 4-11. The tested specimen was fastened by a modified fixture, which is placed

between the top and bottom grip. The distance between the two pairs of knife edges on the left
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and right sides of the fixture has been modified to be adapted to the width of the specimen, as
illustrated in Figure 4-12. The compression-compression, load-controlled fatigue tests were
performed with a frequency of 5 Hz and stress ratio of R=10 on the specimen. Throughout the
testing, the specimens were monitored by a FLIR X6800sc Series IR camera. The basic
parameters of the camera were already stated in section 2.3.1. Optical FOV conditions were
achieved by installing the IR camera at a distance of approximately 1.20m in front of the
specimen. The recording rate of temperature data is 520 Hz. 2 specimens were tested for each
stacking sequence to ensure the repeatability. Successive steps of cyclic loading at given
stress ratio were applied to the specimen. In the first step, fatigue load was set as 30% UCS
for a duration of 6000 cycles, which was sufficient to achieve temperature stabilization. In the
next steps, fatigue loads increased by 5% UCS up to ultimate failure. After each step, the load
has been entirely relaxed for 10 minutes to yield again thermal equilibrium. The average

temperature rise AT = T — T, was measured all along the tests.
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Reference specimen
- Infrared camera

Figure 4-11. Experimental set-up of fatigue and post-impact fatigue tests
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Figure 4-12. Modification of CAl fixture
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4.4.2 Determination of the fatigue limit

An example of the plot of average temperature rise obtained using IR camera versus number
of cycles of one specimen of QIQH-1 is illustrated in Figure 4-13. The maximum stress is
illustrated at the end of each curve in the plot. As can be seen in the figure, the temperature
profile reached a stabilized plateau at the end of each curve for the maximum stresses from 30
to 85% UCS. Figure 4-14 (a) shows the stabilized temperature rise as a function of maximum
stress, based on which fatigue limit can be determined by using the method proposed in
section 2.3. According to the proposed fatigue limit determination method, the normalized
angle change 6 is calculated as a function of sequence number of point, as presented in
Figure 4-14 (b). The number of points corresponding to the peak value of normalized angle
change 6 is 9, which corresponds to a maximum stress of 70% UCS. Consequently, the
fatigue limit and stabilized temperature rise corresponding to the fatigue limit are determined
as 70% UCS and 0.893 °C. Using the same method, the determined fatigue limits and

corresponding stabilized temperature rise of the other specimens are listed in Table 4-7.
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Figure 4-13. Variation of temperature rise vs number of loading cycles
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Figure 4-14. Fatigue limit determination of QIQH-1-1: (a) stabilized temperature rise vs maximum stress;
(b) loci of normalized angle change vs. sequence number of point

Table 4-7. Fatigue limit of each specimen using proposed method

Specimen 1 Specimen 2
Fatigue o Fatigue o
limits/ %UCS ATsta/*C limits/ %UCS ATsta/*C
QIQH-1 70 0.893 Problem during experiments
QIQH-2 70 0.833 65 0.788
QIQH-3 70 0.865 70 0.932

4.4.3 S-N curves

In this section, the method proposed in Chapiter 3 is employed to determine the S-N curves of
three QIQH laminates. If the fatigue limits of two specimens are identical, the protocol
proposed in Chapiter 3 could be adopted to determine the more reliable S-N curves. This is
the case of QIQH-3. The procedure and calibration details for QIQH-3 are presented step by

step as follows:

Step 1: determine the fatigue limit and corresponding stabilized temperature rise based on
thermographic data

For each stacking sequence, the determined fatigue limit and corresponding stabilized
temperature rise of each specimen are already listed in Table 4-7. In particular, QIQH-3 have

two specimens with same fatigue limit, so “average process” proposed in Chapiter 3 can be
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applied. The stabilized temperature rise of each specimen is first normalized with its own
maximum value to obtain AT,,,,; corresponding to each stress level. Then, the average AT.;qp
of two specimens is calculated to obtain AT, corresponding to each stress level. The
method proposed in Chapiter 2 is adopted to determine the fatigue limit and corresponding
normalized stabilized temperature rise AT, , whose values are 70% UTS and 0.77,

respectively.

Step 2: calibrate the value of p, qand r

The average normalized stiffness degradation is employed to first plot against the number of
loading cycles and average normalized stabilized temperature rise. Eq. (3-11) is then adopted
to fit the experimental data using MATLAB® 3D surface fitting Toolbox. The best fit values

of p, g and r are shown in Table 4-8.

Step 3: calculate the failure threshold stiffness
Both k¢, (Nf; = 10° cycles) and kg (Ng, = 107 cycles) were chosen for the calculation of

failure threshold stiffness according to Eq. (3-11). The determined values are also listed in

Table 4-8.
Table 4-8. Determined parameters for different stacking sequences
p q r ke(Ng, = 10° cycles)  kg(Ng = 107 cycles)
QIQH-1-1 0.11 27.17  0.590 0.890 0.881
QIQH-2-1 4.618x 1072 2473 0.602 0.946 0.940
QIQH-2-2 0.11 2952 0.567 0.858 0.846
QIQH-3-1  3.18x 1072 2276 0.602 0.945 0.939
QIQH-3-2 6.06x 1072 21.14 1431 0.907 0.896
A(‘S?g‘gegf 494x1072 2170 1025 0.929 0.921

Step 4: prediction of S-N curve

A plot of determined fatigue life calculated using modified model is shown in Figure 4-15.
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The same process can be applied to each specimen without “average process” in step 1. That
means the ATy, should be used instead of AT,,,,. The obtained parameters are also listed

in Table 4-8. The S-N curves obtained for each specimen are also presented in Figure 4-15.

As can be seen from the Figure 4-15 (a), for QIQH-2, the S-N curves of two specimens seems
to be parallel. For QIQH-3 (Figure 4-15 (c)), the determined S-N curves of two specimens are
close to each other. The more reliable S-N curves are a little more conservative compared to

the individual S-N curves of each specimen.

Figure 4-16 compares the S-N curves of specimens with identical fatigue limits. It can be
seen that there is little difference between the S-N curves of three different stacking sequences.
The influence of stacking sequence on the S-N curve does not seem significant. Therefore, the
results from all specimens can be considered as the same population to obtain only one

“average” S-N curve by “average process” proposed in chapiter 3.

‘g 85 85
‘d) =@ QIQH-1-1:10"6 cycles (b) e QIQH-2-1:1076 cycles
= @= QIQH-1-1:10"7 cycles o = = = QIQH-2-1:10~7 cycles
s B e Q1QH-2-2:106 cycles
6 8 80k . = = = QIQH-2-2:10"7 cycles
=) X
S 7
2 E
@ w
-
£ £
£
g E
£ z
3 6sf =
=
6 " aal D " al “ 1 60 i " 'l aaaaal " " aal A
1000 10000 100000 1000000 1E 1000 10000 100000 1000000 1E7
Number of cycles (N) Number of cycles (N)
85 =
(c) average of specimen QIQH-3-1 and 2: 1076 cycles

average of specimen QIQH-3-1 and 2: 10”7 cycles

= QIQH-3-2:10"6 cycles

= = = QIQH-3-2:10"7 cycles

- e QIQH-3-1:1076 cycles
SO = = = QIQH-3-1:10"7 cycles

80 (¥

Maximum stress (% UCS)

S
1000 10000 100000 1000000 1E7
Number of cycles (N)

Figure 4-15. Determined fatigue lives for three QIQH stacking sequences:
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Figure 4-16. S-N curves of specimens with identical fatigue limits but different stacking sequences
4.4.4 Determination of a more overall average reliable S-N curve

Among the six specimens, since the fatigue limits of 4 specimens in Figure 4-16 are identical,
which satisfies the condition of protocol proposed in section 3.3. It is possible to determine a
single more reliable S-N curve for these three stacking sequences utilizing the data of four

specimens by “average process”.

In the step 1, the average normalized stabilized temperature rise AT;,,, of four specimens is
first calculated as a function of maximum stress. The fatigue limit determination method
proposed in chapter 2 is adopted. The determined fatigue limit and corresponding normalized
stabilized temperature rise are depicted in Table 4-9. In the step 2, 3D surface fitting in
MATLAB® is employed to fit the average normalized stiffness degradation as a function of
average stabilized temperature rise AT;,,, and number of cycles. The obtained values of p, q
and r and coefficients of determination R? are also listed in Table 4-9. In the step 3, the
failure threshold stiffness corresponding to Ny, = 10° and 107 cycles are calculated based on
EQ. (3-11). The obtained values are listed in Table 4-9. Finally, in step 4, the obtained S-N
curves based on the ‘average’ of four specimens and the individual S-N curves of each

specimen are depicted in Figure 4-17.
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Table 4-9. Fatigue limit and calibration parameters

Parameters ‘average’ values
Fatigue limit 70 % UTS

ATgran 11 0.62
p 0.66
q 24.41
r 0.90
ke(Ng = 10° cycles) 0.924
kg(Np; = 107 cycles) 0.917
R? 0.98

As can be seen from the figure, the ‘average’ S-N curves corresponding to both Ny, = 10°
cycles and Ny; = 107 cycles are little lower than the individual S-N curves. Compared to the

individual predicted S-N curves of these 4 specimens, the average S-N curves are more

conservative.
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Figure 4-17. Individual predicted S-N curves and more reliable S-N curves for QIQH laminates

4.4.5 Damage morphology

After the compression fatigue tests, the fracture surfaces of the specimens were examined
visually and microscopically. Microscopic examination did not provide any extra information
to that already observed by visual analysis. Therefore, only damage morphology of failed
specimens observed by visual inspection (tabs excluded) is shown here, in Table 4-9. A good
repeatability is observed for each stacking sequence, therefore, only one specimen is taken as

an example here. The region at which final failure occurred was highlighted by the red
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rectangle.

