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Abstract

Thanks to the excellent specific stiffness and strength, as well as lower costs, the sandwich structures
with composites skins, such as glass fiber reinforced polymer (GFRP)-balsa and carbon fiber
reinforced polymer (CFRP)-honeycomb sandwich panels, have attracted more and more attention in
marine and aviation industries. Generally, the skins of sandwich structures mainly take the bending
load, while the core carries the transverse shear stresses. The objectives of this thesis are to
characterize the moisture effects on bending behaviors and damage mechanisms of GFRP-balsa and
CFRP-honeycomb sandwich structures under 4-point bending experimentally and numerically, with
the help of Acoustic Emission (AE) and InfraRed Thermography (IRT).

To better study the bending behaviors of sandwich structures by AE and IRT, firstly, by the
preliminary Hsu-Nielsen tests, a new strategy of rapid determination of AE wave propagation
velocity in any direction is firstly proposed for most usually used composite sandwich structures,
based on the measurements of velocity in only one direction in the composite skin. And then, a new
methodology is proposed to predict the elastic modulus of the skin of the wet sandwich structure
based on the relationships between Moisture Content (MC), AE wave velocity and elastic modulus.
Finally, static 4-point bending tests are monitored by IRT and AE to verify the good consistency
between bending stiffness reduction and elastic modulus prediction of the wet sandwich by the new
proposed method. A damage characterization approach coupling characteristics of AE amplitude,
peak frequency and duration via K-means clustering algorithm is also developed to identify the

damage sequence and classify damage modes of sandwich structures under bending loading.

In order to predict the bending behaviors of the sandwich structures, numerical models in Abaqus
have been developed by introducing the variation of material parameters of the skin due to moisture
absorption, such as the elastic modulus, strength and fracture energy. It is demonstrated that the tested
bending stiffness, strength and damage evolution process can be correctly simulated by the numerical
models. In addition, the damage localizations by numerical models have a good concordance with
the observations by IRT and AE.

Consequently, the accuracy of the numerical models and the feasibility of AE and IRT to identify
damage mechanisms of sandwich structures have been demonstrated. The results lay a critical
foundation for the future dialogue between experimental and numerical analysis of sandwich

structures.

Keywords: sandwich structures, moisture effects, damage mechanisms, Acoustic Emission (AE),

InfraRed Thermography (IRT), numerical models.






R&aume

Grace a leurs propriétés spécifiques exceptionnelles aussi bien en rigidité qu’en résistance, aleurs
faibles cots, les structures sandwichs avec les peaux en composites stratifiés, telles que les panneaux
en fibres de verre (GFRP)-balsa et en fibres de carbone (CFRP)-nid d'abeille, sont de plus en plus
utilisées dans les industries maritimes et aéonautiques. Ce type de structure est en géné&al conqi
pour supporter une charge de flexion. Les peaux sont principalement sollicités en traction et en
compression acause du moment fléhissant, tandis que I'@ne est soumise ades contraintes de
cisaillement transverses dues a 1’effort tranchant. Les objectifs de cette thése sont de caractéiser
exp&imentalement et numé&iquement les effets de I'humiditésur le comportement en flexion ainsi
gue les méeanismes d'endommagement des structures sandwichs en fibres de verre-balsa et en fibres
de carbone-nid d'abeille sous flexion 4 points, al'aide de I'Emission Acoustique (EA) et de la

Thermographie InfraRouge (TIR).

Afin de mieux éudier le comportement en flexion des structures sandwichs par EA et TIR, tout
d'abord, gré&e aux essais préiminaires de Hsu-Nielsen, une nouvelle mé&hode de déermination
rapide de la vitesse de propagation des ondes acoustiques dans toutes les directions a &&éproposée
pour les structures sandwichs les plus couramment utilisés. Elle est basée sur des mesures de la
vitesse dans la peau composite dans une seule direction. Ensuite, une nouvelle méhodologie est
proposée pour prédire le module d'élasticité de la peau d’une structure sandwich humide basée sur
les relations entre la teneur en humidit& la vitesse des ondes acoustiques et le module d'@asticité
Enfin, des essais de flexion statique 4 points suivis par TIR et EA ont permis de vé&ifier la bonne
cohé&ence entre la ré&luction de la rigiditéen flexion et la préliction du module astique du sandwich
humide obtenu par la nouvelle mé&hode proposée. A I’aide de la technique EA, une approche de
caracté&isation des endommagements couplant les caracté&istiques d'amplitude, de durée et de pic
fréquentiel via 1’algorithme K-means est &alement développé pour identifier 1’évolution des

endommagements et classer les modes d’endommagement des structures sandwiches en flexion.

Afin de prélire le comportement en flexion des composites sandwiches, les essais ré&lisés sont aussi
mod@&isé& numé&iquement avec Abaqus en introduisant la variation des propriéé meeaniques en
fonction de I’humidité absorbée, telles que le module d'@asticite& la réistance et I'éergie de rupture.
Il est dénontréque la rigiditéet la réistance en flexion, ainsi que le processus d'éolution des
endommagements des structures sandwichs testés peut &re correctement simulépar les modédes
numé&iques développés. De plus, la localisation des endommagements obtenue gr&e aux modées

numeiques concorde bien avec les observations faites par la TIR et I’EA.



Par consé&juent, la fiabilitédu modéle numé&ique et la faisabilitéde la TIR et de I'EA pour identifier
les meéanismes d'endommagement des structures sandwichs ont é&é démontrées. Les résultats
obtenus dans ce travail fournissent une base essentielle pour un futur dialogue entre I'analyse

exp&imentale et numé&ique des structures sandwichs.

Mots clé& : structures sandwichs, effets de I'humidité meésanismes d'endommagement, Emission

Acoustique (EA), Thermographie InfraRouge (TIR), modées numé&iques.



General Introduction

Nowadays, in the advanced aeronautical and marine industries, which require a combination of high
structural rigidity and low weight, the composite structures, especially the composite sandwich
structures, have been extensively applied in the major load-bearing components of the aircrafts and
ships. Composite sandwich structures, which are fabricated by bonding the two thin but stiff and
strength skins and the center thicker but lighter core, have been designed to allow that the skins can
offer the good bending stiffness and strength, while the light core can offer the shear stiffness and
strength. Finally, this three-layer structure can lead to a high specific bending stiffness and high
specific bending strength, and thus it has been widely used as the primary and secondary structures
in aircrafts and ships. Considering the increasing use of this kind of structure in aeronautical and
marine industries, the importance of studying its bending behavior and understanding its performance

in service should be highlighted.

Considering a balance between the bending behaviors and the economic cost, in the aeronautical and
marine industries, the preferred constituent materials of the sandwich structures are not the same. For
example, in the aeronautical field, the sandwich structures consisting of the honeycomb core and
Carbon Fiber Reinforced Polymer (CFRP) skins are more popular due to the higher specific stiffness
and strength, while the balsa wood core and Glass Fiber Reinforced Polymer (GFRP) skins are
preferred in the marine structures due to the lower cost and environmental friendliness. Furthermore,
considering the environmental influences in the service life of the sandwich structure, the ship hulls
made of balsa sandwich structures are immersed in seawater for a long time, aircraft wings and
fuselages composed of honeycomb sandwiches could be affected by the humidity in the air under
different weather conditions. Since the constituents and skin/core interfaces of sandwich structures
can be sensitive to the absorbed moisture, it pushes us to study, in this thesis, the moisture effects on
the bending behaviors of the GFRP-balsa sandwich in marine structures and the CFRP-honeycomb
sandwich in aircrafts, in order to better predict the damage mechanisms and stiffness/strength

degradation of the sandwich structures during the whole service life.

However, because of the complicated anisotropic, heterogeneous and hygroscopic properties of the
constituents, the characterization of bending behaviors of the balsa and honeycomb sandwich
structures has been a great challenge, and few related references can be found, especially about the
balsa sandwich. The real damage mechanisms of sandwich structures under bending load can be
affected by the density and thickness of the skin and core, material property, structure geometry,
loading condition, span length, environmental condition, etc. The skin damages, core damages and

skin/core debonding may occur simultaneously, which makes it difficult to classify different damage

5



modes, and few researches have been focused on the damage mechanisms of sandwich structures
which have been affected by the environmental humidity. So, it still needs further exploration about
the damage initiation and evolution of the dry and wet sandwich structures under bending load. In
addition, the accurate in-situ monitoring of the damage mechanisms of the aircrafts or ships is very
important for ensuring the structure safety and reducing the maintenance cost. Hence, in order to
help identify the damage mechanisms of the sandwich structures, Non-Destructive Testing (NDT)
techniques such as Acoustic Emission (AE) and InfraRed Thermography (IRT) have attracted more

and more attention recently.

AE is based on the radiation of transient stress waves in solids when a material undergoes irreversible
changes in its internal structure. IRT is based on the recording of thermal radiation emitted by a
surface of a specimen via an infrared camera. Temperature distribution can be measured without
contact in real time when damages initiate and propagate in the structure under loading. However,
each NDT technique has its own limitations, for example, AE monitoring can be affected by the
acoustic wave attenuation and velocity variation in the anisotropic materials, and IRT cannot detect
deep damages easily. Accordingly, it will be interesting and meaningful to couple these two
techniques to know exactly more about when, where and what kinds of damages will initiate and
propagate.

Over the last ten decades, the team of laboratory ICA in IUT Tarbes has been working on the coupling
of IRT and AE on monitoring damages in the composite laminate and wood structures, and the group
GeM-E3M in IUT Saint Nazaire has been devoted to studying foam/balsa/honeycomb sandwich
structures by the traditional experimental methods. However, further investigation is needed to
understand whether IRT and AE can monitor well the sandwich structures under bending loading.
More importantly, the effects of the absorbed moisture on the bending behaviors of sandwich
structures and the impact of the moisture absorption on the AE and IRT monitoring have not been
studied very well, so it is necessary to focus on the moisture effects on the performance of sandwich

structures under the monitoring of AE and IRT.

Therefore, based on the previous work of ICA and GeM-E3M, this thesis is aimed at characterizing
the moisture effects on the bending behaviors and damage mechanisms of GFRP-balsa and CFRP-
honeycomb sandwich structures with the help of AE and IRT techniques. Correlations of Moisture
Content (MC), AE/IRT signals and mechanical properties of the two kinds of sandwiches will be
firstly investigated. The feasibility of AE and IRT to monitor the damage initiation and evolution of
the sandwich structures in 4-point bending tests will be demonstrated. Meantime, the numerical
models will be developed for both dry and wet sandwiches to simulate bending behaviors of the two

kinds of sandwich structures under 4-point bending, by introducing the moisture effects on the
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variation of material parameters of the constituents, based on the preliminary active AE tests. Finally,

the correlations between experimental results and numerical simulations will be discussed.
This PhD thesis is composed by four chapters as follows:

Chapter 1 presents a literature review. Firstly, the constituents, application background and
fabrication process of different composite sandwich structures have been introduced. Then, the
bending behaviors and common damage mechanisms of the balsa’honeycomb sandwich structures
have been discussed. Considering the environmental influences on the mechanical behaviors of the
constituents, moisture effects on the properties of the skins, core, skin/core interfaces have been
studied, separately. Following this, the basic principles, post-processing method and applications of
AE and IRT techniques on identifying and localizing damages of sandwich structures have been
reviewed. Finally, the numerical models applicable to honeycomb and balsa sandwiches have been
introduced to lay a foundation for our numerical models in this thesis.

In Chapter 2, the raw material properties, specimen geometries and fabrication processes of GFRP-
balsa and CFRP-honeycomb sandwich specimens have been firstly presented. Preliminary
characterization of AE wave propagation properties in GFRP-balsa and CFRP-honeycomb
sandwiches has been studied, including acoustic wave velocity and attenuation property. Based on
the measurements of velocity in only one direction in the composite skin, a new rapid model to
determine AE wave velocity in any direction in the sandwich has been proposed. Based on this
new method, moisture effects on AE wave propagation properties and active IRT tests have been
further investigated, to lay a good foundation for the later monitoring of damages in 4-point
bending tests. Finally, relationships between Moisture Content (MC), AE wave velocity and elastic
modulus have been pointed out, allowing us to propose a new method to predict the elastic modulus
of the skin of the wet sandwich structure. The variation of the material parameters of the wet
sandwich based on this method will be introduced in the Abaqus models described in Chapter 3

and 4, to improve the prediction accuracy of numerical analysis.

In Chapter 3, the static 4-point bending behaviors of GFRP-balsa sandwich structures have been
studied experimentally and numerically. Moisture effects on the bending stiffness/strength and
damage mechanisms have been discussed, based on the observations by the microscope, IRT and AE.
By analyzing AE data, a damage characterization approach coupling the characteristics of amplitude,
peak frequency and duration via K-means clustering algorithm has been proposed to better classify
different damage modes of the GFRP-balsa sandwich under 4-point bending. Herein, the 4-point
bending tests have been also simulated by Progressive Damage Analysis (PDA) model in Abaqus by

introducing the variation of elastic modulus, strength, and fracture energy of the skin due to moisture
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absorption. It is shown that the bending stiffness, fracture load, displacement and damage evolution
process of the wet sandwich can be predicted correctly. In addition, it demonstrates that the damage

localizations by PDA model have a good concordance with the observations by IRT and AE.

In Chapter 4, similarly, the static 4-point bending behaviors of CFRP-honeycomb sandwich
structures have been studied experimentally and numerically, but different bending responses have
been found, compared to the GFRP-balsa sandwich. The non-linear buckling behavior and core
damages in zone 2 of the CFRP-honeycomb sandwich have been investigated by coupling the
microscope, IRT and AE observations. Furthermore, an equivalent progressive elastic-plastic
damage model in Abaqus has been developed to simulate the non-linear bending behavior and core
damages of the dry and wet CFRP-honeycomb sandwich. Eventually, it is shown that the damage
localizations predicted by Abaqus models agree well with the microscope, AE and IRT observations.

This manuscript is closed by a general conclusion and the perspectives released by this study.
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1.1. Introduction

In the last decades, the composite sandwich structure has become more and more attractive in the
industries such as the aeronautics and marine fields, due to their low weight, high bending properties
and good durability. These excellent properties are owing to the combination of the Fiber Reinforced
Polymer composite skins and the balsa/honeycomb core. The skins can provide the good bending
loads resistance, while the core mainly resist the shear loads, due to the three-layer construction made
of two kinds of materials.

On the other hand, the anisotropic, heterogeneous and hygroscopic properties of the constituent
materials make it difficult to characterize the very complicated bending behaviors and damage
mechanisms of the sandwich structure, because they are related to various factors such as the material
property, density and thickness of the skin and core, structure geometry, loading condition, span
length, environmental condition, etc. Accordingly, Non-Destructive Testing (NDT) technigues such
as Acoustic Emission (AE) and InfraRed Thermography (IRT) are necessary to help identify the
damage modes and localize the damage zones of the sandwich under bending load. Furthermore, the
monitoring data from NDT methods can validate the accuracy of the numerical models, in order to
improve the prediction accuracy of the bending behaviors and damage evolution process. All these

topics studied in the literatures will be discussed in this chapter.
1.2. Overviews of balsa/honeycomb sandwich structures

1.2.1. Constituents of composite sandwich structures

A composite structure is made from two or more constituent materials with obviously different
physical or chemical properties. For example, the continuous matrix and embedded reinforcement,
as illustrated in Fig. 1-1 [1]. The more commonly used matrix materials are thermosetting or
thermoplastic polymers with good shear properties and low densities, while reinforcements are short
or long fibers with higher specific strength and stiffness, such as Carbon Fiber Reinforced Polymer
(CFRP) and Glass Fiber Reinforced Polymer (GFRP) [2-3]. Normally, the mechanical properties of
CFRP or GFRP composite are determined by the basic constituents. Specifically, the fibers carry
majority of the external load and determine most of the stiffness/strength, while the matrices mainly
provide transverse mechanical properties and protection of fibers, which finally ensure the better
overall performance of composite. One kind of traditional composite structure is obtained by stacking
the plies of different fiber orientation, often called the laminates [4]. Another more complicated

composite structure has attracted great attentions, that is, the composite sandwich structure [5].
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A sandwich structure is often fabricated by attaching two thin but stiff and strength skins/face sheets
to a lightweight but thick core using the adhesive films. It is designed to bear bending load. The skins
mainly resist the in-plane normal loads (similar to flanges of an I- beam) due to bending moment,
one skin is under compression and the other skin is under traction. The core mainly resists the shear
loads (similar to the web of an I-beam). In general, the thickness of the core should be at least 10
times as that of the skin so as to avoid the buckling of the structure under bending load [5]. Finally,
this three-layer structure can lead to a high bending stiffness to weight ratio, and it can reduce the
local crushing and buckling damages under bending load compared to the laminate or metal panel
with the same skin thickness. Thus, it highlights the importance of studying the bending behaviors
of the sandwich, as shown in Fig. 1-2 [6].

Short fiber Long fiber
reinforced composite reinforced composite

Fig. 1-1. Presentation of the short and long fiber reinforced composite [1].

o _ Upper skin

Honeycomb

‘ Fabricated

sandwich
panel

Adhesive

=" Lower skin

Fig. 1-2. Constituents of a typical honeycomb sandwich structure [6].

Considering the balance between the bending behaviors and the economic cost, in the aeronautical
and marine sandwich structures, the GFRP and CFRP laminated skins are common due to their high
specific stiffness/strength. The core is usually made from materials with relatively low

strength/stiffness, such as foam, honeycomb and balsa wood, carrying transverse shear stresses and
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supporting the skins against bending or buckling modes [7]. Finally, the sandwich structure can offer
the higher specific bending stiffness/strength [8-9] and good durability at lower fabrication cost. To
be emphasized, the skin/core interfaces are often the most vulnerable part of the sandwich, due to the
shear stress gradients at interfaces [10-11]. Consequently, the bending behaviors of the sandwich
structure is highly dependent on the properties of the outer skins, the skin/core interfaces and the

center core [12].
1.2.1.1. Skin materials

The choice of sandwich materials depends on the function of the structure, lifetime loading,
availability and cost. As the main constituents to carry bending loads, skin materials have
experienced a developing process from metal to CFRP/GFRP laminated panels which have higher
specific strength and stiffness. Traditional metal skins are usually coupled with metallic foam or
honeycomb, to ensure the stability and homogeneity of the whole sandwich at lower cost. Generally,
CFRP laminates are lighter but stiffer than GFRP [13], while GFRP has better corrosion resistance
property. As a consequence, considering both mechanical properties [14] and economic cost, CFRP
skins are usually bonded to aluminum or Nomex honeycomb cores, more popular in aerospace and
aeronautical applications, while GFRP skins are working together with balsa or foam core in civil

and marine structures [15-16].
1.2.1.2. Core materials

The most common core materials can be divided into three types: (1) solid core including foam and
balsa (with continuous bonding surfaces); (2) cellular or honeycomb core (with discontinuous

bonding surfaces); (3) corrugated/truss core [9].

Firstly, balsa, which is a tropical hardwood native to the Americas, particularly from Ecuador, is the
lightest commercial timber and one of the preferred bio-core materials in sandwich structures,
applied largely in boats, wind turbine blades, etc. The mechanical behaviors of balsa greatly depend
on its various density, typically varying from 60 to 250 kg/m? [21-22]. The high strength-to-weight
ratio provides the outstanding energy absorption [23] property of balsa, making it possible to be
competitive with the hexagonal honeycomb. However, the applications of balsa cores are limited
because of the high hygroscopic sensibility and anisotropy properties of the wood material [24-25].
In order to further develop the application of balsa sandwich structures, it is necessary to improve
the understanding of moisture effects on the mechanical behaviors of balsa wood as a core of the

sandwich structure.

The three symmetric axes of balsa are often marked by Longitudinal/Axial (L), Radial (R), and

Tangential (T) direction, as seen in Fig. 1-3. (a). The anisotropic property of balsa wood mainly
13



results from the microscopic combination of tracheids (80-90%) in axial direction, rays (8—15%) in
radial direction and sap channels (vessels, 3-9%) in axial direction, as shown in Fig. 1-3. (b) and (c)
[22]. The hygroscopic property of balsa wood is mainly due to the tubular microstructure of tracheids,
which are composed of cellulose, and hydrophilic polymers (hemicellulose and lignin), sensitive to
moisture penetration. Axial tracheids are long prismatic cells, having a cross-section resembling
hexagon honeycomb cells [26-27] (see Fig. 1-4), mainly determining the mechanical properties of

balsa.

Radial rays are brick-like parenchyma cells, with a more rectangular cross-section, mainly used for
storing and conducting nutrients. Axial sap channels are long tubular cells, with a larger circular
cross-section and thinner wall, responsible for transporting fluids from the roots to the crown.
Consequently, balsa wood is less stiff and weaker in the tangential and radial directions compared to
axial direction. The two in-plane tangential and radial moduli are usually 15-40 times smaller than
the axial modulus [22]. Besides, the elastic modulus and strength of balsa wood will also increase
linearly with density in axial compression and bending, while in radial compression, the modulus
and strength vary nonlinearly with density [21-25]. Thus, the mechanical properties of balsa wood
will show great scatter due to the difference of direction, density, humidity, growing period, etc.

Growth ring Axial (L)
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Sap
channels

(b) Three constituents of balsa.
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Sap channels
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(c) Schematic of microstructure of balsa and cross-section of tracheids.
Fig. 1-3. Micrographs of balsa wood and the three types of cells [22].

Honeycomb cores also have high shear property, and Nomex (aramid paper) honeycomb [27] has
become the more preferred material due to its lower density and good corrosion resistance property.
Honeycomb material can be designed as diverse topologies, such as hexagon (see Fig. 1-4),
rectangular and square geometry [28]. The cell geometries including cell size, cell wall thickness and
core thickness, can influence the density and mechanical properties of honeycomb core. It has been
demonstrated that shear strength and stiffness in L direction are usually better than those in W
direction [29-30], which may result in the different crack propagation path under the same loading

condition.

L L (ribbon) dimension |

W
dimension

Cell size

Node honds

(a) Anisotropy directions of honeycomb.

Cell size
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.I‘
Corner angle
i)

L Single wall
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(b) Cell geometries of honeycomb.

T

Fig. 1-4. Hexagonal honeycomb cells in L and W directions [26-27].
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In addition, foam cores can provide good thermal resistance and energy absorption properties. The
closed-cell foams like Polyvinylchlorid (PVC) and Polymethalcrylimide (PMI) are the most popular
due to lower water absorption rates. Mechanical behaviors of foam mainly depend on the thickness

of the cell wall, density and properties of the base polymer [17-18].

Recent processing developments have now made it possible to manufacture panels where the core is
reinforced by means of trusses or corrugated structures connecting the skins. Truss cores (see Fig. 1-
5) are the new promising structure forms with improved strength and impact performance, due to the
suppression of skin debonding. So, it has the potential to compete with honeycomb cores, but less
applied due to the design complexity [19-20].

Fig. 1-5. Schematic of a pyramidal lattice truss core sandwich panel [20].

In short conclusion, the anisotropic properties of honeycomb and balsa cores are more complicated

but less studied compared to foam sandwich, so it attracts our attentions.
1.2.2. Applications of balsa/honeycomb sandwich structures

Thanks to their excellent specific strength and stiffness, as well as good designability, composite
sandwich structures have been widely applied in the marine, aeronautics, aerospace, transportation,

construction and other industries [31-32].
1.2.2.1. Applications of GFRP-balsa sandwich in marine industry

GFRP-balsa sandwich structures have gained wide acceptance through its use in naval ship hulls [33-
34] (see Fig. 1-6), wind turbine blades, due to the lighter weight and lower costs. However, in the
marine industry, mechanical properties of the constituents could be highly reduced by moisture
absorption during long time service [35-36]. In particular, the strength and stiffness of skin/core
interfaces of sandwiches under wet environments can be also affected, and the influence may be

different for foam and balsa sandwiches [37-38].
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Fig. 1-6. GFRP-balsa sandwich applied in the ship hull [38].
1.2.2.2. Applications of CFRP-honeycomb sandwich in aeronautical industry

The requirements for composite sandwich structures in commercial aviation aircraft are very diverse
[31, 39]. External structures such as leading-edge fairings usually face a wide range of operational
temperatures and impacts due to bird strike. Floor panels in the passenger compartment must
withstand transverse or discrete loads caused by passengers, and floor panels in the toilets should
prevent the prolonged water ingress. To fulfill the different requirements, different material
combinations could be found in the current sandwich structures in aircrafts, such as aluminum skin-
aluminum honeycomb, CFRP skin-aluminum honeycomb, CFRP skin-Nomex honeycomb
sandwiches, etc [40]. The pre-dominate applications are CFRP-honeycomb sandwiches, as shown in
the aircraft A380 in Fig. 1-7.
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Fig. 1-7. CFRP-honeycomb sandwich applications in the aircraft A380 [39].
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1.2.3. Fabrication process of balsa’/honeycomb sandwich structures

Due to the complex constituents, the fabrication process of sandwich structure is also complicated,
and it will have great effects on the initial structural integrity. Generally, the whole fabrication
processes of balsa and honeycomb sandwich panels have some difference [41], depending on their

different material properties and geometries.
1.2.3.1. Fabrication process of laminated skins

For composite laminates, the common fabrication processes include [42-45]: Compression molding,

Resin Transfer Molding (RTM), Filament winding, Vacuum bag molding, Wet lay-up, etc.

Compression molding [45] is a precise and potentially rapid closed-mold process for producing high
quality composite parts in a wide range of volumes due to the combination of heat and pressure. It
uses matched metal molds with the application of external pressure. An engineered composite layup
is placed in the open mold cavity, the mold is closed, and consolidating force is applied. The pressure
remains on the mold throughout the cure cycle, which usually occurs in an oven. The system requires
a high level of proficiency: placing the compound into the mold is fairly easy, but orienting the

various layers of fiber correctly requires extensive training and experience.

RTM [42] is capable of consistently producing composite parts with high strength, complex
geometries, tight dimensional tolerances, and part quality typically required of aerospace
applications. RTM uses a closed mold commonly made of aluminum. A fiber layup is placed into
the mold. The mold is closed, sealed, heated, and placed under vacuum. Heated resin is injected into
the mold to impregnate the fiber layup. Having the mold heated and under vacuum, as in Vacuum
Assisted Resin Transfer Molding (VARTM) assists the resin flow. The mold is then held at a
temperature sufficient to cure the resin. Current RTM technology produces lightweight parts with

excellent mechanical properties. But this solution is more expensive than other techniques.

Filament winding is one of the oldest composite manufacturing processes, mainly used for
manufacturing open (cylinders) or closed end structures (pressure vessels or tanks), well-suited to
automation. It involves winding filaments under tension over a rotating mandrel, which is fast, cost-
effective and creates lightweight, high-performance structures. The controlled variables for winding
are fiber type, resin content, wind angle, tow or bandwidth and thickness of the fiber bundle. The
angle at which the fiber is wound has an effect on the properties of the final product, so it has high

requirements for the operator’s skills.

Vacuum bag molding [41, 43] is a very flexible process for consolidating fiber-reinforced polymer

laminates of a wide range of shapes and sizes. The composite to be consolidated (e.g. a prepreg or
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hand lay-up) is placed on a single-sided mold. The material is then covered with an impervious film
(the “vacuum bag”), which is sealed around the edge of the part. By evacuating the air between the
mold and the vacuum bag using a vacuum pump, the part is consolidated under atmospheric pressure.
The process is often performed in an oven to assist with the curing of the resin. Vacuum bag molding
is the most popular in industry because it works better for fabrication of larger curved and complex
panels, producing higher fiber volume content and fewer air bubbles [44-45], so we have adopted

this technique to fabricate CFRP laminated skins.

For the wet lay-up process [41], a two-component epoxy resin is mixed, and a primer layer is first
applied where the composite is to be bonded. The fiber fabric is placed on top of the primer then
impregnated by spreading resin over the fabric. Compaction is performed with an aluminum roller
to remove excess resin and air voids. This process is repeated layer by layer, until all plies are wet
infused. Vacuum bag can be placed over the lay-up to assure no air or voids during polymerization.
Room temperature, heat (oven) and autoclave curing can be used for processing low, medium and
high production needs. Wet lay-up is simple, low cost and open mold fabrication process, but it
requires a lot of repetitive labor and not so effective for large complex structures. Woven such as
plain, twill and knitted fabric laminates are often fabricated in this way, so woven GFRP laminates

in this thesis will be fabricated by wet lay-up.
1.2.3.2. Fabrication process of the core

Core panels are usually offered by the suppliers, and BALTEK® SB [46] from 3A Composites Core
Materials is the most widely used balsa wood from controlled cultivation cut perpendicular to the
grain direction (see Fig. 1-8). Z is the axial direction of balsa wood, and the large balsa panel is
bonded together by many small blocks, thus there are a lot of balsa interfaces distributed randomly
in the panel [47]. Balsa has excellent laminate adhesion properties, so it could be processed with

most resins and processes, including wet lay-up and vacuum bagging [48].

7
Y

X j (

Small blocks
Interface

Fig. 1-8. BALTEK® SB balsa panels from 3A Composites Core Materials [46].

Generally, Nomex honeycomb panels are manufactured by the expansion process (see Fig. 1-9) due

to good stretchability. Multiple sheets of Nomex paper are placed on top of each other and glued
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together at the node locations by lines of adhesives. Then the large stack of Nomex sheets can be cut

into smaller strips and expanded to the final Nomex honeycomb panel along the W direction [49-50].
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Fig. 1-9. Expansion process of the honeycomb panel [50].
1.2.3.3. Fabrication process of sandwich structures
The fabrication process of the whole sandwich panels can be classified into two types:
(1) Co-curing process:

For balsa sandwiches, the wet layup method using the liquid resin infusion process is often used. In
this way, the GFRP laminated skins are laid up and co-cured with the balsa core simultaneously.
During the co-curing process, the required curing temperature and duration differences between the
core and skin materials shall be considered to reduce curing defects [51-52]. Sandwiches with foam

cores are also formed by this method [17].
(2) Two-step curing process:

For most honeycomb sandwiches, the CFRP laminated skins are firstly fabricated by lay-up prepreg,
then the skins and core are co-cured together using the adhesive film in vacuum bag at elevated

temperature [7, 41].

In summary, the different curing processes of sandwiches could result in different interfacial strength,
affected by the infused resin and adhesive film properties. Hence, having a good understanding of
the whole fabrication process of the sandwich structure will benefit the study of its mechanical

behaviors.
1.2.4. Challenges and perspectives of balsa/honeycomb sandwich structures

Due to the complicated constituents and fabrication process, it remains a great challenge to study the
bending behaviors and damage mechanisms of the sandwich structures. They can be influenced by
various factors [53-54] such as properties of the constituent materials, the skin/core interface strength,

the structure geometries, the loading conditions, the environmental temperature and moisture, etc.
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Considering the real service environment, the influence of the moisture absorption should not be
ignored, because it can result in the decrease of stiffness/strength of the skin, the core and skin/core
interface [36-38], and then affect the damage mechanisms of sandwich structures, especially for
sandwiches with honeycomb and balsa cores [55] which are sensitive to humidity. Accordingly,
moisture effects on bending behaviors and damage modes of the balsa and honeycomb sandwich

structure should be further reviewed in the next part.

1.3. Damage mechanisms of balsa/honeycomb sandwich structures under bending

load
1.3.1. Theoretical sandwich theory

As mentioned before, the sandwich structure is designed to allow that the skins can offer the good
bending stiffness, while the light core can offer the shear stiffness. In the theoretical sandwich theory,
which describes the behavior of a beam, plate, or shell consisting of three layers-two skins and one
core, the linear sandwich theory [56-57] (see Fig. 1-10) is most commonly used. It assumes that the
skins carry only bending stresses of and the core takes only the transverse shear stresses tc. When the
skin thickness t is much smaller than the core, the variation of bending stress through skin thickness
direction can be ignored [41, 58]. These assumptions are nearly always satisfactory when the core is
honeycomb or balsa wood [58-59]. Then the bending stiffness, shear stiffness, compressive stresses
in the upper skin, tensile stresses in the lower skin, and core shear stresses can be calculated, either

under 3-point or 4-point bending.

Bending stiffness [58-60] of a traditional sandwich beam can be expressed by Eqg. (1-1):

Esh¢®  Efheh? | Ech. B
Db=b f6f+ff _I_cc

2 12

= 2D¢ + D, + D, (1-1)

Where b is the width of the beam, hsand h. are the thicknesses of the skin and core, Ef and E. are
Young’s modulus of the skin and core, and thus hs=2hs+h. is the sandwich thickness, h=hs+h. is the
sum of the thicknesses of the skin and the core. Thus, Dy is the bending stiffness of a skin about its
own neutral axis, D, is the stiffness of the skin associated with bending about the neutral axis of the
entire sandwich, and D¢ is the stiffness of the core [41, 61].
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Fig. 1-10. Stress distributions of bending and shear stresses in a sandwich beam [58].
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Since the elastic modulus of the core is much smaller than that of the skin, it’s assumed that E; <<
Er, in addition, the skins are thinner, so Dr and D can be neglected compared to D,. Eq. (1-2) could

be obtained approximately:

Dy = D, = 210 (1-2)

Shear stiffness Q can be also given by Eq. (1-3):
Q = Gbh (1-3)
Where G is the shear modulus of the core.

The skin stress can be calculated by Eq. (1-4):
M

1,

h_ M h_ M
2 2

Dy/Ef 2 bheh (1-4)

bh¢h
Where M is the bending moment of the sandwich structure, 1, is the inertia moment.

Of =

Under 3-point bending, the maximum skin stress can be calculated by Eq. (1-5) approximately:
M L

Of = Pheh  4bhsh

(1-5)

Where F is the applied force and L is the distance between the two supports.

Under 4-point bending, the maximum skin stress can be calculated by Eq. (1-6) approximately:

M L
" bhe¢h ~ 2bhsh

Of (1_6)

Where L, is the distance between the internal loadings and the external supports.
Under 3-point and 4-point bending, the average core shear stress can be given by Eq. (1-7)

approximately:

Te =511 (1-7)

Hence, it can be concluded that failure modes of sandwich structures under bending can be affected
by the strength/stiffness of constituents, the skin and core thickness, specimen width, the span length

between supports, the loading condition, etc.
1.3.2. Damage mechanisms of sandwich structures

Based on the sandwich theory, ASTM C393 [62] has proposed the short flexural sandwich beam to
investigate core shear damages in 3-point or 4-point bending test, and ASTM D7249 [63] has
proposed the long sandwich beam to study skin damages and skin/core debonding in 4-point bending
test. Most bending test setup of the sandwich beam has been based on these two standards. In general,
under bending load, various damage modes of sandwich structures can be generated [64-66],

including:

o Core shear damages and core failure in tension/compression;

e Skin/core interface debonding;
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e Skin compressive/tensile damages.

Theoretically, the upper skin of sandwich beam carries compressive stress while the lower skin takes
tensile stress under bending load. Because of GFRP and CFRP fibers are often weaker in
compression than in tension [13-14], compressive damages of composite skins are likely to firstly
appear.

It has been demonstrated that most foam cored sandwich structures [67-68] failed due to core
damages, followed by skin/core debonding and skin damages under bending loading. However, it is
still unclear about the damage initiation and evolution mechanisms of balsa and honeycomb
sandwich structures, especially under 4-point bending.

1.3.2.1. Damage mechanisms of balsa sandwich structures

By far, few researches [56, 69-71] have been focused on bending behaviors of balsa sandwich
structures, and the existing results are mainly under 3-point bending loading. Zaharia S M et al. [56]
studied the static and fatigue behaviors of CFRP-balsa sandwiches under 3-point bending, concluding
that the upper skin firstly fractured, and then the crack propagated through the entire balsa core and
eventually caused the lower skin/core debonding, as seen in Fig. 1-11. The fracture load is mainly
determined by the strength and stiffness of the skin. Sayahlatifi S et al. [69] also found that the
damage sequence of aluminum-balsa sandwiches under 3-point bending is balsa core shear cracks

and skin/core debonding.

Crack
/ Propagation Debonding

d)

Fig. 1-11. Damage modes of CFRP-balsa sandwich under 3-point bending: a) Failure modes; Fracture area

(magnification 25X): b) upper skin; c) balsa core; d) lower skin [56].

Shi H et al. [70] performed 4-point bending static and fatigue tests on GFRP-balsa sandwich beams,
and revealed the significant influence of the core thickness on bending stiffness, ultimate capacity,
deflection and damage modes of the sandwich. Fig. 1-12 shows that the sandwich failed due to core
shear and followed by skin/core debonding. When the core thickness is doubled (TB specimens with
50.8 mm) in Fig. 1-12. (a), fracture load will increase by 56% and fewer skin/core debonding could
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be found. By photographs from videos in Fig. 1-12. (b), it can be seen that as the load increased, the
dominant shear crack developed and propagated rapidly in the core, followed by failure with a loud
noise. Shear damages led to a secondary skin/core debonding failure. The two skins show no visible

damage in these specimens.
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(a) Load-defection curves of GFRP-balsa sandwich with different core thicknesses.

Debonding

!

A

Core shear fracture

(I) Core crack propagation to the interface (II) Failure moment.
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Fig. 1-12. 4-point bending behaviors and damage modes of GFRP-balsa sandwich [70].
1.3.2.2. Damage mechanisms of honeycomb sandwich structures

Honeycomb sandwich structures are prone to fail due to the core failure, including shear failure and
indentation by local crushing in the vicinity of the application load [66, 72], depending on the shear
and compressive/tensile stress distributions of the sandwich beam under 3-point or 4-point bending.
Xie S et al. [73] have studied the static 3-point bending behaviors of an aluminum skin and Nomex
honeycomb core sandwich panel (see Fig. 1-13), and concluded that the force/displacement curve

can be divided into two stages by peak load: (1) Pre-buckling stage from point O to B: it indicates
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linear elastic deformation, and the slope of the straight line is the stiffness of the sandwich; (2) Post-
buckling stage from point B to the end: the force has a rapid drop after reaching the peak load, and
then reaches a wide platform stage, where the overall bearing capacity of the sandwich decreases fast

and most of the energy is absorbed in this stage.

Wu X et al. [74] also investigated the static and fatigue 3-point bending behaviors of CFRP-Nomex
honeycomb sandwich panels (see Fig. 1-14), and obtained similar force/displacement curves to Fig.
1-13. They have observed that the main damage modes of honeycomb sandwich are core wrinkling,

buckling, skin fracture and delamination in both static and fatigue 3-point bending tests.
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Fig. 1-13. 3-point bending force-displacement curve of Aluminum-Nomex honeycomb sandwich [73].

s Delamination

Fig. 1-14. Damage modes of CFRP-honeycomb sandwich under static 3-point loading [74].

Palomba G et al. [75] have reported that four regions can be distinguished for aluminum-Nomex
honeycomb sandwiches under 4-point bending loading with a displacement rate of 2 mm/s (see Fig.
1-15): (1) the first linear elastic stage OA, where the core shear stress is uniform through thickness
and only small local cell wall buckling exists; (2) the second non-linear stage AB, where core begins

to yield and typical core buckling can be observed; (3) the third decreasing stage BC, where the load
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shows obvious decrease and the plastic buckling of the cell wall initiates; (4) the final platform after

point C, where the progressive core buckling and wrinkling dominate.
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Fig. 1-15. Damage modes of Aluminum-honeycomb sandwich under static 4-point loading [75].

Belouettar S et al. [76] investigated the static and fatigue 4-point bending behaviors of aluminum
skin and Nomex honeycomb core sandwich structures. The visual and optical observations made on
the damaged sandwiches point out that the failure modes depend essentially on the nature of the core,
including material property, density, thickness, cell sizes and orientations (L or W), etc. As seen in
Fig. 1-16, for W-oriented honeycomb sandwich, the failure was characterized by small cell wall
buckling, small indentation of the skin in the vicinity of the loading application and a plastic
deformation of the compressive skin. For L-oriented honeycomb sandwich, the failure was mainly

due to a significant cell wall buckling and skin wrinkling in the vicinity of the load application zones.

small %Fg» kling .

W-Oriented cells L-Oriented cells

Fig. 1-16. Damage modes of Nomex honeycomb sandwich under static 4-point loading [76].
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In summary, under 3-point or 4-point bending, balsa cored sandwich may show various damages,
including skin fracture, balsa shear cracks and skin/core debonding, while honeycomb cored
sandwich mainly shows honeycomb cell wall buckling and skin wrinkling. Thus, itis difficult to
predict the damage evolution process under different experimental conditions. When the specimen
has absorbed some water, the damage mechanisms can become much more complicated, due to the
comprehensive moisture effects on skins, core and skin/core interfaces. This will be explained in the

next part.
1.3.3. Moisture effects on damage mechanisms of sandwich structures

Moisture absorption will have great effects on the laminated skins, balsa/honeycomb cores and
skin/core interfaces of sandwich structures simultaneously [36-37, 77-79]. One challenge is to
discriminate the moisture effects on the different constituents of sandwiches.

1.3.3.1. Moisture effects on properties of laminated skins

Water molecules can penetrate into composite laminates by both physical diffusion and chemical
decomposition [78-79]. Water molecules which are absorbed mainly through the micro voids and
pores are called free water, while those dispersed in the polymer matrix and attached to the polar
groups of the polymer are identified as bound water. Moisture diffusion by free water is the dominate
mechanism during water immersion process, based on the capillary mechanism. Free water will
penetrate into fiber-reinforced composite through micro-cracks and mainly reduce the interfacial
adhesion between fiber and matrix [78], causing the swelling of fibers, matrix cracking, fiber/matrix
debonding, and then the delamination (see Fig. 1-17).
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Fig. 1-17. Moisture effects on fiber/matrix interface of composite laminates [78].
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1.3.3.2. Moisture effects on properties of core materials
1.3.3.2.1  Moisture effects on mechanical properties of balsa wood

The hydrophilic behavior of plant fibers, is mainly due to two factors: their composition and their
specific structure. In wood material, free water is the liquid water found in cell lumens and other void
spaces, while bound water comes from water molecules that penetrate the cell walls and chemically
bound to cellulose molecules. Generally, one of the most important factors controlling the water
diffusion phenomenon in polymeric materials is the molecular interaction occurring between the
diffusing compound and the substrate [80]. In plant fibers, components have polar groups and thus

are responsible for absorbing moisture are cellulose, hemicellulose, pectin and lignin.

Hence, as explained in section 1.2.1.2, due to the constituents and cellular microstructure [22, 27] of
balsa wood (see Fig. 1-3), free water mainly penetrates into the porous sap channels and bound water
could move into the axial tracheids containing hydrophilic polymers including cellulose,
hemicellulose and lignin, which finally results in a high moisture absorption rate of balsa wood and
great effects on the axial mechanical property [81].

Sadler et al. [55] have investigated that balsa wood had a significant deterioration of compressive
strength/stiffness after long-term (500 days) water immersion tests (see Fig. 1-18), compared to PVC

foam cores. They also verified that sea water affects more on the compression properties than the tap

water.
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Fig. 1-18. Normalized compressive property change after immersion in sea and tap water [55].

Considering moisture effects on the mechanical properties in different directions of wood, Gerhards
et al. [81] have also demonstrated that moisture absorption could have the least effect on the axial
tensile strength of clear wood, while the greatest effect on the axial compressive strength, after water

immersion until 12% MC at about 20 °C. It indicates that moisture effects on the compressive
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property of balsa wood is more important and worth further studying, but few researches have been
focused on the moisture absorption behaviors of balsa wood. Thus, it needs further investigations of

moisture effects on mechanical properties of pure balsa wood and balsa core of the sandwich.
1.3.3.2.2 Moisture effects on mechanical properties of honeycomb

Since the pure honeycomb panels made of many hollow cells are usually bonded to other panels such
as metal and composite to compose a useful structure, few references [82] could be found about
moisture effects on mechanical properties of pure honeycomb material. Feng A et al. [82] have
demonstrated that the honeycomb polyester fiber could have excellent moisture absorption and
liberation ability. Its initial moisture absorption and liberation rates are much faster than those of the
normal polyester fiber (see Fig. 1-19). So, it is necessary to further study the moisture absorption
behavior of honeycomb panels.
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Fig. 1-19. Rate curves of moisture absorption and liberation of two fibers [82].

When honeycomb serves as the core of the sandwich, there are also few references, but some useful
conclusions have been obtained by Radtke T C et al. [83]. They have studied moisture effects on the
flatwise tension strength of honeycomb sandwich by direct ingress of liquid water and diffusion of
humidity for 52 weeks. They have concluded that moisture can enter the sandwich via three primary
means: 1) poor or damaged or degraded seals around penetrations or the edges of panels; 2) direct
ingress through damaged skins; 3) diffusion of moisture through the epoxy matrix in composite skins.
The specimens failed mainly due to skin/core adhesive bonding degradation and honeycomb core
corrosion. Finally, it has been proven that moisture transport in the honeycomb core can be
directional and biased along the ribbon direction due to the presence of adhesive node bonds. Thus,
moisture absorption behavior of honeycomb panel is related to the L and W dimensions, which
should be considered carefully.
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1.3.3.3. Moisture effects on properties of skin/core interfaces

Skin/core interface is a very sensitive area of the sandwich structure, especially when considering
the effects of moisture absorption. The internal stresses induced by moisture absorption in GFRP-
balsa sandwich panels have been studied by Vincent Legrand et al. [36]. The sandwich panels
(128.20*126.10**20.10 mm?3) were dried in an oven at 50<C until the weight stabilization and then
immersed in distilled water at 40 <C until the full water saturation for 80 days. A new analytical model
for the calculation of the effective diffusivities was proposed by solving the homogenous problem.
Fig. 1-20 presents the evolution of the internal hygroscopic stresses through the thickness of the
sandwich panel. It shows that the compressive stresses (o, oyy) €Xist in the balsa core (thickness e
is smaller than 8 mm) after different days of water immersion. These stresses could give the
composite skins a role in limiting the hygroscopic expansion of the balsa core which delaminates.
The skins are in traction in this case. Thus, the change of the stress state at the skin/core interface
(thickness e is 8 mm) shows that the skin/core interface is an important sensible area after moisture
absorption [37-38].
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Fig. 1-20. Variation of hygroscopic stresses through the thickness of the sandwich plate [36].
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Veazie D R et al. [84] have investigated the hygrothermal effects on the interfacial fracture toughness
of GFRP-PVC foam sandwich beams by DCB tests, reporting that the elevated temperature
contributes greatest to the PVC core degradation, whereas the water immersion mostly degrades the
skin/core interface. The crack paths in wet GFRP-foam sandwiches tend to stay close to the skin/core
interface, while deviate into the interior of the foam core under the dry condition in DCB fracture
test. Cantwell W J et al. [16, 85] have demonstrated that water immersion could result in the increase
of critical interfacial fracture energies (G¢) of balsa sandwiches, while the decrease of those of
honeycomb and foam sandwiches (see Fig. 1-21) by seawater immersion at 70<C until moisture
saturation. The saturated MC of balsa sandwich, linear PVC foam sandwich, crosslinked foam
sandwich and aluminum honeycomb sandwich is 6.25%, 5.49%, 2.5% and 1.98%, respectively. It
indicates that balsa sandwich has the highest water absorption rate under the same condition.

Gc is the parameter of fracture mechanics which measures the amount of energy required to extend
acrack over a unit surface area of an adhesive structural bond. So, it means that the skin/core interface
debonding of the wet balsa sandwich is less prone to occur, while the skin/core interface debonding
of the wet honeycomb sandwich is more likely to appear. Cantwell thought that the increase of G¢
of balsa sandwich is because that the absorbed water could degrade the fiber/matrix interface,
resulting in greater amounts of fiber bridging [16] and greater energy absorption after immersion.

This conclusion is interesting, but the phenomenological explanation is still not clearly established
and needs further investigation.
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Fig. 1-21. Dry (gray) and wet (black) interfacial fracture properties of different DCB sandwich beams [85].

1.3.4. Conclusions and challenges

In conclusion, due to the complex anisotropic properties of different constituents and the loading

condition, the stress distributions and bending responses of different honeycomb and balsa
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sandwiches show obvious difference. The influence of moisture on the bending behaviors of the
sandwich structure is also a topic that is poorly explained and requires more in-depth research.
Accordingly, some new techniques shall be used to help investigate the damage initiation and
evolution process of balsa and honeycomb sandwiches, for example, Non-Destructive Testing (NDT)
methods [86-87].

1.4. NDT techniques for monitoring damage mechanisms of sandwich structures
1.4.1. Overviews of NDT techniques for composite structures

NDT techniques have been widely applied in aviation and other industries due to the abilities to
achieve the in-situ detection of internal damages of composites without damaging the structural
integrity. According to the testing situation, NDT methods could be categorized into two groups
[88-92]:

e Active NDT, which can verify the composite structure integrity at any precise moment,
especially for identifying the manufacturing defects and damages after loading, mainly includes
active InfraRed Thermography (IRT), Ultrasonic Testing (UT), Acousto-Ultrasound (AU),
Radiography Testing and Shearography Testing;

e Passive NDT, which can monitor and trace the degradation process of composite structures,
especially used for Structural Health Monitoring (SHM) during the whole service life, mainly
includes passive InfraRed Thermography (IRT) and Acoustic Emission (AE).

NDT techniques can also be understood based on the physical principles from the wave theory. AE
is based on the stress wave, UT and AU are based on the acoustic wave, while IRT and X-Ray are
based on the electromagnetic wave. The advantages and limitations of common NDT methods are

shown in Table 1-1.

Table 1-1. Advantages and limitations of different NDT techniques [88-92].
NDT Wave

) ) Advantages Limitations
Techniques propagation
Damage localization and Data process is complicated;
AE Stress classification; Acoustic attenuation;
wave In-situ monitoring in real High sensor sensitivity;
time; Sensitive to environmental noise;
) Active AE method; Acoustic attenuation;
Acoustic . i . e
AU Simple and rapid; High sensor sensitivity;
wave ] . . )
High accuracy; Sensitive to environmental noise;
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) ) ) Repeated scanning requiring
Precise detection (size and ) )
) - higher skills of the operator;
Acoustic position); .
uT . Local area detection;
wave Damage depth detection; . ]
Not practical for large composite
Lower costs;
structures;

Non-contact detecting;
) o Not good for deep damages and

In-situ monitoring in real ) .

Infrared ) thermal insulated materials;

IRT time; Damage .

wave . o Sensitive to room temperature and

detection/localization; o
. . acoustic noise;

Fast and high resolution;

Non-contact detecting;

Internal damage detection; Expensive;

X-Ray X rays .
Practical for almost all Harmful to personnel health;
materials;

Most NDT methods are contact testing while non-contact techniques such as IRT and radiography
have become more popular in recent years [90-92]. The abilities of different NDT methods to detect
various damages of composites are different, so coupling two or three NDT methods to better detect
and monitor the damages will contribute more to the study of damage mechanisms. It can raise the
possibility to know exactly more about when and where what kinds of damages have initiate and
propagate in the composite structures. For sandwich structures, more than three damage mechanisms
may appear simultaneously under bending load, so it will be more powerful when combining two or

more NDT methods to help investigate the characteristics of different damage modes.

Over the last ten decades, our team of laboratory ICA in IUT Tarbes has been working on the
application of IRT and AE on monitoring damages in the composite laminate [88, 93] and wood
structures [94-95], and some useful conclusions have been made. However, it still needs further
exploration about what IRT and AE can further work on the sandwich structures. The coupling of
these two diagnostic techniques will help understand the bending behaviors and damage mechanisms

of the complicated sandwich structures.

1.4.2. Monitoring damages by Acoustic Emission (AE)
1.4.2.1. Data acquisition principle of AE
Acoustic Emission (AE) [96-97] is based on the radiation of transient stress waves in solids when a

material undergoes irreversible changes in its internal structure. It is different from other NDT
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techniques in two major ways, that is, listening to the energy released by the propagated damage
naturally or the simulated signals such as pencil lead breakings, and monitoring the structure
dynamically and continuously [98]. Sources of acoustic emission wave may come from the interface
debonding, fiber fracture, plastic deformation, crack propagation, impact, friction, etc. [99].
Generally, AE monitoring could be conducted by connecting the sensors, pre-amplifiers and data
acquisition system, as illustrated in Fig. 1-22 [100].

Burst
w
I
Pre-ampli 40 dB [P—
Load F & Load F ! - Identification of type
— of damage,
AE Sensors —% B,@ - Diagnostic of level
FAN AN — ‘ o of damage.
S t S t e
" "ppor Bhrst Acquisition system

_+_1vr of AE

Pre-ampli 40 dB

Fig. 1-22. Experimental setup of AE system under 4-point bending loading [100].

AE technique mainly depends on the sensors to convert mechanical waves into electrical voltage
signals, and the output signals reflected on the computer are the combination of AE source waves,
propagation properties (attenuation and wave velocity), sensor types, parameter setup, etc. For
example, the level and quality of background noise determine the setup of threshold, which ensures
that only useful signals from the structure can be recorded. Accordingly, the analysis of acoustic
signals is very complex [101]. The conserved waveforms and their parameter characteristics are often
studied to understand the recordable AE data, as shown in Fig. 1-23 [104].
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Fig. 1-23. Characteristics of one hit of acoustic emission wave [104].
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The waveform analysis is to study the raw waveform of the signals in time domain, frequency domain
or time-frequency domain. For example, the power spectrum of the different damage mode can
correspond to the various dominant frequency range, so it can give some useful information about
the identification of different damage mechanisms of the composite structures [102-103]. But the
raw waveform contains too much information, and sometimes it requires too much storage space and
time to process all the data. And it is difficult to remove the useless information, normally, some
complicated algorithms are needed. However, the parametric analysis is a much easier and faster way

to study the characteristics of the AE signals by analyzing the predominant parameters in Fig. 1-23.

These AE parameters are highly dependent on the material and geometry properties, the sensor types
and the loading conditions, etc. The counts, amplitude, duration, energy, rise time and peak frequency
[104-105] have been proven to be the most meaningful parameters to distinguish different damage
modes of composite structures. For example, it has been proven that the low amplitude signals are
corresponding to the matrix cracking of composites, the intermediate signals are delamination, and
the highest amplitude signals are fiber breakage in most loading cases [104]. But one important
problem is the choice of the most useful parameter, using only one parameter is not enough to classify
the complicated damage modes [106-107], so coupling several parameters such as amplitude,
duration and frequency have been an important topic, and this is what we want to make it clear in

this work.
1.4.2.2. Post-processing of AE data by clustering algorithms

In order to find the correlations between AE parameters and different damage modes of composite
structures, the clustering algorithms [109-111] are often used to improve the classification of AE
signal. As seen in Fig. 1-22, the characteristics of the predominant parameters of different damage
modes have some difference, the classification of the signals is to group the AE signal into several
clusters with different centers, based on all the related parameters. If the expected number k of the
clusters and the properties of each cluster are unknown, an Unsupervised Pattern Recognition (UPR)
[106-107] method should be used. When the number of damage mechanisms and the characteristics
of each cluster are known prior, a Supervised Pattern Recognition (SPR) [108] can be used. Thus,
UPR method is often used firstly to train the data of a certain material and create a database of the
corresponding damage mechanisms, and then SPR method can be used to classify and verify damages

on the other specimens made of the same materials.

Several clustering methods belonging to UPR analysis have been built in Noesis software [112]
connected to AEwin software [113], including Max-Min Distance, K-Means, Forgy, Isodata (K-

Means + Forgy), etc [93, 95, 111]. Max-Min Distance is a simple algorithm suitable for identifying
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extreme value data points. It can be used for selecting the initial partition points to be refined. For
example, apply Max-Min Distance and use the cluster centers for initial partitioning in another
algorithm [112].

K-Means is designed to identify Gaussian clusters when the number of clusters is known. It means
that the clusters can be generally described to have a Gaussian distribution around their cluster center
[95, 112]. It aims to partition n observations into k clusters in which each observation belongs to the
cluster whose center is nearest. K-means clustering is an easy way to use the algorithm with basically

a single input required: desired number of clusters.

Forgy is developed on the basis of the K-Means algorithm with additional functions which can
control the minimum size and spread of the clusters. It is used for the same data categories as K-
Means and offers the better control of the clustering. Heuristic procedures are implemented for the
creation of new clusters, if a pattern/hit is sufficiently separated from the existing clusters, and for
deleting existing small classes with fewer than the minimum requested patterns/hits.

Isodata is basically a combination of K-Means and Forgy, supplemented with a set of heuristic
procedures implemented in an iterative scheme [43]. Compared with the Forgy algorithm, which is
also based on K-Means, the Isodata algorithm is even more generalized and incorporates automated
procedures for splitting large classes into two parts as well as for merging classes with insufficient
separation. Although the Isodata algorithm offers high flexibility and can be used for a variety of
data structures, it requires a great deal of experimentation for selecting suitable values for the various

parameters.

In summary, K-Means is the most basic and useful algorithm which has been used by many authors
[48, 101-102, 106, 110-111] in the damage characterization of composites, but few related researches
can be found on honeycomb and balsa sandwiches. During the utilization of K-means method, the
selection of optimum pertinent AE parameters and optimization of suitable cluster number k are the
main key points to generate the robust damage classification results. Fig. 1-24 shows an example of

the iteration procedure of K-Means algorithm [111].

The scenario shown in Fig. 1-24 concerns two groups of signals. The two cluster centers (red and
blue points in Fig. 1-24. (b)) are defined randomly. The first iteration step is finished by calculating
the Euclidean distance between each signal and the two cluster centers, and assigning the signal to
the cluster which shows the smallest Euclidean distance, as seen in Fig. 1-24. (c). After the first
iteration, the two cluster centers are calculated again and the new centers are obtained, as seen in Fig.
1-24. (d). Then the second iteration step is performed in the same way as the first step by using the
new cluster centers, and the second clustering results are obtained, as seen in Fig. 1-24. (e). Similarly,
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the third cluster centers are calculated, as seen in Fig. 1-24. (f). These iteration steps will be repeated

until the cluster centers are finally stable without changing.
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Fig. 1-24. An example of iteration procedure of K-means algorithm [112].

To study algorithms based on K-means, it is necessary to introduce a first set of descriptors on which
the analysis will be based as well as to define a number of classes. According to the literatures [48,
101-102, 106, 110-111], the identification of damage mechanisms is often made from the analysis of
the following eleven descriptors: energy, amplitude, duration, rise time, counts, counts to peak,
average frequency, frequency centroid, peak frequency, initiation frequency and reverberation

frequency.

Next, in order to determine the optimal cluster number, two criteria have been adopted to evaluate
the performance of an algorithm [106, 108, 113]. Most authors [106, 108, 111] firstly analyze the
coefficients Rps and Tou from the view of statistics, in fact, the real physical damage modes of the
structure shall be also considered to determine the cluster number k. Only by considering both the

two criteria, the most convincing classification results can be obtained.

The two statistic criteria, Davis-Bouldin validity index Rpg and Tou, are heuristic criteria based on
the ratio of average within-class distances to the distances between classes. Rpg criterion [108, 113]
is an average measure of the ratio of within-class distances to the distances between classes,
calculated using all of the different pair of classes, as Eq. 1-8 shows. The cluster result is the optimum

when Rpg is the minimum. It could be affected by the number of AE parameters and classes.

1 di+d'
Rop = § Zic, max (52 (1-8)

ij
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Where k is the class number; d; and d; are the average distances within the class i and j, respectively;

Dj is the distance between the class i and j; i, j, k=1, 2, ...... , ;i #j.

Tou criterion [113] is defined as ratio of the minimum distance between any pair of classes to the
maximum of the average within-class distances, not considering the average ratio, so it is often used
as the complement validation of Ropg, as Eq. 1-9 shows. The higher the Tou criterion is, the higher
the discrimination efficiency will be.

Tou = min(Pi) (1-9)

max(dy)

Where Dj;is the distance between the class i and j; dk is the average distance within the class k; i, j,

Finally, coefficients of Rpg and Tou can be used to evaluate the optimum class number, but should
be combined with the real damage mechanisms [114-116].

1.4.2.3. Damage classification of honeycomb/foam sandwiches by AE

Based on the post-processing analysis via clustering algorithms, correlations between AE parameters
and damage mechanisms of composite sandwich structures are concluded in Table 1-2 [116-121].
Quispitupa A et al. [119] have studied AE-based tensile characteristics of CFRP-honeycomb
sandwiches by static and fatigues tests, indicating that the predominant failure could be the core
damage, followed by skin/core interfacial debonding, resin cracking and fiber rupture. Fotouhi M et
al. [120] et Pashmforoush F et al. [109] have demonstrated that frequency domain analysis could be
an efficient tool for identification and discrimination of different damages mechanisms for mode |
delamination in woven GFRP-foam sandwiches in DCB tests. It was also found that core failure was

followed by interfacial adhesive debonding, matrix cracking and fiber breakage.

For bending behaviors of composite sandwich structures, Tabrizi | E et al. [121] determined the
failure sequence and damage classification of GFRP-honeycomb sandwiches under 3-point bending
by analyzing peak frequency and duration distributions, concluding that the major damages initiate
as core failure, followed by skin/core debonding, matrix cracking and fiber breakage. Masmoudi S
et al. [116] compared AE amplitude and waveforms corresponding to different damage mechanisms
of E-glass fiber-PVVC foam sandwiches under 3-point bending, indicating that core damage was the

most dominant, followed by resin cracking, interfacial debonding and fiber breakage.

While Assarar et al. [114] have reported that matrix cracking of E-glass fiber-PVVC foam sandwiches
appeared firstly and is the predominant damage mode, followed by fiber/matrix debonding (40-75
dB), skin/core debonding, skin delamination (50-85 dB) and fiber breakage in 3-point bending tests,

38



based on amplitude distributions using K-means algorithm. Ammar | B et al. [100] investigated that
PVC foam density could can affect AE amplitude and counts distributions of different damage
mechanisms under 4-point bending, by comparing two kinds of sandwich specimens with different
PVC foam density: 60 kg/m® and 100 kg/m?.

Table 1-2. Characteristics of AE parameters of composite sandwich structures [116-121].

References  Materials Loac_;ll_ng Sensor AE Core Skm/co_re Matr_lx Fiber
condition type parameters damage debonding cracking breakage
Quispitupa . Two .
Acetal. CFRP Tensile test piezoelectric Amplitude 45-60 60-80 80-90  above 90
honeycomb (dB)
[119] sensors
Amplitude
Fotouhi M et al. Two (dB) 40-60 60-80 75-85 85-105
[120] and i resonance -
Pashmforoush GFRP-foam  DCB tests Sensors Dominant
F et al. [109] (513.28 kHz) Frequency  35-65 100-130 170-250  350-450
(kHz)
Duration
Two (us) 0-500 0-550 0-350  350-1000
Tabrizi | Eetal. GFRP- 3-point resonance
[121] honeycomb  bending Sensors Peak
(550 kHz)  Frequency 300-500 70-250 0-70 0-120
(kHz)
. E-glass . Four WB .
Ma;f“[’ffé]s e fiber-PVC seﬁgl';‘t sensors (100 A”}ggt)“de 4160 7293 4178 above 92
: foam 9 KH-1MH2)
E-glass . Two WB .
Assﬁala‘]“ Al fiber-pve seﬁgl';‘t sensors (100 A”}ggt)“de : 50-90  40-65  80-100
foam 9 KH-1MH2)
E-glass . Two WB .
Amm‘aé(ﬁ etal. fiher-pve t‘)‘eﬁg:gt sensors (100 Am(z'E';)“de 30-70 80-90 60-80  above 90
foam 9 KH-1MH2)

In summary, most foam and honeycomb sandwich specimens under bending loading failed due to
core shear damages, skin/core debonding and a few skin damages including matrix cracking,
fiber/matrix debonding and fiber breakage. When concerning AE-based damage characterization of
sandwich structures under 3-point or 4-point bending, more useful conclusions have been reported
on foam sandwich, but few could be found on balsa or honeycomb sandwich. Furthermore, most AE
parameter analysis has been based on amplitude and energy distributions. The correlations between
damage mechanisms of sandwich structures and parameters such as peak frequency and duration

have not been clearly demonstrated.

1.4.2.4. Damage initiation identification of laminates by AE
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In addition, for composite laminates, it has been demonstrated that damage sequences identified by

AE could be matrix cracking, fiber/matrix debonding, delamination and fiber breakage in most

tensile [110, 115] and bending [116] tests, mainly by analyzing AE amplitude and energy

distributions using clustering algorithms. To be emphasized, the cumulative counts [101-102, 104,

117] have been proven to be effective for identification of the crack front, crack opening and crack

propagation path of composite laminates (see Fig. 1-25) by very few authors, while cumulative

acoustic energy [118] can be used to identify the crack opening and propagation in the fiber

reinforced composites, for example, the onset of delamination in mode I fracture tests. However, for

damage initiation of sandwich structures, it is not clear whether the cumulative counts and energy

could give useful information.
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Fig. 1-25. Damage initiation detection in glass/epoxy DCB specimen by different AE parameters [104].

Andrew J J et al. [117] showed that AE cumulative count curve exhibits three distinct damage zones

for the considered glass/epoxy laminates under quasi static compression test. The damage profile

includes three stages (see Fig. 1-26):
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I. AE cumulative counts initiates (Location 1) directly after the onset of first damage and the curve

advances with a slope closely equal to zero up to damage progression (Location 2).

Il. A gradual variation in the slope of AE cumulative count curve. This moderate increment in the
AE response is accentuated by the evolution of macroscopic damage modes (Location 2) like

debonding of the fiber/matrix interface and minor fibre failure.

I11. A steep increase in the slope of the cumulative curve (Location 3) can be observed until up to
rupture (Location 4). During final stages of mechanical loading, the counts of the AE waveform were
much higher, associated predominantly with fiber failure. This subsequent accumulation of different
damage hits is emphasized by an exponential growth of cumulative counts.

Consequently, four locations during the compression loading have been marked as 1, 2, 3 and 4. The
four consecutive points were respectively attributed:

1. Damage initiation (microscopic damage);

2. Damage propagation (occurrence of macroscopic failure);
3. Unstable damage growth (ultimate load is reached);

4. Laminate failure (rupture).

As for the bending response and AE cumulative counts, it needs further exploration, especially when

composite laminate serves as the skin of the sandwich.
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Fig. 1-26. Compression response and AE cumulative counts of glass/epoxy composite laminates [117].
1.4.2.5. Damage localization by AE

To locate the AE source, several sensors can be used to complete the linear (1D), planar (2D) or
spatial (3D) location [113], allowing global monitoring [122-123]. The most common approach is

based on the time of arrival (also called TOA technique). If two sensors are used (see Fig. 1-27), the
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AE source is located based on the difference in the time of arrival of AE signals at the sensors and
the wave velocity in the given material [124]. This approach assumes that the velocity of sound is
constant in all directions and the sound is not interrupted between the AE source and the localizing
sensors. However, these are not always true in strongly anisotropic composite materials, because AE
wave velocity becomes direction-dependent. Wave propagation between the source and sensor may
be influenced by defects, holes, moisture absorption, thickness changes, and other material and

geometry factors [125].

Nevertheless, TOA location has been widely used on composite laminates. For example, Sikdar et
al. [126] used TOA for AE source location in a honeycomb sandwich panel consisting of carbon
fiber plates with aluminum honeycomb. Eight AE sensors were bonded to the top surface to localize
three pencil lead breakage sources. The experiments were repeated with the sensor array in three
different configurations: circular, rectangular and zigzag, and the zigzag has shown the best locations.

Sensor distance: d Source location:
Time difference: At x=(d-v-At)/2
Wave speed: v

AE source
Vs
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X X+v- At
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Fig. 1-27. Linear source location by two sensors [124].

Delta-T Mapping location technique relies on obtaining training time data from the structure itself,
using a 2D grid with at least four AE sensors, and computing the TOAs between each pair of sensors.
The arrival times of AE sources recorded from the structure can then be compared against these time
maps to calculate the source locations. It was demonstrated by Abdulaziz A H et al. [125] to be more
accurate at locating artificial AE sources on the honeycomb sandwich structures. However, further
research needs to be devoted for optimizing the Delta-T grid to obtain a time map that is able to

locate out-of-plane (3D) AE sources of sandwich structure under load.

In conclusion, for now, TOA technique has been the more popular method to localize damages of
composites because it is easier to carry out and can record the data more stably. In order to locate the
damage sources more accurately, AE wave propagation properties including wave velocity and
attenuation, and the sensor types, number and position, have to be understood priorly to design proper

damage localization strategies.
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AE wave velocity [125-126] can be studied by simply generating the pencil lead breaks (Hsu-Nielsen
test) on the structure surface to simulate the artificial acoustic wave source and using fixed sensors

to receive the acoustic signals in any direction and position.

Theoretically, for infinite thin plates, when the wavelength is much larger than the plate thickness,
Lamb wave is thought to be the dominated propagation wave. The understanding of the acoustic
wave modes is usually based on the classical plate wave theory, which assumes that there exist two
wave modes, the extensional/longitudinal (So) wave and flexural wave (Ao). Due to the Poisson effect,
both modes consist of the in-plane and out-of-plane components. But the traditional extensional wave
velocity equation is used to predict only the in-plane wave propagation, while the flexural wave
velocity equation mainly presents the out-of-plane mode [103].

In application, wideband sensors are often located on the surface of the plate to distinguish between
the two wave modes, where the extensional wave has higher velocity at lower frequency. It has been
found that the delay time of the flexural mode will decrease when reducing the sensor-source distance,
and the extensional wave is the predominant at the smaller pencil lead breaking angle. Consequently,
using the narrowband sensor with relatively lower resonance frequency and the larger sensor-source
distance can reduce the interference of the slower flexural mode on the received extensional wave
signals [127].

For an isotropic plate or thin orthotropic laminate, AE wave velocity is considered as a function of
in-plane Young’s modulus, Poisson’s ratio, and the density of the material [103]. However, it is not
clear whether the traditional acoustic wave velocity formula can be applicable to thick anisotropic
and heterogeneous sandwich structures. In order to apply AE technique to monitor complex damage
evolution in composite sandwich structures, the further investigation and demonstration on the AE
wave velocity shall be necessary and worthy. These elements will be the new construction basis of
numerical and experimental models necessary for the improvement of the damage localization and

the implementation of repair operations.
1.4.2.6. Conclusions
In summary, for composite sandwich structures, the major applications of AE could be classified as:

o Damage initiation identification [101-102, 117-118];
e Damage classification [116-121];

e Damage source localization [122-127];

Damage classification of composite sandwich structures has been studied a lot in different

mechanical tests, while the damage initiation identification and source localization have not been
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well explained because it is very difficult to consider the variation of acoustic wave propagation
properties in the localization algorithms, due to the high acoustic wave attenuation and velocity
variation in different directions of composite structures. In addition, most existing damage
characterization work has been focused on honeycomb and foam sandwiches, for balsa sandwiches,
the feasibility of AE technique is still unknown. Thus, in this work, the damage localization study in
GFRP-balsa and CFRP-honeycomb sandwich structures will be firstly investigated based on the
traditional linear TOA method.

1.4.3. Monitoring damages by InfraRed Thermography (IRT)
1.4.3.1. Data acquisition principle of IRT

InfraRed Thermography (IRT) is based on the recording of the thermal radiation emitted by a surface
of a specimen via an infrared camera. Temperature distribution can be measured from a distance in
real time without contacting the object [128-129]. Thus, IRT can be used to monitor damage initiation
and evolution under load [110, 129], and detect internal defects or damaged specimens after load
[129-130]. The thermal field variation is related to material properties of the structure, the thermal
effusivity, diffusivity and conductivity coefficients of the constituents [128-129], as well as the stress
distributions due to loading. Thus, the heat source identification of anisotropic composite under load
can be complicated [130].

Based on different principles, IRT can be classified in two ways. According to the propagation

directions of thermal waves, it includes:

o Reflection IRT (the heat source and IR camera are on the same side of the object);

e Transmission IRT (the heat source and IR camera are on the different sides of the object).
Based on the heat excitation pattern, IRT can be divided into passive IRT [129] and active IRT [130]:

e Passive IRT: it can monitor the structural damages without external heat excitation, for example,
monitoring the crack onset and propagation during mechanical tests;

e Active IRT: it uses different kinds of heat sources to generate infrared energy on the objects,
such as the halogen lamp, flash, laser, ultrasonic waves and eddy currents [130-132]. It is often

used to detect the internal defects of the structure during fabrication process and service life.

Furthermore, depending on the way in which external heat supply is applied, active IRT mainly
includes Pulsed Thermography (PT) [131] and Lock-in Thermography (LT) [120, 132]:
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e Pulsed Thermography (PT) often uses the flash to generate pulsed signals, which can monitor a
wide area very fast, but there are some difficulties in detecting deep defects of complex structures
because the surface temperature can be easily affected by the environmental thermal source;

e For Lock-in Thermography (LT) (see Fig. 1-28), the surface of a specimen is periodically heated
by modulated heating lamps. The excitation is defined by the magnitude and period of modulated
heat, similar to sinusoid heat wave, so it is less sensitive to the environmental noise and structure
surface conditions, the deep damages can be detected more easily [132].
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Fig. 1-28. Active Lock-in IRT system heated by halogen lamps [133].

In short conclusion, active reflection IRT is more often used to detect internal defects, while passive
IRT is adopted to monitor the damage initiation and evolution of a structure due to the thermo-
mechanical coupling under load [133-134]. IRT system mainly contains heat excitation instruments

(only for active IRT), IR camera, and computer imaging system and processing software.

Infrared radiation is the thermal energy radiated by the surface of an object whose temperature is
above zero. There are three ways in which the radiant energy striking an object may be dissipated:
absorption, transmission and reflection. Three parameters are used to describe these phenomena: the
spectral absorptance oy, which is the ratio of the spectral radiant power absorbed by the object; the
spectral reflectance p,, Which is the ratio of the spectral radiant power reflected by the object; the
spectral transmittance T), Which is the ratio of the spectral radiant power transmitted by the object

[135]. The sum of these three parameters must be equal to one at any wavelength, as in Eq. (1-10):
o TPt =1 (1-10)

All the three parameters depend on the considered material, surface finishing and wavelength of the

incident radiation. Materials in which the transmissivity and the reflectivity are null are called
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blackbodies (0. = 1). According to Kirchhoff’s law, the emissivity €, and absorptivity o, of any
material are equal at any specified temperature and wavelength [136]. This can be expressed by Eq.
(1-12):

En = Oy (1'11)

In fact, a real body emits only a fraction of the thermal energy emitted by a blackbody at the same
temperature. Thus, the emissivity of a body is defined formally for a wavelength A by Eq. (1-11), as
the ratio of the radiant energy emitted by the body to the radiation that would be emitted by a
blackbody at the same temperature.

=W, /W5 (1-12)

Where W, is the power emitted per unit area per unit wavelength by a real body, and W), is the power
emitted per unit area per unit wavelength by a black body.

It is usually assumed that the emissivity can be considered as a constant & for short wavelength

intervals. Then the Stefan—Boltzmann formula can be concluded as Eq. (1-13) [137]:
W=¢-6-T* (1-13)

Where W is the power emitted per unit area per unit wavelength, € is the emissivity, o is the Stefan-

Boltzmann constant and T is the temperature.
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Fig. 1-29. Radiation received by the IR camera [135].

Thus, the correlation between temperature and energy released can be expressed by Eq. (1-13). It can
be measured by the 2D thermal image and temperature variation data obtained by the IR camera.
However, not all of the radiation received by IR camera comes from the target object (see Fig. 1-29),
in order to measure temperature from the real heat source accurately, radiation from the surrounding
sources must be removed. Finally, the total radiation received by the camera is from three sources,

as expressed by Eq. (1-14):
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Wiot = Eobj +Erefi +Eatm (1-14a)
Wit = Eobj * Tatm * O * (Tobj)4 +(1- Sobj) * Tatm * O ° (Treﬂ)4 + (1 —Tam) "0 - (Tatm)4 (1'14b)

Where Eq; is the emission from the target object, Eren is the emission from the surroundings and
reflected by the object, and Eam is the emission from the atmosphere. According to Eq. (1-13), Eoy;
is coming from the emissivity of the object eoyj, transmissivity of the atmosphere tam, Stefan-
Boltzmann constant ¢ and temperature of the object Topj, @S Seen in Fig. 1-29. Ern is decided by the
emissivity €opj, transmissivity tam, Stefan-Boltzmann constant ¢ and reflected temperature Trei. Eam

is decided by the transmissivity tam, Stefan-Boltzmann constant ¢ and atmosphere temperature Tam.

In summary, in order to obtain the real temperature of the object Tobj, the following parameters shall
be known before starting the tests: the emissivity of the object eobj, the transmissivity of the
atmosphere tatm, the reflected temperature Trefl, and the atmosphere temperature (Tatm). The
transmissivity of the atmosphere is generally estimated by the camera, using the distance from the
object to the camera and the relative humidity. Normally, this value is very close to one (1 — tatm =
0). Thus, the emissivity eobj and the reflected temperature of the object Trefl are the most important
parameters which affect the accuracy of temperature measurement [138-139].

Finally, the testing results by IRT can be affected by the heat excitation magnitude and period, IR
camera resolution, environmental thermal radiation, structural surface conditions, testing direction

and camera-object distance [140].
1.4.3.2. Post-processing of heat source field

In simple cases, temperature difference [135-136] can be used to evaluate the existence of material
change such as voids and moisture absorption in active IRT tests, but during the loading [110, 129]
of composites, the stress distribution is complicated, the temperature increase may be smaller than
1 °C without external heat supply, so the temperature observed by the camera can be affected by the
heat loss, the environmental noise, the thermal conduction at the contact surfaces between the loading
application and the specimen [141-142], etc. Hence, the temperature increase is too small to identify
the real heat source coming from the induced damages, and heat diffusion equation [143] is often

used to calculate the accurate heat source generated by the stress variation.

When using passive IRT method in static and fatigue tests of composites, the heat source
identification is often established based on the classical principles of thermodynamics of irreversible
processes, within the framework of quasi-static processes and small perturbations [93, 143]. Based
on the first (energy conservation) and second (admissible evolutions) principles of thermodynamics,

the following heat diffusion equation can be given:
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pCT — div(k - gradT) = s = de + Sthe + Sint + Text (1-15a)

St

Where p is the mass density, C is the specific heat capacity and T is the absolute temperature. The
term pCT characterizes the heat storage/absorption rate. The term div(k - gradT) represents the heat
conduction (heat loss) rate which is related to the overall heat source S, produced by the material and
the external heat supply rex;. K is the thermal conductivity tensor. dpe, Sthe: Sint @Nd I'ext Stand for
the intrinsic (mechanical) dissipation source, thermoelastic coupling between the temperature and
the strain, other thermomechanical coupling between the temperature and internal variables, and

external het supply, respectively. Per unit of volume, d;, si,e and s, are formulized as:

a . d .
dye = 6:Dgy — poeié—p St i (1-15h)
02 .
Sthe = pTFng o (1-15C)
02 R
Sine = pT - & (1-15d)

Where o is the Cauchy stress tensor, Dgy is the Eulerian strain rate tensor, v is the Helmholtz free

energy, € is the strain tensor, a; (j=2,..., n) is the components of a vector of n-1 internal variables.