It is interesting to note that for all specimens, much more cracks are observed on the surface
with first ply fiber oriented in 0°. In the other fracture surfaces, only short cracks oriented as
the fiber direction of the first ply are observed near the edges of the specimens. It seems that
the first ply fibers in 0° promote local bucking under fatigue compressive loading and this

surface should be compressive side at final fracture caused by buckling-flexion.

If we compare the fracture surfaces with the first ply fibers at 0° of three configurations, as
can be seen in Figure 4-18, all the specimens have a large number of cracks orientated along
the fiber 0° at the first ply, their length is less longer in QIQH-1. But these 0° cracks have
been much more developed than those under static loading. Besides, the path of crack
propagation through the cross section can be guided by 90° plies even by 45° and -45° plies.
However, the cracking at £45° are located principally at the edges of the specimens whatever

the stacking sequence of the laminates tested.

Table 4-10. Damage morphology of compression fatigue specimens

QIQH-1 (left: side with first ply fiber oriented in -45°; right: side with first ply fiber oriented in 0°)

QIQH-2 (left: side with first ply fiber oriented in 0°; right: side with first ply fiber oriented in 45°)
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QIQH-3 (left: side with first ply fiber oriented in 0°; right: side with first ply fiber oriented in 90°)
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Figure 4-18. Fracture surfaces of compression fatigue specimens:

(a) QIQH-1 (left: first ply fibers at -45°; right: 0°); (b) QIQH-2 (left: first ply fibers at 0°; right: 45°); (c)

QIQH-3 (left: first ply fibers at 0°; right: 90°)
4.5 Chapter summary

In this chapter, static compression and compression-compression fatigue tests monitored by
infrared camera have been conducted on three CFRP QIQH laminates, which are uncoupled
and isotropic with identical bending and membrane elastic properties. The results of static
compression tests indicate that the load-displacement curves of QIQH-1 and QIQH-2 are
found to be similar with a good repeatability. The values of UCS, as well as the initial
stiffness, are closed to each other. For QIQH-3 laminates, the load-displacement curves of
QIQH-3 give the stiffness and strength much smaller compared to those of QIQH-1 and
QIQH-2. In fact, due to their one surface ply fiber at 90°, it is difficult, by using our

experimental fixture, to obtained valid values of UCS and their initial stiffness. The
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observation of the fracture surfaces shows that the cracks observed on the tensile side under
final buckling-flexion fracture is mainly influence by the fiber orientation of the first ply,
while on the compressive side, the cracking path can be influenced by the fiber orientation of

the first four plies.

Whereafter, the QIQH specimens were tested under compression-compression fatigue loading.
The fatigue limit determination method and the modified fatigue life model proposed in
Chapter 2 and 3 have been applied to the experimental data of these QIQH laminates. It is
demonstrated that the difference between three configurations of laminates in global fatigues
proprieties is not significant, even though the local damage process should be different. The
fatigue limit determined for each specimen is 70% UCS except for one specimen. Concerning
fatigue life determined for each specimen in terms of S-N curve, the difference does not seem
significant. Therefore, an “average” S-N curve has been obtained by using protocol proposed
in section 3.3 based on the data of 4 specimens with three different stacking sequences. This
overall average S-N curve is found more conservative than the individual curves of these
specimens. The observation of facture surfaces of compression fatigue specimens shows that
for all specimens, much more cracks are observed on the surface with first ply fiber oriented
in 0°. In the other fracture surfaces, only short cracks oriented as the fiber direction of the first
ply are observed near the edges of the specimens. The first ply fibers a 0° seems to promote
local bucking under compressive fatigue loading, this surface should be compressive side at
final fracture caused by buckling-flexion. Moreover, all the specimens have a large number of
cracks orientated along the fiber 0° at the first ply, whose lengths are less longer in QIQH-1.
But these 0° cracks have been much more developed than those under static loading. Besides,
the path of crack propagation through the cross section can be guided by 90° plies even by 45°
and -45° plies. However, the cracking at +45° are located principally at the edges of the

specimens whatever the stacking sequence of the laminates tested.
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Chapter 5 Post-impact compression fatigue behavior

The mechanical properties of composite materials can be significantly reduced by the impact.
The Compression After Impact (CAl) properties, in particular, can be seriously degraded even
if the impact damages are not detectable by the naked eyes. The objective of this section is to
investigate the impact, CAl and post-impact compression fatigue behavior of QIQH laminates.
The proposed method for fatigue limit determination and the modified fatigue life model,
described in chapter 2 and chapiter 3, will be applied to post-impact compression fatigue

experimental data of QIQH laminates to validate the generality of both methods.
5.1 Impact tests
5.1.1 Materials and specimens

The material used for the preparation of specimens in this chapiter is the same as that stated in
Chapter 4. Still, the stacking sequences of the specimens are the same as that stated in section
4.2.1. The dimensions of specimens used for the CAI tests were L150xW100 mm, with
thickness of 3.65 mm, according to the standard ASTM D7136 [231]. While for the post-
impact compression fatigue specimens, no standards are available. As previously described,
standard ASTM D7136 [231] suggests the use of L150xW100 mm specimens with thickness
close to 4mm for the impact tests while in the fatigue test standard ASTM D3479 [187], the
use of tensile specimens with dimensions of L250xW25 mm (useful area of L150xW25 mm)
is recommended. In order to meet both standards, the width of the post-impact compression
fatigue specimens is kept the same as that of impact test specimens, while the length is equal
to that of tension fatigue specimens, as illustrated in Figure 5-1. As shown in Figure 5-2, the
dimensions of CAI specimens were perfectly suited for the fixture of impact tower.
Nevertheless, the width of the fatigue and post-impact fatigue specimens must be decreased to

90mm to be adapted to the fixture.
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ASTM D7136
Impact test specimen
L150xW100 mm

ASTM D3479
Fatigue test specimen
L250xW25 mm

Post-impact fatigue
test specimen
L250xW100 mm

Figure 5-1. Theoretical dimensions of post-impact fatigue test specimens [243]
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Figure 5-2. Schematic illustration of adaptation of specimens to fixture of impact tower: (a) specimens

with dimensions of L150xW100 mm; (b) L250xW90 mm

5.1.2 Preliminary impact tests

Preliminary impact tests were conducted to determine the energy needed to generate Barely
Visible Impact Damage (BVID, indentation depth < 0.3 mm) with a delamination area
suitable for the CAl/post-impact fatigue test (width of the damaged area should be lower than
42 % of the width of the sample). The stacking sequence of the specimens is those of QIQH-2

([0/45/90/-45/90/-45/45/-45/0/90/0/45/0/45/-45/45/90/0/90/-45/90/-45/0/45]). Two specimens
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with dimensions of L150xW100xThickness 3.65 mm were tested to ensure the repeatability
of test results. The energy chosen for the preliminary impact tests is 15 J. The details of the
test procedure are described in section 4.1.2. The impacted surface is defined as impact front
surface or side and another side as back surface or side. After impact tests, projected
delamination area was observed on the back side around the impact point of the tested
specimens by ultrasonic C-scan. Specimens were then cut off at the middle of indentation by
manual circular saw. As reported by Ramulu [241], the QIQH stacking sequence eliminated
membrane-bending coupling, which brings about less chance of delamination and debonding
during the cutting process and therefore, observation of the cut section is not disturbed by
artefacts due to cutting process. Both cut-sections were observed by optical microscope

(VHX-7000, Keyence Corporation) to measure the indentation depth on each side.

Figure 5-3 shows the C-scan images of preliminary impact test specimens observed on the
back sides. A good repeatability is observed in the test results. The projected delamination
area is assumed as quasi-circular shape. The diameter of projected delamination area is around
75.25 (4 0.35) mm for both specimens, that is nearly the same dimension as that of impact
window (76 mm). According to the standard ASTM D7137/7137M [240], it is recommended
that the damage size should be limited to 42 mm to minimize interaction between damages
and edge-related stress-strain field in the subsequent CAI tests. In consideration of the two

criterions, the impact energy chosen for the preliminary tests appears to be too high.