To simplify Eq. (1-15a), heat source equation is often based on the following assumptions [141-143]:

1) Material thermo-physical parameters remain constant during the test, including thermal

conductivity tensor k, the mass density p and specific heat capacity C;

2) The temperature variation has no influence on the microstructure state; Accordingly, the coupling

heat source between the temperature and internal variables, s;., is neglected;
3) The external heat supply, re, is time-independent;

4) The intrinsic mechanical dissipation source d,. and the thermoelastic heat source sy, are

homogeneous at any time throughout the thickness of the composite structure;

Thus, a 2D heat diffusion equation (see Eqg. 1-16) [110, 143] can be obtained to determine the real
heat source field s during the damage evolution process under load, by considering the dependence

of temperature data on time and space simultaneously.

C (aAT AT+To—Text
at Tth

) — div(k - gradAT) = s, (1-16)

Where s, is the real heat source, which involves the thermoelastic heat source sy, and intrinsic
mechanical dissipation source d,,; Ty is the average temperature of the first ten IRT images; Tey; iS

the room temperature; Ty, is the time increment which characterizes the heat convection between the
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specimen and environment. AT = T — T, which is the temperature difference; p is density; C is the

specific heat; Kk is the second-order thermal conductivity tensor.
Finally, the irreversible heat source d,,, can be obtained by Eq. (1-17):

dme = St — Sthe (1-17)
Where sy = — aT % a is thermal expansion coefficient, o is the stress matrix.

In addition, the Reference Area Method [129] is often used for the correction of the temporal noise.
The reference area is a small portion of space contained in the field of view which is not influenced
or affected by the loading during tests. The corrected signal ATc could be obtained by subtracting

the noise ATn measured in a reference area from the raw signal ATr according to Eq. (1-18):
ATc (i,],t) =ATr (1, ], 1) - ATn (1, ], ©) (1-18)

Where i and j indicate row and column numbers in the thermal image while t is the frame number in
the sequence. The quantity ATn is the mean value of AT evaluated in the reference area of m*n pixels
for each frame in the sequence. It has been proven that the position, size and number of the reference

areas can affect the measuring accuracy. So further explorations shall be developed.

Furthermore, although the above 2D heat diffusion equation has been applied to composite laminates
[93, 141, 143], for the more complicated sandwich structures, it still remains great challenge to
introduce the right thermal properties of the constituents, including density, specific heat capacity,

thermal conductivity and expansion coefficients, which is one of the topics in this work.
1.4.3.3. Moisture effects on composite structures detected by active IRT

Sandwich structures in aviation or marine industries are easily to be exposed to wet and warm/cold
environments, and the internal moisture may lead to corrosion and fracture of the structures. So,
active IRT [144-146] has been proven to be effective for moisture absorption detection compared to

other methods, especially for honeycomb sandwich structures applied in aircrafts.

A typical test configuration by active lock-in IRT in reflection mode is shown in Fig. 1-30 and the
temperature difference is illustrated in Fig. 1-31. The wet specimen will show the smaller
temperature increase rate due to the moisture absorption. It showed that the temperature increase rate
of wet sandwich panel was lower than that of normal dry one. The main parameters include [147-
149]:

e Temperature difference: AT =Tw — T;

e Temperature contrast: C = AT/Tg;
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e Observation time: 1(AT) or 1(C);

Where, Ty and T are the temperatures in the wet and dry specimens, respectively.
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Fig. 1-30. Moisture detection setup by active IRT for honeycomb panel in reflection mode [148].
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Fig. 1-31. Temperature change rates of water filled and dry honeycomb panels [148].

Vladimir Vavilov [132, 140, 144] has also studied about detecting water in honeycomb panels by
active IRT for the last decades, both theoretically and experimentally: 1) possibility of quantitative
evaluation of trapped water, 2) influence of honeycomb panel orientation on the efficiency of water
detection [182, 183, 198], and 3) discrimination between honeycomb cells filled with water and
epoxy adhesive (see Fig. 1-32). It has been proven that the bottom detection (direction ID1) showed
higher temperature contrast due to effects of water gravity, the side detection (direction ID3) follows
and the top detection (direction ID2) is the worst. So, the detection direction shall be considered

when using IR camera to detect moisture absorption.
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Fig. 1-32. Three moisture detection directions using active IRT method [140].
1.4.3.4. Damage initiation and evolution monitored by passive IRT

Passive IRT could be used to monitor damage evolution during mechanical tests mainly due to the
non-contact advantage, especially for fatigue [150-152] and fracture crack propagation inspection.
In this case, the strain energy released due to local crack initiation and propagation during the tests
could be converted to thermal energy, resulting in the local temperature increase near the damage
area. The loading frequency, material properties, the thermo-elastic constant and geometrical

parameters like the beam length and thickness could affect the temperature variation [153-158].

Munoz V et al. [93, 143] have validated that IRT can detect damage mechanisms which release
higher energy level in static tensile tests of CFRP laminates, including delamination and fiber
breakage. For matrix cracking which will not greatly degrade the structure integrity [155], it is
difficult to be identified by IRT. However, very few references can be found about application of
IRT in bending tests, so 4-point bending tests under the monitor of infrared camera will be studied

in this work.

IRT technique can also be used for obtaining the interfacial fracture toughness of sandwich structures
[159-161]. An experimental approach using high speed IRT to capture the temperature evolution of
GFRP-foam sandwich during the crack growth in mixed-mode bending was proposed by W. Wang
et al. [161]. It has been demonstrated there is a simple linear relationship between fracture toughness

and temperature, without recourse to knowledge of the applied load or displacement in a test.

R.K. Fruehmann et al. [162] have proven that IRT can not only identify the debonding region, but
also relate the heating at the edge of the crack with fracture energy generated by the growth of the

debonding crack. However, an evaluation of the stresses through the core thickness near the crack
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tip region is required to better understand how the failure initiates. 4-point bending test setup with
pre-crack in the middle of the upper interface is shown in Fig. 1-33. It shows that a decrease in the
thermoelastic response in the debonding region is common to all pre-cracks. The heat generated at

interfacial failure leads to an instantaneous 3 K rise in temperature at the newly formed crack surface.
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Fig. 1-33. Experimental setup in the 4-point bending fracture test monitored by passive IRT [162].

1.4.3.5. Conclusions

In conclusion, for composite sandwich structures, active IRT using external heat excitation can be
used to detect material change resulted from moisture absorption, fabrication defects and post-test
damages, while passive IRT could be powerful for monitoring damage initiation and accumulation
under load such as fracture and fatigue tests. But it may be limited by the detection of damage modes
which could release higher energies. For microscopic damage identification, IRT shall be coupled
with other techniques, such as Digital Image Correlation (DIC) or/and AE.

1.4.4. Coupling of AE and IRT techniques
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As introduced above, AE is suitable for identifying, classifying and localizing the damages in
sandwich structures under loading, while IRT is special due to non-contact monitoring of damage
initiation and evolution, but it has difficulties in detecting deep and microscopic damages like core
failure and matrix cracking. Therefore, in order to fully take advantage of AE and IRT methods,
combining the acoustic and thermal signals to investigate the damage mechanisms of composites
will be of great value. For example, some low energy damage modes which cannot be seen by the
infrared camera, such as matrix cracking and fiber/matrix cracking, can be detected by AE, while the
damage initiation and evolution localization of fiber breakage by IRT can be more accurate compared
to AE. Thus, all the possible damage modes can be identified by coupling the two NDT methods,
and IRT localizations can be used to verify the observations by AE.

V. Munoz et al. [43, 110] have combined AE and IRT to identify damage evolution in tensile tests
of CFRP composites. It has been proven that AE activities and thermal energy released by heat
sources induced by fiber/matrix debonding and fiber breakage can be well correlated. AE was the
more suitable for detecting all the damages including matrix cracking and fiber breakage, but IRT
could be only effective for identification and localization of fiber breakage which has released higher
energy. The AE and IRT show the same localizations of the damage initiation of fiber breakage, so

the two methods can be coupled to localize damages.

M. Naderi et al. [141] have also combined AE and IRT to characterize energy dissipation and
degradation evolution in a woven Glass/Epoxy laminate subjected to fully reversed bending fatigue
test. They have verified that similar responses of AE and IRT revealed the existence of three
degradation stages, including the first initial temperature/AE cumulative counts increase stage, the
second temperature/AE cumulative counts stable stage and the abrupt temperature/AE cumulative
counts increase stage just before fatigue failure, as seen in Fig. 1-34. And other researches [152, 163]
have shown the same evolution trends as Fig. 1-34 shows. In addition, the second stage takes up
almost 70-75% of the whole fatigue life of composites, and the stable temperature change rate of this
stage can be obtained without waiting for the failure of the specimen. Thus, the correlation of the
stable temperature rise rate and loading stress can be calculated for rapid prediction of fatigue failure
[129].
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Fig. 1-34. Three damage evolution stages of Glass/Epoxy during bending fatigue by IRT and AE [141].

However, due to the unclear complex damage mechanisms of sandwich structures, few references
could be found on monitoring their damage initiation and evolution by coupling of AE and IRT,
especially on balsa and honeycomb sandwich. Thus, the coupling of AE and IRT to have a complete

characterization of the sandwich damages could be of great interest.

Experimental observations by AE and IRT can also be very useful to validate and improve the
prediction by the numerical models. To investigate bending behaviors and damage mechanisms of
sandwich structures comprehensively, numerical models intended for “virtual testing” shall be a
powerful tool to predict the stiffness/strength, damage initiation and evolution process of a

complicated system like sandwich structures.
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1.5. Numerical analysis of bending behaviors of balsa/honeycomb sandwich

structures
1.5.1. Finite Element Modeling (FEM) of balsa/honeycomb sandwich structures

The numerical analysis of composite structures can be performed by Finite Element Modeling (FEM)
method by commercial software, such as Abaqus [164] and LS-Dyna [165], but most existing models
have been developed on thin CFRP/GFRP laminates and foam/honeycomb sandwiches [73-74, 166],
compared to very few balsa sandwich models. FEM of the composite sandwich is effective only
when the following conditions are considered properly: the structure geometry, loading and boundary
conditions, interaction contact between different components, material properties, as well as the mesh
refinement [165]. Thus, it’s difficult to simulate the bending behaviors of complex sandwiches which

including the skin, core and skin/core interfaces.

For now, GFRP and CFRP laminated skins can be modelled by continuous thin shell elements based
on the classical laminate theory [167-168]. In Abaqus, Composite Layup with any number of plies
in any fiber orientation angle can be stacked by assuming that elastic material properties of each ply

(also called lamina) are the same as the original glass or carbon fibers [164].

For thicker cores, as seen in Fig. 1-35 [73], honeycomb has very thin cell walls oriented in two
directions L and W, so it is suggested to model honeycomb cores by thin shell elements [169-170].
The local material coordinates are needed to study the stress distributions of cell wall surfaces in
three directions. The green cell walls are the bonding of two cell walls with the ribbon direction in
0°, while yellow cell walls have the ribbon direction in 60° or 120°.
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Fig. 1-35. Global and local material coordinates of honeycomb panel [73].

Balsa wood can be considered as an orthotropic material in numerical models with thick solid
elements [69]. A timber wood element with its 3D stress components and the main material directions

are shown in Fig. 1-36 [171], that is, parallel-to-grain (Longitudinal) and perpendicular-to-grain
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(Radial and Tangential) directions. Assuming that the material properties in the radial and tangential
directions are identical or sufficiently close, wood can be treated as a transversely isotropic material.

Modelling of balsa wood can be the same as Fig. 1-36.

Tangential

Longitudinal
X, L, 1

Fig. 1-36. 3D stress components and orthogonal material directions for a timber element [171].
1.5.2. Damage models for laminated skins

Creating the element models is just the first step of numerical analysis, in order to predict the fracture
load and damage evolution process of thin laminates, material models considering different damage
mechanisms should be introduced into the numerical models. 2D Progressive Damage Analysis
(PDA) model [172-176] and Cohesive Zone Model (CZM) [177-179] are the most often used to

simulate fiber/matrix damages and delamination, respectively.
1.5.2.1. Progressive Damage Analysis (PDA) model

PDA model, implemented in Abaqus to predict fiber/matrix tension/compression and shear damages,
combines Hashin damage initiation criterion and damage evolution law based on fracture energy
[172-175].

1.5.2.1.1 Damage initiation

In Abaqus, the damage onset of composite is determined by Hashin damage initiation criterion which
considers four different damage initiation mechanisms, including fiber tension (ft), fiber compression

(fc), matrix tension (mt) and matrix compression (mc).

Fiber tension (o1, = 0) is mainly determined by the longitudinal tensile strength of the lamina, and

also considering a small contribution of in-plane shear failure, as Eq. (1-19) shows:

F = (‘;—t)2 + B("F—1:)2 (1-19)
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Fiber compression (o4, < 0) is controlled by the longitudinal compressive strength of the lamina, as
Eqg. (1-20) shows:

FS = (‘F’—)2 (1-20)

Matrix tension and/or shear (o,, = 0) is mainly determined by the transverse tensile strength and in-
plane shear strength, as Eq. (1-21) shows:

2
t _ (%22
Fm = (FZt)
Matrix compression (o,, < 0) results in the shear-compression failure of matrix, as Eq. (1-22) shows:
FS, = (%)2 + (*i)2 —1|22 4 (%)2 (1-22)
m 2F, 2F, Fac Fe

Where oj; are the components of the stress tensor; Fy(, Fi. are the longitudinal tensile and

4 (m)z (1-21)

Fg

compressive strengths in the fiber direction; F,;, F,. are the transverse tensile and compressive
strengths in the matrix direction; F¢, F, are the longitudinal and transverse shear strengths, and {3
describes the contribution of shear stress to the fiber failure. FE, Ff, Fi, F5, are the damage indexes.

Damage initiates when any of them attains 1.
15.2.1.2 Damage evolution

Once any of the damage initiation criterion is satisfied, the material stiffness continues to degrade.
The damage evolution is mainly characterized by the four critical energy release rate values Gy,
where i=ft, fc, mt, mc, corresponding to the four damage mechanisms: fiber failure under tension,
under compression, matrix failure under tension and compression, respectively. G{ corresponds to
the area of the triangle OAC shown in Fig. 1-37 [172], based on the traction-separation law. And
they are defined as the equivalent values, not measurable experimentally. Different from the common
interlaminar fracture energy determination [33], G{ values input into PDA model in Abaqus are
intralaminar, using a characteristic length instead of the real crack separation displacement, to
calculate 1D equivalent displacement 8.4. Damage variable in Abaqus is defined as d by Eqg. (1-23):
c _§0

= =
Where 85, = 2Gf/0gq is the max 8., at point C in Fig. 1-37. 824,004 are the equivalent
displacement and stress at point A where the damage initiates. For each damage mode, d represents
the reduction of stiffness matrix and varies from zero (damage initiation point A) to one (full damage

point C).
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Fig. 1-37. Bilinear traction-separation law of damage evolution criterion in Abaqus [172].

Hence, besides the strength parameters, the four G{ values shall be introduced into Abaqus correctly
to evaluate the damage evolution process of composite laminates. But it is not clear whether PDA
model is also effective for the more complex sandwich structure, and few literatures about this field
can be found. In addition, it is very difficult to determine the precise G{ due to the anisotropy of
composites and the difficulty in classifying the four damage modes experimentally. For
unidirectional fiber reinforced polymer by glass or carbon fibers, most engineers and researchers
often assume the values as others [175-176] have done. For example, Barbero E J et al. [172] have
discussed the influences of 1.5 N/mm < Gg,; < 30.5 N/mm on simulation of longitudinal tensile
damages in the [0°,/90°,] laminates, proving that G$,; = 12 N/mm was the best choice with
smallest error. Lapczyk | and Hurtado J A [175] assumed that G§ = Gf. = 12.5 N/mm and Gg,, =

G5e = 1 N/mm can be effective for simulation of glass fiber reinforced epoxy.

However, it has been unclear whether these parameters can be applied to laminated skins of sandwich
structures, so the influences of the fracture energy rate on the skin damage evolution simulation have

been firstly discussed in this thesis.
1.5.2.2. Cohesive Zone Model (CZM) for delamination

When considering the delamination between different plies of composite laminates, Cohesive Zone
Model (CZM) [177] has been regarded as the best numerical method. Some efforts have been made
on modeling crack initiation and growth of unidirectional and multidirectional laminates with
cohesive elements. In composite laminates, since the intermediate adhesive between plies is very thin
as shown in Fig. 1-38. (a), the transverse shear stresses induced by membrane stretching and shear
can be ignored [177]. Therefore, the constitutive model of the cohesive elements relates traction (o)

to displacement jump (A) at the interface where a crack may occur.

Among all the widely-used constitutive laws, the bilinear softening constitutive law [178] which
assumes an initially linear elastic behavior followed by initiation and evolution of interface damage
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is the most popular on account of the simplicity and straightforward physical meanings of
delamination [179]. For pure mode delamination, the bilinear softening constitutive law
characterized by the o—A curve includes two main domains, as illustrated in Fig. 1-38. (b), similar to
the bilinear traction-separation law used in PDA model in Fig. 1-37.

(a) . ‘ e e input: ¢° Ko, Ge (b)
initial damage seperation: A%=¢%Ko |
¥ Reintialalndel final damage seperation: A=2G./¢°

Fig. 1-38. Bilinear constitutive law of representative cohesive element [177].

However, most delamination occurs under mixed mode loading instead of pure mode loading in
engineering practice [180]. For such cases, the damage onset commonly occurs at complex stress
status and the crack arises before any of the energy release rate components reaches its individual
critical value. For multidirectional laminates, the interlaminar fracture behaviors are complex and
various factors can influence the delamination simulation, such as the residual stress, mode-mixity
and curved delamination front. It has been reported that delamination initiation and propagation

mostly occur in the interface between plies with different fiber orientations.

Thus, the interaction rules among the stresses for predicting the damage onset and among the energy
release rates for the crack initiation and growth shall be considered for the delamination simulation
under the mixed mode loading, such as the quadratic stress failure criterion [178] and power law
criterion. Besides the material parameters, cohesive element sizes and viscosity also play important
roles in the delamination simulation in multidirectional laminates. So, it’s still difficult to accurately
distinguish the mode | and mixed mode I/1l delamination growth, and there are still no international

agreements on suitable parameters.

When laminates serve as the skin of sandwich structures, skin delamination will be mixed with
skin/core debonding, it will become much more complex. As a result, itis necessary to introduce AE

and IRT observation results to help improve the numerical models.
1.5.3. Damage models for balsa/honeycomb cores

Wood is a heterogeneous and extremely anisotropic material, which is characterized as ductile in

compression and brittle in shear and tension [21-22, 181]. It makes wood a challenging material to
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simulate. Different approaches have been employed to simulate the mechanical behavior of wood,
including fracture mechanics [182-183], multi-surface plasticity [184] and Continuum Damage
Mechanics (CDM) [171].

According to fracture mechanics, there are three fracture modes depending on the loading conditions
for a crack, Mode I, 1l and 111, representing fracture induced by pure tensile stress perpendicular to
the crack plane and that induced by shear stress, respectively, as shown in Fig. 1-39. (a) [182]. A
mixed mode of Mode | and Mode Il is the most common combination in structural applications.
Owing to the three orthogonal principal directions defined as longitudinal (L), radial (R) and
tangential (T) axes, wood has six crack propagation systems. A pair of letters in combination of L,
R and T is used to identify a crack propagation system in Fig. 1-39. (b). The first letter indicates the
direction normal to the crack surface and the second specifies the direction of crack propagation.
Among all propagation systems, RL is typical in structural components.

Modde | Mode 11 Moade [

(a) Basic fracture modes.

RL RT LR

"1 l | "= l T

TL TR LT

(b) Crack propagation in wood.

Fig. 1-39. Crack propagation in wood and basic fracture modes [182].

To simulate the crack propagation in wood and wood composites, the crack initiation and propagation
criterion expressed by the energy release rate can be used [182-183] to identify the growth of the
crack. Compact tension specimen tests and compact symmetric shear specimen tests were conducted

respectively, in order to determine the critical stress intensity factors Kic (mode 1) and Ky ic (mode I1).

60



Then the Extended Finite Element Method (XFEM) has been developed incorporating Abaqus based
on the experimental results, having advantages of modeling crack growth without re-meshing,

simplifying the numerical simulation.

The selected experimental data from biaxial tests with respect to distinct failure modes of spruce
wood has been discussed in [184], and an orthotropic plasticity model has been developed for its
mathematical description. The multi-surface plasticity model consists of four surfaces representing
four basic failure modes. The first is a modified tension cut-off for the description of fiber rupture.
The second is a mixed mode radial tension-shear model applied to the perpendicular-to-grain (Radial
and Tangential) direction. The third is a model for compression perpendicular to grain, and the fourth

surface covers the compressive failure parallel to grain.

A more powerful 3D constitutive model within the framework of CDM has also been developed to
be imported to ABAQUS/Explicit via a VUMAT subroutine to simulate the balsa wood core
damages in Aluminum skin-balsa sandwich [69]. CDM is a promising approach for modeling
softening or even hardening behavior of wood material by incorporating a modification into the
stiffness matrix. Eight stress-based failure criteria included in this model have been established in
Table 1-3.

Table 1-3. Failure criteria and corresponding damage variables for wood material [69].

Damage
Failure mode condition  Failure criterion variable
Tension parallel to fiber ai =0 Folo) = }—‘; > 1 dio
Compression parallel to fiber a < 0 Feolo) = ‘r’; > | dco
2 2
Tension perpendicular to fiber g2 >0 Froor(0) = (Ezi, + (?) disor dvr droll
(L-T plane splitting) 2
023 2
rofl
Pure transverse compression gy < 0 Feoor(a) = —,:-’Eff- > | d.oor
(radial direction) 5 5
Shear (under radial compression) @2, < 0 Frle) = (?F'-@-) + (FH) > | dr drol
; 2 SN2
Tension perpendicular to fiber 733 >0 Fisor{a) = (ﬁl) -+ (”—f"‘) disor diT deon
(L-R plane splitting) ) 2
a3\ *°
+{=—} =
fron
Pure transverse compression 733 < 0 Fesor(o) = %‘33 > | dc g0t
(tangential direction) 5 .
Shear (under tangential 733 <0 Fal(a) = (’—ﬁ) - (%’-Ii) =1 dg dy

compression)

Failure in tension and compression parallel to fiber has been defined using maximum stress criterion

[69, 185]. Concerning transverse compression applied under an angle to the fiber, two failure modes
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are valid to identify ductile failure in pure transverse compression and brittle failure mode owing to
the shear stress components related to the compression direction. Under tension perpendicular to
fiber, it is assumed that a combination of tensile and shear stresses related to the tension direction,
results in tangential or radial splitting as a brittle failure mode. Once any of the failure criteria is met,
although not all uniaxial strengths might be reached, all corresponding material properties (e.g. Ex;
Gi2; G23) degrade via damage variables. Under 4-point bending of balsa sandwich, the core mainly
carries shear stresses in L-T or L-R plane, so the shear failure criteria under radial and tangential

compression should be the most important to be considered.

As for failure criteria of honeycomb cores, the local buckling initiates the nonlinear behavior due to
shear stresses distributed on the cell walls, after pre-buckling and post-buckling periods, the collapse
of cell walls induces the final degradation of shear modulus [75-76]. Nomex honeycomb can been
regarded as an isotropic material [186] that presents significant plastic behavior and allows
considerable strains before breaking, to simplify the numerical analysis. Elastic-plastic progressive
damage model determined mainly by the yield stress and fracture toughness in Abaqus [164] can be
considered in the damage evolution prediction of honeycomb cores.

1.6. Chapter summary

In summary, GFRP-balsa and CFRP-honeycomb sandwich structures, which have attracted more
attentions in marine and aeronautical industries, pose a great challenge to characterize their bending
behaviors and damage mechanisms, due to their complicated anisotropic, heterogeneous and
hygroscopic properties. Sandwich structures are designed to better carry bending loads, mainly
resulting in the in-plane compressive/tensile stresses in the thin composite skin and shear stresses in
the thicker core. The complex stress distributions are related to the various factors, such as the density
and thickness of the skin and core, material property, structure geometry, loading condition, span
length, environmental condition, etc., thus resulting in the different damage mechanisms. The skin
damages, skin/core debonding and core damages may occur simultaneously under bending loading,
but the damage sequence, types of the damages and damage locations may change when any of the

above influence factors changes.

Accordingly, aiming at monitoring the damage initiation and evolution process of the sandwich more
clearly under 4-point bending load, InfraRed Thermography (IRT) and Acoustic Emission (AE) can
be coupled to identify, classify and localize the possible skin compressive/tensile damages, core
damages and skin/core debonding of GFRP-balsa and honeycomb sandwich structures. However, for
now, few researches can be found about how IRT and AE can further work on the honeycomb and

balsa sandwich structures under bending loading, especially on the effects of the absorbed moisture
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on these structures. It will be interesting and meaningful to couple these two techniques to know
exactly more about when, where and what kinds of damages will initiate and propagate in the dry

and wet sandwich structures, to ensure the structure safety and save maintenance cost.

In addition, few numerical models in Abaqus for the honeycomb and balsa sandwiches have been
found, the choice of the mesh modelling and the damage model depend on the complicated
constituent properties, real damage mechanisms, loading and environment condition, etc., so it still
needs further exploration to simulate their bending behaviors, and predict quickly and accurately

when, where and how the damages initiate and propagate.

In the next chapter, the fabrication processes of the sandwich specimens and preliminary active AE
and IRT tests will be firstly discussed, in order to better serve the investigations of 4-point bending
behaviors of GFRP-balsa sandwich in Chapter 3 and CFRP-honeycomb sandwich in Chapter 4.
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2.1. Introduction

Based on the literature reviews of the GFRP-balsa sandwich applied in marine structures and the
CFRP-honeycomb sandwich in aircrafts, as well as the basic principles and post-processing methods
of AE and IRT techniques applied on composite structures, the preliminary experimental study of

the AE wave propagation properties are firstly reported in this chapter.

Furthermore, based on the characterization of AE wave velocity and attenuation property in dry
sandwich panels, moisture effects on the AE and IRT signals are investigated next by comparing the
dry and wet dog-bone sandwich specimens, in order to better serve the AE and IRT monitoring of
damage evolution in 4-point bending tests in Chapter 3 and 4.

2.2. Materials and specimens
2.2.1. Material properties

In this study, two kinds of sandwich structures are studied: GFRP-balsa sandwich and CFRP-
honeycomb sandwich. All manufactured GFRP-balsa sandwich specimens have two identical
symmetrical skins which are made of 3-layer GFRP weave balanced fabric/epoxy (Ref: Sicomin E
glass fiber twill 3190 with 190 g/m?, with 50% fiber volume fraction), and all layers are in the same
direction to obtain the laminate of [0°]s. The core is made from balsa wood (Ref: BALTEK SB.100,
density=148 kg/m?), whose fiber direction is oriented in the direction of their thickness (Direction Z
in Fig. 2-1. (a)). The original pure balsa panel is glued together by many small blocks, thus there are
a lot of balsa/balsa interfaces distributed randomly in the core [47]. The manufactured CFRP-
honeycomb sandwich specimens are composed of CFRP laminates made from three plies of
unidirectional prepreg (Ref: SAFRAN Carbon fiber TS00H with 300 g/m?, with 63% fiber volume
fraction) with lay-up of [0°/90°/0°] and Nomex/Aluminum honeycomb core. L (ribbon) direction of
honeycomb, in which two cell walls are bonded, is oriented along X axis of the sandwich panel (see
Fig. 2-1. (b)).

Interfaces between balsa blocks

(a) GFRP-balsa sandwich panel.
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(b) CFRP-honeycomb sandwich panel.

Fig. 2-1. The two kinds of sandwich panels.

The main material parameters of glass and carbon fibers [187-188] are shown in Table 2-1. Table 2-

2 and 2-3 show the equivalent material parameters of balsa [189] and honeycomb cores [190] in

different directions. Nomex honeycomb sandwich is studied in both preliminary tests and 4-point

bending tests, while aluminum honeycomb sandwich is only studied in AE wave velocity tests in

order to validate the proposed method for velocity determination in any honeycomb material.

Table 2-1. Material parameters of glass and carbon fibers for skins.

Constituents  E;(GPa) E»(GPa) Gi2(GPa) Gi3(GPa) G (GPa) vy,  p (kg/md)

GFRP 20 20 2.85 2.30 2.30 0.13 1900

CFRP 152.4 9.20 4.30 2.80 2.30 0.35 1800

Table 2-2. Equivalent material parameters of balsa wood for cores.

] E, E» E; G2 Gz G N
Constituents Vi Vi3 Va3 p(kg/m’)
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

Balsawood 0.092  0.092 25 0.003 0.1 0.1 0.6 0.01 0.01 148

Table 2-3. Equivalent material parameters of honeycomb for cores.

Constituents E; (GPa) E> (GPa) G12(GPa) Vo1 p (kg/m?)
Nomex honeycomb 0.138 0.138 0.032 0.35 48
Aluminum honeycomb 0.019 0.019 0.003 0.10 45

2.2.2. Fabrication process

As explained in Chapter 1, since GFRP laminates are made from woven glass fibers while CFRP

laminates are fabricated from unidirectional carbon fiber prepregs, the fabrication processes of

GFRP-balsa and CFRP-honeycomb sandwiches are different:

For CFRP-honeycomb panels, the hand lay-up prepreg method with vacuum bag molding (see
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Fig. 2-2) was applied, containing two curing steps: firstly, cure the CFRP laminated skins in the
vacuum bag at 120°C for 4 hours; next, bond the skins and honeycomb core by adhesive film
(Ref: Gurit SA 70) at room temperature, and then cure them together in the vacuum bag at 70°C

for 16 hours.

e For GFRP-balsa sandwich, wet lay-up method was adopted, using the liquid epoxy resin to
infuse GFRP laminated layers and balsa wood panel simultaneously at room temperature, and
then co-curing them at the same time in the vacuum bag under room temperature for 7 hours,
then post-cured at 45°C for 2 hours, 60°C for 2 hours and 80°C for 8 hours, as the standard of the
resin (Ref: EPOLAM 2017) requires.

Vacuum pump

Breather/ .
Absorption fabric

----- * Perforated release film
----- 1 Laminate

Peel ply <

Metal mold plate

Vacuum bag

Fig. 2-2. Schematic of vacuum bag molding of composite laminates.

Fig. 2-3. (a) shows the lay-up of CFRP prepreg plies, which were cut from the prepreg roll and then
stacked in the prescribed sequence of [0°/90°/0°]. Fig. 2-3. (b) show the sealed vacuum bag before
being put in the oven for curing at 120°C for 4 hours for T80OH carbon fiber.

(a) Lay-up of CFRP prepreg plies. (b) Sealed vacuum bag of CFRP laminates.

Fig. 2-3. 3-layer CFRP laminated skin before curing.

After the CFRP laminate panel (600 mm * 600 mm) was cured, it was firstly cut into smaller panels
with dimension of 600 mm * 300 mm (see Fig. 2-4. (2)) using normal water jet cutting, and then the
two CFRP skins were bonded to the honeycomb panel by the epoxy adhesive film (Ref: Gurit SA
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70), as shown in Fig. 2-4. (b). Finally, the bonded CFRP-honeycomb sandwich panel (600 mm*300
mm) was cured in the vacuum bag in the oven at 70°C for 16 hours considering properties of the
adhesive film. Fig. 2-4. (c) show the final cured CFRP-honeycomb sandwich panel, which can be

cut into smaller panels (300 mm * 300 mm) by normal water jet cutting.

=

(b) Bonding of CFRP and honeycomb.
I ——— —

—

£ o ¥ e
O

(c) Cured CFRP-honeycomb sandwich.
Fig. 2-4. Bonding of cured CFRP skin and honeycomb core.

For the wet lay-up of GFRP skins and balsa panel, the three plies of woven glass fibers were stacked
by sequence (see Fig. 2-5. (a)) on a large balsa panel (1200 mm * 600 mm) from suppliers. During
the liquid resin (Ref: EPOLAM 2017) infusion process, the pure balsa panel was totally infused
firstly, next, the first glass fiber ply was put on the balsa panel and infused completely, as Fig. 2-5.
(a) shows. And then, each ply was put on the previous one and infused by the same procedure until
all the GFRP plies and balsa wood were fully wet by the resin infusion.

Afterwards, the two skins and balsa core panel were sealed in the vacuum bag (see Fig. 2-5. (b)), and
co-cured firstly under room temperature for 7 hours, then post-cured at 45°C for 2 hours, 60°C for 2
hours and 80°C for 8 hours as the standard of the resin requires. Finally, the cured sandwich panel
can be cut into smaller one (300 mm * 300 mm) by normal water jet cutting. The selection of the
cutting method will be discussed in the next part.
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(a) The first fully wet GFRP ply and balsa panel.

(c) Sealed vacuum bag of GFRP-balsa sandwich.

Fig. 2-5. Co-curing process of GFRP-balsa sandwich panel.
2.2.3. Specimen cutting and geometries of specimens

Considering the different objectives of preliminary AE wave propagation tests and 4-point bending
tests in this study, two kinds of sandwich specimens with different dimensions were prepared: the
large panels with 300 mm * 300 mm which are needed to clearly investigate the acoustic wave
propagation properties in active AE tests and the smaller triple dog-bone specimens which are

prepared to better observe the different damage modes in 4-point bending tests.
2.2.3.1. Large panels for preliminary active AE Hsu-Nielsen tests

The 600 mm * 300 mm CFRP-honeycomb panel and 1200 mm * 600 mm GFRP-balsa panel can be
cut into panels with dimension of 300 mm * 300 mm by normal water jet machine, so as to investigate
AE wave propagation properties in active Hsu-Nielsen tests. It can be seen in Fig. 2-1 that water jet
cutting will not cause the visible damages of the skin and core properties, and the microscope photos
will be illustrated in Chapter 3 which shows the analysis of the 4-point bending behavior. Water jet
cutting is the most simple and effective cutting technique so as to obtain this kind of panel. In order

to study the influence of different honeycomb materials and thicknesses on the AE wave propagation
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in sandwich, specimens with different cores have been prepared. Dimensions of the tested sandwich

panels are presented in Table 2-4 and 2-5.

Table 2-4. Dimensions of GFRP-balsa sandwich panels.

Specimen Length (mm) Width (mm) hs (mm) he (mm) hs (mm)
GFRP-balsa sandwich 300 300 10-11 9-10 0.5

Where hs, he and hr are the thickness of the sandwich, the core and the skin, respectively.

Table 2-5. Dimensions of CFRP-honeycomb sandwich panels.

Specimens Type Length (mm)  Width (mm)  hs(mm)  he (mm)  hs (mm)
A CFRP-Nomex honeycomb 300 300 195 18 0.75
B CFRP-aluminum honeycomb 300 300 315 30 0.75
C CFRP-Nomex honeycomb 300 300 61.5 60 0.75

Where hs, he and hs are the thickness of the sandwich, the core and the skin, respectively.
2.2.3.2. Triple dog-bone specimens for 4-point bending tests

In this work, sandwich specimens with the original triple dog-bone shape [191-192] (see Fig. 2-6 and
Fig. 2-7) have been designed and tested under 4-point bending. The interest of this special shape is
to observe more clearly the skin damages caused by the maximum compressive stresses in the pure
bending zone 1, as well as core damages in bending and shear zone 2 (see Fig. 2-6. (b) and Fig. 2-7.
(b)). Another advantage of this shape is to reduce the local stress concentrations under the loading
supports and ensure the stability of the tests. In order to obtain the triple dog-bone sandwich
specimens, different cutting techniques have been used for GFRP-balsa sandwiches and for CFRP-

honeycomb ones.

Flow Mach 2 1313b water jet is an industrial machine capable of cutting a wide variety of materials
using a very high-pressure jet of a mixture of water and an abrasive substance. Flow waterjets can
ensure parts very tight tolerances as close as 0.001" (0.025 mm) and cut virtually any shape in a
single step with edge quality that usually requires no secondary finishing [129]. Thus, it can provide
a good cut precision and edge quality (see Fig. 2-6. (b)) for GFRP-balsa sandwich which has a

relatively lower specific stiffness and thickness, compared to CFRP-honeycomb sandwich.

80 ] y ‘
240 J
(a) Dimensions (mm) of triple dog-bone sandwich.
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Machine displacement rate imposed =2 mm/min

Supports

Good surface quality

(b) Loading condition and specimen shape.
Fig. 2-6. Geometry shape of triple dog-bone GFRP-balsa sandwich specimens.

For the stiffer and thicker CFRP-honeycomb sandwich panels, it’s difficult to cut them into the
special triple dog-bone sandwich specimens with a good edge quality by Flow Mach 2 1313b water
jet machine. So, the more power DUBUS NUM 1060 milling machine was chosen. DUBUS NUM
1060 milling is a 3-axis machine with a vertical spindle orientation. It can automatically cut and
machine composite panels at different angles, so it can cut the curved edges of triple dog-bone

specimens easily and quickly with a good surface quality (see Fig. 2-7. (b)).
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(a) Dimensions (mm) of triple dog-bone sandwich.

Machine displacement rate imposed = 2 mm/min

Zone 2 Zone 1
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Supports Good surface quality

(b) Loading condition and specimen shape.

Fig. 2-7. Geometry shape of triple dog-bone CFRP-honeycomb sandwich specimens.
2.3. Characterization of AE wave propagation properties in sandwich panels
2.3.1. Characterization of AE wave velocity in sandwich panels
2.3.1.1. Preliminary active Hsu-Nielsen test
2.3.1.1.1  Experimental setup of active Hsu-Nielsen test

Active Hsu-Nielsen test (see Fig. 2-8) [93, 100] consists of breaking a 0.3-0.5 mm diameter pencil
lead approximately 3 mm (£ 0.5 mm) from its tip by pressing it against the surface of the object. It

generates an artificial intense acoustic signal, quite similar to a natural AE source, and the sensors
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detect it as a strong burst. The purpose of this test is twofold. On one hand, it ensures that the sensors
are in good acoustic contact with the structure being monitored. Amplitudes higher than 95 dB should
be registered more than five times by pencil lead breaks in the vicinity of the sensors, to verify the
accuracy of the AE system. On the other hand, it checks the accuracy of the source location setup,
which involves indirectly determining the actual value of the acoustic wave velocity in the monitored

object.

Generally speaking, the typical AE system mainly includes the pencil, the sensors, the couplant, the
pre-amplifier, the analogue filters, the acquisition system and software (here Mistras AEwin software
with PCI-2 card). Among them, the selection of the proper sensors, threshold, pre-amplifier, analog-
filter, Peak Definition Time (PDT), Hit Definition Time (HDT) and Hit Lockout Time (HLT) (see
Table 2-6) are the most important factors affecting the testing sensitivity and accuracy.

Interfaces between balsa blocks

(a) GFRP-balsa sandwich panel. (b) CFRP-honeycomb sandwich panel
Fig. 2-8. Positions of the sensors and source (in 0° direction) on the tested sandwich panels.

Table 2-6. AE acquisition parameters for all sandwiches in active Hsu-Nielsen tests [113].

Analog Sample
Threshold  Pre-amplifier PDT HDT HLT Pre-Trigger Hit
(aB) (B) T (1) Length
us us us us engt!