(il) | 100mm | (b) L 100mm |
- 75.5mm ;! g P 75mm =
I : : — | ;.
1 d
g |
£ £ £ t £
g i £ £
= I = - =
y s y ES
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Figure 5-3. C-scan images of preliminary impact test specimens: (a) specimen 1; (b) specimen 2
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Two cut sections (Figure 5-4) were defined along the loading direction, which is the vertical
direction (y-direction) in the ultrasonic scanning images shown in Figure 5-3. Figure 5-5
shows these cut-sectional photographs of preliminary impact test specimens. The indentation
was first observed at relatively low magnification (x20) to determine the edge and center of
indentation, which were then both marked with a pen. Afterwards, at higher magnification
(x 100 times), the thickness of the specimen is measured at two different places: the site
without impact damage d;; and impacted site dj;;. The value of dj;; was measured at 3
different places without impact damage to define the reference plane used to measure the
maximum indentation depth. The value indicated in Figure 5-5 was the average of measured
values. The indentation depth on each cut section (side 1 and site 2) can be then obtained by
the difference between the two thicknesses d; = d;q) — d; ) (i=1 or 2). However, the
indentation depth measured on two cut-sections is actually not the real indentation depth,
because the thickness of circular saw (e = 2mm) has also to be taken into account. Therefore,

in the following part, the procedure to calculate the real indentation depth is presented.

Side 1 Side 2

/ R

—_— <«— Observation —

y

L.

Figure 5-4. Observation of cut-sections of laminates defined as Side 1 and Side 2
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(a) Side 1: (b) Side 1:

[1]13904.16um | [2]13877.94um
+0,36um +0,10um

1]3713.20um ¥ [2]3655.62um
+0.45um +0,05um

Side 2: Side 2:

[1]3921.09um [2]3833.91um [1]3659.73um [2]13600.00um
+0.42um +0,07um . +0,37um +0,08um

Figure 5-5. Cut-sectional photographs of preliminary impact test specimens:

(a) specimen 1; (b) specimen 2
Figure 5-6 illustrates the front view of indentator at the front surface of specimen. In this
figure, FH (d,) and EG (d,) denote the indentation depth measured by two cut-sections. The
indentation is assumed to be in a circular shape and its diameter is R;. The real indentation
depth could be calculated according to:
d=1ID = AD — Al = AD —VAC? = CI? = 10 — /102 — R? (5-1)
Supposing the distance between the cross-section of side 1 and the center line of indentator

(AD) is x. The expressions for the two indentation depths d, and d, are:

di=FH=1]=A] — Al - d1 =102 — x2 — floz—Rf (5-2)

dy, =EG =1K = AK — Al > d2 =102 — (2 — x)% — /102—Rf (5-3)

Subtracting Eq. (5-2) from Eq. (5-3), the common term /102 — R? on the right side of the

equations is eliminated:

dy —dy =102 — x2 — /102 — (2 — x)? (5-4)

The right side of Eq. (5-4) is only a function of x. Since the values of d, and d, are already

known, by solving the Eq. (5-4), the value of x could be determined.

By taking the value of x into Eq. (5-2) or Eqg. (5-3), the value of R, could also be computed.

The value of real indentation depth d can then be obtained.
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Figure 5-6. Schematic diagram of indentator at the front surface of specimen (front view)
The real indentation depth calculated based on the above procedure is 0.109 mm and
0.111 mm for the two preliminary impact test specimens. Both values are inferior to 0.3 mm,
which implies the impact damage created is lower than a BVID. According to Ref. [242], the
indentation depth increases with the increasing of impact energy. Therefore, for the impact

energy below 15 J, the damages will also be definitely inferior to BVID.

In the subsequent tests, two impact energies below 15 J were chosen for the tests: 5 and 10 J.
After the impact tests, the diameters of projected delamination area observed from the back
sides are 28.5 mm and 50 mm for the impact energy of 5 J and 10 J, respectively. The
delamination area under impact energy of 10 J still does not meet the condition imposed by
standard ASTM D7137/7137M [240] : “the width of the damaged area should be lower than
42% of the width of the sample”. Consequently, impact energy of 5 J is chosen for the

following impact tests.
5.1.3 Experiments

The low-velocity impact tests have been conducted with the drop weight impact tower Instron
Dynatup 9250HV, as presented in Figure 5-7. The impactor has a stainless steel hemi-
spherical impact head, with a diameter of 20.0 mm and a mass of 4.97 kg. The rectangular
specimens were clamped on all four edges using a steel plate. A circular cutout of 76 mm in
diameter is left for impact window (Figure 5-7). The impact energy used for the whole tests
was 5 J (Table 5-1). The impactor was dropped on the geometric center of the specimen and

was captured by an anti-rebound system to avoid secondary impact. Relative to the length of
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the specimen (y direction in Figure 5-8) the fiber orientation of the first ply on impacted front
surface is -45° and that of back side is 0° for QIQH-1, while for QIQH-2 and QIQH-3
specimens, the first ply fiber orientation of impacted front surface is both 0°, but that at back
side is 45° and 90°, respectively. For each stacking sequence, impact tests were performed on
at least three specimens to take into account of the dispersion and ensure the repeatability of
the results. The force acting on the impactor’s head and the displacement of the head were

measured by the sensor of the impactor.

P
g
Impaéfor
13

Figure 5-7. Impact testing instrument

Table 5-1. Impact testing conditions

. . Number of Drop Impact Drop Impact
Dimensions/mm . . velocity/m -
specimens mass/kg energy/J height/cm o1
150*100 3
4.97 5 10.26 1.418
250*90 4

All the specimens were examined using the Omniscan MX C-scan ultrasonic inspection
system, manufactured by Olympus Inc.. The experimental set-up is displayed in Figure 5-8.
The inspection was performed prior to impact to access the structural integrity of specimen,
and after impact and after 48 h relaxation to monitor the induced delamination, which is one
of the main impact damage modes. The specimens were immersed in the water to achieve
ultrasonic coupling and scanned by an ultrasonic emitter-receiver transducer in the in-plane x-

y direction. The scanning was carried out along both the front and back surfaces.
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(b)

Figure 5-8 C-scan inspection: (a) experimental set-up; (b) scanning directions

5.1.4 Results and discussion
Force-time curve

The original force-time curve of QIQH-1-3 with dimensions of 150100 mm is presented in
Figure 5-9 as an example. Initially between approximately 1 s and 2.5 s, the force-time curve
revealed strong high-frequency oscillations as the load approached the maximum value. This
is due to impact waves generated during contact and propagating until attenuation, which
perturbs the indication of load history associated with the damage initiation and propagation.
Therefore, a Fast Fourier Transform (FFT) filter with a window size of 50 data points is
adopted to filter the load data. This window size is chosen as it can effectively filter the signal

while preserving the mean value of the signal.
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Figure 5-9. Raw and filtered force-time curve of QIQH-1-3 with dimensions of 150*100mm

The filtered force-time curves of three configurations are plotted in Figure 5-10, Figure 5-11

and Figure 5-12. A good repeatability can be seen for each series of the tests. Moreover, the
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effect of specimen dimensions on impact behavior does not seem to be significant. As
illustrated in the figures, consistent force-time history is observed for all laminates. At the
start of loading, there is a linear increase of force with time indicating the purely elastic
response of the specimens. When the force reaches the characteristic impact force Fu, the first
load drops occur due to Hertzian failure [244][245], as shown in Figure 5-10. In the Hertzian
contact law, the contact force when a rigid sphere pressed into an elastic isotropic half space is

given as [246]:
F = ka®/? (5-5)
Where F is the contact force, a is the indentation depth and k is the rigidity associated with

deformation, expressed by:

4 Ry/?
"3 (1 —v2 1-— v§> (5-6)
E, L

Where R is the radius of the sphere; v, E; and vy, E}, are the Poisson’s ratio and Young’s
modulus of the sphere and half space, respectively. The Hertzian law which was based on
linear elasticity is also valid for rigid sphere. When the contact force surpassed Fn, the
relationship between the contact force and deformation does not conform to the Hertzian
contact law, the Hertzian failure occurs. A Hertzian failure is the main source of initial

damage that generally develops in the form of delamination and matrix cracking [247]-[250].

When the impact force further increased, fluctuations were observed, which indicates the
generation of impact waves during contact. After the peak point was reached, the force has a
monotonical decrease with the increasing of time, which corresponds to the release of elastic
energy. The mean value of characteristic impact force and peak force of each configuration
with two different dimensions are listed in Table 5-2. It can be seen that the characteristic
impact force and peak force of different configurations are similar to each other, which is
expected since these stacking sequences give QIQH laminate with identical stiffness matrix A,

B, D and the impact window is circular, which results in axisymmetric loading.
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Figure 5-10. Load-time curves for QIQH-1: (a) 150x100mm; (b) 250x90mm
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Figure 5-11. Load-time curves for QIQH-2: (a) 150x100mm; (b) 250x90mm
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Figure 5-12. Load-time curves for QIQH-3: (a) 150x100mm; (b) 250x90mm
Load-displacement curve

Typical filtered load-displacement plots corresponding to each configuration are illustrated in
Figure 5-13, Figure 5-14 and Figure 5-15. The entire force-displacement plots of all the
specimens were quite identical, which means that the stacking sequence does not influence

their impact behavior if they are QIQH.
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Figure 5-13. Load-displacement curve for QIQH-1: (a) 150x100mm; (b) 250x90mm
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Figure 5-14. Load-displacement curve for QIQH-2: (a) 150x100mm; (b) 250x90mm
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Figure 5-15. Load-displacement curve for QIQH-3: (a) 150x100mm; (b) 250x90mm

All curves exhibit closed shapes with two peaks, which indicates that the specimens did not
experience any penetration. Analogous to the force-time curves, the abrupt drop in force right
after the linear force-displacement curve reaching the initial peak suggests the occurrence of
The rise of the force to the greatest peak with oscillations should be associated with
delamination, matrix cracking within plies, i.e., damage propagation [251][252]. The curve
in damping with force falling off to zero, which indicates the rebounding of

specimens due to the gradual recovery of elastic energy and the return of impactor by the
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stored elastic energy in the laminates. The displacement at the end of the curve indicates the
residual plastic, permanent deformation of the laminates [253]. The exact values of residual

deflections were summarized also in Table 5-2.

Energy-time curve

Energy is a primary parameter for characterizing the damage tolerability. Figure 5-16, Figure
5-17 and Figure 5-18 depict the energy-time curves determined by calculating the area under
the filtered load-displacement curve. It is evident that the energy-time history curves are very
similar for all the specimens. In the impact tests, as soon as the contact between the impactor
and specimen was made, energy dissipation starts to appear accompanied with the
deformation of specimen. The kinetic energy of the impactor began to be absorbed by the
specimen via the processes of elastic deformation, damage dissipation and in the form of
vibration and noises. When the velocity of impactor turned to zero and the displacement
reached the maximum, the elastic energy of the specimen was transformed into the kinetic
energy of the impactor and drove the impactor to rebound. Since the energy absorbed through
the vibration of specimens and noises is small enough to be considered as negligeable, the
final absorbed energy is thought to be mainly attributed to the damage dissipation [254]. Here,
the absorbed energy is defined as the difference between the initial values and flat portions of
energy-time curves [255]. The ratio between the absorbed energy and peak energy can be used
to determine the efficiency of the material to absorb the energy. This ratio is able to
demonstrate the percentage of impact energy that is absorbed by the specimen to create the
irreversible damages [256], as presented also in Table 5-2. The efficiency of energy
absorption of all laminates is almost identical, with values close to 62.50%, independent of

the stacking sequence.
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Figure 5-18. Energy-time curve for QIQH-3: (a) 150x100mm; (b) 250x90mm
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Table 5-2. Impact testing results

150%100mm 250%x90mm
Configurations QIQH-1 QIQH-2 QIQH-3 QIQH-1 QIQH-2 QIQH-3
Fy /KN 3.09+0.12 279+£0.09 286+0.04 307+026 293+0.14 3.22+0.17

Peak force/kN 3.85+0.03 3.82+0.01 3.83+0.02 3.87+0.03 3.64+0.10 3.86+0.02

Absorbed energy/J  3.07+0.02 3.11+0.02 3.09+0.02 3.04+0.04 3.08+0.10 3.09+0.03
497 +

Peak energy/J 4.96 +0.01 0.003 499+0.01 4.94+0.02 494+0.09 4.96+0.01
Efficiency of 61.98 + 62.62 + 61.87 + 62.62 + 63.48 + 62.32 +
energy absorption/% 0.20 0.45 0.03 0.68 0.30 0.63

Residual

. 098+0.02 1.03+0.01 1.04+0.01 098+0.02 1.09+0.09 0.99+0.04
deflection/mm

Visual and microscope inspections

Since the damage morphology of the specimens in the same stacking sequence and dimension
were similar, the morphology of the first specimen in each group was selected for comparison,
as shown in Table 5-3. The white point on front surface marks the impact point. As can be
seen from the figures, the damage morphologies of specimens with different dimensions and
stacking sequences are similar macroscopically. A slight circular indent was observed on the
front plies. On the back sides of specimens, visual damage was barely detectable by the naked
eye. In order to obtain more detailed damage information of the back sides, the damaged area

was observed via the optical microscope.

At lower magnification (x20 times), extensive matrix cracks are observed for each stacking
sequence with two different dimensions. At higher magnification (x50 times), as presented in
Table 5-4, it is observed that the orientation of cracks stays parallel to the orientation of fibers
in the last ply. This phenomenon can be explained by the fact that under low-velocity impact
loadings, the local contact led to visible bending deformation. The lower sections of the
specimen are mainly subjected to tensile stress, which increases linearly away from the
neutral axis (bending stress = 0). The maximum tensile and interlaminar shear stress occur at

the bottom of the specimen (the back side), leading to the cracking of matrix.
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Table 5-3. Visual inspections of BVID impact damage (dimensions of each image: 76x76mm)

150X100mm _ 250X90mm

QIQH-1

Feomt 0 S : i Front

QIQH-2

Front

QIQH-3

Front. o ; S Front

Table 5-4. Matrix cracks observed by optical microscope at back surface of the specimens

(The yellow arrows in the figure help readers to find the orientation of the crack.)

~150x100mm ~250x90mm




QIQH-3

C-scan observations

In the previous section, visual inspection provides a certain indication of damage presence,
but it cannot provide complete and quantitative information about internal damages because
the material is opaque. Therefore, ultrasonic C-scan is employed to characterize the internal
damages. The delamination was observed at locations around the impact indentations from the
front and back sides. The projected delamination area A,,,; was taken as the mean value of

the projected delamination areas from two observations:

A

A +A
proj = front . back (5_7)

To obtain Afrone and Apqcx, the Image J program was used.

The ultrasonic C-scan inspections revealing the shapes and sizes of delaminated surfaces
through the thickness of three kinds of laminates were shown in Table 5-5 and Table 5-6. It
can be seen from the figures, that the projected delamination area is in a circular shape for all
of the three stacking sequences, which indicates that the influence of stacking sequence on the
shape of delamination area is not significant. The ply-by-ply delamination appears to be bow-
tie shaped, with their main axis being coincident with the fiber orientation of the layer above
the interface (seen from back surface). As is well known, the distribution of delamination
through the thickness has been found to be in a conical shape, with the largest damage extent
closer to the back surface. Due to the axisymmetric loading, the values of projected
delamination area A,,,,; listed in Table 5-7 of three laminates are also close to each other. If
projected damage area for all specimen is considered circular, the corresponding diameter,

dpro; Can be added to Table 5-7. Its value varies from 26 to 27 mm.
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Table 5-5. C-scan results of impacted specimens with dimensions of 150x100mm

(left: front side; right: back side)

QIQH-1-1 QIQH-2-1 QIQH-3-1
519.9mm?* : 527.4mm? 524.4mm? 536.3mm? 567.5mm?* 565.9mm?
60mm
QIQH-1-2 QIQH-2-2 QIQH-3-2
523.3mm?’ 526.8mm? 548.6mm? 563.7mm? 550.3mm’ 552.9mm’
QIQH-1-3 QIQH-2-3 QIQH-3-3
532.6mm’ 550.9mm? 587.0mm? 588.7mm’ 578.9mm?* 587.4mm>
| = ]
AR 10 S0 1 S MR SR -t -
Table 5-6. C-scan results of impacted specimens with dimensions of 250x90mm
(left: front side; right: back side)
QIQH-1-1 QIQH-2-1 QIQH-3-1
533.9mm? 535.7mm? 550.3mm? 554.1mm? 522.5mm? 526.7mm?
?
60mm
QIQH-1-2 QIQH-2-2 QIQH-3-2
555.5mm? 556.7mm? 545.8mm? 546.2mm? 522.3mm? 530.4mm?
QIQH-1-3 QIQH-2-3 QIQH-3-3
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550.7mm? 564.3mm? 552.6mm’ ) 556.7mm? 534.2mm? 549.2mm’

QIQH-1-4 QIQH-2-4 QIQH-3-4
550.3mm? 554.1mm? 533.8mm? 536.1lmm? 547.7mm? 557.5mm?
| | p I

Table 5-7. Projected delamination area A,,,; and diameter d,,,;

QIQH-1 QIQH-2 QIQH-3
150100 Apyo; (MM?)  558.13 + 28.80 530.15 + 10.09 567.2+ 15.8
150%100 d,yy ; (M) 26.65 + 0.69 25.98 + 0.25 26.87 + 0.37
25090 Ayyo; (MM2) 549.64 + 11.50 545.59 + 8.11 536.31 + 13.32
250%90 d,yyo; (MM) 26.45 + 0.28 26.36 + 0.20 26.13 + 0.32

5.2 Compression After Impact (CAl) tests

The CAI tests were first conducted to determine the UCS of impacted specimens, which will

be subsequently used in the post-impact compression fatigue tests.
5.2.1 Experiments