(MHz) (MSPS)
30 40 0.02-1 35 150 300 5 256 4k

First of all, concerning the choice of sensors, it has been proven that wave velocity measured by
wideband sensors [193-196] is not as stable as what observed by resonance sensors, because the
signals recorded by wideband sensors are more prone to be affected by the other noise sounds which
have only very narrow frequency range lower than 20 kHz. Thus, in this study, a compromise has
been made by using R6a sensor whose resonance frequency is 60 kHz for all the preliminary active
Hsu-Nielsen tests [127], so as to produce better repeatability and give the smaller error of all
measurements. The threshold, which determines the system sensitivity to the environmental noise, is

set by 30 dB. The pre-amplifier is 40 dB, and the analog-filter is in the range of 20 kHz -1 MHz.
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PDT, HDT and HLT are the critical parameters which can make sure that complicated AE waveforms
are cut into the right number of hits (see Fig. 2-9). PDT ensures correct identification of Risetime of
Peak Amplitude. HDT ensures that each AE signal from the structure is reported as one and only one
hit. With proper setting of HLT, false measurements during the signal decay are avoided and data
acquisition speed can be increased. For composite structures, it is suggested in AEwin user manual
[113] that PDT is within 20-50 us, HDT within 100-200 ps, and HLT be 300 ps. After repeating the
Hsu-Nielsen tests for many times, finally, PDT is set by 35 us, HDT is 150 ps, and HLT is 300 ps.
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Fig. 2-9. AE timing parameters of the waveform signals [107].

Sample Rate is the rate at which the data acquisition board samples waveforms on a per second basis.
A sample rate of 1 MSPS (Mega Samples Per Second) means that one waveform sample is taken
every pus. A sample rate of 5 MSPS means that one waveform sample is taken every 1/5 ps., etc.
After comparing the waveforms recorded by different sample rate, the max 5 MSPS was chosen for

better accuracy.

Pre-Trigger tells the software how long to record (in ps.) before the trigger point (the point at which
the threshold is exceeded). The minimum allowable pre-trigger value is zero. The maximum
allowable pre-trigger value is calculated by dividing the hit length by the sample rate in MHz. For
example, if the hit length was 4 k (1 k = 1024) and the sample rate was 5 MHz, then the maximum
allowable pre-trigger would be 1024*4/5 = 820 ps. Hit Length determines the size of a waveform.
At a 5 MSPS sampling rate, a hit length of 1 k will allow up to 205 ps. of data, a hit length of 4 k
will allow 820 ps, and so on [113]. Thus, in this work, the max hit length 4 k was chosen, and then
pre-trigger was set by 256 us (small than 820 ps) in Hsu-Nielsen tests to ensure a proper waiting time

before the trigger point.
2.3.1.1.2  Wave velocity determination in active Hsu-Nielsen test

For each panel mentioned above, in order to study the acoustic wave propagation velocity in different
directions of composite structures, pencil lead breaking was conducted at least 10 times in each
direction, and the tests were repeated every 15° between 0° and 90° (see Fig. 2-10) with the same D,

(distance between the source and the first sensor), and the same D (distance between two sensors).
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The velocity has been measured on the basis of the difference of the arrival times between the two

sensors S; and S; mounted on top surface of the panels in Fig. 2-8, as given by Eqg. (2-1):

y=D__D
TAt T ty—ty

(2-1)

Where t; and t; are the arrival times at the maximum amplitude at each sensor, respectively.

Sensor positions between 0° and 90°
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Fig. 2-10. Positions of sensors and source on the tested panel between 0° and 90°.

The influence of the sensor-source distance and sensor distance on the wave velocity measurements
has been studied before finally determining these two distances for all tests. By comparing D= 100
mm and D=50 mm, it can be found that the error of measured velocity caused by the positioning of
the sensors is less than 5%, and the results will be shown in the following analysis. Finally, D; and
D are chosen as 50 mm and 100 mm for the further study to ensure that the acoustic wave has
propagated a long distance in the tested panels, also to help determine the sensor distance in 4-point
bending tests.

The plate wave theory [100, 197-198] is often used to analyze the acoustic wave propagation velocity
when the thickness is much smaller than the other two dimensions of the plate. It is complicated to
distinguish between the extensional and flexural wave modes, but the velocity measured in the
standard Hsu-Nielsen test is proved to be dominated by the extensional wave [195-198]. For an

infinite isotropic plate, the longitudinal wave velocity, C. can be expressed as Eq. (2-2):

E
= Jra (2:2)

Where p is the specimen density, E is Young's modulus, v is Poisson's ratio.

For an orthotropic composite laminated plate, C. is thought to be related to the in-plane longitudinal

elastic modulus, E11. The formula is often given by Eq. (2-3) [99]:
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CL= p (1-vz42)

(2-3)

Where Ei: and v,,; denote the in-plane Young's modulus and Poisson’s ratio respectively in 1

direction which is the longitudinal fiber orientation.

In this study, in order to determine the extensional wave velocity in any direction, an angle 0 is
defined with respect to the longitudinal X or 1 direction (see Fig. 2-7 and Fig. 2-8), and then Eq. (2-
3) can be extended to Eq. (2-4) as following:

€O = [ (2-4)

Where p is the density of the specimen; E,(8) and vy, (8) are Young's modulus and Poisson'’s ratio
in the measured direction x, associated with the angle 0; recall that vy, (8) denotes the negative of

the ratio of strain in the y direction over that in the x direction when there is stress in the x direction.
Herein the composite constants E(6) and vy (8) in any direction can be determined easily by the

classical laminate theory.
2.3.1.2.  AE wave velocity in CFRP-honeycomb sandwich panels
2.3.1.2.1  AE wave velocity in CFRP laminated skin

Fig. 2-11 firstly shows that the sensor distance has little influence on the measured AE wave
velocities in the thin CFRP skin of [0°/90°/0°] between 0° and 90° with a measurement step at 15°.
When sensor distance D varies from 50 mm to 100 mm, the error of wave velocities is less than 5%
between 0° and 90°. And the measured velocity when D=50 mm is a little higher than the values

when D=100 mm.

And then, Fig. 2-12 compares the measured AE wave velocities (D=100 mm) with the calculated
velocities by Eq. (2-4), to ignore the influence of sensor positions on the measured velocities. The
measured velocities (red line) and analytical values (purple dotted line) show the similar variation
tendency along different directions, with the highest velocity in 0° and the lowest in 60°. The
maximum error between the measurements and calculated velocities by Eq. (2-4) is 15.57% in 15°,

and the minimum error is 12.92% in 0°.

It is obvious that the propagation direction has a large influence on the AE wave velocity, with the
max difference of 3400 m/s between 0° and 60< The velocity in 0° with two plies of fibers is higher
than that in 90° direction with only one ply of fibers. In conclusion, the farther it is away from the
most fiber orientation, the lower the velocity will be. It indicates that the effects of the propagation

direction on the velocity shall be considered when locating damages in the composite structures.
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Fig. 2-11. Influence of sensor distance on measured AE wave velocities in [0°/90°/0°] CFRP panel.
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Fig. 2-12. Measured AE wave velocities and calculated values in [0°/90°/0°] CFRP panel.

According to the consistent variation tendency of measured and calculated velocity, it gives us an
inspiration that only by measuring AE wave velocity in 0° direction where the error is the smallest,
we can modify Eq. (2-4) to get the more precise velocity in any direction just by introducing a
corrective factor, fi. If this corrective factor is defined as the ratio of measured C. in 0° over the C
calculated by Eqg. (2-4) in the same direction, the velocity in any direction can be determined by Eq.
(2-5):

CL(8) =f;- B - (2'5)

P (1_Vyx(e)2)
Measured 0=0° CLMeasured(ez()())

Where f, = = =
¢ jEX(G:OO) /e (1—vyx(e=0°)2)

LCalculated(ezoo)

Applying this idea to the case of the thin CFRP skin, the corrective factor f, can be determined by:

CLMeasured(ezoo) _8796m/s _
CLCalculated(e=00) T 7660m/s

f; = 1.148

The results obtained from measurements, Eq. (2-4) and Eq. (2-5) are also compared in Fig. 2-12. The
max error between the measured velocity (red line) and calculated value (blue dotted line) by Eqg. (2-

5) is only 3.05% in 15°, which has been largely reduced, compared to 15.57% in 15° using Eq. (2-4).
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In fact, the corrective factor, fi, reflects the system error between the theoretical acoustic wave
formula and the real propagated velocity in composites, such as the influence of other wave
propagation modes, the sensor distance and sensitivity, as well as the test environment like sound
noises. This factor is considered constant for a given composite structure, independent of the AE
wave propagation direction. That’s why we can reduce the prediction error of AE wave velocity by
calculation using Eq. (2-5).

2.3.1.2.2  AE wave velocity in the whole sandwich

Generally, Eq. (2-4) is thought to be effective for thin laminates [193-195], but it is unclear whether
the theoretical analysis could be suitable for thicker sandwich structures which consists of two
different materials. Thus, to verify the effectivity of Eq. (2-4) for sandwich panels, AE wave velocity
between 0° and 90° in the CFRP-honeycomb sandwich panel A (see Table 2-5) was firstly tested.

Fig. 2-13 firstly shows that the sensor distance has little influence on the measured AE wave
velocities in CFRP-honeycomb sandwich A between 0° and 90° with a measurement step at 15°.
When sensor distance D varies from 50 mm to 100 mm, the error of wave velocities is less than 5%
between 0° and 90°. And the measured velocity when D=50 mm is a little higher than the values
when D= 100 mm.

--D=100 mm
-=-D=50 mm
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Fig. 2-13. Influence of sensor distance on measured AE wave velocities in CFRP-honeycomb sandwich A.

And then, Fig. 2-14 compares the measured AE wave velocities (D=100 mm) with the analytical
results from Eq. (2-4) (purple dotted line) and modified Eq. (2-5) (blue dotted line), to ignore the
influence of sensor positions on the measured velocities. Similar to the approach applied to the pure
CFRP laminated skin, calculated velocities were also corrected by the modified model Eqg. (2-5) (blue
dotted line), where the corrective factor is determined by:

CLMeasured(e:OO) _ 7716m/s _

CLCalculated(e=Oo) - 6723 m/s - 114‘8

f1 -

79



It is observed that the test and theoretical velocities show a similar variation tendency along different
directions, with the highest velocity in 0°and the lowest in 60°. The max error between test and
calculation results by the modified Eq. (2-5) is largely reduced to only 3.69% in 30°, compared to
the max 13.04% by Eq. (2-4). It verifies that the improved formula Eq. (2-5) can also be effective
for prediction of AE wave velocity in any direction in the thick sandwich structure. In this way,

plenty of time and experimental efforts can be saved.

—Measured velocity -=-Modified formula -=-0Original formula

9000
8500
8000 |
7500 !
7000
6500
6000
5500
5000
4500
4000

Wave Velocity (m/s)

Propagation Directions (°)

Fig. 2-14. Measured AE wave velocities and calculated values in CFRP-honeycomb sandwich A.
2.3.1.2.3  Correlation between AE wave velocity in the skin and sandwich

When analyzing Fig. 2-12 and Fig. 2-14, it is obvious there may be some relationships between the
AE wave velocity in the skin and sandwich. Moreover, even the acoustic wave propagation velocity
in sandwich is slower than that in pure composite skin, the corrective factor is nearly the same. Fig.
2-15 compares the measured AE wave velocities in sandwich A and those measured on the pure
laminate skin of CFRP [0°/90°/0°]. It can be seen that the velocity in the skin is always higher than
that in the sandwich whatever the acoustic wave propagation direction; their variation along different

direction has the similar tendency with the highest velocity in 0° and lowest in 60°.

A possible explanation for this phenomenon is that the AE wave velocity in a sandwich structure is
dominated by the skin property, and the existence of honeycomb core with much lower modulus and
density mainly contributes to the small velocity decrease. Moreover, considering the effects of
coupling of multiple wave modes [100], the out-of-plane flexural mode contributes more to the
acoustic wave attenuation in thicker sandwich structure, which results in the higher velocity
dispersion compared to the thinner laminate skin. In addition, the air in the hollow honeycomb core

cell may cause the acoustic wave attenuation.

Considering theoretical explanations by Eq. (2-5), the similar velocity variation tendency indicates

that the direction effects on the elastic modulus and Poisson’s ratio can result in the variation of AE
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wave velocity along different directions in both the laminate and sandwich structures. From this
observation, it is now interesting to know whether it is possible to quantify the relationship between

the wave propagation velocity in a composite sandwich structure and that in their composite skin.
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Fig. 2-15. Measured AE wave velocities in sandwich A and CFRP skin panel.

Based on multi-material beam theory [202], the equivalent in-plane modulus of sandwich structure

E<(0) can be obtained by the combination of that of the core and that of the two skins:

2h¢

E;(0) - A =Ef(8) - - A+ E () - A (2-6A)

Where A is the cross-section area of a sandwich beam; E¢(8) and E.(6) are the elastic modulus of
the skin and the core, respectively. hs, hc and hr are the thickness of the sandwich, of the core and of

the skin, respectively. Then E4(6) can be expressed as:

Eg(8) = E(8) - 3+ Ec(0) ¢ (2:6B)

S

Using the material parameters and panel dimensions in Table 2-1, 2-3 and 2-5, the density of

sandwich can be obtained by Eq. (2-7):

2prh+pehe
ps = P (2-7)

For the sandwich A and CFRP skin panel, ps(A) = 183 kg/m53.

Substituting Eqg. (2-6B) and Eq. (2-7) into Eq. (2-4), AE wave velocity in a sandwich structure can
be given by Eq. (2-8):

_[(5B®  _ [E®hiE@h, 1 ]
CLS (e) - \/ps(l_vyx(e)z) - \/ 2pshetperhe (1_Vyx(e)2) (2 8)

Eqg. (2-8) indicates that the acoustic wave velocity in a sandwich structure is mainly determined by

the elastic modulus, density and thickness of the constituent materials. For sandwich structure, E is
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much smaller than E; (see Tables 2-1 and 2-3). In the case of E.(0)h./2E¢(0)h; < 5% , the
contribution of E.(0) to E4(6) can be ignored with less than 5% error, which means h. <
0.1h¢E¢(8)/E.(0), and then Eq. (2-6B) becomes:

2hy
hg

= E¢(0) - o = Eg(0) + (2-9)

2he+hc 2+h—f

Es(6) = E¢(6) -

This expression shows that the modulus of sandwich can be obtained from that of the skin multiplied
by a geometrical coefficient: 2/(2+hc/hs). The higher the ratio of the core thickness over that of the
skin is, the lower the contribution of the skin modulus will be. If the skin thickness remains the same,

the thicker core will result in lower elastic modulus of sandwich structure.

According to the theoretical calculation, Poisson’s ratios of the skin and the sandwich are nearly the
same in the same direction for commonly used sandwiches. Hence, from the AE wave velocity
formula, the correlation ratio of the wave velocity in the sandwich over that in the skin, R, is proposed
by Eq. (2-10):

_ Crs(8) _ Es(0) . br _
R=20® ~ {E® Ps (2-10)

Substituting Eq. (2-7) and Eqg. (2-9) into Eq. (2-10), R becomes:

R = CLs(8) _ 2hs  pr(Zhethe) 2prhy 2 2.11

= = ) = = h (2-11)
CLs(8) zhethe  2pphetpehe 2prhrtpehe 2+%
fhe

Eq. (2-11) works well with a condition of h._,.x < 0.1h¢E¢(8)/E.(0) with less than 5% error. It

signifies that the correlation between AE wave velocity in the sandwich and in their skin is mainly

determined by the density and thickness of the constituent materials.

Theoretically, when hcis 0, R becomes 1, corresponding to the pure laminate skin. If he£0, 0<R<1.
Considering the application condition of Eqg. (2-11), h; has a max limitation by h._pa.x <
0.1h¢E¢(6)/E.(6). The main problem is that the different variation tendency of elastic modulus of
the core and skin along different directions makes it complex to give an accurate value of E¢(8)/E.(0).
To simplify the analysis, we predict h._,.x by modulus of core and skin in 0°direction which mainly

determines the stiffness of the sandwich in fiber direction.

Then, for CFRP-honeycomb (Nomex) sandwiches (A and C), the h._,.xat 6 = 0° for Eq. (2-11) is
near 60 mm calculated from the material parameters. Applying Eq. (2-11) to sandwich A (hc=18mm),
R equals to 0.87. This value can be compared to the measured results in Fig. 2-16. Good agreement

has been observed. The average measured ratio R in different directions is about 0.86. It demonstrates
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that Eq. (2-11) can be used to predict AE wave velocity in a sandwich structure from the

corresponding velocity in the skin.

Thus, there is no need to make lots of efforts to repeat Hsu-Nielsen tests to study AE propagation
properties of both the skin and sandwich structure in all directions. In fact, it can save at least 4 hours
of test time to obtain the precise velocities in the skin and sandwich in all directions.
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Fig. 2-16. Correlation ratio of AE wave velocity in CFRP-honeycomb sandwich A over that in the skin.
2.3.1.2.4  Validation of the proposed model using correlation ratio R

In order to validate the above proposed approach, the CFRP-honeycomb sandwich panel B
(aluminum core with h;=30 mm) and C (Nomex core with h;=60 mm) with the same skins have been
studied. AE wave velocities between 0° and 90° in sandwich B and C were measured and compared

with those of sandwich A (Nomex core with hc=18 mm) and those of the skin in Fig. 2-17.

== =3-layer CFRP skin
Sandwich A (18mm core)
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Fig. 2-17. Measured AE wave velocities in different CFRP-honeycomb sandwich panels.

The measured velocities in the skin, sandwich A, B and C show the similar variation tendency along
different directions, with the highest velocity in 0°and the lowest in 60°. The thicker the core is, the
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lower the wave velocity in sandwich structure will be. The farther it is away from the most fiber
direction, the larger the velocity difference between the different sandwich panels will be. It means
that the core thickness has larger effects on the acoustic wave velocity between 45° and 75° away

from the most fiber direction.

R _max @t 8 = 0°is about 60 mm for CFRP-honeycomb (Nomex) sandwiches (A and C) and 200
mm for CFRP-honeycomb (aluminum) sandwich (B). If Eq. (2-11) is also applied to sandwich B and
C, the correlation ratio R of sandwich B and C can be obtained, equals to 0.82 and 0.70, respectively.
Fig. 2-18 compares the theoretical and measured correlation ratio of sandwich B and C. The average
tested correlation ratio of sandwich B is 0.84, and it is 0.80 for sandwich C. Obviously, the thicker
the core is, the larger the error between the tested ratio and theoretical value by Eq. (2-11) will be.
One explanation could be that the contribution of the Poisson’s ratio of the core should not be ignored

when the core thickness is much larger. Then going back to Eg. (2-8), the correlation ratio becomes:

TCp(0) 24Pk (1-v4(0)2)
prhy

— 2
R_%@_] 2 (1-vs(0)?) (2-12)

EQg. (2-12) shows that the correlation ratio can be affected by the direction via Poisson’s ratio, which
can be reflected by the red curves in Fig. 2-16 and Fig. 2-18. An interesting phenomenon is that
correlation ratio by Eq. (2-12) shows the similar variation tendency to the tested ratio, with the
highest in 0° and 90°, lowest between 30° and 60°. Theoretically, the thicker the core is, the larger
the Poisson’s ratio of the sandwich in 0° and 90° will be, but lower between 15° and 75°. Thus, for
sandwich structure with a thicker core, the theoretical correlation ratio by Eq. (2-12) is lower than
that by Eq. (2-11) between 15° and 75°. But in 0° and 90°, the correlation ratio by Eq. (2-12) is almost
the same as that by Eq. (2-11) even for the 60 mm thick core.

The max error between tested ratio and value by Eq. (2-12) is 18.58% in 15° for 60 mm cored
sandwich. However, the error between average tested ratio and that obtained from Eq. (2-11) is only
14.30%. Hence, the influence of Poisson’s ratio of the tested sandwich structures in Eq. (2-12) can
be simplified. In addition, considering the acoustic wave propagation modes, due to the Poisson
effect [100], the out-of-plane flexural wave has more influences on the received signals if the core is
thicker, which will result in higher acoustic wave attenuation and measurement error. This
phenomenon can also explain why the tested correlation ratio is much higher than the theoretical
ratio by Eq. (2-11) and Eq. (2-12) for the thicker sandwich structure.

In summary, Eg. (2-11) can be effectively used to predict AE wave velocity in most common
sandwich structures from the velocity in the corresponding skin, with an acceptable error when the

core thickness is smaller than 30 mm.
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(a) Correlation ratio of sandwich B (aluminum honeycomb core hc=30 mm).
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(b) Correlation ratio of sandwich C (Nomex honeycomb core hc=60 mm).

Fig. 2-18. Correlation ratio of AE wave velocity in CFRP-honeycomb sandwiches over that in the skins.
2.3.1.3. AE wave velocity in GFRP-balsa sandwich panels
2.3.1.3.1 AE wave velocity in GFRP laminated skin

Similarly, to verify Eq. (2-5) in the 3-layer woven GFRP skin panels, AE wave velocity was also
tested every 15° between 0° and 90°. Fig. 2-19 firstly shows that the sensor distance has little
influence on the measured AE wave velocities in the thin 3-layer woven GFRP panel between 0° and
90° with a measurement step at 15°. When sensor distance D varies from 50 mm to 100 mm, the error
of wave velocities is less than 5% between 0° and 90°. And the measured velocity when D=50 mm

is a little higher than the values when D=100 mm.
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Fig. 2-19. Influence of sensor distance on measured AE wave velocities in 3-layer woven GFRP panel.
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And then, Fig. 2-20 compares the measured AE wave velocities (D=100 mm) with the calculated
velocities by Eq. (2-4) (purple dotted line) and modified Eq. (2-5) (blue dotted line), to ignore the
influence of sensor positions on the measured velocities. In this case, by application of Eq. (2-5), the
corrective factor is obtained by:

M d
‘= c easure (9=00) 3967 m/s _
1

= CLCalculated(e:Oo) - 3212 m/s - 1-212

The measured and analytical velocities show the similar variation tendency along different directions,
with the highest in 90°and the lowest in 45°. The max error between the measured and calculation
results by Eq. (2-4) is 22.65% in 60°, and the minimum error is 17.51% in 0°. While by using the
modified formula Eq. (2-5), the max error is highly reduced, with only 6.23% in 60°.

—+—Measured velocity -#- Modified formula -+-Original formula
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Fig. 2-20. Measured AE wave velocities and calculated values in 3-layer woven GFRP panel.

Compared to the max difference of 3400 m/s in the CFRP panel, the propagation direction has smaller
effects on the velocity variation in the woven GFRP panel, with the max measured difference of only
540 m/s between 0° and 45°. It demonstrates further that the [0°/90°/0°] CFRP and the 3-layer woven
GFRP laminates have the different behavior, which is mainly because the former has the most fiber

oriented at 0°, while the later has the same number of fibers oriented at 0° and 90°.
2.3.1.3.2  AE wave velocity in the whole sandwich

Fig. 2-21 firstly shows that the sensor distance has little influence on the measured AE wave
velocities in GFRP-balsa sandwich panel between 0° and 90° with a measurement step at 15°. When
sensor distance D varies from 50 mm to 100 mm, the error of wave velocities is less than 5%

between 0° and 90°. And the measured velocity when D=50 mm is a little higher than the values
when D=100 mm.
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Fig. 2-21. Influence of sensor distance on measured AE wave velocities in GFRP-balsa sandwich panel.

Substituting the panel dimension and material parameters in Table 2-1, 2-2 and 2-4 into Eq. (2-7),
the density of the balsa sandwich panel can be obtained by: ps(D) = 307 kg/m3. In the similar way,
the corrective factor here equals 1.218. Fig. 2-22 compares the measured AE wave velocities (D=100
mm) with the analytical results from the original model Eq. (2-4) (purple dotted line) and modified

Eqg. (2-5) (blue dotted line) in GFRP-balsa sandwich, to ignore the influence of sensor positions on
the measured velocities.
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Fig. 2-22. Measured AE wave velocities and calculated values in GFRP-balsa sandwich panel.

The measured and analytical values show almost the similar variation tendency along different
directions, with the highest velocity in 90°and the lowest in 45°. The max error of the results from
the modified model Eqg. (2-5) is reduced to 10.55% in 15°, compared to the max error 19.48% in 90°
of the results from Eqg. (2-4). In the most important 0° and 90°, the calculated velocities are almost
the same as the tested values. So, the overall error is less reduced compared to that of the honeycomb
sandwich structure, which is mainly due to the special anisotropic material property, higher acoustic
attenuation and the adhesions of different balsa wood blocks in the balsa cored sandwich (see Fig. 2-

8). So, it’s better to verify this model on the sandwich structures made from other materials, for
example, foam cored sandwich.
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2.3.1.3.3  Correlation between AE wave velocity in the skin and sandwich

Fig. 2-23 compares the measured velocities in GFRP-balsa sandwich with those measured on the
pure GFRP skin and balsa core. It is observed that AE wave velocity in the sandwich is always higher
than that in the core but lower than that in the skin whatever the wave propagation direction is; the
variation as a function of wave propagation directions in the sandwich and the skin have nearly the

similar tendency, with the highest velocity in 90°and lowest in 45°.

Particularly, for pure balsa panel, the acoustic wave velocity is much lower, with lowest in 0°and
within a range of 850-1000 m/s. It is interesting that the propagation direction has little effect on the
acoustic wave velocity in balsa wood panel, with a very small standard deviation in each direction.
This is mainly because the balsa panel is homogenized after the reconstruction of gluing small wood
blocks, and it is a little different from the original anisotropic wood material. Compared to pure
honeycomb core, balsa wood panel is less affected by the original material property.
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Fig. 2-23. Comparison of acoustic wave velocities in GFRP-balsa sandwich, GFRP skin and balsa core.

To apply Eq. (2-11) to GFRP-balsa sandwich, the h._p,.x at 8 = 0° is about 11 mm, so the model is
acceptable for balsa core with a thickness of 9.5-10 mm in this thesis. Fig. 2-24 also shows that Eq.
(2-12) gives the similar variation tendency to the tested values of correlation ratio, with the highest
in 0° and 90°, and lowest between 30° and 60°. The theoretical correlation ratio by Eg. (2-12) is
almost the same as that by Eq. (2-11) in 0° and 90°, but much lower between 15°and 75°. Eq. (2-11)
gives the value of the correlation ratio R= 0.75, which is consistent with the average measured ratio
of 0.74. 1t demonstrates once again that Eq. (2-11) can be used to evaluate the AE wave velocity in
any direction in the common sandwich structure from the velocity in the corresponding skin

when h, < 0.1h¢E¢(0)/E.(0), whatever the constituent materials are.
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Fig. 2-24. Correlation ratio of AE wave velocity in GFRP-balsa sandwich over that in the skin.
2.3.1.4. Conclusions

Based on the experimental and theoretical analysis of AE wave velocity in composite laminated skins
and sandwich panels, a new 3-step strategy of rapid determination of AE wave propagation velocity
has been proposed for most usually used composite sandwich structures: 1-Measure AE wave
velocity of the composite skin in one direction; 2-Calculate the corrective factor proposed in this
work to determine the velocity in all directions of the composite skin by Eq. (2-5); 3-Determine the

correlation ratio by Eq. (2-11), and then the velocity in any direction of a sandwich can be predicted.

To conclude, this new rapid method to determine AE wave velocity in any direction has been proven
effective for both CFRP-honeycomb and GFRP-balsa sandwich panels. It can be further used as a
tool to evaluate moisture effects on the stiffness degradation of composite structures before starting
4-point bending tests and modify the elastic modulus of skin of wet sandwich in the numerical models

S0 as to improve prediction accuracy.
2.3.2. Characterization of AE attenuation properties in sandwich panels
2.3.2.1. AE attenuation testing method

When AE wave propagates in solids, the attenuation property, which is the amplitude loss of an
acoustic wave with according to the propagation distance, shall not be ignored in the anisotropic
composite and wood materials, in order to localize the damages more accurately. It can be caused by
four factors [193, 195, 198]: 1) geometric spreading of acoustic wave; 2) internal friction; 3)
dissipation of wave into adjacent media; 4) losses due to velocity dispersion. It has been proven that
the geometric spreading is the dominant source of attenuation in the near field close to the source.
While in the far field, attenuation is dominated by absorption or conversion of acoustic energy into
heat [193]. The inhomogeneity in the structure can scatter the acoustic wave, namely the interface

effects on the composite structures. The attenuation due to velocity dispersion is mainly observed in
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the wideband modal AE signals, while it is usually ignored when using the narrow band sensors
[195].

Thus, in our active Hsu-Nielsen tests, the attenuation property of the sandwich panels can be related
to the propagation distance and directions, the materials and interface positions, etc. Similar to the
wave velocity tests, pencil lead breaks were performed at least 10 times at each sensor-source
distance D; which equals to 50 mm, 100 mm, 150 mm and 200 mm in each direction every 15°
between 0° and 90° on top of panels as shown in Fig. 2-8. In this way, AE amplitude attenuation
properties in different directions can be measured as a function of propagation (sensor-source)
distance.

2.3.2.2. AE attenuation in CFRP-honeycomb sandwich panels
2.3.2.2.1  AE attenuation in CFRP laminated skin

AE amplitude attenuation properties in [0°/90°/0°] CFRP laminated skins along different directions
between 0° and 90° were also studied by pencil lead breaks at least 10 times at each sensor-source
distance which equals to 50 mm, 100 mm, 150 mm and 200 mm on the 300 mm*300 mm panels,
and the average amplitude at each position was shown in Fig. 2-25. It is obvious that AE amplitude
attenuates faster as the propagation direction is farther away from the most fiber orientation, with the

attenuation lowest in 0° and highest in 60°.

One reason is that the reflection and refraction effects of fiber/matrix interfaces on the acoustic wave
will be higher when the propagation is not along the fiber direction. When compared with AE wave
velocity variations in Fig. 2-12, it is interesting to find that the attenuation is higher when the velocity
is smaller in a direction between 0° and 90°. So, the higher attenuation and lower velocity in these

directions shall be considered when localizing damages under loading.
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Fig. 2-25. AE attenuation properties in 3-layer CFRP skin along different directions.
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2.3.2.2.2  AE attenuation in the whole sandwich

In the same way, AE attenuation properties in CFRP-honeycomb sandwich panel A along different
directions between 0° and 90° were also studied in Fig. 2-26. Similar to Fig. 2-25, AE amplitude in
the sandwich attenuates faster as the propagation is farther away from the most fiber orientation,
slowest in 0° and fastest in 60°, which also agrees well with wave velocity variations, with the higher
attenuation appearing in the direction where the lower velocity exists. This is mainly because that
CFRP fibers of the skins are oriented most in 0°, and the ribbon direction L of honeycomb core is
also along 0< When the acoustic wave propagates along directions away from 0° and 90°, it will meet
more interfaces of honeycomb cells and fiber/matrix, so the attenuation will become higher.

In addition, the attenuation of the sandwich is higher than that in the CFRP skin, showing that the
lowest amplitude is 68 dB in 60° in sandwich at a sensor-source distance of 200 mm, while it is 85
dB in 60° in CFRP skin at the same distance. The main reason is that the air in the honeycomb cell
hole will contribute to the acoustic energy dissipation. So, the higher attenuation in CFRP-
honeycomb sandwich panel shall not be ignored when localizing damages under loading.
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Fig. 2-26. AE attenuation properties in CFRP-honeycomb sandwich panel A along different directions.
2.3.2.3. AE attenuation in GFRP-balsa sandwich panels
2.3.2.3.1  AE attenuation in GFRP laminated skin

Similar to CFRP panels, AE attenuation properties in GFRP panels along different directions
between 0° and 90° were also studied in Fig. 2-27. It verifies again that AE amplitude attenuates
faster as the propagation is farther away from the most fiber orientation, lowest in 0°/90° and highest
in 45°, which also agrees well with wave velocity variations, with the higher attenuation appearing

in the direction where the lower velocity exists.

91



105 =1k
100 =

Amplitude (dB)
o0
=

0 50 100 150 200
Propagation Distance (mm)

Fig. 2-27. AE attenuation properties in 3-layer GFRP panel along different directions.
2.3.2.3.2  AE attenuation in the whole sandwich

For GRRP-balsa sandwich panels, it can also be found in Fig. 2-28 that the higher attenuation
appearing in the direction where the lower velocity exists, lowest in 0° and highest in 45°, which is
also consistent with observations on GFRP skin panels. The different phenomenon from CFRP-
honeycomb sandwich is that the attenuation in GFRP-balsa sandwich panel is lower than that in the
corresponding GFRP skin. The lowest amplitude is 85 dB in 45° at a sensor-source distance of 200
mm in GFRP-balsa sandwich, while it is 77 dB in 45° at the same distance in GFRP skin in Fig. 2-
27. One possible explanation is that the balsa/balsa block interfaces (see Fig. 2-8) of the thick balsa
core and skin/core interfaces make it easier for acoustic waves to propagate in the solid materials

than in the surrounded air.

In addition, the wave velocity (see Fig. 2-23) and attenuation in pure balsa are not highly affected by
the propagation direction, which is because that balsa block interfaces are distributed randomly in all
directions. The average amplitude attenuation in any direction in pure balsa panel is also plotted by
black curve in Fig. 2-28. It can be seen that the amplitude at a sensor-source distance of 200 mm in
pure balsa panel is 88 dB, which is close to the attenuation curves of GFRP-balsa sandwich in 15°
and 75°, so it shall not be ignored when localizing damages under loading.
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Fig. 2-28. AE attenuation properties in GFRP-balsa sandwich and pure balsa panels.
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2.3.2.4. Conclusions

In conclusion, whatever the laminate material is, such as 3-layer [0°/90°/0°] CFRP and woven GFRP
fibers, AE attenuation is higher as the propagation direction is farther away from the most fiber
orientation, which is also the direction where the wave velocity is lower. For sandwich panels, the
similar conclusions can be found. But there exists an interesting phenomenon that the attenuation in
GFRP-balsa sandwich is lower than that in the corresponding GFRP skin, while the attenuation in
CFRP-honeycomb sandwich is higher than that in the corresponding CFRP skin. This can be related
to the fiber orientations of hollow honeycomb cells and random interface positions of balsa/balsa
blocks.

2.4. Moisture effects on preliminary AE and IRT signals
2.4.1. Moisture absorption tests monitored by active AE and IRT methods
2.4.1.1. Water immersion test

According to the definitions in ISO 12571 [199] for determination of hygroscopic sorption properties
of building materials and ASTM D5229 [200] for moisture absorption properties of polymer matrix
composite materials, five triple dog-bone GFRP-balsa sandwich and CFRP-honeycomb sandwich
specimens were firstly dried in the oven at 40°C until the constant mass, which was reached if the
change of mass between three consecutive weighing, each made every 24 h, differs by less than 0.1%
of the total mass. 40°C is below the glass transition temperature of the materials, to avoid the material
damages due to high temperature. Then the specimens were immersed into water under room
temperature until mass stabilization (protocol from the standard ISO 12571). On the first day, the
mass was measured twice a day because water absorption rate was normally faster during the first

few days. Then mass measurements were performed every 24 h later.

Finally, Moisture Content (MC) in percentage in the specimen, which is the ratio of the mass of the
absorbed moisture in the structure to the oven-dried initial mass [199-200], can be defined by Eq. (2-
13):

MC = 220 5 100 (2-13)

0

Where My is the initial mass after drying process, M; is the mass of wet specimen.
2.4.1.2. Active AE test setup on triple dog-bone sandwich specimens

During the whole moisture absorption period, active Hsu-Nielsen tests were performed regularly
along the specimen length direction (0°, Direction X) (see Fig. 2-29) to monitor moisture effects on

AE wave velocity, following Eq. (2-1) and Eq. (2-4). Distance between sensors S; and S, is 100 mm,
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and the distance between sensor S; and the source is 50 mm. Moisture effects on AE attenuation were
also investigated by measuring amplitude at different distance of 50 mm, 100 mm, 150 mm and 200

mm in 0" direction.

Direction X

Fig. 2-29. AE Hsu-Nielsen test setup for monitoring moisture effects on sandwich structures.
2.4.1.3. Active IRT test setup on triple dog-bone sandwich specimens

As introduced in Chapter 1, a typical active IRT system (see Fig. 2-30) mainly include the IR camera
(FLIR X6801sc, with a resolution of 608*312 full images at 520 frames per second), the halogen
lamp (1 KW) and the acquisition computer with ResearchlR Master software. In this work, in order
to study the difference between the temperature variation rate of dry and wet specimens, active
reflection IRT tests were performed by using a halogen lamp to heat side surfaces of wet and dry
specimens simultaneously (see Fig. 2-30. (b)). Average temperature difference of the selected
surfaces (green/purple rectangular window in Fig. 2-30. (c) and Fig. 2-30. (d)) at a certain time is
defined as AT=T:To, Where Ty denotes the average temperature of the first ten images of the whole
window, T is the average temperature of the whole window at time t. The variation of thermal field
of surfaces of wet and dry specimens against time can be described by AT during the whole heating
and cooling process [3]. The measured cooling time can reflect the heat convection between the

specimen and environment.

Heat sogce ™~ Monitored object
eat source >

(a) Schematic of active reflection IRT tests. (b) Setup of active reflection IRT tests.

94



Initial temperature (°C)

(c) Monitored surfaces of wet and dry GFRP-balsa specimens before heating.

Initial temperature (°C)

(d) Monitored surfaces of wet and dry CFRP-honeycomb specimens before heating.

Fig. 2-30. Experimental setup of active reflection IRT tests.

Before starting the tests, parameters such as distance between the camera and the monitored object,
reflected temperature on the surface of the object shall be measured and input into the ResearchIR
Master software correctly, as the example in Table 2-7 shows. Emissivity of composite is usually set
within 0.92-0.95 according to the references [110, 129]. Frame rate shall be set properly, in this work,
after some trying tests, 100 Hz is chosen to obtain the right temperature variation rate in active IRT

tests.

Table 2-7. IRT acquisition parameters for dry sandwich in active reflection tests.

Emissivity Distance (m) Reflected Temp (°C) Frame rate (Hz)
0.95 1.2 16.0 100

2.4.2. Moisture absorption behaviors

Fig. 2-30. (c) shows the initial temperatures of dry and wet GFRP-balsa sandwich specimens under
room temperature before heating. The average temperature of the dry specimen detected by the
camera is almost the same as room temperature 16 °C, while the average temperature of the wet
specimen detected by the camera is only 14.5°C, 1.5 °C lower than that of dry one/room temperature.
Similarly, Fig. 2-30. (d) shows that the initial temperature of the dry CFRP-honeycomb sandwich
specimen detected by the camera is 16.2 °C, which is very near to room temperature, while the
average temperature of the wet CFRP-honeycomb sandwich specimen detected by the camera is only
14.0 °C, 2.2 °C lower than that of dry one. It means that the surface temperature of wet specimen has

decreased due to moisture absorption, which is due to the changes in thermal and physical properties
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during heat transfer. For example, the evaporation at the wet surface is an endothermic reaction,

which can induce a decrease on the surface temperature [201].
2.4.2.1. Moisture absorption behavior of GFRP-balsa sandwich

Firstly, Fig. 2-31. (a) gives the Moisture Content (MC) decrease versus drying days until the final
constant mass. It is shown that the average MC decreases by 1.8% (10.03%) after 13 days. It verifies
that the GFRP-balsa sandwich specimens which have been put in the environment under room
temperature without absorbing moisture can be also regarded as the dry ones, with a MC about 1.8%,
compared to the much higher MC of wet sandwich specimens. So, the dry GFRP-balsa sandwich
specimens (with a MC about 1.8%) tested under 4-point bending load under room temperature in

Chapter 3 can be further compared with the wet specimens.

Fig. 2-31. (b) shows the Moisture Content (MC) increase versus immersion days until the final
constant mass, and Fig. 2-31. (c) shows the average MC versus square root of immersion days
according to ASTM D5229 [200]. The average MC (orange curve) reached almost 20% (+1.39%)
during the first 24 h. Then it took about 4 days to reach 40% (+2.57%) MC, 9 days to 60% (+3.59%)
MC, 20 days to 80% (+2.80%) MC, 52 days to 100% (+2.81%) MC and 112 days to the constant
120% (£3.71%) MC. It indicates that GFRP-balsa sandwich is highly sensitive to humidity [55],

which may have great effects on the mechanical behaviors.

In Fig. 2-31. (c), it can be seen that the average moisture absorption curve shows the first linear stage
before point F (10 days with 60% MC), and then the non-linear stage begins. According to Fick’s
law [200], it means that the moisture diffusivity speed is constant in the first linear stage, and after
point F, moisture diffusivity speed has become slower. In order to study the influence of different
MC in linear and non-linear stages on the mechanical properties and damage mechanisms of GFRP-
balsa sandwich, 4-point bending behaviors of 50% MC and 120% MC wet specimens will be

compared in Chapter 3.
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(a) Moisture Content (MC) decrease vs. drying days.
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(c) Moisture Content (MC) increase vs. square root of immersion days.

Fig. 2-31. Moisture absorption behavior of GFRP-balsa sandwich specimens.

2.4.2.2. Moisture absorption behavior of CFRP-honeycomb sandwich

Firstly, Fig. 2-32. (a) gives the Moisture Content (MC) decrease versus drying days until the final
constant mass. It is shown that the average MC decreases by 0.3% (+0.01%) after 6 days. It verifies
that the CFRP-honeycomb sandwich specimens which have been put in the environment under room
temperature without absorbing moisture can be also regarded as the dry ones, with a MC only about
0.3%, compared to the much higher MC of wet sandwich specimens. So, the dry CFRP-honeycomb
sandwich specimens (with a MC only about 0.3%) tested under 4-point bending load under room

temperature in Chapter 4 can be further compared with the wet specimens.

Fig. 2-232. (b) also shows the Moisture Content (MC) increase versus immersion days of CFRP-
honeycomb sandwich specimens until the final constant mass, and Fig. 2-32. (c) shows the average
MC versus square root of immersion days according to ASTM D5229 [200]. The average MC
(orange curve) of specimens No. 01, No. 02, No. 03 and No. 05 was only 1.5% (4-0.17%) during the
first 24 h. Then it took 6 days to reach 3% (£0.24%) MC, 12 days to 5% (£0.42%) MC, 26 days to
6% (£0.55%) MC and 50 days to the constant 6.5% (£0.62%) MC.

Obviously, under the same environmental condition, the moisture absorption rate of CFRP-

honeycomb is much smaller than that of the GFRP-balsa sandwich. And the curves of CFRP-
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honeycomb sandwiches are not so smooth, which is mainly due to the hollow honeycomb cells which

allows more free water to enter the structure. MC of CFRP-honeycomb sandwich specimen No. 01

is much higher than the other four specimens, which reaches about 11% MC. But no obvious

difference can be found on this specimen, the higher MC may be caused by the test error and needs

future validation.

In Fig. 2-32. (¢), it can be seen that the average moisture absorption curve shows the first linear stage

before point F (16 days with 6% MC), and then the non-linear stage begins. The mechanical

behaviors of CFRP-honeycomb specimens with different MC will be further discussed in Chapter 4.
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Fig. 2-32. Moisture absorption behavior of CFRP-honeycomb sandwich specimens.

2.4.2.3. Conclusions
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In conclusion, based on the water immersion tests, it can be observed that moisture effects on the
mechanical behaviors of the GFRP-balsa sandwich shall not be ignored because of the higher
moisture absorption rate, which will be investigated in Chapter 3. Although the CFRP-honeycomb
sandwich shows very small moisture absorption rate with a saturation MC of 6.5% (4+0.62%), but it
still needs further validation in 4-point bending tests in Chapter 4, to characterize the detailed
moisture effects on bending stiffness and strength of sandwich structures.

2.4.3. Moisture effects on AE wave propagation properties
2.4.3.1. Moisture effects on AE wave propagation properties of GFRP-balsa sandwich
2.4.3.1.1 Moisture effects on AE wave velocity

Based on the preliminary investigations in section 2.2.1, AE wave velocity is related to the elastic
modulus of the sandwich. To further study the relationship between AE wave velocity and MC of
GFRP-balsa sandwich, the average AE wave velocity of the five specimens is plotted as MC
increases by every 20% (see Fig. 2-33). It shows that AE wave velocity decreases from 3120 m/s to
1870 m/s (i.e. 40%) as MC increases to 120% (+3.71%). If the curve is fitted by a polynomial
equation of order 2, an empirical relationship between AE wave velocity and MC can be expressed
by Eg. (2-14) which is valid when MC is 0-120% for GFRP-balsa sandwich:

Cumc(0°) = 444.02 - MC? — 1609.2 - MC + C1p(0°) (2-14)

Where CLMC(0°) is AE wave velocity in the wet sandwich measured in specimen length direction
8 = 0"; C.p(07)=3120 m/s is AE wave velocity in the dry specimen before water immersion, MC is

the moisture content in percentage.

Based on Eq. (2-4) and Eq. (2-9), AE wave velocity of composite sandwich is mainly determined by
the elastic modulus of the laminated skin, density and thickness of the constituents. For composite
laminates, when moisture penetrates into the structure, it will induce some microscopic internal
damages, such as matrix cracking and fiber/matrix debonding [203], due to the reduction of
intralaminar strengths of fiber/matrix interfaces and interlaminar toughness of laminate plies. Thus,
the stiffness of GFRP skin of the sandwich can be degraded due to moisture absorption. Fig. 2-33
signifies that stiffness of the sandwich will be reduced, and reflected by the elastic modulus and AE

wave velocity decrease. It can be further demonstrated by 4-point bending tests in Chapter 3.
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Fig. 2-33. Correlations between AE wave velocity and MC of GFRP-balsa sandwich.
2.4.3.1.2 A new methodology to predict elastic modulus of wet sandwich by AE wave velocity

In order to quantify the correlations between elastic modulus, AE wave velocity and MC, according

to Eq. (2-4), elastic modulus of wet and dry sandwich in 0° can be expressed by Eq. (2-15):
o o 2 o
Enc(07) = puc * (Comc(07)) - (1 = vmc(07)°) (2-15a)
o o 2 o
Ep(07) = pp - (Cuo(07)) - (1 = vp(07)°) (2-15b)

Where pyc and pp are the density of wet and dry sandwich, Cpyc(07) and Cp(0°) are AE wave
velocity of wet and dry sandwich in 0° direction, vc(0°) and vp(0°) are Poisson’s ratio of wet and

dry sandwich in 0° direction, respectively.

Since moisture has little effect on Poisson’s ratio [55, 80], vyc (0) and VD(Oo) can be regarded as
the same. The volume of the sandwich shows very little difference after water immersion process, so
it can be calculated that pyc = (1 + MC) - pp. Thus, Eqg. (2-16) can be obtained to predict elastic
modulus Eyc(0”) of wet GFRP-balsa sandwich for a given MC if the density pp and velocity

CLp(0°) of dry sandwich are known:

Emc(07) = (1 + MC) - pp - (444.02 - MC? — 1609.2 - MC + cLD(0°))2 (1-w(0)°)  (216)

For a sandwich made from any material which will not generate great volume and Poisson’s ratio
change due to moisture absorption, if AE wave velocity of wet sandwich has also been measured,

Emc(07) of the wet sandwich can be simply predicted by Eq. (2-17b):

Emc(0) _ pmc . Cumc(0)y2 )
Ep(0) ~ pp (CLD(OO)) (2-172)

Emc(07) = (1 + MC) - £,2 - Ep(0°) (2-17b)
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Where f, = Cpmc(0°)/Crp(0°) is the ratio of AE wave velocity in the wet sandwich over that in the
dry sandwich. Eq. (2-16) and Eq. (2-17) assume that the hygroscopic expansion of the skin and the

core has been ignored, so that the specimen volume is assumed to be constant.

Applying Eq. (2-17b) to specimens with 120% MC, f, is equal to 0.6, so it can be obtained that
E1200smc(07)=0.80Ep(0°). For 50% MC specimens which will also be tested in 4-point bending tests,
the average velocity was 2382 m/s, so elastic modulus of 50% MC specimens can be predicted:
Esooemc(0”) = (14 0.5) - 0.762 - Ep(0”) = 0.87Ep(0°). According to Eq. (2-9), it signifies that
elastic modulus of the skin of 50% MC and 120% MC sandwich has to be degraded in the same
manner as that of sandwich, so it should be 87% and 80% of that of dry sandwich, respectively. In
fact, bending stiffness of the sandwich is mainly determined by elastic modulus of the skin [127,
204], so it is logical that the degradation of elastic modulus of the skin and that of the sandwich are
identical.

Consequently, a good advantage of this model is to predict the variation of elastic modulus of the
skin of wet sandwich without loading, which can be time and cost saving. The knowledge of this
variation can be of great interest in a numerical model, because the bending behavior of wet sandwich

can be better predicted if the variation of material parameters as a function of MC has been integrated.

Consequently, Table 2-8 gives the material parameters of dry and wet skin of GFRP-balsa. Elastic
modulus of wet skin of 50% MC and 120% MC sandwich can be modified as 87% and 80% of those
of dry GFRP skin, and shear modulus has also been decreased as 87% and 80% of dry skin, since the
reference [205] has verified that tensile and shear modulus values of carbon or glass fiber laminates
will decrease by the very near percentage due to the same moisture content. Next, the proposed
prediction methodology to determine elastic modulus of wet sandwich will be validated in the
experimental and numerical investigations of 4-point bending behaviors of GFRP-balsa sandwich in
Chapter 3.

Table 2-8. Material parameters of woven glass fiber skin of dry and wet GFRP-balsa sandwiches.

Types E; (GPa) E;(GPa) G2 (GPa) Gi3 (GPa) Ga3 (GPa) Vig

Dry sandwich 20 20 2.85 2.30 2.30 0.13
50% MC sandwich 17 17 248 2.00 2.00 0.13
120% MC sandwich 16 16 2.28 1.84 1.84 0.13

2.4.3.1.3 Moisture effects on AE attenuation

As demonstrated in section 2.2.2, AE amplitude attenuation is higher as the propagation direction is
farther away from the most fiber orientation in laminated skins and the sandwich. However, due to
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the combination of anisotropic skins and core materials, moisture effects on AE attenuation
properties of sandwich structures are still unclear. In this work, moisture effects on AE attenuation
along 0° direction were firstly investigated during the moisture absorption process. Fig. 2-34 shows
that the average AE amplitude of the five wet specimens attenuates much faster as MC increases. In
particular, when MC increases from 0% to 120%, AE amplitude has an obvious decrease from 92
dB to 64 dB at a propagation distance of 200 mm. This phenomenon shall not be neglected when
using AE technique to localize damages under loading. It means that the sensor distance could be
reduced and more sensors could be added on the wet sandwich specimens to better localize damages,
due to the higher amplitude attenuation.
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Fig. 2-34. Correlations between AE attenuation and MC of GFRP-balsa sandwich.

AE attenuation curve is as an exponential function of propagation distance [193, 198]. After fitting
the curves by exponential function (y = Ae™P¥), attenuation coefficient p is obtained, as shown in
Fig. 32-34. Fig. 2-35 shows that the attenuation coefficient is higher as MC increases, and the curve
can be fitted by a polynomial equation of order 2, then an empirical relationship between AE
attenuation coefficient and MC can be expressed by Eg. (2-18) which is valid when MC is 0-120%
for GFRP-balsa sandwich:

pumc(07) = 0.019 - MC? + 0.0486 - MC + 0.0215 (2-18)

Where pMC(0°) is the attenuation coefficient in 0°. The attenuation coefficient of 120% MC
sandwich specimen is about five times as the dry one. It signifies that the great effects of moisture
on AE attenuation shall be considered when monitoring damage evolution of wet specimens in
mechanical tests. Eg. (2-18) can be used to predict the attenuation coefficient variation of GFRP-
balsa sandwich at any MC before saturation, and then the corresponding amplitude attenuation at any
distance less than 200 mm at certain MC can be evaluated.
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Fig. 2-35. Moisture effects on attenuation coefficient of GFRP-balsa sandwich.
2.4.3.2. Moisture effects on AE wave propagation properties of CFRP-honeycomb sandwich

In order to compare the difference between moisture effects on AE wave propagation properties of
balsa and honeycomb sandwich, and verify the proposed methodology to predict elastic modulus of
the sandwich structure made of any material, the same analysis method has been applied to

honeycomb sandwich in the following part.
2.4.3.2.1 Moisture effects on AE wave velocity

Similarly, AE wave velocity variation of CFRP-honeycomb sandwich specimens during the moisture
absorption process was also investigated. As shown in Fig. 2-36, the average velocity has a very
small decrease within 300 m/s (by 4%) as MC increases to the constant 6.5%. It indicates that a very
small MC absorption cannot result in the great stiffness degradation of the CFRP-honeycomb

sandwich, which can be validated by 4-point bending tests in Chapter 4.

If the curve in Fig. 2-36 is also fitted by a polynomial equation of order 2, an empirical relationship
between AE wave velocity and MC can be expressed by Eq. (2-19) which is valid when MC is 0-
6.5% for CFRP-honeycomb sandwich:

Cumc(0°) = 19893 - MC? — 6067.6 - MC + C1p(0°) (2-19)

To verify the proposed methodology to predict elastic modulus of the wet sandwich, when MC=6.5%

(£0.62%), by inputting velocity test results into Eq. (2-17b), elastic modulus of 6.5% MC CFRP-

7450

honeycomb sandwich can be: Eyc(07) = 1.065 - (-->-) - Ep(07)=0.98Ep(0°). It signifies that

elastic modulus of the CFRP skin of wet CFRP-honeycomb sandwich is 98% of that of dry one, as
shown in Table 2-9. Thus, it verifies that Eq. (2-17b) can be used to predict elastic modulus of most

common sandwich structures as a function of MC and AE wave velocity.

103



9000

—_—

A

£ 8500

S’

;: 8000

3 7500 *\i_—‘\{—h}
_— y = 19893x% - 6067.6x + 7782
2 7000 R = 0.9697

@

; 6500

a 6000

0.0% 1.5% 3.0% 4.5% 6.0% 7.5%
Moisture Content (MC)
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Table 2-9. Material parameters of carbon fiber skin of dry and wet CFRP-honeycomb sandwich.

Types E: (GPa) E»(GPa) Gi,(GPa) Gi3 (GPa) G2s (GPa) Vig
Dry sandwich 152.40 9.20 4.30 2.80 2.30 0.35
6.5% MC sandwich 149.35 9.02 421 2.74 2.25 0.35

2.4.3.2.2 Moisture effects on AE attenuation

In the same way, moisture effects on AE attenuation along 0° direction of CFRP-honeycomb
sandwich specimens were investigated. Fig. 2-37 also shows that the average AE amplitude of the
five wet specimens attenuates much faster as MC increases in CFRP-honeycomb sandwiches. When
MC increases from 0% to 6.5% (50 days), AE amplitude has a decrease from 85 dB to 76 dB at a

propagation distance of 200 mm.

After fitting the curves by an exponential function (y = Ae™P¥) in Fig. 2-37, attenuation coefficient
p can be obtained as Fig. 2-38 shows. Attenuation coefficient is higher as MC increases, and the
curve in Fig. 2-38 can be fitted by a polynomial equation of order 2. Then an empirical relationship
between AE attenuation coefficient and MC can be expressed by Eq. (2-20) which is valid when MC
is 0-6.5% for CFRP-honeycomb sandwich:

pmc(07) = 4.5445 - MC? + 0.0582 - MC + 0.0416 (2-20)

Where pMC(0°) is the attenuation coefficient in 0°. The attenuation coefficient of 6.5% MC CFRP-
honeycomb sandwich specimen is about 1.5 times as the dry one. It signifies that the moisture has
smaller effects on AE attenuation of CFRP-honeycomb sandwich, compared to GFRP-balsa
sandwich. Eq. (2-20) can be used to predict the attenuation coefficient variation of CFRP-honeycomb
sandwich at any MC before saturation, and then the corresponding amplitude attenuation at any

distance less than 200 mm at certain MC can be evaluated.
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Fig. 2-37. Correlation between AE attenuation and MC of CFRP-honeycomb sandwich.
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Fig. 2-38. Moisture effects on attenuation coefficient of CFRP-honeycomb sandwich.

2.4.3.3. Conclusions

As a conclusion, AE wave velocity decreases as a function of moisture content in the sandwich, and
a new methodology has been proposed to predict elastic modulus variation of the wet sandwich skin,
based on the wave velocity and MC measurements. The new method has been proven effective for
both GFRP-balsa and CFRP-honeycomb sandwich, and the main difference is that CFRP-
honeycomb sandwich has very small 6.5% saturated MC, showing only 4% velocity decrease, while

GFRP-balsa sandwich has 120% MC increase, with 40% velocity decrease.

AE amplitude attenuation is much higher as MC increases for both of two different sandwich
materials, and this phenomenon shall be considered when localizing damages by AE in the next
mechanical tests. It means that the sensor distance could be reduced and more sensors could be added

on the wet sandwich specimens to better localize damages, due to the higher amplitude attenuation.
2.4.4. Moisture effects on temperature variation rate in active IRT tests
2.4.4.1. Moisture effects on IRT responses of GFRP-balsa sandwich
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As explained in Fig. 2-30, the dry and wet triple dog-bone sandwich specimens were heated by one
halogen lamp and cooled to room temperature simultaneously. According to [140], temperature
contrast Cy= AT/To can describe the temperature variation rate more clearly by eliminating the effects
of the initial temperature, compared to the simple AT. Considering that the detected initial
temperature of the dry sandwich is higher than that of the wet one, Fig. 2-39 shows the heating and
cooling curves of dry and wet specimens (120% MC) by plotting the average temperature contrast
of the specimen surface versus time, in which two different heating time 30 s and 60 s are compared,

to study the influence of heating time on the final cooling time until room temperature.

Whatever the heating time is, during the heating process, the average temperature contrast (AT/To)
of wet specimen increases always more slowly than that of dry one, which is mainly due to the higher
specific heat of the absorbed water. Specific heat of the glass fiber is around 1000 J/(kge°C) [206-
207], while water is 4200 J/(kge°C), so average specific heat of skin of wet specimen has been

increased, finally resulting in the smaller temperature increase of wet skin surface.

In reference [201], it has been concluded that changes in moisture content in building components
are related to changes in surface temperature which can be detected by IRT, mainly due to three
physical phenomena: 1) evaporative cooling at the wet area; 2) reduced thermal resistance: the heat
flow through wet materials is higher than that through dry materials, which creates a heterogeneous
thermal pattern when the surface temperature over the wet material becomes higher. This effect is
pushed to extremes when the wetting occurs in thermal insulation materials; The thermal
conductivities [205-207] of balsa and Nomex honeycomb are 0.05 W/(m*K) and 0.02 W/(m*K),
respectively, much lower than 0.6 W/(m*K) and 0.95 W/(m<K) of water and composite laminates.
Thus, the thermal conductivity/resistance of wet sandwich will be more complicated due to the water
absorption, affected by the coupling of skin, core and water. 3) increased heat storage capacity of the
wet material: the surface temperature over a wet area responds more slowly to a change in the air
temperature than the surface temperature over a dry area. Thus, when the whole surface is cooling,

wet areas will cool more slowly.

But the above explanations still need further investigations. The variations of thermal coefficients
and physical phenomena of heat transfer between the specimen and environment due to moisture
absorption shall be considered carefully when determining the heat source filed of sandwich in later

4-point bending tests.
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Fig. 2-39. Moisture effects on active IRT test of GFRP-balsa sandwich.

When the heating time is 30 s, the max temperature contrast (AT/To) of skin of wet GFRP-balsa
sandwich is 0.01 (see Fig. 2-39), almost 80% lower than 0.05 of the dry one. The average temperature

contrast increase rate of the wet specimen is 0.0003/s, 80% smaller than 0.0017/s of the dry one.

When the heating time is double, the max temperature contrast (AT/To) of the wet specimen is 0.01,
almost 67% lower than 0.03 of the dry one. The average temperature contrast increase rates of the
dry and wet specimens can be divided into two stages: the first stage before 15 s with a larger increase
rate and the second stage between 15 s and 60 s with a smaller rate. Before 15 s, the average
temperature contrast increase rate of the wet specimen is 0.0004/s, 64% lower than 0.0011/s of the
dry one. Between 15 s and 60 s, the average temperature contrast increase rate of the wet specimen
is 0.0002/s, 33% lower than 0.0003/s of the dry one.

It signifies that the heat flow has penetrated more deeply into the core material when the heating time
is longer, and then the surface temperature has been affected by both the skin and the core, so the

shorter heating time is a better choice to determine the cooling time of the skin material.

During the cooling process, the average temperature contrast (AT/To) of the wet specimen decreases
more slowly than the dry one before 110 s. After 110 s, the temperature contrast of the wet specimen
remains almost stable, while that of the dry sandwich continues to decrease until the stable 0.005
near 400 s. So, the cooling time (ty, = 355 % 15 s) of the dry specimen is between 30 s/60 s and
400 s, while the cooling time (ty, = 65 £ 15 s) of the wet specimen is much shorter between 30 s/60
sand 110 s. The cooling time can reflect the characteristics of heat convection between the specimen
and environment [142, 143], so it shall be input into the heat source calculation in 4-point bending
tests in Chapter 3. It indicates that moisture effects on the heat convection between the specimen and

environment shall be considered carefully.

2.4.4.2. Moisture effects on IRT responses of CFRP-honeycomb sandwich
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Similarly, Fig. 2-40 shows the heating and cooling curves of dry and wet CFRP-honeycomb
sandwich specimens (6.5% MC) by plotting the average temperature contrast of the specimen surface
versus time, in which two different heating time 33 s and 66 s are also compared. Similar to GFRP-
balsa sandwich, whatever the heating time is, during the heating process, the average temperature
contrast (AT/To) of skin of wet CFRP-honeycomb sandwich increases always more slowly than that

of the dry one, which is mainly due to the higher specific heat of the absorbed water.

When the heating time is 33 s, the max temperature contrast (AT/To) of skin of the wet CFRP-
honeycomb sandwich is 0.04, almost 69% lower than 0.13 of the dry one. The average temperature
contrast increase rate of wet skin is 0.0012/s, 69% smaller than 0.0039/s of dry one.

When the heating time is double, the max temperature contrast (AT/To) of wet skin is 0.04, almost
33% lower than 0.06 of the dry one. The average temperature contrast increase rate of wet skin is
0.0006/s, 67% smaller than 0.0009/s of dry one. It verifies that the heat flow has penetrated more
deeply into the core material when the heating time is longer, and then the surface temperature has
been affected by both the skin and the core, so it’s better to heat the specimens for a shorter time to

reduce the influence of the heat convection between the environment, the skin and the core.

During the cooling process, the average temperature contrast (AT/To) of the wet specimen decreases
more slowly than the dry one before 200 s. After 200 s, the temperature contrast of the wet specimen
remains almost stable, while that of the dry sandwich continues to decrease until the stable 0.006
near 400 s. So, the cooling time (ty, = 355 % 15 s) of the dry specimen is between 33 s/66 s and
400 s, while the cooling time (ty, = 155 + 15 s) of the wet specimen is shorter between 33 s/66 s
and 200 s. It can reflect the characteristics of heat convection between the specimen and environment,

and it shall be input into the heat source calculation in 4-point bending tests in Chapter 4.
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Fig. 2-40. Moisture effects on active IRT test of CFRP-honeycomb sandwich.

2.4.4.3. Conclusions
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To conclude, when being heated by the same halogen lamp for nearly the same heating time (30 s),
under the same environmental condition, the average temperature contrast (AT/To) of the wet GFRP-
balsa or CFRP-honeycomb sandwich shows smaller temperature increase rate than that of the dry
sandwich. Furthermore, it is verified that the temperature contrast increase rate is mainly affected by
the product of the density and specific heat of the constituent materials, and moisture absorption has
caused the smaller rate mainly due to higher specific heat of water. In addition, other thermal
parameters such as conductivity and diffusivity could be also affected by the existence of water,

which shall be considered carefully.

To be emphasized, the cooling time can help determine the time increment which characterizes the
heat convection between the specimen and the environment in the heat diffusion equation Eq. (1-16).
It means that the thermal coefficient variation due to moisture absorption cannot be ignored in
thermal-mechanical modeling in 4-point bending tests in Chapter 3 and 4.

2.5. Chapter summary

In summary, the preliminary characterization of AE wave velocity and amplitude attenuation
properties in GFRP-balsa sandwich and CFRP-honeycomb sandwich has been carried out by active
Hsu-Nielsen tests. A new rapid method has been proposed and demonstrated to quickly determine
AE wave velocity in any direction in the sandwich based on the measurements of velocity only in
one direction in the corresponding composite skin. It validates that the propagation direction farther
away from the most fiber orientation of composite laminates and sandwiches will result in higher
attenuation and lower wave velocity, which shall not be ignored when localizing damages under

loading.

And then, the moisture absorption behaviors of GFRP-balsa and CFRP-honeycomb sandwiches have
been studied by water immersion tests monitored by active AE and IRT techniques. Relationships
between Moisture Content, AE wave velocity and elastic modulus have been pointed out to propose
a new methodology to predict the variation of elastic constants of the composite skin as a function
of moisture content. This method has been proven to be effective for the two kinds of sandwich
materials. Furthermore, all these conclusions can be integrated into the numerical models to improve
the calculation accuracy of 4-point bending behaviors of the sandwich by modifying the elastic
modulus input as a function of MC in Chapter 3 and 4. In addition, it has been proven that AE
amplitude attenuation will be higher and wave velocity will be lower as MC increases in the two
kinds of sandwich structures, which shall be considered for the damage localization during 4-point

bending tests.
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Moisture effects on active IRT tests have also been studied, showing that the wet sandwiches have
smaller temperature increase rate due to higher specific heat of water. The different thermal
coefficients of the skin and core shall be considered carefully when determining the heat source field
of sandwich in later 4-point bending tests in Chapter 3 and 4. The cooling time, ty,, which
characterize the heat convection between the specimen and the environment in the heat diffusion
equation Eq. (1-16), shall be considered carefully in the calculation of the real heat source in 4-point

bending tests.

Based on all these preliminary studies, in the next chapter, 4-point bending behaviors and damage
mechanisms of dry, 50% MC and 120% MC triple dog-bone GFRP-balsa sandwich specimens will

be studied experimentally and numerically, under the monitoring of passive IRT and AE techniques.
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3.1. Introduction

Based on the preliminary investigations on the moisture absorption tests, AE wave propagation
properties and active IRT tests described in Chapter 2, moisture effects on the static 4-point bending
behaviors of GFRP-balsa sandwich are studied experimentally and numerically in this chapter.
Firstly, moisture effects on the bending stiffness/strength and damage mechanisms have been
discussed, based on the observations by microscopes, IRT and AE. Particularly, during the post-
processing process of AE data, a damage characterization approach coupling the characteristics of
AE amplitude, peak frequency and duration by applying the two clustering processes has been
developed to classify different damage modes of GFRP-balsa sandwich.

Based on the experimental study, the Progressive Damage Analysis (PDA) model in Abaqus has
been developed, where the variation of mechanical properties of the skin of the sandwich as a
function of MC has been taken into account, to better simulate the bending stiffness, fracture load,
displacement and damage evolution process of the wet sandwich.

3.2. Static 4-point bending tests monitored by AE and IRT
3.2.1. Experimental setup

Triple dog-bone GFRP-balsa sandwich specimens were tested under 4-point bending. Loading span
(L) is 80 mm and support span (S) is 240 mm, as seen in Fig. 3-1. As explained in Chapter 2, the
interest of this special dog-bone shape [191, 192] is to observe more clearly the skin damages caused
by the maximum compressive stresses in the pure bending zone 1, as well as core damages in bending
and shear zone 2 (see Fig. 2-6 and Fig. 2-7). Another advantage of this shape is to reduce the local
stress concentrations under the loading supports and ensure the stability of the tests. The tests were
controlled by displacement rate imposed at 2 mm/min [209-210] using the MTS machine with load
cell of 100 kN, monitored by passive AE and IRT systems during the whole loading process.

AE monitoring system is composed of two wideband sensors (100 kHz-1 MHz) [94, 95], two pre-
amplifiers and a PCI-2 acquisition system (Mistras AEwin software). This kind of wideband sensor
was chosen so as to allow the received signals not to be limited in certain resonance frequencies in
the case of a multi-material structure. The sensors were glued on the skin surface symmetrically with
respect to the central axis Z (loading direction) using a couplant (silicone grease), with a distance (D)
of 180 mm (see Fig. 3-1. (2)), in order to receive all possible AE hits within a large frequency range

generated in zone 1 and zone 2 during 4-point bending tests.

After some preliminary tests, the threshold which determines the system sensitivity to the

environmental noise, was set by 28 dB. The other AE acquisition parameters for GFRP-balsa
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sandwiches under 4-point bending are given in Table 3-1. The parameters are a little different from
those in Table 2-6 in active Hsu-Nielsen tests, because the loading conditions, sensors and specimen
geometries are different. They are determined by some preliminary trying tests, to finally ensure
fewer signals have been lost. Before starting the bending tests, AE wave velocity and attenuation
tests along the specimen length have to be repeated on dog-bone specimens, as demonstrated in
Chapter 2, in order to calibrate the AE acquisition parameters including velocity and attenuation

properties input into AEwin software.

IRT system was set to monitor more clearly the upper skin surface in loading span (zone 1) (see Fig.
3-1. (b)), including IR camera (FLIR X6801sc, with a resolution of 608 > 312 full images at 520
frames per second) and acquisition computer with ResearchlR Master software. The IRT acquisition
parameters are shown in Table 3-2.

WD sensors gl D=180 mm , =
i
=
. :

-

$=240 mm

Camera monitoring
zone 1 of upper skin

(b) IR camera setup.

Fig. 3-1. 4-point bending test setup monitored by AE and IRT techniques.

Table 3-1. AE acquisition parameters for GFRP-balsa sandwiches under 4-point bending.

Analog Sample
Threshold  Pre-amplifier PDT HDT HLT Pre-Trigger Hit
(aB) (aB) T e (1) Length
ps s s us engt

(MHz) (MSPS)
28 40 0.02-3 30 100 300 5 50 4k
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Table 3-2. IRT acquisition parameters for GFRP-balsa sandwiches in 4-point bending tests.

Emissivity Distance (m) Reflected Temp (°C) Frame rate (Hz)
0.95 0.7 19.3 480

In order to study moisture effects on mechanical behaviors and damage mechanisms of triple dog-
bone GFRP-balsa sandwich specimens, seven dry specimens, three 50% MC (with a standard
deviation of 1.6% MC) wet specimens and three 120% MC (with a standard deviation of 3.7% MC)

wet specimens were tested under the same 4-point bending loading condition.
3.2.2. Moisture effects on bending behaviors

Fig. 3-2 shows the force/displacement curves of all the tested dry and wet sandwich specimens. Table
3-3 gives the average bending stiffnesses and fracture loads of the dry, 50% MC and 120% MC wet
specimens. Firstly, it can be seen that most specimens show the similar linear behavior before the
final fracture except Wet 3 (50% MC). All the dry sandwich specimens and 120% MC wet specimens
show the good repeatability. The three 50% MC wet specimens show the greater dispersion. In fact,
it can be seen by the eyes that only Wet 3 shows the obvious core damages in left zone 2, while all
the other specimens show the upper skin damages in center zone 1 (see Fig. 3-4).

One reason is that the dry and 120% MC wet specimens were fabricated simultaneously from the
same large pure balsa panel from the supplier, while the 50% MC wet specimens were fabricated
from the second large pure balsa panel and cured not at the same time as the other specimens. Thus,

this fabrication process difference could cause some scatter of the bending responses.

In addition, after observing the difference of these specimens in Fig. 3-3, another interesting possible
reason is that moisture absorption has penetrated into the balsa/balsa block interfaces unevenly, thus
resulting in the different interfacial strength and larger scatter of the fracture load of the wet
specimens. The balsa/balsa block interface locations of the 120% MC wet specimens are distributed
more symmetrically, while those of the 50% MC wet specimens are not symmetrically except Wet
2, so moisture absorption will cause larger dispersion of the bending behavior of the 50% MC wet

specimens.

Table 3-3. Average bending stiffness and fracture load of dry and wet GFRP-balsa sandwiches.

Specimens Bending stiffness  Standard deviation | Fracture load Standard deviation
(N/mm) (N/mm) (N) (N)
Dry 104 4 1118 85
50% MC 84 1 1044 218
120% MC 88 3 730 37
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(c) Average force/displacement curves of dry and wet sandwich specimens.

Fig. 3-2. Static 4-point bending behaviors of GFRP-balsa sandwich specimens.
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Zone 1

Dry 1

Interface

(a) Dry sandwich specimens.

Zone 2

. Zone 1
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Interface

(b) Wet (50% MC) sandwich specimens.

Zone 2

Wet 6

Interface

(c) Wet (120% MC) sandwich specimens (after test).

Fig. 3-3. Interfaces of balsa blocks in dry and wet GFRP-balsa sandwich specimens.

3.2.2.1. Moisture effects on bending stiffness
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In Table 3-3, the average bending stiffnesses of 50% MC and 120% MC wet specimens have
decreased by 19% and 15%, respectively, compared to dry specimens. It seems that during the first
linear moisture absorption stage (before 60% MC) illustrated in Fig. 2-27 in Chapter 2 where the
moisture absorption rate is high, the decrease of the bending stiffness of GFRP-balsa sandwich is
significant, while the stiffness remains nearly stable in the non-linear moisture absorption stage (after

60% MC) where the moisture absorption rate is much smaller.

Actually, according the experimental results, the average stiffness of 50% MC specimens is a little
lower than that of 120% MC specimens, which is contrary to the expected results. But it can be
explained by the possible reason that moisture absorption has caused the non-uniform distribution of
the mechanical properties of wet GFRP-balsa sandwich. Since the dry specimens and 120% MC
specimens were fabricated from the same large pure balsa panel, while the 50% MC specimens were
made from another different pure balsa panel, considering the scatter properties of balsa wood related
to the density, humidity, temperature etc., this error could be acceptable. But one general conclusion
is that moisture absorption can result in the decrease of bending stiffness.

In order to verify the proposed method to predict elastic modulus of the skin of the sandwich structure
as a function of MC described in Chapter 2, before starting the 4-point bending tests, the average
tested AE wave velocities along the specimen length directions of 50% MC and 120% MC wet dog-
bone sandwich specimens have been obtained by 2382 m/s (with a standard deviation of 78 m/s) and
1870 m/s (with a standard deviation of 65 m/s) which are almost the same as those tested on the large
sandwich panels (300 mm*300 mm) in Chapter 2, so elastic modulus of 50% MC and 120% MC
sandwich specimens can be predicted by Eq. (2-17b) in Chapter 2 as following:

Esoomc(07) = (14 0.5)-0.76% - Ep(0°) = 0.87Ep(07)
E1200mc(07) = (1 + 1.2) - 0.6% - Ep(0°) = 0.80Ep(0°)

It indicates that bending stiffness of 50% MC and 120% MC wet specimens would be 87% and 80%
of that of dry sandwich. The tested stiffnesses of 50% MC and 120% MC wet specimens are 81%
and 85% of that of dry sandwich, so the errors between the predicted stiffness and 4-point bending
tested values of 50% MC and 120% MC wet specimens are 7% and 7%, respectively. In conclusion,
these errors can be caused by the non-uniform distributions of Moisture Content (MC) due to the
special structural form of the triple dog-bone shape, the random distributions of the balsa/balsa block
interfaces (see Fig. 3-3), the fabrication and cutting process of the specimens, etc. Thus, these errors

less than 10% can be acceptable.
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According to Eq. (2-9) which shows that the modulus of sandwich can be obtained from that of the
skin multiplied by a geometrical coefficient: 2/(2+h¢/hy), it also signifies that elastic modulus of the
skin of 50% MC and 120% MC sandwich specimens would be 87% and 79% of that of the skin of
dry sandwich, respectively. Thus, it verifies that the new method proposed in Chapter 2 is effective

for the elastic modulus prediction of GFRP-balsa sandwich.
3.2.2.2. Moisture effects on fracture load

In Table 3-3, the average fracture loads of 50% MC and 120% MC wet specimens have decreased
nearly by 7% and 35%, respectively. The standard deviation of fracture loads of 50% MC specimens
is larger, which is mainly because that the random distributions of balsa/balsa block interfaces (see
Fig. 3-3) has caused the different interfacial strength distributions in balsa core after moisture
absorption.

In Fig. 3-3, when observing the difference of the specimens carefully, firstly, for the seven dry
sandwich specimens, it can be seen that they can be divided into two groups: one group includes
specimen Dry 1, 5, 6, 7, which show the relatively lower fracture load, and the other group includes
specimen Dry 2, 3, 4 with a higher fracture load. This fracture load difference could be caused by
the random distributions of the balsa/balsa block interfaces (see Fig. 3-3. (a)), the fabrication and
cutting process of the specimens etc. And the fracture load scatter will be affected more when the
sandwich has absorbed moisture. Since the pure balsa panel is fabricated by gluing the small balsa
blocks, the different positions of these balsa/balsa bonding interfaces will cause the non-uniform
moisture distributions in the balsa core, and then lead to different strength and different fracture

modes of the wet sandwich structure.

As seen in Fig. 3-2. (b) and Fig. 3-3. (b), for the three 50% MC specimens, Wet 1 shows the higher
strength and has only one balsa/balsa interface in left zone 2 but away from the weakened section.
For Wet 2, two balsa/balsa interfaces are located quasi-symmetrically in left and in right zone 2.
Concerning Wet 3, it has two balsa/balsa interfaces in zone 1 and only one interface in left zone 2
where the core shear damages can appear. That’s why Wet 3 shows the final core shear damage
failure in left zone 2 (see Fig. 3-4. (d)). For the three 120% MC specimens, they have very similar
balsa/balsa interface distributions, that is, one interface in the left zone 2 and one in the right zone 2,

so the fracture loads of the three 120% MC specimens show smaller difference.

These observations indicate that even though the fracture load of GFRP-balsa sandwich is mainly
determined by the skin strength, but it will also be affected by the bonding strength between balsa
blocks. The influences of theses interfaces on the fracture loads and damage mechanisms will be

discussed in detail in the next parts, based on AE monitoring results. In the following work, the
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microscope, IRT and AE observations of specimens Dry 1, Wet 2 (50% MC) and Wet 5 (120% MC)

will be compared and discussed.
3.2.3. Moisture effects on damage mechanisms observed by microscope

Fig. 3-4 shows that only Wet 3 fails due to the core shear damages in left zone 2 in 4-point bending
tests, while all the other dry and wet specimens fail mainly due to the compressive damages of the
upper GFRP skin in zone 1. To further investigate the damage mechanisms, microscope VHX-7000

(100 X) was used to observe microscopic skin and core damages, as shown in Fig. 3-5-Fig. 3-7.

Zone 2 Zone 1 Zone 2

“ore surface in Zone 1

(b) 50% MC specimen Wet 2.

a& v id‘ Skin damages

Zone 2 Zone 1

IR Camera monitor area

Core damages Core shear damages & Skin/core debonding

(c) 120% MC specimen Wet 5. (d) 50% MC specimen Wet 3.

Fig. 3-4. Comparison of fracture surfaces of wet and dry GFRP-balsa sandwich specimens.

Fig. 3-5 shows an example of microscope images of skin and core surfaces in zone 1 of 50% MC
specimen Wet 2 before and after water immersion tests, before 4-point bending tests. It is clear that
moisture absorption has caused more matrix cracking, fiber/matrix debonding and fiber pull out of
GFRP skins, that is why the stiffness and strength of the skin have been decreased, mainly due to the
reduction of strengths of fiber/matrix interfaces [78-79]. Some balsa fiber pull out can also be found,
but no obvious balsa core crack has been found by the microscope. It demonstrates that the moisture
absorption has degraded the axial compressive strength of the fibers of balsa [80], which resulted in

the decrease of strength of the skin/core interfaces and the fiber pull out.
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Glass fiber pull out

[100, 00y

(a) Skin surface before water immersion. (b) Skin surface after 50% MC absorption.