The experimental set-up and procedure of CAI tests are the same as the static compression

tests, as mentioned previously in section 4.3.1.
5.2.2 Static CAl test results

The load versus displacement curves of static CAl tests are presented in Figure 5-19 for three
stacking sequences. A good repeatability is observed for each stacking sequence. It can be
seen that the load-displacement curves of different stacking sequences are quite similar to

each other. The global load-displacement curves can still be divided into three stages, as that
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already shown in Figure 4-9 in previous chapter.
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0.0 0.5 1,0 15 2,0 2:5
Displacement (mm)

Figure 5-19. Load vs. displacement curves of CAl tests

Table 5-8 presents the values of UCS of impacted specimens calculated from the load-
displacement curves using Eq. (4-23). The transverse cross-sectional area before the impact
test is still used as the denominator. In the table, the initial stiffness of impacted specimens is
determined by the slope of load-displacement curve where the displacement is between 0.75
and 1.5mm. The UCS and the stiffness of non-impacted specimens are also added in the same
table for comparison. As can be seen from the table, the average UCS of impacted specimens
of three different stacking sequences as well as the stiffness are similar to each other.
Compared to non-impacted specimens, there is only a slight decrease of UCS and the stiffness
in the impacted specimens, which is true for QIQH-1 and QIQH-2. Taking into account of the
scatter of these experimental results, the variation of UCS and the stiffness in impacted
specimens does not be significant. This implies that the impact energy chosen for the tests is
below the impact threshold energy (the energy that caused a significant decrease of UCS in
the impacted specimens compared to non-impacted specimens), as evidenced by the impact
damage morphology (Table 5-5 and Table 5-6) that at more damaged side, the diameter of
damaged area (from 26 to 27mm) represents a little more than a quarter of the total width of
the cross section (100mm). Even though the compression behavior should be influenced by
the impact damages, it is not severe enough to affect significantly global residual stiffness and

strength of the specimens. This phenomenon is also reported by Sun et al [258].
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Table 5-8. Compression test results of non-impacted and impacted specimens

. .. . Relative Relative
;S;aﬁl;::% UCS/MPa In/||il|31|- St'ﬁgfss variation in variation in
g mm strength/% stiffness/%
QIQH-1 258.88 + 8.40 51.89 +£0.28
-5.96 -2.10
QIQH-1-
impacted 243.45 + 9.63 50.80 £0.75
QIQH-2 243.61 +5.83 52.03 +1.57
-1.11 -1.46
QIQH-2- 24090 +14.46 5127 +0.89
impacted
QIQH-3 192.66 +8.61* 4510+ 0.37*
No value No value
QIQH-3-
impacted 252.04 +11.21 50.56 + 0.24
N"(gv'gr‘g’g:)ted 25125 +10.80  51.96 + 0.10
Impacted -2.30 -2.08
(average) 245.46 + 5.84 50.88 + 0.37

* the measure value is not used in following studies.
5.2.3 Fracture surfaces observations

Table 5-9 gives the fracture surfaces of all the CAIl specimens. According to standard ASTM
D7137/7137M [240], three-place failure code shall be used to describe the failure modes. This
code uses the first place to describe failure type, the second to describe failure area, and the
last to describe failure location. Figure 5-20 illustrates commonly observed acceptable CAl
failure modes. The explanation for each letter of the code can be seen in

Table 5-10. For all the specimens, the cracks on the back side of the specimen are found to run
through the width of the specimen. Therefore, the failure type is L (i.e., lateral). Then, since
all the specimens were broken at the section including impact damage except for QIQH-1-3
and QIQH-3-2. The damage area can be characterized by D (i.e., at/through damage failure
area). For QIQH-1-3 and QIQH-3-2, the damage aera can be characterized by G (i.e., gauge,
away from damage). Finally, since the cracks are found to be in the middle of the specimens,
therefore, the third code is all M (i.e., middle). Putting it together, the three-place failure code

for QIQH-1-3 and QIQH-3-2 are LGM, while those of other specimens are LDM.
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Table 5-9. Fracture surfaces of impacted specimens under CAl loading
QIQH-1-1 (Left: front surface; Right: back surface

i H

A ————————

e ———

QIQH-1-3 (Left: front surface; Right: back surface

QIQH-2-1(Left: front surface; Right: back surface)
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LDM LGM SDM

DDM WDM
Figure 5-20. Commonly observed acceptable CAl failure modes [240]

Table 5-10. Three-place failure mode codes [240]

First character

Failure type Code
Delamination growth to one length edge at final failure D
Lateral L
long, Splitting S
Delamination growth to width edges at final failure, Widthwise W

Second character

Failure area Code
At/through Damage D
Gage, away from damage G

Third character

Failure location Code
Middle M

Then, only the fracture region in the red window of one specimen that failed in LDM of each
stacking sequence will be discussed. Taking QIQH-1-1, QIQH-2-1, QIQH-3-1 as examples, as
can be seen in Figure 5-21, for all of the stacking sequences, on the front surfaces, some

cracks along the first ply fiber direction can be seen near the two free edges of the specimens.
152



Only in QIQH-3, the second ply also has an influence on the orientation of cracks; while on
the back surfaces, the path of the cracking seems to be different between these three stacking
sequences. It is shown that the dominant cracks on back surface are along the first ply fibers
for QIQH-1(0°) and QIQH-3 (90°), but the cracks along -45° and 90° for QIQH-1 and the
cracks along +45° for QIQH-3 can be also found. Concerning QIQH-2, the cracks of all
orientations (0, £45, 90°) can be identified on the back side. Herein, adjacent ply even sub-
adjacent plies, as well as their interface should play an important role in damage process of

the QIQH specimens under CAIl loading whatever their stacking sequence is.

1

U
U
i
0
I
i
i
i
I
3
§
I
3

e |
e —————— -

Figure 5-21. Details of fracture surfaces:
(a) QIQH-1 (left: front side with first ply fibers at -45°; right: back side with first ply fibers at 0°); (b)
QIQH-2 (left: front side with first ply fibers at 0°; right: back side with first ply fibers at -45°) ; (c) QIQH-3

(left: front side with first ply fibers at 0°; right: back side with first ply fibers at 90°)
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5.3 Post-impact compression-compression fatigue test
5.3.1 Experiments

The experimental set-up and procedure for the post-impact fatigue test are the same as
compression-compression fatigue test described in chapiter 4. The only difference lies in the

definition for temperature rise.

A typical thermographic image during the post-impact fatigue tests is shown in Figure 5-22,
in which the temperature presents different distributions on the surface of the specimen. Three
sections named as ‘fatigue’, ‘impact’ and ‘reference’ are adopted and the mean temperature of
these sections is extracted separately. The temperature in the zone ‘impact’ shows the
maximum temperature due to the stress concentration, impact damage and the friction, while
the temperature in the zone ‘reference’ shows the minimum. According to Ref. [259], the real-
time surface temperature rise, which is defined as AT = Tynpace — Trer, 1.€., the difference
between the average temperature of zone ‘impact’ and ‘reference’ under the same fatigue
cycle, can be used to analyze the temperature variation. This definition is adopted in the
following study. It should be noted that even though the projected delamination area is in a
circular shape, the exact delamination area between two layers are not perfectly the same,
which may have an influence on the post-impact fatigue test results. Therefore, 3 specimens

were repeated for QIQH-1 and 4 specimens were repeated for stacking sequence QIQH-2 and

QIQH-3.

Figure 5-22. Temperature distribution on the specimen surface during post-impact fatigue tests
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5.3.2 Temperature distribution

During the fatigue tests, the thermographic images are gathered as shown in Figure 5-23. For
small loading maximum stresses, the temperature distribution is nearly homogenous in the
whole observed area, as shown in Figure 5-23 (a). When the stress level is close to the
maximum stress at fracture, hot spot appears at the impact damage region (see Figure 5-23
(b)) and gradually extends perpendicular to the loading direction along the cross section,
demonstrating the increase of internal damages. At fracture, the hot spot area runs through the
width of specimen (Figure 5-23 (c)), which corresponds to the transverse cracks observed by
the naked eyes (Figure 5-23 (d)). In order to get more information of the damage modes, the
region at one edge of the specimen, in the red window, was inspected under optical
microscope. More severe fiber fracture and matrix cracking are observed near the two free
edges of the specimens (Figure 5-23 (e)), which releases abundant heat near the failure of

specimen, leading to more prominent temperature increase in both sides.

(@) (b) © @

Figure 5-23. Thermographic images and damage characteristics: (a) - (c): thermographic images in
different stages; (d) specimen profile after failure (front impacted surface);

(e) fracture at one edge of the specimen observed by optical microscope
5.3.3 Rapid determination of the fatigue limit

Figure 5-24 depicts an example of the temperature rise of impact damage zone recorded
using IR camera versus number of loading cycles of one post-impact fatigue test specimen of
QIQH-1. The maximum stress of each loading step is illustrated at the end of each curve in

the plot. As can be seen from the figure, the temperature profiles reached a stabilized plateau
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at the end of each curve for the maximum stresses from 30 to 75%UCS.