Balsa fiber pull out

(c) Skin/core side surface before water immersion.  (d) Skin/core side surface after 50% MC absorption.

Fig. 3-5. Moisture effects on microscope images of 50% MC specimen Wet 2 before 4-point bending tests.

Fig. 3-6 shows the final skin damage surfaces in zone 1 of sandwich specimens Dry 1, Wet 2 and
Wet 5 after 4-point bending tests, and the damages in zone 2 caused by balsa/balsa interface fracture
of 50% MC specimen Wet 3. Some small extensions due to the very fast and high energy released
by the glass fiber breakage [210] can only be observed on upper skin surfaces of dry specimens,

meaning that fiber breakage of dry skin has released higher energy than wet specimens.

Extensions of fiber breakag

e due to higher energy

7 CH

Matrix cracking & fiber/matrix debonding

(a) Specimen Dry 1.
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Matrix cracking & fiber/matrix debonding Matrix cracking & fiber/matrix debonding

(b) 50% MC specimen Wet 2. (c) 120% MC specimen Wet 5.

Matrix cracking & Fiber/matrix debonding

(d) 50% MC specimen Wet 3 (in zone 2).

Fig. 3-6. Upper skin damage images of dry and wet specimens after 4-point bending tests.

Fig. 3-7 expose the side view observations of GFRP skin and balsa core after bending test, mainly
showing skin/core debonding and core damages. Obviously, after moisture absorption, core cracks
are more obvious, skin delamination is more severe but skin/core debonding is less severe. It is
interesting to note that dry specimen has the longer and wider skin/core debonding cracks,_and all
the dry sandwich specimens show no core damage in our tests. Skin/core debonding crack length of
50% MC (5.2 mm) and 120% MC (5 mm) specimen decrease by 7% and 11%, respectively,
compared to 5.6 mm of Dry 1. It indicates that skin/core interface seems more strength in wet
specimens than that in dry specimens. This observation is in good agreement with those found in the
studies of Cantwell et al. [16, 84]. Herein by debonding fracture tests, it has been shown that the
skin/core interfacial fracture toughness of wet GFRP-balsa sandwich can be improved.

This phenomenon is interesting, and it could be provoked by the relaxation of residual thermal
stresses at the core/skin interfaces due to the curing processing of GFRP-balsa sandwich [36]. In fact,
when the skin and core were co-cured at high temperature simultaneously, and then cooled at room
temperature after co-curing, interlaminar shear stresses could be induced at the skin/core interfaces
due to the different expansion and contraction coefficient of the two materials [55]. When the
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sandwich specimen absorbs water, the thermal residual stresses existing at the skin/core interfaces
of dry sandwiches due to the fabrication process can be released partially in wet sandwiches, because
of the greater expansion effects of the balsa core. Finally, the skin/core interfaces of wet sandwiches

seem more strength [84].

Fig. 3-7. (d) shows the typical balsa core shear damages in zone 2 of 50% MC specimen Wet 3. It
can be seen that the core crack has propagated along the balsa fiber direction, followed by skin/core
debonding and skin damages. This is similar to the damage sequence of GFRP-balsa sandwich in
[70]. The skin/core debonding is about 14 mm, much longer than the other specimens. Based on
these observations, the difference of damage mechanisms between Wet 3 and other specimens will
be studied by analyzing AE signals in the following section.

Matrix cracking & Fiber/matrix debonding & Fiber breakage

Skin/core debonding (5.6 mm)

Skin/core debonding

o

10 A
(a) Specimen Dry 1.

Matrix cracking & Fiber/matrix debonding & Fiber breakage

o |8
(b) 50% MC specimen Wet 2.
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Matrix cracking & Fiber/matrix debonding
& Skin delamination & Fiber breakage

(d) 50% MC specimen Wet 3.

Fig. 3-7. Skin/core damage images of dry and wet specimens after 4-point bending tests.

It is well known that under 4-point bending loading, the upper skin of sandwich carries compressive
stress while the lower skin takes tensile stress. For composite laminates, compressive strength is
weaker than tensile one [67]. For wood material, Gerhards [80] has demonstrated that moisture had
the least effect on parallel-to-grain tensile strength properties, while the greatest effect on
compressive strength. So, when the skin damages firstly, it will be the upper compressive skin, and
then the skin/core debonding occurred. Considering the most cases except Wet 3, even though
moisture absorption could cause more micro balsa damages during water immersion process, the
bending stiffness and strength of GFRP-balsa sandwich are mainly dominated by skin properties
[127, 210].

124



As a preliminary conclusion, moisture absorption can result in the decrease of intralaminar strength
of fiber/matrix interface and interlaminar toughness of laminate skin, but the increase of skin/core
interfacial fracture toughness of GFRP-balsa sandwich. Hence, moisture absorption can result in the
more severe fiber/matrix debonding, skin delamination and balsa core damages, but the less severe

skin/core debonding of GFRP-balsa sandwich under 4-point bending.
3.2.4. Moisture effects on damage initiation and evolution monitored by IRT

Li H et al. [205] have proven that in-plane longitudinal and transverse thermal conductivities of
woven E glass fibers are the same. The properties of balsa core can also be assumed constant in X-
Y (R-T) plane [171]. Thus, in this work, thermal coefficients of GFRP and balsa are assumed
identical along X and Y directions, as shown in Table 3-4 [206-208]. Based on this assumption, the
general 2D heat diffusion equation (Eg. (1-16)) can be simplified to Eq. (3-1) to determine the heat
source field during the damage evolution process under 4-point bending loading.

oC (aaA_tT n AT+T0—Text) —k (aZAT n GZAT) = s, (3-1)

Tth 0x? dy?

Where s; is the heat source, which represents the real temperature variation rate at a certain time due
to the thermoelastic source and damage dissipation; To is the average temperature of the first ten IRT
images; Tex: is the room temperature; T is the time increment which characterizes the heat convection
between the specimen and environment. AT=T-To, which is the temperature difference; p is density;

C is the specific heat; k is the thermal conductivity coefficient.

Heat source s; is composed of the irreversible mechanical dissipation di and the reversible
thermoelastic coupling swe between the temperature and strain [210], so the irreversible heat source
can be obtained by Eq. (3-2):

dme = St — Sthe (3-2)
Where sy = — aT %, a is thermal expansion coefficient, o is the stress matrix.

Table 3-4. Moisture effects on thermal coefficients of GFRP-balsa sandwich.

Type P 3 C K ixa
(kg/m*) (J/(kg°K)) (W/(m*K)) (107°/K)
Dry GFRP 1900 1000 0.95 8
Dry balsa 148 2900 0.05 35
Water 1000 4200 0.60 210
50% MC GFRP 1600 2067 0.83 75
120% MC GFRP 1409 2745 0.76 118
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Since skin damages are the predominant in most of the tests, to apply 2D heat diffusion equation,
heat sources are assumed homogeneous through the thickness direction since the skin is very thin.

The product of density and specific heat (pC) of GFRP skin is about four times as much as that of
balsa core, k of balsa is 95% smaller than that of GFRP, and aTO% of the balsa core is also much

lower under bending loading, because the stress in balsa core is very small. Finally, only the
contributions of thermal coefficients of the GFRP skin to the sandwich specimen in Eq. (3-1) and Eq.
(3-2) are considered. Moisture effects on the thermal coefficients of the skin can be obtained based
on Eq. (3-3. a-d) [208]:

pmcr = (Ppr + pw - MC)/(1 + MC) (3-3a)
Cmcr = (Cpg + Cy - MC)/(1 + MC) (3-3b)
kmcr = (Kpp + kw - MC)/(1 + MC) (3-3c)
amcr = (app + o - MC) /(1 + MC) (3-3d)

ppr, Cpr, Kpr @and apy are the density, specific heat, thermal conductivity and expansion coefficient
of the dry skin, pw, Cw, kw and ayy are the coefficients of water, pycr, Cmcr: Kmcr @and ocr are

the coefficients of the wet skin.

In Eq. (3-1), T, , Which is the time increment characterizing the heat convection between the
specimen and environment, is the cooling time obtained by active IRT tests in Chapter 2. It is 355 +
15 s for the dry sandwich, and 65 + 15 s for the wet sandwich. dt is 0.01 s in MATLAB program

because each frame is obtained by 1s/480. So, dt is 10 smaller than t,. Thus, in this work,

AT+To—Text
Tth

pC( ) can be negligible compared to pC 66A—tT. Then Eq. (3-1) becomes Eq. (3-4):

AT (62AT 62AT) =5, (3-4)

pC ot 0x2 dy?

Cumulative irreversible damage index D, can be obtained by integration of damage d: as Eq. (3-5):
t

Dpe = fo dpe dt (3-5)

Since GFRP-balsa sandwich has a max displacement of nearly 12 mm during the whole 4-point
bending test, the traditional method which obtains the real temperature difference by AT =T — T,
without considering the displacement is no longer accurate. In order to clearly observe the damage
evolution process, temperature difference at time t is firstly calculated by the superposition of the
subtraction from any two adjacent frames (AT=Ti-To + T2-T1+...+ T+-Te1). Correlation between

movement of the vertical pixel in IRT temperature images and true displacement of the specimen is
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introduced into MATLAB program to improve the accuracy of post-processing of thermal images.
Finally, a correction is introduced into AT in Eq. (3-4) by solving the problem of big displacement
effects on temperature difference calculation accuracy.

The final accurate cumulative heat source field images are shown in Fig. 3-8-Fig. 3-10. The three
yellow lines represent the edges of upper and lower skins in zone 1, as marked in Fig. 3-8-Fig. 3-10.
(a-d). As seen in Fig. 3-8. (d), Fig. 3-9. (d) and Fig. 3-10. (d), at the final failure of the dry and wet
specimens under 4-point bending loading, compressive damages in the middle of upper skin are the
dominated damage mechanisms. Fig. 3-8. (a)-(c), Fig. 3-9. (a)-(c) and Fig. 3-10. (a)-(c) show the
damage initiation point and propagation path of upper skin of dry and wet specimens. The damage
locations observed by the IR camera in the tests will be correlated to the localizations predicted by

PDA model in Abaqus in the later work.

IRT camera has observed that the dry skin crack propagates more quickly from the initiation point
to the full specimen width, while the wet skin shows a slower and clearer propagation process. It
takes about 1.03 s for dry sandwich, 1.38 s for 50% MC sandwich and 1.52 s for 120% MC one (with
a frame rate of 480 Hz) to propagate from the damage initiation to the final full damage. The whole
width in the center of the specimen is 40 mm, so it can be evaluated that the average crack
propagation speeds of the specimen Dry 1, 50% MC specimen Wet 2 and 120% MC specimen Wet
5 observed by IRT are about 38.8 mm/s, 29.0 mm/s, and 26.3 mm/s, respectively. It demonstrates
that IR camera can effectively capture the very fast GFRP skin damages at the final fracture time in

static 4-point bending tests.

It is also interesting to find that some small temperature increases on the dry specimen surface have
been captured by infrared camera in red circles on Fig. 3-8. (b). It should be caused by dynamic effect
of higher energy released within very short time, but it is not obvious in the wet specimens. It means
that moisture absorption has caused the bending strength reduction, and the final fracture in wet
specimens should be more progressive. Microscope observations in Fig. 3-8. (d) can also demonstrate
this phenomenon. It verifies again that dry sandwich has released higher dynamic energy than wet
sandwiches at final fracture, with the max cumulative heat source field near to 4 - 101°]/m3 for dry
and 50% MC specimens, compared to 1 - 101°]/m3 of 120% MC specimen.

In summary, it demonstrates that IRT can accurately monitor and localize the very fast skin damage
evolution process of dry and wet GFRP-balsa sandwiches under 4-point bending, which in return
could validate the accuracy of the numerical PDA model in Abaqus. It demonstrated that moisture
absorption will result in the decrease of the strength and released energy of the skin, and then the

slower crack propagation speed.
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Fig. 3-8. Cumulative heat source (J/m?) field images and damage photos of specimen Dry 1.
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Fig. 3-9. Cumulative heat source (J/m°) field images and damage photos of 50% MC specimen Wet 2.
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Fig. 3-10. Cumulative heat source (J/mq) field images and damage photos of 120% MC specimen Wet 5.

3.2.5. Moisture effects on damage characterization by AE
3.2.5.1. Moisture effects on the cumulative hits number

Firstly, moisture effects on the cumulative hits number of the three GFRP-balsa sandwich specimens
with different MC are illustrated in Fig. 3-11. The cumulative hits number of the 50% MC specimen
and 120% MC specimen has decreased by 63% and 70%, respectively, due to the moisture absorption.
And it decreases faster before 60% MC at the beginning linear period of the moisture absorption

curve, as shown in Fig. 2-27. (b).

One reason for this decrease is that the energy released by the wet sandwich specimen has been
decreased, as verified by IRT observation. In addition, the acoustic wave attenuation is higher in the
wet sandwich, as demonstrated in Chapter 2. When the acoustic wave propagates in the wet GFRP-
balsa sandwich, it will meet more obstacles such as material and interface changes, because water,
balsa wood and CFRP exist simultaneously in the wet sandwich. Then the acoustic wave propagation
has been disturbed by these internal changes. It signifies that the monitoring results by AE on wet
GFRP-balsa sandwich may be affected, especially the damage localizations, because more signals

have been lost.
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Fig. 3-11. Moisture effects on cumulative hits number of GFRP-balsa sandwich.

As for moisture effects on cumulative energy of GFRP-balsa sandwich, Fig. 3-12 shows that the final
cumulative energy from dry specimen at the end of the tests is higher than that from wet ones. The
cumulative energy of the 50% MC specimen and 120% MC specimen has decreased by 32% and
40%, respectively, due to the moisture absorption. It is consistent with conclusions from IRT
observations which show that dry skin damages have released higher energy more quickly than that
from wet skins, as shown in Fig. 3-8-Fig. 3-10.

The decrease of cumulative energy due to moisture absorption is smaller than decrease of cumulative
hits in Fig. 3-11, this may be because that the fractions of hits from different damage modes such as
skin damages and balsa core damages releasing different energy have changed. Thus, further

classification analysis will be necessary to help understand all the damage mechanisms.
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Fig. 3-12. Moisture effects on cumulative energy of GFRP-balsa sandwich.
3.2.5.2. Moisture effects on damage localizations by AE

In order to couple the damage localizations by microscope, IRT and AE observations, Fig. 3-13
shows the AE amplitude (dB) distributions between the two wideband sensors (D=0.18 m, S; is
located at 0.06 m, and S; is located at 0.24 m) of the dry and wet sandwiches. The red window

represents the center zone 1 within 0.115-0.185 m, and the green windows correspond to zone 2
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within 0.06-0.105 m and 0.195-0.24 m. For Dry 1, Wet 2 and Wet 5, most AE signals accumulate in
red zone 1, mainly after the damage onset time observed by IRT. Only very few AE signals lower
than 50 dB can be found in zone 2, which may come from the microscopic core shear damages. The

existence of balsa core damages will be further demonstrated in the later parts.

The locations of zone 1 in AE figures can be compared to the IRT and microscope images, which
show the very clear fiber breakage in the center (X=0.15 m) of the specimen. Firstly, the highest
amplitude higher than 90 dB [109, 120] should be corresponding to the final fiber breakage. In
specimen Dry 1, Wet 2 and Wet 5, the highest amplitude is 97 dB, 95 dB and 92 dB, respectively.
Because the amplitude attenuation property has been input into the location setup in AEwin software
before the test, the attenuation due to the moisture absorption has been corrected in the 4-point
bending test. Thus, the decrease of the highest amplitude indicates that the fiber breakage of the wet
sandwich has released lower energy, which agrees well with IRT observations.

As demonstrated in [114], the signals within 50-80 dB just before the final fracture shall be released
by skin delamination of composite laminates. It is clear that the wet sandwiches have emitted much
more signals within 50-80 dB in the center of zone 1, so the skin delamination of the wet sandwiches
has become more severe, which is consistent with the microscope observations in Fig. 3-7. Moreover,
some signals lower than 50 dB can be observed near the center of zone 1 for both dry and wet
sandwiches, according to the damage sequence of composite laminates, they should correspond to
the microscopic matrix cracking [114, 116] which appear before the delamination. The damage
sequence of these skin damage modes will be further explained by the amplitude versus time

distributions.

It can be seen that the AE hits number of each specimen in localizations figures in Fig. 3-13 is less
than the total cumulative hit in Fig. 3-11. It means that some signals have been lost due to the
amplitude attenuation in the localizations of GFRP-balsa sandwich. Thus, the damage localization
method for GFRP-balsa sandwich shall be improved in order to receive more useful signals. For
example, the distance between the two sensors can be decreased, and three or four sensors can be
used to better localize the damages. In addition, larger dog-bone sandwich specimens can be prepared

to allow enough positions for more sensors.
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Fig. 3-13. Damage localizations in dry and wet GFRP-balsa sandwiches by AE.

3.2.5.3. Identification of balsa core damages in the first clustering process

In order to reduce the influence of noise signals during the tests on AE analysis, original AE signals
obtained by AEwin software should be firstly filtered by the following conditions [107, 112]: remove
signals whose number of counts is less than 3; remove signals whose duration is less than 1 us; filter
peak frequency by the range of 20-800 kHz, considering that most received signals are lower than
800 kHz in this work and damage mechanisms of composite sandwich structures reported in
literatures (see Table 1-2) are lower than 800 kHz, and the frequency range of wideband sensors is 1
00 kHz-1 MHz.

Considering the statistical treatment of AE data, as mentioned in section 1.3.2, K-means algorithm
[95, 112], which is built in NOESIS software, has been performed to classify AE hits into different
cluster groups, also to find the correlations between AE parameters and different damage
mechanisms of GFRP-balsa sandwich. The selection of optimum AE parameters and optimization of
suitable cluster number are the key factors to generate the most robust damage classification results.
Eleven most common AE parameters are chosen here to keep the most correlated AE features and
improve the efficiency of the algorithm [107]: energy, amplitude, duration, rise time, counts, counts

to peak, average frequency, frequency centroid, peak frequency, initiation frequency and
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reverberation frequency. A normalization of the data between 0 and 1 was carried out to limit the

weight of certain parameters such as the high energy values.

To determine the optimum number of cluster groups, two statistical criteria are often used: the Davies
& Bouldin (DB) and Tou coefficients. The clustering result is the optimum when DB is the minimum,
and DB is usually regarded as the first criterion. Tou is often used as the complement validation [95,

112], and the clustering results will be better when Tou is higher.

Thus, K-means clustering process was firstly applied to all specimens to find the best cluster number.
Fig. 3-14 shows the DB and Tou Coefficients of specimen Dry 1, 50% MC specimens Wet 2 and
Wet 3, and 120% MC specimen Wet 5. It can be seen that cluster number of 2 is the best choice for
all specimens, showing the lowest DB and highest Tou. So, two groups of clusters have been obtained
by the K-means method as the first clustering process of the received AE data.

Dry 1, Wet 2 and Wet 5 are chosen to compare the moisture effects on the AE parameters
corresponding to different damage modes of GFRP-balsa sandwich. Wet 3 is chosen as a validation
of the signals corresponding to the balsa core damages, because it shows the obvious core shear
damages in zone 2, different from the skin damages in zone 1 of the other three specimens, as

observed in Fig. 3-4.
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Fig. 3-14. DB and Tou coefficients of GFRP-balsa sandwiches in the first clustering process.

As mentioned above, eleven common AE parameters are chosen in the clustering analysis, however,

compared with the classification characteristics based on different parameters in the references [116-
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121], amplitude and peak frequency are the most meaningful in composite structures. In this thesis,
in the first clustering process, in order to find the obvious difference between the two clusters, the
amplitude and peak frequency distributions from sensor S; which has received the most signals of
all the specimens are firstly compared to Force/time curves in Fig. 3-15, in which Cluster 0 is in

purple and Cluster I is in green.

It can be found that AE signals higher than 60 dB accumulate intensely just at the final fracture time
of Dry 1, Wet 2 and Wet 5 in Fig. 3-15. (a)-(c). For 50% MC specimen Wet 3, the obvious core shear
damages and skin/core debonding appear just near sensor S: in the left zone 2 in Fig. 3-15. (d), so
sensor S; of Wet 3 has received signals different from the other specimens, showing much more
signals in Cluster 0 and Cluster I. It is interesting to find that most signals within Cluster O of all the
specimens are lower than 60 dB and within a higher frequency range of 200-600 kHz, while Cluster
I contains the highest amplitude above 90 dB and the peak frequency range is lower than 400 kHz.

As concluded in Table 1-2 [116-121] in Chapter 1, most signals corresponding to damages of
composite laminates are lower than 400 kHz, and the honeycomb core shear damages show peak
frequency higher 400 kHz, so peak frequency has become a very important parameter to distinguish
the different skin and core damages. In this work, Fig. 3-15 demonstrates that Cluster | should include
GFRP skin damages and skin/core debonding, and the highest amplitude signal should be fiber
breakage [100, 114, 116]. Based on the possible damage mechanisms of GFRP-balsa sandwich under
4-point bending observed by the microscope in Fig. 3-6 and Fig. 3-7, Cluster | could contain more
than four damage modes, including matrix cracking, fiber/matrix debonding, delamination, fiber

breakage and skin/core debonding.

When observing Cluster 0, the peak frequency distributions of Dry 1, Wet 2 and Wet 5 are mainly
higher than 200 kHz. The wet sandwiches have received much more signals within Cluster 0,
combined with the microscope observations, it means that Cluster O shall correspond to the core
shear damages which are more severe due to moisture absorption. Another validation for
identification of Cluster O is that Wet 3 has received much more signals in Cluster 0 than other
specimens, especially the signals within 200-600 kHz. Since Wet 3 has shown the very obvious core
shear damages in zone 2, it verifies that Cluster 0 shall be from balsa core shear damages. It also
indicates that it is much easier to dissociate Cluster 0 from Cluster | by peak frequency distributions,

when there are obvious two different damage mechanisms, such as skin damages and core damages.
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Fig. 3-15. Two clusters after first clustering process of dry and wet GFRP-balsa sandwiches.

As explained in [121], duration could be also a useful parameter to explain different damage
mechanisms of the sandwich structure, but it has not been studied a lot. In order to identify the further
validate the damage mechanism corresponding to Cluster 0 in this work, Fig. 3-16 and Fig. 3-17 add
the correlations between amplitude, peak frequency and duration of all the specimens. Some
interesting conclusions can be made, it is more obvious that peak frequency of Cluster 0 is lower
than 600 kHz and amplitude is lower than 60 dB. It is interesting to find that duration of Cluster O is
always lower than 400 ps for all the specimens. The duration of Cluster 0 will be compared to those

of Cluster | in the next part.
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Fig. 3-16. Peak frequency vs. Amplitude of Cluster 0 of dry and wet GFRP-balsa sandwiches.
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Fig. 3-17. Duration vs. Amplitude of Cluster 0 of dry and wet GFRP-balsa sandwiches.

In conclusion, when more than two kinds of different damage mechanisms exist in the composite
sandwich structures, such as the skin damages, the skin/core debonding and core damages, the
clustering process can be firstly finished by obtaining two groups of clusters: Cluster 0 which
corresponds to the balsa core shear damages and Cluster | which contains the composite skin

damages. In the following analysis, the second clustering process will be done to classify the different
damages in Cluster 1.

3.2.5.4. Skin damage initiation detection by cumulative counts and energy
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The first damage characterization work of the skin is to find the initiation moment. Cumulative
counts [102, 104, 117] (see Fig. 1-25 and Fig. 1-26) have been proven to be effective for
identification of the crack front, crack opening and crack propagation path of composite laminates,
while cumulative acoustic energy can be used to identify the crack opening and propagation in the
fiber reinforced composites. In this work, combined with IRT observations which have detected
clearly the damage initiation time of higher energy damage modes including skin delamination and
fiber breakage just at the final fracture moment, cumulative counts accumulation of Cluster | of dry
and wet sandwiches are investigated to identify the damage initiation of all possible skin damages,
as seen in Fig. 3-18.

Firstly, it is obvious that all the curves of the three specimens with different MC show the similar
variation tendency. The cumulative counts have the most obvious increase just at the final fracture
time. Before the final failure time, cumulative counts begin to increase at point A and have a small
increase at point B. Combined with the damage mechanisms of composites identified by cumulative
counts in references [104, 117], point A should be the damage initiation of microscopic matrix
cracking before which there is no irreversible damage [117], and the specimen still shows the linear
response. Although no obvious non-linear behavior can be seen by the force/displacement curve,
Point B should be the initiation moment of macroscopic damages [104, 117], for example,
delamination, and Point C should be the start of delamination and final fiber breakage [117, 118].
Point B of Wet 5 has appeared much earlier compared to the specimens Dry 1 and Wet 2, which
means that the macroscopic damages of the wet sandwiches have been advanced. It verifies that AE
cumulative counts can be a useful parameter to identify the initiation of microscopic and macroscopic

damages of composite laminates under bending load.

Next, the initiation and evolution time of these different microscopic and macroscopic damage modes

will be further demonstrated based on the AE parameter distributions versus time.
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Fig. 3-18. Cumulative counts of Cluster | vs. time of dry and wet GFRP-balsa sandwiches.
3.2.5.5. Classification of skin damages in the second clustering process

After identifying Cluster 0 corresponding to balsa core damages, the second clustering process was
done on Cluster 1 [94-95], in order to further classify skin/core debonding and different skin damages.
Fig. 3-19 exposes that cluster number of four is the optimum choice because it has lowest DB.
Ros(DB) [108, 113] is an average measure of the ratio of within-class distances to the distances
between classes, but Tou [113] is a ratio of the minimum distance between any pair of classes to the
maximum of the average within-class distances, not considering the average ratio. So, DB is often
used as the first criterion to determine the optimum cluster number, while Tou is used as the
complement criterion. In this work, when DB is lowest, Tou is much higher than those when cluster
number is larger than four. Tou values show the better agreement with DB for wet sandwiches, which
means that more obvious damage difference of different damage modes (clusters) exist in wet

sandwiches.

Finally, the four clusters decomposed from Cluster | will be named as Cluster 1, 2, 3 and 4 and

discussed in the following discussions.
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Fig. 3-19. DB and Tou coefficients of GFRP-balsa sandwiches in the second clustering process.
3.2.5.5.1 Damage classification based on amplitude distributions

Generally, AE amplitude [116-121] is the first important parameter to help identify the damage
mechanisms of the composite structures. The AE amplitude distributions of Cluster 1-4 are compared
to Force/time curves in Fig. 3-20, based on the second clustering process. As identified by cumulative
counts in Fig. 3-17, points A, B and C are also marked in Fig. 3-20. It can be noted that Cluster 1
and Cluster 4, lower than 50 dB, are the predominant during the stage AB. Although several signals
of Cluster 2 also appear during stage AB, the signals of Cluster 2 are accumulated mainly after point
B. Cluster 3 mainly appears at point C. The highest amplitude of Cluster 3 is above 90 dB, so it
should correspond to the final fiber breakage which only appears at point C. Cluster 2, which appears
just before fiber breakage with the intermediate amplitude range of 40-80 dB, should be GFRP skin
delamination [114].

Then, the existing problem is to distinguish the damage mechanisms of Cluster 1 and Cluster 4 which
have similar amplitude range and continue to be accumulated in stage BC. Considering the hits
number of these specimens, Cluster 4 should be skin/core debonding which is more severe in Wet 3.
But it needs further validation from other AE parameters to identify them. In addition, matrix
cracking and fiber/matrix debonding should be included in Cluster 1 which has lowest amplitude and
appears much earlier. Combined with the curves of cumulative counts in Fig. 3-17, it verifies that

point A should be the onset of matrix cracking (in Cluster 1), point B and C should be the important
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indicators of irreversible damages including fiber/matrix debonding (in Cluster 1), delamination
(Cluster 2) and fiber breakage (Cluster 3).
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Fig. 3-20. AE amplitude distributions of dry and wet GFRP-balsa sandwiches.

3.2.5.5.2 Damage classification based on peak frequency distributions

As introduced in the identification of balsa core damages, peak frequency is a very important
parameter to help classify different damage modes. Fig. 3-21 compares peak frequency distributions
of Cluster 1-4 of dry and wet sandwich specimens. Firstly, it is obvious that most of the signals in
Cluster 1, 2 and 3 have the frequency range lower than 200 kHz, while Cluster 4 has more signals
higher than 200 kHz, and signals of Cluster 4 increase greatly mainly after point B. In addition, the
hits number of Cluster 4 in the wet sandwiches is fewer than that of the dry sandwich. Combined
with microscope observations, one of the main damage differences between dry and wet sandwiches
is the more obvious skin/core debonding in the dry sandwich and the more severe delamination in
the wet sandwiches. In reference [121], it has been found that skin/core debonding of GFRP-
honeycomb sandwich is within 70-250 kHz under monitoring of wideband sensors in 3-point bending
tests. Although the loading condition and material are not totally same as ours, it indicates that Cluster
4 does correspond to skin/core debonding.
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Fig. 3-21. AE peak frequency distributions of dry and wet GFRP-balsa sandwiches.

3.2.5.5.3 Correlations between different AE parameters

Similar to the analysis of Cluster 0 corresponding to the core shear damages, in Fig. 3-22 and Fig. 3-
23, correlations between amplitude, duration and peak frequency from Cluster 1-4 of dry and wet
sandwiches have been further illustrated. In Fig. 3-22, it can be seen very clearly that all the
specimens show the similar distributions. Cluster 3 has the highest amplitude and lowest peak
frequency. Cluster 2 has the low peak frequency within 40-80 dB. Cluster 1 also has low peak
frequency, lower than 50 dB. Cluster 4 has the low amplitude and higher peak frequency than
Clusters 1-3. It indicates that Cluster 4 shall come from the very different damage modes from Cluster
1-3, that is, skin/core debonding.
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Fig. 3-22. Peak frequency vs. Amplitude of dry and wet GFRP-balsa sandwiches.

Fig. 3-23 shows clearly that Cluster 1-3 have the longer duration than Cluster 4, and Cluster 4 has
the shortest duration less than 500 ps. Considering that the duration of balsa core damages (Cluster
0) is less than 400 ps, it indicates that the skin/core debonding and core shear damages due to shear
stresses have the shorter duration than the skin damages. The physical reason of this phenomenon

shall be further studied in the future.
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Fig. 3-23. Duration vs. Amplitude of dry and wet GFRP-balsa sandwiches.

In conclusion, it demonstrates again that duration and peak frequency can be very important to
distinguish skin/core debonding (Cluster 4) which shows higher peak frequency within 80-400 kHz
and shorter duration less than 500 ps, from skin damages including fiber breakage (Cluster 3), skin

delamination (Cluster 2), fiber/matrix debonding and matrix cracking (Cluster 1).
3.2.5.6. Conclusions

Based on the above analysis from cumulative counts, clustering results coupling amplitude, duration
and peak frequency distributions, compared with microscope observations, some conclusions could
be made in Table 3-5. However, it shall be noticed that these characteristics could be affected by the

sensor types, loading condition and laminate stacking sequence and so on.

Table 3-5. AE characteristics of dry GFRP-balsa sandwiches under 4-point bending.

Cluster 0 Cluster 1 Cluster 2 Cluster 3 Cluster 4
AE Microscopic . .
parameters balsa core cracks 'V'atf'x cracklr_1g Skin Fiber Skin/core
. & Fiber/matrix S .
& Interfacial . delamination breakage debonding
- debonding
debonding
Am(%'g)“de <60 <50 40-80 >80 <50
D“(T:)'O” <400 <5000 <2000 2000-25000 <500
Peak (iﬁg)“e”cy 20-800 20-200 20-200 20-200 80-400

Table 3-6 compares the dominance of Clusters 1-4 with Cluster 0 from balsa core damages based on
cumulative hits number. It is obvious that more hits have been captured by Dry 1. But Cluster 0 of
Wet 5 receive much more signals corresponding to microscopic balsa core damages due to higher

moisture content absorption. When the MC increases to 50% and 120%, the fractions of cumulative
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hits of Wet 2 and Wet 5 have decreased by 90% and 915%. It means that more microscopic balsa
core cracks appear in wet GFRP-balsa sandwich specimens. It needs further investigation about the

classification of balsa damage mechanisms in the future work.

Among Cluster 1-4, the fraction of Cluster 4 of Dry 1 are higher than that of wet sandwiches,
combined with microscope observations, it verifies that Cluster 4 should be skin/core debonding
which is less severe in wet GFRP-balsa sandwich [84]. While Cluster 1 is more important for Wet 2
and Wet 5 among all the skin damages including Cluster 1, 2 and 3, which verifies that moisture

absorption has mainly degraded the fiber/matrix interface strength (see Fig. 1-17) [78].

Table 3-6. Dominance of different damage mechanisms of GFRP-balsa sandwiches under 4-point bending.

Cluster 0 Cluster 1 Cluster 2 Cluster 3 Cluster 4
. Microscopic Matrix
Specimen Total  paisa corecracks  cracking & Skin Fiber Skin/core
& Interfacial Fiber/matrix delamination breakage debonding
debonding debonding
%:100 4.1 42.9 20.8 0.2 32.0
Dry 1l
Hits:515 21 221 107 1 165
Wet 2 %:100 7.8 54.4 31.1 2.6 4.1
(50% MC)  Hits:103 15 105 60 5 8
Wet 5 %:100 41.6 33.8 12.3 0.6 11.7
(120% MC)  Hits:154 64 52 19 1 18

3.2.6. Experimental conclusions

In conclusion, by microscope observations, IRT and AE observations, comparing dry, 50% MC and
120% MC specimens, itcan be seen that moisture absorption can result in the decrease of
intralaminar strength of fiber/matrix interface and interlaminar toughness of laminate skin, but the
increase of skin/core interfacial fracture toughness. Consequently, moisture absorption can accelerate
balsa core damages, matrix cracking, fiber/matrix debonding and skin delamination, but slow down
skin/core debonding of GFRP-balsa sandwich under 4-point bending. These observations will be

considered in numerical models.
3.3. Numerical analysis of 4-point bending behaviors

3.3.1. Abaqus model establishment

In this part, the bending tests on GFRP-sandwich structure were simulated by implicit analysis in

Abaqus/Standard 2019 to investigate their bending behaviors. FEA model of composite sandwich is
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effective only when the following conditions are set properly: the structure geometry, loading and
boundary conditions, interaction contact between different components, material properties, as well
as the mesh refinement. The geometry and loading condition are shown in Fig. 3-24. (a). Considering
that the average failure displacement of dry sandwich in the tests was a little smaller than 12 mm,
the max vertical displacement of 12 mm, which determines the end moment of the simulation, was
applied to all the dry and wet models to ensure the fracture displacement can be reached. The two
lower supports are fixed to eliminate all freedom. For the interaction between skins and
loading/support surfaces, surface-to-surface contact was chosen to ensure the convergence of the
models, and the friction coefficient is given by 0.15 [41] to allow enough slippage between the
surfaces. Based on damage observations described above, upper skin damages are predominant, so
skin-core interfaces are tied in the model without considering skin-core debonding.

Based on the classical laminate theory, 3-layer GFRP skins are modelled by continuous thin shell
element S4R (without thickness definition), while the thicker balsa core is created by solid element
C3D8R for meshing (see Fig. 3-24. (b)). In the models, the longitudinal fiber direction of balsa wood
is along the thickness direction Z. As demonstrated in [171], elastic modulus and strength of balsa
wood are considered constant in Radial-Transverse (R-T) plane, and elastic modulus in this plane is
much lower than that in the Longitudinal-Radial (L-R) and Longitudinal-Transverse (L-T) planes
(see Table 2-2).

Displacement load= 12 mm

Fixed Fixed

(a) Loading and boundary conditions.

(b) Thin shell elements S4R of GFRP skin.

Z

.

(c) Thick solid elements C3D8R of balsa core.
Fig. 3-24. Abaqus model of GFRP-balsa sandwich under 4-point bending.
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As well known, the mesh density in FEA models will highly affect the calculation convergence and
accuracy. The smaller mesh size means more accurate results, but the computing time gets significant
as well. Stress singularities may also appear in the model where the stress increases permanently as
the mesh size decreases, which may result in the bigger computation error [164]. Therefore, a balance
between computing time and accuracy shall be found by using mesh cells which are small enough.
Dependency of calculation accuracy on the mesh size was studied by using different cell size of 3
mm, 2.5 mm, 2 mm and 1.5 mm for both skin and core elements. It was found that the much bigger
mesh size of 3 mm and smaller size of 1.5 mm will cause the non-convergence problem. To
compromise between computational efficiency and accuracy, the mesh element is finally chosen as
2 mm for the thin skins in X-Y plane and core cells both in X-Y plane and thickness direction Z.

Finally, the remaining problem is to determine correct material parameters of sandwich constituents.
Sadler R L et al. [55] and Gerhards C C [80] have proven that moisture had the greatest effect on
compressive properties along fiber direction of wood, but less effect in Radial-Transverse plane. It
means that moisture could not affect greatly the core compressive properties in R-T (X-Y) plane
under 4-point bending. Actually, when we tried to reduce the elastic modulus of balsa core in Table
2-2, it has been found that it almost has no influence on the final simulation result of the bending
behavior of the sandwich. Therefore, one hypothesis adopted here is that material properties of the

core will not be changed when simulating bending behavior of wet sandwich.

It has been demonstrated that water molecules could penetrate into composite laminates by both
physical diffusion and chemical decomposition, and then result in both reversible and irreversible
hygroscopic damages [69]. Moisture diffusion is the dominate reason, mainly inducing irreversible
fiber/matrix interface debonding by capillarity mechanism and reversible matrix plasticization.
Because most of the wet and dry balsa cores show very little damage during bending tests, only Wet
3 has obvious core shear damages, in this work, the simulation of wet sandwich is firstly discussed
by only modifying elastic modulus of GFRP skins (see Table 2-8) using the proposed stiffness

prediction method presented in Chapter 2.
3.3.2. Progressive Damage Analysis (PDA) model

As introduced in Chapter 1, PDA model, which combines Hashin damage initiation criterion and
damage evolution law based on fracture energy [172-175], can be used to predict fiber/matrix tension,
compression and shear damages of thin laminates. This model is based on the bilinear traction-
separation law as shown in Fig. 1-35. The damage onset is determined by Hashin damage initiation
criterion which considers four different damage initiation mechanisms, including fiber tension (ft),

fiber compression (fc), matrix tension (mt) and matrix compression (mc). In this work, fiber
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compression criterion is firstly considered because the upper skin is damaged due to compressive

stresses in the 4-point bending tests.

Fiber compression (o1, < 0) is controlled by the longitudinal compressive strength of the lamina, as
Eqg. (3-6) shows:

e = (2) (3-6)

Where o4, is (longitudinal) normal stress in specimen length direction; F;. is longitudinal

compressive strength in fiber direction. Ff is the damage index. Damage initiates when it attains 1.

Once any of the damage initiation criterion is satisfied, the material stiffness continues to degrade.
The damage evolution can be characterized by the critical fracture energy release rate values Gg,,

corresponding to fiber compression damage, based on the traction-separation law.

In Abaqus, besides the strength parameters, the fracture energy release rate G{ (i=fc, ft, mc and mt,
where f: fiber; m: matrix; t: traction; c: compression) shall be also introduced correctly to evaluate
the damage initiation and evolution process of composite laminates. But it is not clear whether PDA
model is also effective for the more complex sandwich structure, and few literatures about this field
could be found. In addition, it is very difficult to determine the precise Gy, because the physical sense
of these parameters is not clear, in the meantime, the anisotropy of composites and the difficulty in
classifying the four skin damage modes make it more complicated. Actually, for the polymer
reinforced by unidirectional glass or carbon fibers, most engineers and researchers just assume the
values [172, 173, 175, 176]. Barbero E J et al. [172] have discussed the influences of
1.5 N/mm < G, < 30.5 N/mm on simulation of longitudinal tensile damages in the [0°,/90",]s
laminates, proving that G5, = 12 N/mm was the best choice with smallest error. Lapczyk | and
Hurtado J A [175] assumed that Gf = Gf. = 12.5 N/mm and Gf,; = Gf,c = 1 N/mm for glass

fiber reinforced epoxy.

In this work, woven glass fiber-reinforced epoxy laminates were used, the fracture energy release
rate in longitudinal direction should be the same as the transverse one, so the experiences in
unidirectional fibers shall be reconsidered. Influences of G{ on the prediction of fracture load and
damage evolution process of GFRP-balsa sandwich will be discussed next by adjusting G{ in

different groups between 1 N/mm and 36 N/mm.
3.3.3. Prediction of 4-point bending behaviors by PDA model

3.3.3.1. Influence of elastic modulus of the skin on bending stiffness
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As mentioned above, the variation of elastic constants of the composite skins as a function of MC
(see Table 2-8) has been considered in the simulation of 4-point bending tests. The numerical
force/displacement curves obtained are compared to experimental results in Fig. 3-25. In fact,
bending stiffness obtained by simulation is only affected by the input elastic constants, not affected
by strengths and fracture energies in the material models [210], so only one (with smallest error) of
the numerical groups corresponding to dry, 50% MC specimen and 120% MC specimen are
compared to the average experimental Force/Displacement curves in Fig. 3-25. The influence of
strengths and fracture energies on the final damage initiation and evolution prediction will be
discussed in the next part.

Fig. 3-25 shows that Force/Displacement curves predicted by numerical models have the similar
linear behaviors up to failure for both dry and wet specimens. It is interesting to note that numerical
bending stiffnesses of 50% MC (91 N/mm) and 120% MC (85 N/mm) wet specimens decrease by
13% and 19% of that of dry one (105 N/mm). Compared to the average experimental bending
stiffnesses, the simulations give the relative errors of 1.0%, 8.3% and 3.4% for dry, 50% MC and
120% MC wet specimens, respectively. Recalling that the decrease of bending stiffness in 50% MC
and 120% MC wet sandwich measured experimentally is about 19% and 15%, the reduction of the
skin modulus of wet sandwich predicted by Eq. (2-18b) used in the numerical simulations, gives a
good concordance with the experimental measurements. Thus, the proposed methodology described
in Chapter 2 should be practical and valuable to predict the variation of elastic constants of wet

sandwich skin by measuring AE wave velocity.
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Fig. 3-25. Comparison of bending stiffness of simulation and test results of GFRP-balsa sandwich.

3.3.3.2. Influence of fracture energy of the skin on fracture load

For GFRP-balsa sandwich structure under 4-point bending, the final upper skin damages are
controlled mainly by compressive strength [211]. So, the accuracy of this material parameter is

critical for determining correctly the damage initiation by Abaqus model. Strengths of woven E glass
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epoxy composites are chosen as the average values in literatures [212-213], as Table 3-7 shows.
Moisture effects on strengths of 50% MC and 120% MC wet sandwiches [205] have been considered

by decreasing all the parameters of dry sandwich by 7% and 35%, based on 4-point bending test
results in Fig. 3-2.

Table 3-7. Strength values of dry and wet woven GFRP skin [212-213].

Longitudinal Longitudinal Transverse = Transverse In-plane
Group tensile compressive tensile compressive shear
strength strength strength strength strength
(MPa) (MPa) (MPa) (MPa) (MPa)
Dry 400 260 400 260 55
50% MC 372 242 242 242 51
120% MC 260 169 260 169 36

For a sandwich structure under bending loading, the compressive strength, compressive fracture
energy values are the determined parameters for damage evolution prediction of the upper skin.
Normally, tensile fracture energy shall be a little higher than compressive energy [211], but tensile
energy almost has little influence on the final damage evolution in our cases. In this work, considering
assumptions in [172, 175] and the same characteristics in longitudinal and transverse directions of
woven GFRP laminates, tensile and compressive energies are assumed the same, so Gf, = Gf. =

ot = Ghe. In fact, we have found that when the compressive fracture energy is constant, the

influence of the variation of tensile fracture energy is small enough to be negligible.

Table 3-8. Fracture energy values of PDA models of dry and wet woven GFRP skin in Abaqus.

. Longitudinal Longitudinal Transverse Transverse
Compressive . . . .
tensile fracture compressive tensile fracture ~ compressive
Groups strength
(MPa) energy fracture energy energy fracture energy
(N/mm) (N/mm) (N/mm) (N/mm)
Dry S1 36 36 36 36
Dry S2 24 24 24 24
Dry 260
Dry S3 12 12 12 12
Dry S4 1 1 1 1
W50 S1 12 12 12 12
50%
W50 S2 234 10.8 10.8 10.8 10.8
W50 S3 6 6 6 6
120% W120 S1 12 12 12 12
w1202 169 9.6 9.6 9.6 9.6
W120 S3 6 6 6 6

In Table 3-8, Groups Dry S1, S2, S3 and S4 denote the simulation models using different fracture
energy values by 36, 24, 12 and 1 N/mm, respectively, while W50 S1, S2 and S3 stand for the
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simulation models using 12, 10.8 (90% of 12) and 6 N/mm (50% of 12) for 50% MC wet sandwich,
W120 S4, S5 and S6 for the simulation models using 12, 9.6 (80% of 12) and 6 N/mm (50% of 12)
for 120% MC wet sandwich, respectively.

The bending behaviors predicted by numerical models are compared with the average experimental
curve in Fig. 3-26. For the dry sandwich (see Fig. 3-26. (a)), the fracture load increases with the
fracture energy imposed. The difference between the models Dry S1 (1228 N), Dry S2 (1178 N),
Dry S3 (1078 N), Dry S1 (1022 N) and the average experimental fracture load (1118 N), is 9.8%,
5.4% higher, 3.6% and 8.6% lower, respectively. In the range of the variation of the fracture energy
rate from 36 to 1 (N/mm), the maximum relative error of fracture load between the simulation and
the experiment is about 10%. The Force/Displacement curves of Dry S3 which assumes the fracture
energy rate G°=12 N/mm give the fracture load and fracture displacement nearer to the average

experimental one.

Fig. 3-26. (b) compares the simulation results of three models with the average experimental curve
of 50% MC wet specimens. It can be seen that the fracture load obtained by the model W50 S1 (1015
N), W50 S2 (992 N), W50 S3 (907 N) is 2.8%, 5.0% and 13.1% lower than that of experimental one
(1044 N), respectively. Fig. 3-26. (c) compares the simulation results of three models with the
average experimental curve for 120% MC wet specimens. It can be seen that the fracture load
obtained by the model W120 S1 (761 N), W120 S2 (701 N), W120 S3 (673 N) is 4.2%, 4.0% and
7.8% lower than that of experimental one (730 N), respectively. It is obvious that the accuracy of
fracture load prediction of all these three models can be accepted, but the models W50 S1 (G°=12
N/mm) and W120 S2 (G°=9.6 N/mm) give the fracture displacements closest to the average
experimental values. Herein, it indicates that it is better to consider the reduction of the fracture
energy due to the moisture effects to improve the fracture displacement prediction by PDA model,

as the moisture content increases.
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Fig. 3-26. Numerical Force/Displacement curves and experimental curves of GFRP-balsa sandwich under 4-

point bending.

In a conclusion, for dry GFRP-balsa sandwich, the fracture load prediction using fracture energy rate
within 1 N/mm-36 N/mm could be acceptable with almost less than 10% relative error. Considering
both fracture load and displacement, evaluated by combining the elastic modulus and strength
reduction, the reasonable fracture energy rate of wet sandwich can be estimated approximately as

following:
GF(MC) = (1 — MC/6) - Gf( dry) (3-7)

Thus, for the wet GFRP/balsa sandwich, if G{(dry) = 12 N/mm, G{( 50% MC) = 11 N/mm and
G{(120% MC) = 9.6 N/mm. These conclusions need to be validated with more experimental and
numerical results, but they lay crucial foundations for the future simulation study on woven glass

fiber laminates and composite sandwich structures with variable MC.
3.3.3.3. Damage evolution prediction by PDA model

In this part, only the results from model Dry S3, W50 S1 and W120 S2 will be discussed. Their
damage initiation and evolution images are shown in Fig. 3-27 - Fig. 3-29, respectively. In Fig. 3-27.
(a) - Fig. 3-29. (a), only the GFRP skin is displayed since the damage initiation predicted is in the
center of zone 1. Herein, the damage indexes in term of (DAMAGEFC) represent compression
mechanism, and damage initiates when DAMAGEFC exceeds 0, full damage of the elements occurs
only when DAMAGEFC equals 1 (red color). It is clear that the most full damaged areas (red mesh
cells) are located at the center of upper skin where there are the highest longitudinal compressive
stresses. Around the maximum red damaged area in the center (DAMAGEFC=1), the stress
concentration appears with DAMAGEFC=0.3-0.6, it should be caused by the redistribution of the

stresses due to full damage of the elements at the center of the specimen.
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Fig. 3-27. (b)-(d) - Fig. 3-29. (b)-(d) show the damage evolution of dry and wet sandwich with the
increase of applying displacement (Dis.) or force (F). Fig. 3-27. (b) - Fig. 3-29. (b) show the skin
damages at the failure load. Fig. 3-27. (¢) - Fig. 3-29. (¢) correspond to the time when each crack has
propagated about 1/4 of the specimen width. Fig. 3-27. (d) and Fig. 3-29. (d) show the final complete
fracture of the whole specimen width. In both dry and wet sandwiches, the damage propagates always

from the edges to the center in the width direction as the displacement increases up to final failure.

In fact, the propagation of the damage is very rapid. From the damage at maximum load to final
fracture, it can be evaluated by simulation that just about 1.5 seconds are required for a dry specimen,
1.8 seconds for a 50% MC wet one, and 2.1 seconds for a 120% MC wet one with the loading rate at
2 mm/min. So, the average crack propagation velocities of the dry, 50% MC and 120% MC
specimens are 27 mm/s, 22 mm/s and 19 mm/s, respectively. Compared to 38.8 mm/s, 29.0 mm/s,
and 26.3 mm/s of the dry, 50% MC and 120% MC specimens observed by the IRT camera, it means
that skin cracks of dry sandwich propagate much faster than the wet one from damage onset point to

the full fracture.

Moreover, according to the size of red area in the center of zone 1 (Fig. 3-27. (d) - Fig. 3-29. (d)), it
can be concluded that damages of dry sandwich are more severe than those of wet one. These results

can be confirmed by microscope observations in Fig. 3-6 and IRT images in Fig. 3-8- Fig. 3-10.
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(a) Final damage localization by PDA model.

(b) Dis.=10.25 mm, F=1078 N. (c) Dis.=10.28 mm, F=987 N.
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Zone 1

(d) Dis.=10.30 mm, F=726 N.

Fig. 3-27. Damage evolution prediction of dry sandwich by Abaqus simulation model Dry S2.

DAMAGEFC
SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)

+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667¢-01
+5.833e-01
- +5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
- +8.333e-02
+0.000e+00

(a) The final damage localization by PDA model.
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Fig. 3-28. Damage evolution prediction of 50% MC wet sandwich by Abaqus model W50 S2.
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Fig. 3-29. Damage evolution prediction of 120% MC wet sandwich by Abaqus model W120 S2.

3.3.3.4. Stress distributions in numerical models

In order to explain the reasons of the upper skin damages, the stress distributions in zone 1 and zone
2 of dry and wet sandwiches corresponding to the moment of damage initiation and evolution are
further discussed. Fig. 3-30. (a) - Fig. 3-32. (a) correspond to the moment when the skin damage
initiation appears at the failure load. Fig. 3-30. (b) - Fig. 3-30. (b) correspond to the time when each
crack has propagated about 1/4 of the specimen width. Fig. 3-30. (c) and Fig. 3-30. (c) show the final

complete fracture of the whole specimen width.

Firstly, it is obvious that the normal stress S11 along the specimen length direction in zone 1 of the

upper skin in compression (blue elements) shows the distribution agreeing well with the damage
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evolution locations in Fig. 3-27-Fig. 3-29. The stresses in zone 2 are relatively small compared with

those in zone 1, so the stress distribution in zone 1 is the predominant in the damage evolution process.

When the damage begins to initiate, S11 is max in the center of the two edges of the upper skin in
zone 1, about 237 MPa for dry sandwich, 214 MPa for 50% MC wet sandwich, 154 MPa for 120%
MC wet sandwich. S11 of 50% MC wet sandwich and 120% MC wet sandwich has decreased by
9.7% and 35%, respectively. The normal stress S22 along the specimen width direction in zone 1 is
also maximum but very small in the center of zone 1, about 15 MPa for dry sandwich, 14 MPa for
50% MC wet sandwich, 9.7 MPa for 120% MC wet sandwich. The max shear stress S12 is also small,
about 40 MPa for dry sandwich, 37 MPa for 50% MC wet sandwich, 22 MPa for 120% MC wet
sandwich near the two edges of the upper skin in zone 1.

When the damage propagates about % of the specimen width, S11 is max about ¥ of the specimen
width in the center of zone 1, about 270 MPa for dry sandwich, 251 MPa for 50% MC wet sandwich,
177 MPa for 120% MC wet sandwich. S11 of 50% MC wet sandwich and 120% MC wet sandwich
has decreased by 7.0% and 34.4%, respectively. S22 is also max in the center of zone 1, about 68
MPa for dry sandwich, 64 MPa for 50% MC wet sandwich, 32 MPa for 120% MC wet sandwich.
The max S12 has increased to about 40 MPa for dry sandwich, 37 MPa for 50% MC wet sandwich,
22 MPa for 120% MC wet sandwich in center zone 1.

When it reaches the final complete fracture time, S11 is max in the center of zone 1, about 294 MPa
for dry sandwich, 260 MPa for 50% MC wet sandwich, 181 MPa for 120% MC wet sandwich. S11
of 50% MC wet sandwich and 120% MC wet sandwich has decreased by 11.6% and 38.4%,
respectively. S22 is also max in the center of zone 1, about 81 MPa for dry sandwich, 64 MPa for
50% MC wet sandwich, 27 MPa for 120% MC wet sandwich. The max S12 has increased to about
39 MPa for dry sandwich, 27 MPa for 50% MC wet sandwich, 21 MPa for 120% MC wet sandwich

in center zone 1.

In conclusion, the final upper skin damage is dominated by the compressive stress S11 (blue elements)
along the specimen length direction in zone 1. And S11 has decreased after the moisture absorption,

which can cause the skin damages releasing lower energy, agreeing well with IRT observations.
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Fig. 3-30. Stress distributions of dry sandwich by Abaqus model Dry S2.
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Fig. 3-31. Stress distributions of 50% MC wet sandwich by Abaqus model W50 S2.
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Fig. 3-32. Stress distributions of 120% MC wet sandwich by Abaqus model W120 S2.

In addition, Fig. 3-33 also shows the stress distributions of the lower skin of the dry and wet sandwich

models at the final fracture moment of the upper compressive skin. It is obvious that S11 is max in

the center of zone 1 of lower skin, about 322 MPa for dry sandwich, 262 MPa for 50% MC wet

sandwich, 197 MPa for 120% MC wet sandwich. S11 of 50% MC wet sandwich and 120% MC wet
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sandwich has decreased by 18.6% and 38.8%, respectively. S22 is also max near the center of zone
1, about 46 MPa for dry sandwich, 35 MPa for 50% MC wet sandwich, 22 MPa for 120% MC wet
sandwich. The max S12 is about 42 MPa for dry sandwich, 35 MPa for 50% MC wet sandwich, 21

MPa for 120% MC wet sandwich in center zone 1 of lower skin.

In conclusion, it means that S11 in lower skin under tension stress is lower than the tensile strength

of woven glass fiber, and thus the tensile lower skin is not damaged finally.
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Fig. 3-33. Stress distributions of lower skins of dry and wet sandwich models at the final fracture moment.

3.3.4. Numerical conclusions

In summary, in order to predict the 4-point bending behaviors of GFRP-balsa sandwich, the PDA
model proposed for laminates in Abaqus was firstly applied to the bonded sandwich structure to
simulate the damage initiation and evolution process of the compressive upper skin, as well as the
fracture load/displacement. Based on the proposed new methodology to evaluate elastic modulus
variation due to moisture absorption by AE wave velocity in Chapter 2, moisture effects on elastic
modulus, strength, and fracture energy of woven GFRP skin are introduced into PDA models to
improve the prediction accuracy of wet sandwich. It has been found that longitudinal/transverse
fracture energy of woven glass epoxy laminates should be within 1 N/mm -36 N/mm for better
prediction of fracture load/displacement and damage evolution process. For wet sandwich, it’s better

to reduce the fracture energy of dry sandwich

In addition, damage localizations and propagation paths predicted by PDA model agree well with
IRT observations, since IRT and PDA model have shown similarly that the upper skin of dry
sandwich fully fractures much faster and releases higher energy in the center of zone 1. And the skin
crack of dry sandwich is wider than that of wet sandwich specimen. But the future model considering
delamination and skin/core debonding using Cohesive Zone Model shall be developed to simulate
all the existing damage mechanisms according to the experimental observations, to improve the

prediction accuracy.
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3.4. Chapter summary

In summary, in this chapter, moisture effects on the bending stiffness/strength and damage
mechanisms of GFRP-balsa sandwich under 4-point bending have been discussed experimentally

and numerically, coupling the observations by the microscope, IRT and AE.

Firstly, by microscope observations, comparing dry, 50% MC and 120% MC specimens, it can be
seen that moisture absorption can result in the decrease of intralaminar strength of fiber/matrix
interface and interlaminar toughness of laminate skin, but the increase of skin/core interfacial fracture
toughness. Consequently, moisture absorption could accelerate matrix cracking, fiber/matrix
debonding and skin delamination, but slow down skin/core debonding of GFRP-balsa sandwich
under 4-point bending.

By infrared thermography, it is verified that skin damages of wet sandwich have released lower
energy and propagates more slowly. By AE, it is also demonstrated by cumulative energy that wet
woven GFRP skin damages have released lower energy. In addition, cumulative counts have been
proven to be very useful for the identification of the initiation of microscopic and macroscopic
composite skin damages, showing three obvious transition points corresponding to the beginning of

matrix cracking, fiber/matrix debonding and fiber breakage.

Most importantly, a comprehensive damage characterization approach coupling the characteristics
of AE amplitude, peak frequency and duration via K-means clustering algorithm has been proposed,
to classify damage modes of GFRP-balsa sandwich structures. When there are two obvious different
damage mechanisms, such as skin damages and core damages, based on the physical damage

mechanisms and statistical criteria, two steps are suggested to deal with the huge number of AE data:

Step 1- the first clustering process of the original filtered signals: based on statistical criteria, Davies
& Bouldin (DB) and Tou coefficients, combined with real damage mechanisms, to identify balsa
core damages which show higher peak frequency and shorter duration; Step 2- the second clustering
process on Cluster | containing skin damages: to distinguish skin/core debonding from laminate skin
damages mainly by peak frequency and duration distributions, and to classify different damage

modes in composite skin.

Thus, it is concluded that the damage modes of GFRP-balsa sandwich under 4-point bending may
occur at different levels including in balsa core: balsa/balsa interfacial debonding between balsa
blocks, microcracking; at composite skin/core interface: skin/core debonding; in upper composite
skin: matrix cracking, fiber/matrix debonding, delamination and fiber breakage. The last four skin

damage mechanisms are the predominant.
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Finally, PDA model verifies that the new proposed method in Chapter 2 can be effective for
prediction of bending stiffness of wet sandwich by measuring AE wave velocity. For the damage

localizations of GFRP-balsa sandwich, PDA model agree well with IRT observations.

However, future work shall be done to improve the damage localization accuracy by AE, considering
the higher AE wave attenuation in wet sandwiches. For example, the distance between the two
sensors can be decreased, and three or four sensors can be used to better localize the damages.
Considering the numerical study, the further model considering skin delamination and skin/core
debonding using Cohesive Zone Model shall be developed to simulate all the existing damage

mechanisms according to the experimental observations, to improve the prediction accuracy.
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4.1. Introduction

The 4-point bending behaviors of the CFRP-honeycomb sandwich are different from those of the
GFRP-balsa sandwich mainly due to the good compression and shear resistance properties of the
honeycomb core [26-27]. In reality, the final failure is dominated by the non-linear core buckling
behavior [74-75]. In the first part of this chapter, the static 4-point bending behaviors of the CFRP-
honeycomb sandwich have been investigated with the help of the microscope, IRT and AE
observations. The time and locations of the damage initiation and evolution of dry and wet CFRP-
honeycomb sandwich specimens have been compared by coupling the three observation techniques.

In the second part, the progressive core shear damage model in Abaqus has been introduced to
simulate the 4-point bending tests of GFRP-honeycomb sandwich, and the damage localizations by
Abaqgus model has been demonstrated to agree well with the microscope and IRT observations.

4.2. Static 4-point bending tests monitored by AE and IRT
4.2.1. Experimental setup

The triple dog-bone CFRP-honeycomb sandwich specimens (see Fig. 2-7) were also tested under 4-
point bending. Loading span (L) is 80 mm and support span (S) is 240 mm, as seen in Fig. 4-1. (a).
The tests were also controlled by displacement rate imposed at 2 mm/min [209-210] using the MTS
machine with load cell of 100 kN, monitored by passive AE and IRT systems during the whole

loading process (see Fig. 4-1 (b)).

Similar to the 4-point bending tests on GFRP-balsa sandwiches, AE monitoring was conducted by
two wideband sensors (with frequency range of 100 kHz-1 MHz) with a distance (D) of 180 mm, the
pre-amplifier, the analogue filters and the PCI-2 acquisition system (with Mistras AEwin software),
as seen in Fig. 4-1. (a). This kind of wideband sensor was chosen so as to allow the received signals
not to be limited in certain resonance frequencies in the case of a multi-material structure. According
to preliminary study, the threshold which determines the system sensitivity to the environmental
noise, was set by 30 dB. AE wave velocity and attenuation tests have to be repeated on dog-bone
specimens before starting the bending tests, so as to calibrate AE setup input into AEwin software.

The other AE acquisition parameters under 4-point bending are given in Table 4-1.

Different from GFRP-balsa sandwiches, IRT system was set to monitor more clearly the honeycomb
core surface in zone 1 and zone 2 from the side view (see Fig. 4-1. (b)), because core damages firstly
appear in CFRP-honeycomb sandwich under 4-point bending. IRT acquisition parameters are shown
in Table 5-2. For these tests, we have chosen a frame rate of 100 Hz (compared to 480 Hz on GFRP-

balsa sandwich) because it can capture enough information during the relatively longer static tests
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which take about 600 s, this choice may be questioned for future tests in order to promote the
recording of as much information as possible.

In order to study moisture effects on mechanical behaviors and damage mechanisms of triple dog-
bone CFRP-honeycomb sandwich specimens, three dry specimens and three wet specimens (average
MC: 6.5%) were tested under the same 4-point bending loading condition.

WD sensors

D=180 mm

S=240 mm

(a) Positions of AE wideband sensors.

Camera monitoring zone | and 2 of the core

(b) IR camera setup.
Fig. 4-1. 4-point bending test setup monitored by AE and IRT for CFRP-honeycomb sandwich.

Table 4-1. AE acquisition parameters for CFRP-honeycomb sandwiches under 4-point bending.

Analog Sample
Threshold  Pre-amplifier PDT HDT HLT Pre-Trigger Hit
(B) (B) T @ (1) Length
S S S S engt
(MHz) " " : (MSPS) : s
30 40 0.02-3 35 150 300 5 50 4k

Table 4-2. IRT acquisition parameters for CFRP-honeycomb sandwiches under 4-point bending.

Emissivity Distance (m) Reflected Temp (°C) Frame rate (Hz)
0.95 0.7 19.3 100

4.2.2. Moisture effects on bending behaviors

Force/Displacement curves of dry and wet CFRP-honeycomb sandwich specimens under 4-point
bending loading are compared in Fig. 4-2. Firstly, it is obvious that the dry and wet sandwich
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specimens show the similar elastic-plastic behavior. As seen in Fig. 4-2. (b), the 4-point bending
behavior of the CFRP-honeycomb sandwich can be divided into four stages: the first linear stage
before point A, the second non-linear stage before the maximum load B, the decreasing stage before
point C and the platform after point C. This behavior is different from the linear behavior of the

GFRP-balsa sandwich, mainly due to the honeycomb core buckling behavior [75].

2000 T | 2000 T e
P i o B Dry H2
e A C
1500 | —~. 1500 ¢ :
g 1000t e 3 1000 -
E =Dy HI s
Dry H2 =
500 | —Dry H3 500+
== =Wet HI{5.5% MC)|
== =Wet H2(6.5% MC)|
== =Wet H3(| 1% WC) 0 i : Bl | i s i
i r : 3 : 5 = T =
0 5 10 15 20 25 0 R 10 15 20 25
Displacement (mm) Displacement (mm)
(a) Force/Displacement curves of dry and wet sandwiches. (b) Example of four stages.

Fig. 4-2. Static 4-point bending behaviors of CFRP-honeycomb sandwich specimens.

In literatures [73-75], it has been explained that the typical force/displacement curves of honeycomb
sandwich under 4-point bending can be divided into four stages, which agree well with Fig. 4-2. (b).
The four stages can be explained as following as demonstrated in [75]: (1) the first linear elastic stage
before point A, where only small local core cell wall buckling exists; (2) the second non-linear stage
AB, where core begins to yield and typical core buckling can be observed; (3) the third decreasing
stage BC, where the load shows obvious decrease and the plastic buckling of honeycomb cell walls
initiates; (4) finally, the final platform after point C, where the propagation of core buckling can
collapse to a higher number of honeycomb cells, together with core wrinkling or called indentation

intensification.

The first two stages can be also considered as the pre-buckling period, which is mainly related to the
elastic response of the sandwich. After point B, it’s also called post-buckling period, where the
typical plastic buckling initiates and propagates. Thus, the honeycomb core buckling plays a very
important role in the bending behavior of honeycomb sandwich structures. However, the definitions
of the honeycomb core buckling and wrinkling in the literatures are still not clear. In this work, the
different honeycomb core damage modes in the four stages will be demonstrated based on

microscope, IRT and AE observations.

Considering moisture effects on the 4-point bending behavior of CFRP-honeycomb sandwich, it is
obvious that the fractions of different stages have changed after moisture absorption. Point A of the
wet sandwich appears much earlier, meaning that the yield stress of the wet honeycomb has been

decreased, which shall be considered in numerical models. Point C of the wet sandwich appear later,
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so the stage AC is longer for wet sandwich. Moreover, the decrease rate in stage 3 of wet sandwich
specimens seems much smaller than that of dry ones. All these observations can be correlated to the

next investigations with the help of the microscope, IRT and AE.
4.2.2.1. Moisture effects on bending stiffness

In Fig. 4-2, the average bending stiffnesses of dry and wet CFRP-honeycomb sandwich specimens
in initial elastic linear stages are 605 N/mm (+78 N/mm) and 596 N/mm (+58 N/mm), respectively.
The variation is only 1.5%, so it indicates that the moisture effects on the bending stiffness of CFRP-
honeycomb sandwich is not significant. In Chapter 2, it has been predicted by the proposed new
method that the elastic modulus of the saturated wet CFRP-honeycomb sandwich specimen (average
MC: 6.5%) can be decreased by 2% of that of the dry one. Thus, it verifies again that the proposed
method to predict stiffness variation of skin of wet sandwich structure by AE wave velocity

measurements can also be effective for honeycomb cored sandwich.
4.2.2.2. Moisture effects on bending strength

However, Fig. 4-2 shows that moisture absorption greatly affects the bending strength of CFRP-
honeycomb sandwich. The average maximum force of dry sandwich is 1837 N (+127 N), while
those of wet specimens (Wet H1 (5.5% MC), Wet H2 (6.5% MC) and Wet H3 (11% MC)) are 1712
N, 1529 N and 1183 N, decreasing by 7%, 17% and 36%, respectively. Considering that Wet H1
(5.5% MC) and Wet H2 (6.5% MC) have the MC much nearer to the average 6.5% MC in Chapter
2, the average maximum force of these two specimens is 1621 N (+129 N), decreasing by 12%,
compared to that of the dry sandwich. So, it indicates that moisture effects on the bending strength
of CFRP-honeycomb sandwich shall be considered carefully. These conclusions will be further

demonstrated by microscope, IRT and AE observations, as well as numerical simulations.
4.2.3. Damage mechanisms observed by microscope

For all dry and wet CFRP-honeycomb sandwich specimens, the honeycomb core damages in zone 2
are the predominant, caused by the combination of shear and compression stresses (see Fig. 4-3)
under 4-point bending loading [75]. No visible skin damage can be seen. So, the microscope is
needed to further inspect the skin surface. Fig. 4-3. (a) shows that the honeycomb core buckling is
more obvious on dry sandwich specimen, because the very clear core shear crack bands propagating

along about 45° of the honeycomb cell walls in zone 2 can be seen, with a length of 25 mm.

According to the reference [75], the similar core damage mechanisms were also observed on the dry
sandwich. However, no study has been found in the literature about the damage modes of wet CFRP-

honeycomb sandwich. Comparing Fig. 4-3. (a) and Fig. 4-3. (b), for the wet sandwich, the core
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wrinkling near the lower skin and loading application region is more obvious on honeycomb cell

wall surfaces, while the core shear crack bands are less obvious after the same 4-point bending.

Zone 2 Zone 1

Zone 2

Core buckling damages
(a) Specimen Dry H2.

Zone 2 Zone | Zone 2

Core buckling and wrinkling damages

(b) 5.5% MC specimen Wet H1.

Fig. 4-3. Honeycomb cell wall surfaces of dry and wet CFRP-honeycomb sandwich under bending.

The core and skin damage images observed by microscope VHX-700 (100 X) are further shown in
Fig. 4-4 and Fig. 4-5. Firstly, it’s obvious in Fig. 4-4 that the skin/core debonding in zone 2 is wider
and more severe at the lower skin/core interface of the wet CFRP-honeycomb sandwich than that of
dry sandwich. The length of the skin/core debonding crack is 4.8 mm in the wet sandwich, while that
in the dry sandwich is only 2 mm, decreasing by 58%. In addition, the core shear crack on one
honeycomb cell surface is more obvious with a length of 5 mm, while that of wet honeycomb is 3.5
mm, decreasing by 30%.
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Zone2 o= Zonel Zone 2 Shear crack

(a) Zone 2 of specimen Dry H2.

= Zone 2 a
Zone 2 Zone 1 Zone 2 Shear crack

(b) Zone 2 of 5.5% MC specimen Wet H1.
Fig. 4-4. Core damage images of dry and wet CFRP-honeycomb sandwich after 4-point bending tests.

Fig. 4-5 shows the upper skin surface images of dry and wet CFRP-honeycomb sandwich in zone 1
and zone 2 after 4-point bending tests. In zone 1, matrix cracking of upper CFRP skin of dry sandwich

is more obvious, while in zone 2, it’s more obvious in wet sandwich.
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(a) Zone 1 of specimen Dry H2. (b) Zone 2 of specimen Dry H2.

Matrix cracking

Matrix cracking
(c) Zone 1 of 5.5% MC specimen Wet H1. (d) Zone 2 of 5.5% MC specimen Wet H1.
Fig. 4-5. Skin images of dry and wet CFRP-honeycomb sandwich after 4-point bending tests.

Therefore, by microscope, it can be observed that moisture absorption has caused the more severe
skin/core debonding, core wrinkling and matrix cracking of the CFRP skin in zone 2, but less obvious
honeycomb core buckling in zone 2. Next, IRT and AE monitoring results will be discussed to better
understand the damage mechanisms of CFRP-honeycomb sandwich under 4-point bending.

4.2.4. Damage localizations by IRT and AE
4.2.4.1. Core damages monitored by IRT

Since CFRP-honeycomb sandwich has a max displacement of about 20 mm during the whole 4-point
bending test, the traditional method which obtains the real temperature difference by AT =T — T,
without considering the displacement is no longer accurate. Similar to GFRP-balsa sandwich,
correlation between movement of the vertical pixel in IRT temperature images and true displacement
of the specimen is introduced into MATLAB program to improve the accuracy of post-processing of
thermal images. In reality, the temperature variation at time t is calculated by the superposition of
the subtraction from any two adjacent frames (AT=T1-To + To-T1+...+ T-Tea).

The temperature variation images of Dry H2 and Wet H1 (5.5% MC) between the two wideband AE
sensors (D=0.18 m) during the four stages of 4-point bending tests are shown in Fig. 4-6 and Fig. 4-
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7. Firstly, it can be observed that thermal images of wet sandwich specimen show much higher non-
homogenous temperature increase under the 4-point bending loading. This phenomenon [201] is
mainly because that an evaporation reaction on the wet surface and an increase in the energy storage
capacity exist simultaneously, and the water distribution is not uniform in wet sandwich due to the
hollow honeycomb cells and special dog-bone shape. It has been explained in Chapter 2 that the
initial average temperature of the wet specimen is about 2.2 °C lower than that of the dry one before

the 4-point bending tests, due to the water absorption.

Finally, temperature increase in wet sandwich during bending load may be caused by the damage
accumulation, as well as the heat conduction between the loading rolls and the specimen surface. But
for now, no definite explanation can be given, further experiments shall be added to verify the reasons
of this phenomenon. However, it is interesting to find that thermal images of dry sandwich show

good agreements with microscope observations.

Fig. 4-6. (a)-(d) show the temperature variation images of Dry H2 at 100 s in linear stage before point
A, at 180 s in pre-buckling stage AB, at 350 s in post-buckling stage BC and at 600 s in post-buckling
platform stage after point C, respectively. Fig. 4-6. (€) shows that the real image of the monitored
zone (in purple window) by IRT during the test, which is also the zone between the two wideband
sensors, so as to better couple the localization results by IRT and AE in the following analysis. The
obvious honeycomb core shear crack bands in zone 2 can be seen in Fig. 4-6. (d) and (e), propagating
near 45° from the upper skin/core interface in the center of zone 2 to the lower skin/core interface
near the loading applications. In fact, the core buckling is dominated by the shear stress in the thin
honeycomb cell wall plane, while the core wrinkling is mainly resulted from the normal stress in the

honeycomb cell wall plane [73-74]. This can be further demonstrated by the numerical simulations.

Fig. 4-6. (a)-(d) shows clearly the honeycomb core damage initiation and evolution during the four
stages in Fig. 4-2. The obvious honeycomb core buckling in zone 2 can be seen from stage AB, and
then the more obvious plastic buckling initiates in stage BC and propagates in stage after point C.
The max temperature keeps increasing during the four stages. After point B, some small core
wrinkling can be seen near the lower skin/core interface and near the loading applications. In zone 1,
especially near the loading applications, some very small temperature increase (yellow points about
1 °C) can be also seen after point B in post-buckling stage, which can be caused by the honeycomb

cell wall wrinkling due to compressive stresses from contact between loading rolls and the specimen.
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Fig. 4-6. Temperature variation (°C) images in CFRP-honeycomb sandwich specimen Dry H2.

Fig. 4-7. (a)-(d) shows the honeycomb core damage initiation and evolution of specimen Wet H1
(5.5% MC) during the four stages. Firstly, one interesting thing is that the honeycomb core buckling
of the wet sandwich is less obvious than that of the dry sandwich, because the obvious shear bands
in zone 2 cannot be seen in the wet sandwich. But core wrinkling (see Fig. 4-7. (e)) is more obvious
in the wet sandwich, which is mainly due to compressive stresses caused by the contact between the
loading rolls and the honeycomb sandwich surface. The core wrinkling in the wet sandwich appears
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much earlier before point B near the lower skin/core interface and loading application regions, while
that in dry sandwich appear mainly after point B. This can be validated by the further stress

distributions in numerical simulations.

In conclusion, IRT conclusions agree well with the microscope observations, showing the damage
difference between dry and wet sandwich. Core buckling (shear crack band) is more obvious in dry
sandwich; however, core wrinkling is predominant in wet sandwich. Thermal images of wet
sandwich show much higher temperature increase. It may be related to the very complicated physical
and mechanical phenomena. Higher energy may be released by damage modes in wet sandwiches,
and the moisture in wet specimens has changed the physical mechanisms of heat transfer inside the
material and heat exchange with the outside environment. So, further investigation is needed to
identify the correlations between the real thermal field change, the damage evolution and moisture

content variation.
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Fig. 4-7. Temperature variation (°C) images in CFRP-honeycomb sandwich specimen Wet H1 (5.5% MC).

4.2.4.2. Coupling of damage localizations by IRT and AE

Based on the damage localization images by IRT, AE localization results are coupled with IRT
images, as shown in Fig. 4-8 and Fig. 4-9. Firstly, Amplitude (dB) distributions between the two
wideband sensors (D=0.18 m) of dry and wet sandwiches during the four stages of 4-point bending
tests are illustrated. In Fig. 4-8, the red window represents the center zone 1 within 0.115-0.185 m,
and the green window corresponds to zone 2 within 0.060-0.105 m and 0.195-0.240 m near the two

Sensors.

Compared to the GFRP-balsa sandwich, localization figures of CFRP-honeycomb sandwich have
received much more signals, it may be because that the damages of the CFRP-honeycomb sandwich
have released higher energy and moisture has less effect on the acoustic wave attenuation in CFRP-

honeycomb sandwich, as seen in Fig. 2-34 and Fig. 2-37.

In Fig. 4-8. (a), in the first linear stage before point A, for dry CFRP-honeycomb sandwich, most AE
signals appear in zone 2, showing amplitude within 40-80 dB. Combined with IRT image in zone 2,
Fig. 4-8. (a) verifies that AE signals in zone 2 could come from local honeycomb cell wall buckling.
Very few signals appear in center zone 1 in this stage, showing amplitude within 30-50 dB. Similar
to the analysis of skin damages of GFRP laminates in zone 1 in Chapter 3, these signals in zone 1 of
CFRP-honeycomb sandwich may come from matrix cracking in the composite skin [114-116], as
observed in Fig. 4-5 by microscope, but they cannot be detected by IRT because of the lower energy

released.
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In the second non-linear pre-buckling stage AB in Fig. 4-8. (b), much more AE signals within 30-90
dB accumulate in zone 2, compared with the IRT image, they could come from the more obvious
honeycomb core buckling. It is interesting to note that more AE signals higher than 70 dB accumulate
nearer to the two sensors which are located just near the narrowest region in zone 2, where the core
shear stress is the maximum. In zone 1, more signals lower than 80 dB appear in stage AB, combined
with zone 1 in the IRT image, they may come from the skin damages and small core wrinkling near
the loading application regions. This shall be combined with the later clustering analysis to make the

most robust conclusions.

In post-buckling stage BC in Fig. 4-8. (c), a large number of AE hits accumulate both in zone 1 and
zone 2. In zone 2, honeycomb core buckling signals within 30-100 dB continue to increase, which
could correspond to the very obvious shear crack band detected by IRT image. More signals within
30-80 dB corresponding to honeycomb core wrinkling (see Fig. 4-4 and Fig. 4-6) have accumulated
in this stage near the loading applications in zone 1 and zone 2. In zone 1, signals lower than 50 dB
shall come from matrix cracking and fiber/matrix debonding in composite skin [114-116].