80% UCS
=—75% UCS

-—70% UCS

- 65% UCS
- 60% UCS

-—55% UCS
«—50% UCS

«-45% UCS
«-40% UCS
~35% UCS
“~30% UCS

0 2000 4000 6000 8000 10000
Cycle (N)

Temperature rise (°C)
(=]
oo
T

0.4

0,0

Figure 5-24. Variation of temperature rise of impact damage zone as a function of
number of loading cycles.
The obtained values of stabilized temperature rise for each loading step within a given test
were plotted against the applied maximum stress to determine the fatigue limit following the
method proposed in section 2.3, as presented in Figure 5-25. Still, according to the proposed
method, the normalized angle change 6; is calculated with respect to the sequence number of
point. The number of the point corresponding to the peak value of normalized angle change
6; is 8, which corresponds to a maximum stress of 65% UCS. Consequently, the fatigue limit
and stabilized temperature rise corresponding to the fatigue limit are determined as 65% UCS
and 0.783°C, respectively. Using the same method, the fatigue limit determined and

corresponding stabilized temperature rise for all specimens are listed in Table 5-11.

0,8
(@ ' (b) i
Number of point
%) L4 Q 0.7 corresponding to fatigue limit @
o @
3 12F 8006 -
= < t
= L] S osh
£ LOF o.783°C s %
2 T [
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Figure 5-25. Fatigue limit determination of impacted QIQH-1 specimen.
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Table 5-11. Determined fatigue limit and corresponding stabilized temperature rise of each QIQH specimen

No.1 No.2 No.3 No.4
Fii_tlg_ue ATsas Fa_tlg_ue ATsas thlgue ATsas thlgue ATsas
imit /o limit % limit % limit /o€
[%UCS [%UCS [%UCS [%UCS
QIQH-1 65 0.78 70 1.05 65 0.80
QIQH-2 65 0.83 70 1.05 65 0.81 45 0.30
QIQH-3 65 0.80 65 0.76 60 0.59 45 0.29

5.3.4 Determination of S-N curves for each configuration

For each stacking sequence, the fatigue limits of 2 among 3 or 4 specimens are identical, i.e.,
65% UCS. Therefore, the protocol proposed in section 3.3 is applied to determine a “average”
S-N curve for each configuration.

Step 1: determine the fatigue limit and corresponding stabilized temperature rise based on
thermographic data

The average AT,;,;, Value of two specimens with the same fatigue limits for each stacking
sequence is calculated to obtain AT, corresponding to each stress level. The proposed
method in Chapter 2 is employed to determine the fatigue limit using the data sets (o, AT, ,;)-
The fatigue limit and corresponding average normalized stabilized temperature rise AT, ,, are
determined as 65% UCS and 0.66, 65% UCS and 0.64 and 65% UCS and 0.76 for stacking

sequences QIQH-1 to QIQH-3, respectively.

Step 2: calibrate the values of p, gand r

The average normalized stiffness degradation is plotted as a function of the number of loading
cycles and average normalized stabilized temperature rise under stress level of 50% to 70%
UCS. 3D surface fitting Toolbox in MATLAB® software is used to fit the data. The best fit

values of p, q and r for each stacking sequence are shown in

Table 5-12. The corresponding coefficient of determination is 0.974, 0.924 and 0.964 for
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QIQH-1 to QIQH-3, respectively.

Table 5-12. Determined parameters for different stacking sequences

p q T kg(Ngy = 10° cycles)  ky(N = 107 cycles)
QIQH-1 6.436 x 1072 38.17 0.314 0.919 0.914
QIQH-2 3.649 x 1072 27.45 0.599 0.954 0.950
QIQH-3 0.102 43.05 0.300 0.881 0.875

Step 3: calculate the failure threshold stiffness
Still, both k(Ny; = 10° cycles) and k(Ny; = 107 cycles) were considered for the calculation

of failure threshold stiffness. According to Eq. (3-11), the determined values are also listed in

Table 5-12.

Step 4: determination of S-N curves

A plot of determined fatigue life calculated using modified model in Chapter 3 is shown in
Figure 5-26. It is observed from the figure that for each stacking sequence, the S-N curves
with the same determined fatigue limits stay close to each other. For QIQH-1, the more
reliable S-N curves are less conservative compared to the individual S-N curves of each
specimen, while for QIQH-2, the more reliable S-N curves are more conservative. For QIQH-

3, the more reliable S-N curves are nearly coincided with the two individual S-N curves.

For better comparison of the difference between the S-N curves of three different stacking
sequences, the six individual S-N curves of all specimens having the same fatigue limit (65%
UCS) are plotted together in the same figure (see Figure 5-27). It can be seen from the figure,
there is nearly no difference between the determined S-N curves of three different stacking

sequences, which implies that the influence of stacking sequence on the S-N curves is
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insignificant. Therefore, the overall ‘average’ S-N curves can be determined based on these

specimens.
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Figure 5-26. Determined post-impact fatigue lives for three QIQH stacking sequences: (a) QIQH-1; (b)

85

QIQH-2; (c) QIQH-3
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Figure 5-27. S-N curves of all post-impact fatigue specimens having identical fatigue limits

5.3.5 Determination of overall “average” S-N curves based on the data of all specimens

Among the 12 specimens tested, since the fatigue limits of 6 specimens in Figure 5-27 are

identical, which satisfies the condition of protocol proposed in section 3.3, it is possible to
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determine the overall “average” S-N curves for these three stacking sequences utilizing the

data of 6 specimens.

In the step 1, the average normalized stabilized temperature rise AT, ,, of 6 specimens is first
calculated as a function of maximum stress. The fatigue limit determination method proposed
in chapter 2 is employed to determine one fatigue limit and corresponding normalized
stabilized temperature rise, as depicted in Table 5-13. In the step 2, 3D surface fitting in
MATLAB® is employed to fit the average normalized stiffness degradation as a function of
average stabilized temperature rise AT, ., and number of loading cycles. The best-fit values
of p, g and r and coefficients of determination R? are also listed in Table 5-13. In the step 3,
the failure threshold stiffness corresponding to Ny, = 10° and 107 cycles are calculated based
on Eqg. (3-11). The obtained values are presented in Table 5-13. Finally, in the step 4 the
obtained S-N curves based on the ‘average’ of 6 specimens and the individual S-N curves of
each specimen are compared in Figure 5-28.

Table 5-13. Fatigue limit and calibration parameters

Parameters ‘Average’ values
Fatigue limit 65 % UTS

ATgrap 11 0.62
p 0.66
q 30.65
r 0.27
k¢(Np; = 10° cycles) 0.918
kg(Np, = 107 cycles) 0.913
R? 0.89

As can be seen from the figure, the overall ‘average’ S-N curves corresponding to both Ny, =
10° cycles and Ny; = 107 cycles are higher than the individual S-N curves. These overall

“average” S-N curves seem less conservative, especially for the low and medium fatigue life.
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Figure 5-28. Individual predicted S-N curves and more reliable S-N curves for post-impact compression

fatigue QIQH laminates

5.3.6 Fracture surfaces observations

The damage morphology of front surfaces of post-impact compression fatigue specimens
observed by the naked eyes is presented in Table 5-14. One specimen of each stacking
sequence is taken as an example here. Among the 12 specimens, except for one QIQH-3
specimen failed in LGM mode, all the other specimens failed in a similar mode as the CAl
specimens. The three-letter failure code is LDM, where L stands for lateral, D corresponds to
at/through damage failure area, and M is the middle location.

Table 5-14. Fracture surfaces of post-impact compression fatigue specimens
QIQH-1 (Left: front surface with first ply fiber at -45°;

ght: back surface

with first ply fiber at 0°;)

J

QIQH-2 (Left: front surface with first ply fiber at 0°; Right: back suace ih first ply fiber at 45°;)

161



QIQH-3 (Left: front surface with first ply fiber at 0°; Rit back surface With first ply fiber at 90°;)

v

The details of fracture surfaces are shown in Figure 5-29. As can be seen from the figures, on
the front surfaces, the overall direction of the crack is horizontal. Plenty of matrix cracks
oriented the same as the fiber orientation of first ply can be observed. On the back surfaces,
the cracks still oriented the same as the fiber orientation of first ply. More cracks are located
near the two free edges of the specimens. For QIQH-1 and 2, several cracks can be found in
the center of the specimen due to local buckling. If the front fracture surfaces of first ply fiber
oriented at 0° of QIQH-2 and 3 are compared, their fracture morphology looks very similar,
even though their adjacent and sub-adjacent plies have different fiber orientations. Moreover,

for each stacking sequence, the fracture surfaces of CAl specimens and those of post-impact
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compression fatigue specimens look quite different. More cracks can be observed on back
side of CAI specimen, while for post impact compression fatigue specimen, more cracks can

be observed on front side whatever the stacking sequence is.

(a)

Figure 5-29. Details of fracture surfaces: (a) QIQH-1 (left: -45°; right:0°); (b) QIQH-2 (left: 0°; right: 45°);

(c) QIQH-3 (left: 0°; right: 90°)
5.4 Comparison of non-impacted and impacted specimens
5.4.1 Static compression properties

For the impacted specimens and non-impacted specimens, it is demonstrated that their
measured stiffness and the strength under static compression loading are very close (to see

Table 5-8). Moreover, as already been stated in section 4.3.2 and 5.2.2, the static compressive
load-displacement curve for all QIQH specimens, impacted or not, presents the similar trend,
which can be divided into three stages (Figure 4-9). However, if we examine the stage Il
between the end of linear behavior (point B) and the final failure of the specimens (point C), it

can be seen that the stage Il lasts longer for the impacted specimens. If the load at point B and
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at point C (UCS) is determined, their relative difference defined as dg gnac = (F. — Fg)/F, %

can be determined for impacted or non-impacted specimens.

The comparison of difference between forces at point B and at the point C of non-impacted
and impacted specimens are listed in Table 5-15. It is obvious that this relative difference of
impacted specimens is more significant, which means that even though the impacted
specimens have the same compression strength as that of non-impacted specimens, their
damage process is not the same. In the impacted specimen, the existence of impact damage
promotes the onset of local buckling. Therefore, the start of stage Il of impacted specimens is

earlier compared to the non-impacted specimens.

Table 5-15. Comparison of relative difference between the forces at point B and at the point C for the non-

impacted and impacted specimens

Non-impacted specimen/% Impacted specimen/%
QIQH-1 3.62 +2.25 9.91 +6.65
QIQH-2 258+ 0.14 7.53 +£4.41
QIQH-3 142 +1.12 11.57 + 6.50

5.4.2 Fatigue limit

The fatigue limits of non-impacted and impacted specimens are plotted in Figure 5-30. The
presented results show that the repeatability of the performed tests is very high, which is
confirmed by the error bars in the figure. Compared to the non-impact specimens, a reduction
of 4.76%, 1.23% and 9.53% is observed in the impacted specimens for QIQH-1, 2 and 3,
respectively. By taking into consideration of the scatter of the results from all tests, whether
the observed variation has physical sense or not remains problematic. Verification of the

determined values needs further comparison with the traditional fatigue test results.
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Figure 5-30. Comparison of fatigue limits between non-impacted and impacted specimens

5.4.3 S-N curves

A comparison of determined S-N curves between non-impacted and impacted specimens is
depicted in Figure 5-31. To avoid confusion, only the curves corresponding to Ny, = 10°
cycles are illustrated in the figure. As can be seen from the figure, the S-N curves of non-
impacted specimens are located above those of impacted specimens. This implies that the
fatigue life of impacted specimens is shorter than that of non-impacted specimens under the
same maximum stresses. Moreover, it is observed that the fatigue strength of specimens with
impact damage decreased more rapidly than that of the specimens without impact. It is
different from the observations in the study of Uda et al [168] and N.H. Tai et al [260] where

the S-N curves of impacted QI CFRP laminates are found to be parallel with those of non-

impacted ones.
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Figure 5-31. Comparison of predicted S-N curves (N, = 10° cycles) between non-impacted and

impacted specimens
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5.4.4 Fracture surface observations

The fracture surfaces of static compression (Figure 4-10) and CAI specimens (Figure 5-21)
are first compared with each other. For both impacted and non-impacted specimens, on the
one side, short cracks oriented the same as the fiber orientation of first ply are observed near
the two free edges of the specimens. On another side, both cracks run through the width of
specimens and the orientation of the cracks is generally influenced by the fiber orientation of
first four plies. However, more cracks are observed always on back side for impacted
specimens, while for non-impacted specimens the side where have more cracks can be
arbitrary. Moreover, for impacted specimens, the cross-section cracking runs through the

impact site, while that for non-impacted specimens can be located at any section.

The fracture surfaces of the specimens under compression fatigue loading can be quite
different. For all of non-impacted specimens (Figure 4-18), much more cracks are observed
on the surface with first ply fiber oriented in 0°. In the other fracture surfaces, only short
cracks oriented as the fiber direction of the first ply are observed near the edges of the
specimens. It seems that the first ply fibers a 0° promote local bucking under fatigue
compressive loading. This surface should be compressive side at final fracture caused by
buckling-flexion. However, for all the impacted specimens under compressive fatigue loading
(Figure 5-29), more cracks can be observed on front side. The propagation of delamination
zone should be much more rapid at front side than that at back side. The direction of the

overall cracking is nearly along the cross-section in the damaged zone.
5.5 Chapter summary

In this chapter, the compression after impact (CAl) and post-impact compression fatigue

behavior of QIQH laminates were investigated.

The preliminary impact tests were first conducted to determine the optimal impact energy for

the subsequent impact tests. The QIQH laminates with three different stacking sequences

166



were subjected to the impact tests with the pre-determined impact energy. The impact test
results of different stacking sequences were found to be similar with each other, which means
that the stacking sequence does not influence their impact behavior if they are QIQH and their
loading is asymmetrical. The visual combined with microscopic inspections shows there is
only slight indentation on the front surface and a relatively small number of matrix cracks
orientated as the fiber direction of last ply on the back surface. The C-scan results show that
the projected delamination is in a circular shape, with delamination area around 547.7 + 13.7
mm?. The delamination area of different stacking sequences are similar to each other, which

indicates that the influence of stacking sequence on the delamination area is not significant.

Thereafter, the impacted specimens were subjected to the compression tests to determine the
CAl strength for the post-impact fatigue tests. The results of CAl tests revealed that the load-
displacement curves, UCS and initial stiffness, measured on the load-displacement curves, of
QIQH laminates with three different stacking sequences are similar with each other. Only an
average reduction of 2.30% and 2.08% in the UCS and slope of load-displacement curve were
observed for the impacted specimens, compared to those without impact. It conduces to
suggest that the impact energy chosen is below impact threshold energy. Visual inspection of
the CAl specimens after failure shows that the except for two specimens which failed in LGM
mode, all the other seven specimens failed in LDM mode. Detailed observation of facture
surfaces shows that on the front surfaces of QIQH-1 and 2, short cracks oriented in the same
direction as the fiber orientation of first ply can be seen near the two free edges of specimens.
For QIQH-3, the second ply also have an influence on the orientation of cracks. As for the
back surfaces, all the cracks run through the width of specimens. The adjacent ply even sub-
adjacent plies, as well as their interface play an important role in the crack propagation

process of the QIQH specimens under CAl loading.

The fatigue limit determination method and fatigue life prediction model proposed in chapter

2 and in chapiter 3 have been applied to post-impact compression fatigue QIQH specimens.

167



The fatigue limit was determined as 65% UCS and the S-N curves were well predicted by the
model for each stacking sequence. In fact, if all the S-N curves for each specimen are
compared together, the influence of stacking sequence on S-N curve is shown to be negligible.
So, an “average” S-N curve representative of all the three QIQH stacking sequences is

determined by applying the protocol proposed in section 3.3.

Finally, the mechanical behavior of impacted specimen and non-impacted specimen is
compared at the end of this chapiter. Under static loading, even though the impacted
specimens have practically the same compression strength and stiffness as that of non-
impacted specimens, their damage process is not the same. In impacted specimen, the
existence of impact damage promotes the onset of local buckling. Therefore, the start of
damage propagation of impacted specimens is earlier compared to the non-impacted

specimens.

Under compressive fatigue loading, determined fatigue limit and fatigue lives of non-
impacted and impacted specimens were compared. A slight reduction between 1.23 and 9.53%
in the determined fatigue limits was observed for the impacted specimens, compared to non-
impacted specimens. Concerning S-N curves, for a given stacking sequence, the maximum
stress of impacted specimens decreases more rapidly as a function of number of loading

cycles than non-impacted specimens.

When we compare the fracture surfaces between impacted and non-impacted specimens under
static compression loading, it is shown that more cracks are observed always on back side for
impacted specimens, while for non-impacted specimens the side where have more cracks can
be arbitrary. Under compression fatigue loading the fracture surfaces of the specimens can be
quite different. For all the non-impacted specimens, much more cracks are observed on the
surface with first ply fiber oriented in 0°. It seems that the first ply fibers a 0° promote local

bucking under fatigue compressive loading. This surface should be compressive side at final
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fracture caused by buckling-flexion. However, in all the impacted specimens under
compressive fatigue loading, more cracks can be observed on front side. The propagation of
delamination zone should be much more rapid at front side than that at back side. The

direction of the overall cracking is nearly along the cross section in the damaged zone.
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Conclusions and perspectives

In this thesis, new methodologies are developed to determine fatigue properties of MD CFRP
laminates in a short time, based on IRT data. Then, this developed method has been applied to
study the compression and CAI behaviors of QIQH CFRP laminates with different stacking
sequences under static and fatigue loading. The main contributions of this work can be cited

as follows:

1. A new fatigue limit determination method is proposed to overcome the limit of graphic
methods (Risitano and Luong’s method) when the thermographic data does not satisfy the
assumption of these methods. Normalized angle change calculated based on the
thermographic data is used to describe the temperature increase rate. The stress amplitude
corresponding to the peak value of normalized angle change is defined as the fatigue limit.
The method was validated by the experimental data of cross-ply and QI CFRP laminates
under tensile fatigue loading. The data of various composite materials with different
stacking sequences in the literature has been analyzed to evaluate this new method. It is
demonstrated that the proposed method allows to determine the fatigue limit for a large
number of materials, very close to that measured by traditional fatigue test. The relative
difference between traditional fatigue test results and that determined by the proposed

method is less than 13.04% for all data from literature and from the tests in this study.

2. In order to determine the whole fatigue life as a function of applied stress level, in terms
of S-N curve, a fatigue life model, which combines the stiffness degradation with
thermographic data, has been proposed in previous study. This model has been
successfully applied to UD and angle-ply (£45°) CFRP laminates but it failed for some
MD laminates. This model is so modified in this study so as to take into account of more

complex damage mechanisms in MD laminates. Firstly, for each tested specimen the
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variable “stabilized temperature rise” at a loading level used in the original model is
replaced by “stabilized temperature rise normalized by its maximum value”: AT;,,, . This
modification facilitates the comparison between the results from different specimens.
Secondly, a new parameter r is introduced into the expression of residual stiffness to
overcome the conservative predictions resulted from the original model. The modified
model is firstly verified by the experimental results of cross-ply CFRP laminates, and then
successfully applied to QI CFRP laminates. It is observed that for both stacking sequences,
the S-N curves corresponding to Ny, = 107 cycles predicted by the modified model lie

totally within the 95% confidence intervals of traditional fatigue test results.

In order to reduce the error of the results from the measurement of temperature change,
the influence of loading step length on thermographic date has been discussed. For
composite materials, not more than 5% UTS as loading step length has been
recommended. Moreover, a protocol was proposed to determine an ‘average” more reliable
S-N curve from the individual predicted S-N curves of several specimens. First, each test
must be carried out on a number of specimens until at least the fatigue limits of two
specimens are identical; Then, the ‘new’ fatigue limit and corresponding stabilized
temperature rise are determined based on the data of average normalized stabilized

temperature rise AT,

“rqp @S @ function of maximum stress o, using the method proposed in

chapter 2. Thereafter, the parameters of p, q and r are determined based on the data of
averaged normalized stiffness degradation and corresponding average normalized
stabilized temperature rise AT, and number of cycles, by 3D surface fitting with help of
a program in MATLAB®. Then, in the next step, the failure threshold stiffness
corresponding to Ny, = 10° cycles and 107 cycles could be computed by the modified
normalized stiffness degradation model proposed in chapter 3. And finally, the more
reliable ‘average’ S-N curves (Ny;, = 10 cycles and 107 cycles) can be obtained. This
protocol has been evaluated by experimental data of cross-ply laminates, the results seem

convincing.
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4. To extend the scope of application of proposed methodologies, the fatigue limit
determination method and fatigue life model stated above were applied to the QIQH
CFRP laminates with different stacking sequences under compression loading. The results
of static compression tests show that the load-displacement curves, UCS and stiffness of
three different stacking sequences are similar. The results of compression fatigue tests
monitored by IRT imply that fatigue limits of different QIQH laminates determined by the
proposed method are all 70% UCS. Besides, the predicted S-N curves of three different
stacking sequences are close to each other. If all specimens in the same population is
considered, an overall ‘average’ S-N curve can be determined based on the individual
predicted S-N curves of 4 specimens having identical fatigue limits. So, this S-N curve is
representative of all specimens of three QIQH stacking sequences. After static and fatigue
tests, a fractographic study has been realized. The observation on the fracture surfaces of
each specimen can be summarized as:

- for a given specimen, much more cracks across the section can be observed on one
surface, and a few cracks at the edges of another surface. Because final fracture of the
specimens under compression occurs due to buckling-flexion combination, the side with
more cracks should be the compressive side due to flexion (C-side) and that with few
cracks tensile side (T-side);

- under static loading, C-side is arbitrary, where the crack’s orientation can be not only
along the fiber direction of the surface ply, but also along the fiber orientation of the
adjacent even sub-adjacent plies; while under fatigue compression loading, the C-side is
always the surface having the first ply fibers at 0° whatever the stacking sequence;

- different morphology on the fracture surfaces of the specimens with different stacking
sequence indicates that even though the global properties of QIQH laminates under
compression do not be impacted by their stacking sequence, the damage propagation

process is different in one stacking sequence from others.
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5.

In the study of impact, CAl and post-impact compression fatigue behavior of QIQH
specimens, the influence of stacking sequence is also shown insignificant. All the tested
laminates gave similar impact results (load-time, energy-time, load-displacement) under
the same impact condition. Visual/microscope observation of indentation and C-scan
inspection also gave similar results. The CAl strengths of three different laminates are also
similar to each other, so does the damage modes. Under compression fatigue loading, the
determined fatigue limits on the impacted specimens of different stacking sequences are
nearly the same (65% UCS) and the predicted S-N curves are also close to each other. The
overall ‘average’ more reliable S-N curves calculated based on the individual predicted S-
N curves of 6 specimens with identical determined fatigue limits but three different

stacking sequences were also obtained.

The observation on the fracture surfaces of CAl and post-impact compression fatigue
specimens can be summarized as:

- the cross-section cracking is always located at the damaged zone introduced par impact;
- under static loading, C-side is always on back side, while under post impact
compression fatigue loading, the C-side is always on the front side.

- different morphology on the fracture surfaces of the specimens with different stacking
sequence indicates that even though the global properties of QIQH laminates under CAl
and under post-impact compression fatigue do not be affected by their stacking sequence,

but the damage propagation process is different in one stacking sequence from others.

6. Comparing the impacted specimens with non-impacted ones, under static
compression loading, the global strength and the initial stiffness have essentially the same
values. However, the existence of impact damages in impacted specimens promotes the
onset of local buckling. Therefore, the start of stiffness degradation in the load-
displacement curves of impacted specimens is earlier than that of non-impacted specimens

and the damage propagation process is different. Under compression fatigue loading, the
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reduction between 1.23% and 9.53% is observed in the determined fatigue limits of
impacted specimens, while the predicted S-N curves of impacted specimens are also
shown less strength than those of non-impacted laminates. The fractographic study has
shown that under static compressive loading, the C-side is arbitrary for non-impacted
laminate, while for impacted ones, the C-side is always at back side. However, under
compressive fatigue loading, the C-side is always located on the side whose first ply has
the fibers at 0° for non-impacted specimens, while for impacted specimens, the C-side is
found on impact front side whatever the stacking sequence is. Moreover, the crack
orientations on C-side of non-impacted compression fatigue specimens are mainly
influenced by the fiber orientations of their first four plies, but in the post-impact fatigue
specimens, only the influence of first ply is seen. Concerning the final cracking, the path
of cracking throughout the cross section follows a zigzag pattern, accompanied by 0° fiber
splitting in unimpacted specimens, while in impacted specimens under compression
fatigue loading, the cracking runs throughout the width of the section damaged by impact

with linear manner.

This work still leaves many questions unanswered and gives rise to ideas to be explored. Here

are a number of perspectives from this work:

- Experimental aspect

1.

Based on thermographic data, the proposed method for rapid determination of fatigue
limit of composite laminates, the modified model for the establishment of a more reliable
S-N curve, as well as the protocol proposed in this study need to be further validated by
more experimental results, especially by the results from traditional fatigue tests;

To characterizer fatigue behavior of impacted laminates, it is interesting to know what is
the best choose of the calibrated area on which the temperature rise will be measured, and
to understand its influence on measured fatigue properties;

More investigation is required to have a better understanding of the damage propagation

and damage mechanisms during the fatigue tests of QIQH laminates with three different
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stacking sequences, which may be achieved by performing stop-tests and by using
different NDT methods, such as in-situ C-scan, Tomography, DIC, Acoustic emission,

Scanning Electron Microscope (SEM)...

- Theoretical aspect

4.

More theoretical framework is needed to explain the mechanisms of heat generation
during fatigue tests and their transmission in composite laminates;
Analysis of 3D stresses state in MD laminates, especially to determine all interlaminar
stresses at different interfaces of QIQH laminates is recommended;
Development of damage onset criterion to translate the physical phenomena observed

during the experimentation is required.

- Numerical aspect

7.

It is important to be able to perform numerical simulations of fatigue tests. On the one
hand, the associated numerical thermomechanical model will enable us to understand the
damage process and heat generation and transfer in MD laminates under different loading
conditions; on the other hand, through the dialogue of experimental and numerical results,
the more robust numerical models including more physical phenomena could be validated,
which in turn could predict the residual fatigue life of in-service structures and aid in
engineering design. For CAI and post-impact compression fatigue tests, the numerical
simulation consists to:

- Modelling of impact tests to obtain the damage detail in the QIQH laminates

- Modelling CAl tests to understand the damage propagation

- Modelling Post-impact compression tests to predict fatigue life and fatigue limit

- Modelling the self-heating phenomena in MD laminates and the interaction between

heat generation, heat transfer and damage propagation in the material...
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