In post-buckling platform stage after point C in Fig. 4-8. (d), AE amplitude distributions are similar
to those in stage BC. More AE signals within 30-50 dB accumulate in zone 1, which shall come from
the skin [114-116]. Combined with IRT images, more signals higher than 50 dB accumulate near the
loading applications in zone 2, coming from core wrinkling. Signals within 30-100 dB in zone 2

continues to accumulate, coming from the plastic core buckling accompanied by local core cracking.
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Fig. 4-8. Damage localizations of specimen Dry H2 by AE amplitude and IRT.

In the localization figures of wet sandwich specimen 5.5% MC in Fig. 4-9, similar AE amplitude
distributions can be found. In the first linear stage before point A in Fig. 4-9. (a), most signals within
40-80 dB also appear in zone 2. The typical difference between wet and dry sandwich in this stage

is that fewer signals within 30-50 dB appear in zone 1.

In the second non-linear pre-buckling stage AB in Fig. 4-9. (b), compared to the dry sandwich, fewer
honeycomb core buckling signals lower than 50 dB accumulate in zone 2. In zone 1, there are also
fewer signals lower than 80 dB. Combined with IRT image, the honeycomb core buckling in zone 2
of the wet sandwich is less obvious from this stage, so AE localizations agree well with the IRT

images.

In post-buckling stages BC in Fig. 4-9. (¢) and in Fig. 4-9. (d) after point C, similar to the dry
sandwich, a large number of AE hits accumulate in zone 2 and near the loading application region.
In zone 2, honeycomb core buckling signals within 30-100 dB continue to accumulate intensely. But
in zone 1, there are fewer signals, compared to the dry sandwich. More signals within 50-80 dB
accumulate near the loading application regions in zone 2 in the wet sandwich, which indicates that
the core wrinkling in zone 2 has become more severe, which agrees well with the IRT images. While
the AE signals coming from the core buckling have become less important in the wet sandwich.,

showing fewer signals within 30-50 dB in zone 2. It is also obvious that the core buckling signal
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distributions are no longer symmetric to the center of zone 1, which could be affected by the non-
uniform moisture absorption in the wet sandwich.

In summary, at 600 s, compared to the dry sandwich, there are fewer signals within 30-50 dB in zone
1 and zone 2 in wet sandwich. Between zone 1 and zone 2, near X=0.1 m and X=0.2 m, where the
loading application regions locate, AE signals within 50-80 dB play a more important role in wet
sandwich, corresponding to core wrinkling due to indentation of cell walls. Thus, moisture absorption
has resulted in the more obvious honeycomb core wrinkling near the loading application regions in
zone 2, but less severe core buckling in zone 2.
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Fig. 4-9. Damage localizations of specimen Wet H1 (5.5% MC) by AE amplitude and IRT.
Finally, it can be concluded that amplitude in zone 1 is mainly within 30-70 dB, corresponding to
matrix cracking and fiber/matrix debonding in the composite skin [116-121], which is similar to
those observed on GFRP skin damages in Chapter 3. While amplitude in zone 2 is mainly within 30-
90 dB, corresponding to honeycomb core buckling and wrinkling [121]. The damage difference
between dry and wet specimens needs further validations.

4.2.4.3. Validation of damage localizations by peak frequency and duration
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As demonstrated in Chapter 3, peak frequency and duration [121] are the two important parameters
to identify the damage modes of sandwich structures. Based on the above localization results by AE
amplitude and IRT, Fig. 4-10 show the peak frequency and duration distributions to help identify the

characteristics of the different damage modes.

In Fig. 4-10, for dry CFRP-honeycomb sandwich, in the first linear stage before point A, most signals
appear in zone 2, showing peak frequency lower than 600 kHz and duration less than 2000 us. Very
few signals appear in center zone 1, showing peak frequency within 100-200 kHz and duration less
than 1000 ps.

In the second non-linear pre-buckling stage AB, much more honeycomb core buckling signals
accumulate in zone 2, showing peak frequency lower than 600 kHz and duration less than 4000 ps.
In zone 1, more signals lower than 300 kHz appear. According to the demonstrated peak frequency
range [114-116] of composite skins in Chapter 3, these signals shall come from matrix cracking and
fiber/matrix debonding in the composite skin, but they cannot be observed by IRT. In zone 1, some
signals within 300-600 kHz also appear, which shall come from the core wrinkling mainly near the
loading applications. It has been demonstrated that the peak frequency range of the honeycomb core
damage shall be within 200-800 kHz [121], so the high frequency signals in zone 1 shall also come

from the core damages, not from the skin.

In post-buckling stage BC, in zone 2, honeycomb core buckling signals continue to accumulate, with
peak frequency lower than 600 kHz and duration less than 10000 ps. In zone 1, skin damage signals
within 20-300 kHz and core wrinkling signals within 300-600 kHz also accumulate more. In post-
buckling stage after point C, AE signal distributions are similar to stage BC, the main difference is
that more signals within 400-600 kHz accumulate in zone 1 and zone 2, which shall be core wrinkling

and core cracking due to buckling.
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Fig. 4-10. Damage localizations (Unit of X position: m) of specimen Dry H2 by AE.
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In localization results of wet sandwich specimens in Fig. 4-11, similar AE peak frequency and
duration distributions can be found. In the first linear stage before point A in Fig. 4-11. (a), most
signals within 100-400 kHz appear in zone 2, with duration less than 3000 ps. Very few signals
within 100-300 kHz appear in zone 1, with duration less than 2000 ps.

In the second non-linear pre-buckling stage AB in Fig. 4-11. (b), compared to the dry sandwich,
fewer honeycomb core buckling signals within 300-600 kHz [121] accumulate in zone 2. Combined
with the IRT image, the honeycomb core buckling in zone 2 in the wet sandwich is less obvious, so
AE localizations agree well with the IRT image. In zone 1, there are also fewer signals lower than
300 kHz. Signals in zone 2 have duration less than 4000 us, and those in zone 1 have duration less
than 2000 ps.

In post-buckling stages BC in Fig. 4-11. (c) and in Fig. 4-11. (d) after point C, it’s obvious that the
number of signals within 300-600 kHz has decreased a lot in zone 2, which demonstrates that the
honeycomb core buckling of the wet sandwich has become less severe. Signals in zone 1 and 2 have
duration less than 10000 ps.

Finally, it can be concluded that the peak frequency is a very useful parameter to identify the skin
damages (lower than 300 kHz), core buckling and cracking (lower than 600 kHz), and core wrinkling
(300-600 kHz), combined with the damage localizations by IRT and microscopes. But it is difficult
to find the difference of the duration of different damage modes according to the localization figures.
Thus, peak frequency shall be investigated detailly to identify damages of CFRP-honeycomb

sandwich in the future.
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Fig. 4-11. Damage localizations (Unit of X position: m) of 5.5% MC specimen Wet H1 by AE.

4.2.5. Moisture effects on damage initiation identification by AE
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4.2.5.1. Moisture effects on cumulative hits

Although the damage localization results of wet CFRP-honeycomb sandwich by IRT is not accurate
enough, which cannot be compared with localization results by AE. Moisture effects on the
cumulative AE hits number of the three CFRP-honeycomb sandwich specimens with different MC
are illustrated in Fig. 4-12, to show the preliminary analysis of AE signals. It can be seen that the
cumulative hits number of the 5.5% MC specimen and 11% MC specimen has decreased by 28%
and 31%, respectively, due to the moisture absorption. One reason for this decrease is that the energy
released by the wet sandwich specimen has been decreased, in addition, the acoustic wave attenuation
is higher due to moisture absorption, as demonstrated in Chapter 2. When the acoustic wave
propagates in the wet CFRP-honeycomb sandwich, it will meet more obstacles such as material and
interface changes, because water, air, honeycomb and CFRP exist simultaneously in the wet
sandwich. Then the acoustic wave propagation has been disturbed by these internal changes.

Cumulative hits

0s5-
n o
Dry 5.5% MC 1% MC
Different CFRP-honeycomb sandwich specimens

Fig. 4-12. Cumulative hits number of dry and wet CFRP-honeycomb sandwiches.

4.2.5.2. Moisture effects on cumulative energy

Moisture effects on cumulative energy of CFRP-honeycomb sandwich are also shown in Fig. 4-13.
It shows that the final cumulative energy at the end of the tests has been decreased as MC increases.
The cumulative energy of the 5.5% MC specimen and 11% MC specimen has decreased by 23% and
31%, respectively. Considering the damages observed by IRT and microscope, it means that the
damages of wet sandwiches have released lower energy, which can be related to the less severe core
buckling due to moisture absorption. Because the honeycomb core mainly carries the shear stresses
in a sandwich structure, the core buckling damage shall be the dominated, so AE observations have

verified that the predominant core buckling has released lower energy in the wet sandwiches.
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Fig. 4-13. Cumulative energy of dry and wet CFRP-honeycomb sandwiches.

4.2.5.3. Moisture effects on cumulative counts

Similar to the analysis method of GFRP-balsa sandwich, in order to identify the damage onset

moment of CFRP-honeycomb sandwich, cumulative counts accumulation is firstly investigated in

Fig. 4-14. It’s interesting to find the four stages of CFRP-honeycomb sandwich under 4-point

bending can be reflected by the slope of cumulative counts curves, almost divided by point A, B and

C. For all dry and wet specimens, cumulative counts have an obvious increase just after point A,

where the obvious pre-buckling of honeycomb core begins. After point B, the slope of cumulative

counts curve increases, and after point C, the slope has a small decrease again. It means that the

cumulative counts accumulate more intensely in stage BC, and the plastic core buckling mainly

initiates and propagates in this period. Wet sandwiches have the smaller number of cumulative counts

within longer period AB and BC, which indicates that the honeycomb core buckling is less severe.
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Fig. 4-14. Cumulative counts of dry and wet CFRP-honeycomb sandwiches.
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4.2.6. Experimental conclusions

In conclusion, by microscope, IRT and AE observations, it can be found that moisture absorption
can result in the more obvious honeycomb cell wall wrinkling mainly due to compression stresses
near the loading applications in zone 1 and zone 2, but less severe core buckling in zone 2. The
damage localizations by IRT and AE show good consistency. It can be further simulated by Abaqus

models.
4.3. Numerical analysis of 4-point bending behaviors
4.3.1. Abaqus model establishment

Different from numerical simulations of GFRP-balsa sandwich, the non-linear 4-point bending
behavior of CFRP-honeycomb sandwich was simulated by dynamic explicit analysis in
Abaqus/Standard 2019. In explicit analysis of Abaqus, time period is firstly given by 0.08 s in the
step settings. Considering that the final displacement in tests is about 20 mm, in all the models, the
max vertical displacement is set by 20 mm (see Fig. 4-15. (a)) for dry sandwich and 25 mm for wet
sandwich considering the real displacement in 4-point bending tests, which determines the end
moment of the simulation. The two lower supports are fixed to eliminate all degrees of freedom. For
the interaction between skins and loading/support surfaces, surface-to-surface contact was chosen to
ensure the convergence of the models, and friction coefficient is given by 0.05 [41] to allow some
slippage between the surfaces and stability after testing different values of friction coefficient. Based
on damage observations in tests, honeycomb core damages are predominant, so skin/core interfaces

are tied in the models without considering skin/core debonding.

Based on the classical laminate theory, 3-layer CFRP skins (see Fig. 4-15. (b)) are modelled by
continuous thin shell element S4R (without thickness definition). Considering that the core is
composed of the thin honeycomb cell walls (with a thickness of 0.065 mm), which is much smaller
than the diameter of the honeycomb cell (4.8 mm), the honeycomb core is also created by continuous
thin shell element S4R (see Fig. 4-15. (c)).

As seen in Fig. 4-15. (d), one honeycomb cell is composed of six cell walls along three directions:
0° which is along the specimen length direction, 60° and 120° which have a certain angle relative to
the Q° direction. So, the local material orientations of these three kinds of cell walls are different, as
shown by the three green honeycomb shell elements. The 1-axis of the honeycomb shell element
along 0° is the same as the specimen length direction, the 2-axis is along the height of the wall (the
thickness direction of the sandwich), and the 3-axis is normal to the shell element plane. The 1-axis

of the honeycomb shell element along 60° is also along 60°, and 1-axis of the honeycomb shell
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element along 120° is also along 120°. While 2-axis of all the honeycomb shell elements is along the

sandwich thickness direction, and 3-axis is normal to the corresponding shell element plane.

Dependency of calculation accuracy on the mesh size was studied by using different cell size of 3
mm, 2.5 mm and 2 mm for both skin and core elements. Finally, in order to compromise between
computational efficiency and accuracy, the mesh element is chosen as 2.5 mm for both the skins and

honeycomb cells.

Displacement load= 20 mm

z

Lox

Fixed Fixed

(a) Loading and boundary conditions.

(b) Thin shell elements of CFRP skin.

(c) Thin shell elements of honeycomb core.

One honeycomb cell SNEG, (fraction = -1,0)

; 1-anis
= 2-axis
i 3-awis/shell normal

120" 60°

oo

Three honeycomb shell elements

(d) Local material orientations of honeycomb shell elements.
Fig. 4-15. Abaqus model of CFRP-honeycomb sandwich under 4-point bending.

Finally, the most important problem is to determine accurate material parameters of sandwich

constituents. Since bending stiffness of sandwich is mainly determined by elastic modulus of the

skin, similar to the analysis of GFRP skins in Chapter 3, the degradation of elastic modulus of CFRP
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skin of wet sandwich has been considered based on the proposed method by AE wave velocity
measurements, as seen in Table 2-9. For Nomex honeycomb paper, it has been demonstrated that
isotropic material model can be accurate enough [186], so elastic modulus of honeycomb core is

given by 4000 MPa and Poisson’s ratio is 0.35.
4.3.2. Equivalent elastic-plastic and shear damage model

Since 4-point bending behavior of honeycomb sandwich is mainly determined by honeycomb core
buckling properties, the progressive damage model considering the elastic-plastic behavior and shear
damage criterion of the honeycomb core is developed in this work. Fig. 4-16 [214] explains the
stress-strain relation employed in Abaqus/Explicit for ductile metals up to complete failure. In this
work, according to the simulations in [165, 186], the honeycomb core is assumed as the isotropic
material, and thus the elastic-plastic progressive damage model for ductile isotropic material in
Abaqus can be applied on it, to simulate the core buckling behavior equivalently.

As shown in Fig. 4-16, the typical linear elastic response appears firstly, followed by the non-linear
plastic behavior. Yield point A is determined by the yield stress of the material. A damage model
variable D is introduced and it equals 0 at damage initiation point B. The equivalent plastic strain at

the onset of damage is denoted as Egl, and it can be a function of stress ratio, strain rate, temperature,

etc. Subsequently, the yield stress softens and elastic modulus degrades until the strain reaches E?l,
or the equivalent strain at complete failure. Finally, elements representing failed material points are

removed from the model.
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Fig. 4-16. Schematic diagram of elastic-plastic material with progressive damage [214].

When the damage behavior described in Fig. 4-16 is applied to the honeycomb core to simulate the

honeycomb buckling damage, the four stages of Force/Displacement curves of CFRP-honeycomb

sandwich in Fig. 4-2 could be considered. In this study, the yield stress point in Fig. 4-16 shall be

point A in Fig. 4-2 which is the transition from elastic linear behavior to non-linear behavior.
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According to [165, 186], the von Mises yield stress of the Nomex honeycomb is about 100 MPa,
because the average strength of wet sandwich has decreased by 12% in Fig. 4-2, the yield stress of

the wet honeycomb is set by 88 MPa, to simulate the elastic behavior before point A.

Next, in order to determine the damage initiation and evolution process after point A, the shear
damage criterion [164, 186] is introduced into Fig. 4-16, since the shear damage criterion can be used
in conjunction with the Von Mises, Johnson-Cook, Hill, and Drucker-Prager plasticity models.

Firstly, the shear damage initiation criterion is used for predicting the onset of damage mainly due

to shear band localization. It assumes that the equivalent plastic strain Egl at the damage onset is a
function of the shear stress ratio and strain rate. The shear stress ratio in Abaqus is defined
as 0s=(q+ksp)/tmax, Where q is the Von Mises equivalent stress, p is the pressure stress, and Tmax is the
maximum shear stress. ks is the material parameter which can be calculated according to the other

parameters.

In order to simulate the core shear damage initiation, the equivalent plastic (fracture) strain, the shear
stress ratio and the strain rate shall be input into Abaqus to get the more accurate simulation results.
Shear stress ratio is given by a common value 1.6 [164, 186], and the simulation results can display
this value to help us to determine whether it is set accurately. The equivalent plastic strain rate of the
honeycomb material is 0.01-250 s according to [186] and almost has no influence on the simulation
results, so it is set by 0.01 s™ in this work. Fracture strain 55‘ determines the damage initiation point
B in Fig. 4-16 and max force in Fig. 4-2, referred to [186], the shear fracture strain of Nomex
honeycomb is between 0.04 and 0.08, so the influence of these fracture strain values will be discussed

in this work.

Next, in order to simulate the core shear damage evolution after point B, the damage evolution
criterion shall be introduced, which is also based on the fracture energy rate [164]. Similar to the
analysis of GFRP-balsa sandwich, there is no clear test standards to determine this parameter of
Nomex honeycomb. Referred to [165], it has been pointed out that fracture energy for the
longitudinal tensile/compressive failure of fiber of aramid-epoxy laminates is between 20 N/mm and
50/mm, so different groups with various fracture energy values will be compared in the simulations.
When simulating the damage evolution, the two kinds of the damage degradation law as a function
of plastic displacement can be considered: a) linear; b) exponential, as seen in Fig. 4-17 where d is
the damage variable and TP! is the equivalent plastic displacement. Considering the decreasing

tendency of force in Fig. 4-2, the exponential type is finally chosen in our simulation.
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(a) Linear displacement. (b) Exponential displacement and the corresponding fracture energy.

Fig. 4-17. Damage degradation law as a function of plastic displacement in damage evolution model [164].

Finally, the importance of fracture strain and fracture energy on the honeycomb plastic and shear

damage initiation and evolution will be discussed in the following work.
4.3.3. Prediction of 4-point bending behaviors
4.3.3.1. Prediction of bending stiffness and strength

Table 4-3 and 4-4 show different groups with different fracture strain and energy values used in the
simulation of dry CFRP-honeycomb sandwich, while Table 4-5 show those of the wet sandwich.
Firstly, as demonstrated before, bending stiffness of sandwich in simulation is mainly affected by the
values of elastic modulus of the laminated skin. Fig. 4-17 compares Force/Displacement curves
predicted by numerical models and those in the tests for both dry and wet specimens. It is interesting
to note that numerical bending stiffnesses of all groups are very near to those of the tests in the first
linear stage before point A. The calculated bending stiffnesses of dry and wet CFRP-honeycomb
sandwich specimens in initial elastic linear stages are 517 N/mm and 502 N/mm. Compared to the
average tested bending stiffnesses of dry (605 N/mm) and wet (596 N/mm) CFRP-honeycomb
sandwich specimens, their relative error is about 15% and 16% for dry and wet specimen,
respectively. These results could be acceptable. Consequently, the variation of elastic constants of
wet CFRP/honeycomb sandwich skin as a function of MC predicted by the proposed methodology
to modify elastic modulus by AE wave velocity can be effective to predict the bending stiffness of

the wet sandwich.

Table 4-3. Groups of different fracture strain of dry honeycomb in Abaqus.

Group Dry HS1 Dry HS2 Dry HS3 Dry HS4
Fracture strain 0.08 0.07 0.06 0.05
Fracture energy (N/mm) 50 50 50 50

Table 4-4. Groups of different fracture energy of dry honeycomb in Abaqus.

Group Dry HS1 Dry HS5 Dry HS6 Dry HS7
Fracture strain 0.08 0.08 0.08 0.08
Fracture energy (N/mm) 50 60 40 30
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Table 4-5. Different groups of fracture energy of wet honeycomb in Abaqus.

Group Wet HS1 Wet HS2 Wet HS3 Wet HS4
Fracture strain 0.08 0.09 0.10 0.10
Fracture energy (N/mm) 50 50 50 40

Fig. 4-18. (a) shows that the damage initiation point B and damage stabilization point C appear a
little later as the fracture strain increases from 0.04 to 0.08 when the fracture energy is 50 N/mm.
Considering both the max force and the corresponding displacement at which point B appears, the
curve of simulation Dry HS1 (in green) is nearest to the experimental results. The error between max
force (1721 N at Dis.=6.2 mm) of simulation Dry HS1 and that (1901 N at Dis.=5.7 mm) of the test
is 9.5%.

Fig. 4-18. (b) also shows that the damage initiation point B and damage stabilization point C appear
later as the fracture energy increases from 30 N/mm to 60 N/mm when the fracture strain is 0.08. It
can be seen that the curve of simulation Dry HS5 (in green) shows the nearest max force and
corresponding displacement. In summary, the fracture strain mainly affects the damage initiation
moment B, and the fracture energy has greater influence on the final damage stabilization point C.

Based on the simulation results of dry sandwiches, Fig. 4-18. (c) shows the results obtained for
different groups of wet sandwiches. It shows that simulation Wet HS3 (in blue) is nearest to the
average test curve, when the fracture strain is 0.10 and fracture energy is 50 N/mm. The error between
the max force (1454 N at Dis.=7.1 mm) of simulation Wet HS3 and that (1529 N at Dis.=7.0 mm) of
the test is only 4.9%. Moreover, the decrease rate in stage BC of simulation curves of wet sandwich
seems much smaller than that of dry ones. It also demonstrates that this equivalent elastic-plastic
damage model is suitable for both dry and wet honeycomb sandwiches, to predict the bending

behavior quickly and accurately.

To be mentioned, in stage AB, the simulation of wet sandwich is much closer to the experimental
curve, while the numerical curve of dry sandwich is a little different from the experimental curve.
This is because of the elastoplastic behavior with isotropic hardening phenomenon. In the models in
this work, the hardening after the yield point is not considered, so the models are more accurate when
the material has absorbed water and become softer. It also indicates that the damage models for dry

sandwich can be improved by adding the hardening criterion of the Nomex honeycomb material.
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Fig. 4-18. Comparison of simulation and test results of dry and wet CFRP-honeycomb sandwich.
4.3.3.2. Damage localizations by numerical models

In this part, only the results from Simulation Dry HS1 and Wet HS3 will be discussed. Their damage

initiation and evolution images are shown in Fig. 4-19 and Fig. 4-20, respectively.

In Fig. 4-19. (a) and Fig. 4-20. (a), only honeycomb core damages in zone 2 appear in Abaqus
models. In the ideal case, in zone 1, there is no shear stress, so no damage occurs in the center.
Herein, the damage indexes (SHRCRT) represent the shear damage criterion. The damage initiates
when SHRCRT exceeds 0. The full damage of the element occurs only when SHRCRT equals 1.

The fully failed elements will be removed finally.

It is clear that the most damaged regions (red mesh cells) are located near the center of zone 2 of
honeycomb core where there is the highest shear stress, and near the loading application regions.
It can be noted that the distributions of red elements are similar to observations by IRT. Near the
loading application regions and supports regions, contact stresses are superimposed with the shear
stress, where the damage has been perturbed. This can be demonstrated by the next stress
distributions. Around the loading application regions, the full damaged elements (red elements)
have moved to the traction zone due to the bending moment, which also agrees well with

microscope, IRT and AE observations.
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Fig. 4-19. (b)-(e) and Fig. 4-20. (b)-(e) show the damage initiation and evolution of the dry and
wet sandwich with the increase of applying displacement (Dis.) or force (F) in the four stages

divided by point A, B and C, compared with the damage localizations by IRT images.

Fig. 4-19. (b) and Fig. 4-20. (b) show that the small honeycomb core buckling initiates in the center
of zone 2 where the max shear stress exists before point A. Fig. 4-19. (¢) and Fig. 4-20. (c)
correspond to point B when the max force exists, and the red elements appear in center of zone 2,
which agrees well with the obvious core buckling localized by the IRT image. Fig. 4-19. (d) and
Fig. 4-20. (d) show the obvious plastic core buckling elements in the traction region in zone 2 at
point C after which the final platform follows the post-buckling stage BC. Obvious core shear crack
band can be seen on the dry honeycomb. Fig. 4-19. (e) and Fig. 4-20. (e) shows that some fully
failed red elements in the traction region near the center of zone 2 have been removed after point
C, which shall be the fully damaged honeycomb cells. The locations of these elements agree well
with those observed by the IRT image.

Furthermore, comparing the simulation results of the dry and wet sandwich, it can be seen that
more red elements near the loading application regions appear in zone 2 of the wet sandwich after
point B, which can explain the higher temperature increase of wet sandwich because higher damage
energy has been accumulated. But fewer elements have been removed near the center of zone 2 in
the wet sandwich, which means that core shear cracks of the wet sandwich have become less severe.
Therefore, it verifies that the honeycomb core compressive strength plays a more important role in
wet sandwich, compared to the shear strength. This will be further demonstrated by the stress

distributions.
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Fig. 4-19. Damage evolution prediction of dry sandwich by Abaqus simulation model Dry HS1.
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Fig. 4-20. Damage evolution prediction of wet sandwich by Abaqus simulation model Wet HS3.
4.3.3.3. Stress distributions in honeycomb core

In order to understand the honeycomb core damage modes, the stress distributions in zone 2 of dry
and wet sandwich corresponding to the moment of point A, B, C and the final platform are further
discussed in Fig. 4-21 and Fig. 4-22. Since the honeycomb cells are created by thin shell elements,
the local material orientation of each wall of a honeycomb cell is different, as explained in Fig. 4-
15. (d) . So, the local material axes on each wall are different from the global coordinates. As seen
in Fig. 4-21. (a) and Fig. 4-22. (a), a typical honeycomb shell element along 0° which is along the
specimen length direction is chosen to understand the max stress variation. For element 1 and
element 2, 1-axis is along the sandwich length direction, 2-axis is along height of a wall (the
thickness direction of the sandwich), and the 3-axis is normal to the cell wall plane. Normal stress
components S11, S22 and shear stress S12 are shown in Fig. 4-21. (b)-(e) and Fig. 4-22. (b)-(e).

It can be seen that in dry and wet sandwiches, the shear stress (S12) distribution remains almost
even and stable in stage AB, as seen in Fig. 4-21. (b)-(c) and 4-22. (b)-(c). But the max shear stress
(red elements) distribution in dry sandwich is along about 45° in zone 2 after point C in Fig. 4-21.
(d) and (e), which matches well with microscope and IRT observations. However, in wet sandwich
Fig. 4-22. (d) and (e), the core shear crack band along 45° in zone 2 is not obvious. Concerning
normal stress (S22) in the direction of the height of the honeycomb cell walls, in dry or wet
sandwiches, it remains much smaller than the shear stress S12 in most honeycomb elements in
center of zone 2. But the stresses S22 of honeycomb elements near the loading applications and
supports keep increasing from point A. The blue elements show that the normal stresses (S22) in
compression near the loading application regions are more important in the wet sandwich, which

may cause the indentation due to contact stresses

These stress variation and distributions verify that the honeycomb core damages in this work in

zone 2 is caused by the combination of shear stress S12 and normal stresses S11 and S22. The
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predominant damage mode is core buckling due to shear stress S12. And some core wrinkling
(indentation) caused by normal stresses S11 and S22 near the loading applications can be found

after point B. It indicates that moisture absorption could result in the less obvious honeycomb core

shear cracks due to the decrease of shear stress.
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Fig. 4-22. Stress distributions in zone 2 of wet sandwich by Abaqus simulation model Wet HS3.

Fig. 4-23 and Fig. 4-24 further plot the stress variation of the most deformed cell 1 of dry sandwich
and cell 2 of wet sandwich as a function of displacement of the sandwich in the four stages, in order
to observe the shear and compressive stresses corresponding to point A, B and C in Fig. 4-18. It is
interesting to find the shear stress S12 increases almost linearly until 58 MPa for dry sandwich and
46 MPa for wet sandwich at point A, and then it keeps almost stable until point B, and it begins to
decrease after point B, until zero near point C.

The normal stress S22 (in compression) begins to increase only after point A, and it continues to
increase until the maximum 17 MPa for dry sandwich and 19 MPa for wet sandwich at point D, and
then it begins to decrease until zero near point C. The normal stress S11 (in compression) begins to
increase only after point B, and it continues to increase until the maximum 10 MPa for dry sandwich

and 10 MPa for wet sandwich near point D, and then it begins to decrease until zero near point C.

Thus, for both dry and wet sandwich, in stage AB, shear stress S12 is much higher than normal
stresses S11 and S22 which mainly causes the local core shear cracks. In stage BD, the shear stress
S12 is also higher than normal stresses, so the core shear cracks are predominant, but the normal
stresses have increased a lot. The normal stress S22 may cause the core wrinkling. After point D, the
normal stress S22 is higher than the shear stress S12, so more obvious core wrinkling can be found.

After point C, all the stresses become zero, so the final platform appears.

o8
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S11-Dry
|—S22-Dry
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Fig. 4-23. Stress variation of Cell 1 in zone 2 of dry sandwich by Abaqus simulation model Dry HS1.
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Fig. 4-24. Stress variation of Cell 2 in zone 2 of wet sandwich by Abaqus simulation model Wet HS3.

Combined with the previous microscope, IRT and AE observations, the normal stress S22 in the wet
sandwich has become more predominant in stage AC, which will result in the more obvious core
wrinkling near the loading application regions. But the core shear stress S12 become less important
in wet sandwich, thus resulting in the less severe core shear cracks. It is also obvious that the
decreasing rates of the shear and normal stresses of wet sandwich in stage BC seem smaller than
those of the dry sandwich, which agree well with the tendency of Force/Displacement curves in Fig.
4-18.

4.3.4. Numerical conclusions

To conclude, to predict the non-linear 4-point bending behavior of CFRP-honeycomb sandwich, the
equivalent progressive elastic-plastic isotropic material model and shear damage criterion have been
chosen to approximately simulate the damage initiation and evolution process of honeycomb core,
as well as the bending stiffness and strength. Based on the proposed new methodology to evaluate
elastic modulus variation of CFRP skin due to moisture absorption by AE wave velocity in Chapter
2, moisture effects on elastic modulus, yield stress, fracture strain and fracture energy rate of Nomex

honeycomb are introduced into Abaqus models to improve the prediction accuracy of wet sandwich.

In addition, damage localizations and evolution tendency predicted by Abaqus models agree well
with IRT and AE observations, which have been demonstrated by the shear and compressive stress

distributions.
4.4. Chapter summary

In summary, in this chapter, moisture effects on bending stiffness/strength and the damage
mechanisms of CFRP-honeycomb sandwich under 4-point bending have been discussed, based on
the observations by the microscope, IRT and AE. Although IRT has met some difficulty in

identifying damages of wet sandwiches, some useful conclusions can be made.

Firstly, by the microscope observations, it can be seen that moisture absorption can result in the more
obvious honeycomb cell wall wrinkling near the loading application regions in zone 2, but less severe
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core shear cracks in zone 2. The damage localizations of dry sandwich by IRT agree well with the
those observed by AE and Abaqus models. For IRT, in order to improve the quality of thermal images
by IRT, the better image processing is necessary for wet sandwich, to consider the correlations
between thermal field change, honeycomb shear/compressive damage evolution and moisture

content variation.

By AE, it is demonstrated by cumulative energy that wet honeycomb core damages have released
lower energy. Cumulative counts have been proven to be also useful for the identification of initiation
of the four stages of bending behaviors of honeycomb sandwich, including the first linear elastic
stage before yield point A, the second pre-buckling stage before max force point B, the third post-
buckling stage BC, and the final platform after point C.

The numerical models show good agreement with experimental observations of bending stiffness,
strength, damage localization and evolution. It verifies that the new proposed method in Chapter 2
can be effective for prediction of bending stiffness of wet CFRP-honeycomb sandwich by measuring
AE wave velocity. However, the material property of honeycomb core is simplified by a homogenous
isotropic model, and only equivalent elastic-plastic and shear damage criterion has been used.
Therefore, further simulations considering the buckling damage model shall be studied to accurately
simulate the honeycomb core damage mechanisms. In addition, future work shall be done to
introduce the other damage modes, including the composite skin damages and skin/core debonding,

to improve the simulation accuracy.
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Conclusions and Perspectives

In this PhD thesis, moisture effects on bending behaviors and damage mechanisms of GFRP-balsa
sandwich and CFRP-honeycomb sandwich have been investigated by static 4-point bending tests
combining the microscope, IRT and AE observations. Different numerical models have been
developed to simulate the bending behaviors and damage evolution of the two kinds of sandwich
structures. The numerical simulations and experimental results show good agreements in the bending
stiffness, strength and damage localizations. The main contributions of this work can be summarized

as follows:

1. By the preliminary Hsu-Nielsen tests, a new strategy of rapid determination of AE wave
propagation velocity in any direction is firstly proposed for GFRP-balsa sandwich and CFRP-
honeycomb sandwich, based on the measurements of velocity in only one direction in the
corresponding composite skin. It validates that the propagation direction farther away from the most
fiber orientation of composite laminates and sandwiches will result in the lower wave velocity, which
shall not be ignored when localizing damages under loading. These conclusions can serve the more

accurate damage localizations in the most commonly used sandwich under loading.

2. Based on the relationships between Moisture Content, AE wave velocity and elastic modulus of
the sandwich obtained in preliminary Hsu-Nielsen tests, a new methodology is proposed to predict
the elastic modulus of the skin of the wet GFRP-balsa sandwich and wet CFRP-honeycomb sandwich.
This new method has been applied through introducing the variation of mechanical properties of the
skin of the sandwich as a function of MC into the Progressive Damage Analysis (PDA) model for
GFRP-balsa sandwich and equivalent Elastic-plastic progressive damage model for CFRP-
honeycomb sandwich in Abaqus, to improve the simulation accuracy of the bending stiffness of the
wet sandwich structures. Finally, the numerical bending stiffnesses agree well with the experimental
results, which verifies that the proposed methodology can be useful for the stiffness variation

evaluation of the sandwich structure, to save a lot of cost and time.

3. For the application of IRT and AE on GFRP-balsa sandwich under 4-point bending, a damage
characterization approach coupling the characteristics of AE amplitude, peak frequency and duration
via K-means clustering algorithm is developed to identify the damage sequence and classify damage
modes of GFRP-balsa sandwich under bending loading. It verifies that IRT can be useful for
identifying when and where the damages with high energy appear, for example, fiber breakage. AE
can effectively identify and classify different microscopic and macroscopic damage mechanisms, to

explain clearly when, where and what kind of damages appear. These conclusions lay very important
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foundations for the further applications of IRT and AE techniques on the composite sandwich

structures.

4. For the application of IRT and AE on CFRP-honeycomb sandwich under 4-point bending, it
demonstrates that the localizations of honeycomb core damages by IRT, AE and numerical models
have good concordance. The four stages in the Force/Displacement curves mainly due to honeycomb
core buckling behavior can be identified by the AE cumulative counts. In addition to experimental
analysis, the developed numerical models for honeycomb cores have been accurate and fast enough
to simulate the bending stiffness, strength and core damage evolution, showing obvious four stages,
finally to save a lot of time and cost.

This PhD thesis ends here, however, due to the limited time, there are still many research works that
we can do in the future, which are listed as:

1. Considering the proposed model to determine AE wave velocity in any direction of the sandwich
and the new methodology to predict elastic modulus variation of the skin based on the relationships
between Moisture Content, AE wave velocity and elastic modulus of the sandwich, they shall be
further validated on other sandwich materials and specimens, such as, foam cored sandwich, CFRP-
balsa sandwich, GFRP-honeycomb sandwich, and not only on dog-bone shape specimens, but also

on larger sandwich panels.

2. For the study of GFRP-balsa sandwich, IRT can detect clearly the skin damage initiation and
evolution process, but AE has met some difficulty in localizing all the damages, due to the decrease
of wave velocity because of the damage accumulation under loading and the high attenuation, so the
damage localization shall be further studied. In order to improve it, one possible solution will be
reducing the sensor distance to make sure that the sensor is nearer to the damage source, or adding
more sensors to localize the damages not linearly but triangularly in the plane. Furthermore, the
correction of the AE wave velocity as a function of damage evolution index under 4-poing bending
loading shall be integrated into the localization setup. In addition, larger triple dog-bone sandwich

specimens can be fabricated to repeat the tests and leave more space for the sensors.

3. For the study of CFRP-honeycomb sandwich, IRT has met some difficulties when localizing
damages in the wet sandwich, due to moisture absorption. So further tests on the wet CFRP-
honeycomb sandwich shall be repeated to improve the damage localization by IRT. Correlations
between thermal field change, honeycomb shear/compressive damage evolution and moisture
content variation shall be investigated in the future, to classify the different damage modes. In

addition, the honeycomb core shall be painted as black to better measure the surface temperature.
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And the cumulative heat source field corresponding to irreversible damages shall be calculated by

considering all the thermal parameter variations as a function of Moisture Content.

4. For the application of AE on CFRP-honeycomb sandwich under bending, the damage localization
is better than that in GFRP-balsa sandwich because more signals have been received. However,
further clustering analysis shall be finished in order to classify the honeycomb core buckling,

wrinkling and microscopic skin damages more clearly.

5. For the moisture effects on the balsa core, honeycomb core and skin/core interface, further tests
shall be added to validate the conclusions in this thesis. For example, debonding fracture tests can be
done on the wet GFRP-balsa sandwich, to study the physical reason of the increase of strength of
skin/core interface of wet GFRP-balsa sandwich. The influence of the strength of interfaces of
different balsa/balsa blocks on the bending strength of the wet sandwich as a function of time shall
be also investigated, by comparing the bending responses of wet balsa sandwich specimens with
different balsa block interface positions.

6. For the numerical analysis of GFRP-balsa sandwich, further models considering more damage
modes shall be developed to improve the accuracy of the prediction, such as, the skin/core debonding
and balsa core damages. For the numerical analysis of CFRP-honeycomb sandwich, further
simulations considering the buckling damage model shall be studied to accurately simulate the
honeycomb core damage mechanisms. In addition, CFRP skin damages and skin/core debonding

shall be also considered.

7. Finally, considering the moisture effects on the bending behaviors of the sandwich structure, the
relationships of the moisture absorption behavior (Moisture Content as a function of time) and the
variation of material parameters such as elastic modulus, strength and fracture energy rate, the AE
wave velocity and amplitude attenuation, and the thermal parameters, which shall be further
investigated, can be introduced into the numerical models to simulate more accurately the bending
behavior of the wet sandwich. In this way, the numerical bending behaviors as a function of water

immersion time or Moisture Content can be found.
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Annex 1

Acoustic emission parameters are as following:

Amplitude: maximum amplitude in dB

Energy: energy generated within the material under test in mV - us

Duration: time between the first and the last crossing of the threshold in microseconds

Rise time: time between the onset of the hit and maximum amplitude in microseconds

Counts: number of counts that exceed the detection threshold

Counts to peak: number of counts between the onset of the hit and the maximum amplitude
Average frequency: the number of counts of the hit divided by its duration

Reverberation frequency: the ratio between the number of counts of the hit decay and its duration
Initiation frequency: the ratio between the number of counts of the initiation phase and its duration
Frequency centroid: frequency barycenter of the hit

Peak frequency: maximum frequency corresponding to the peak of the Fourier transform

ASL: effective voltage in dB

RMS: effective voltage in volt

225



Annex 2

Sensitivity curves of acoustic emission sensors:
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Annex 3

Large microscope images of skin/core damage surface of dry and wet GFRP-balsa sandwich:

® [mages of specimen Dry 1:

Skin damages

Skin/core debonding (5.6 mm)

[1]8805um

Fig. A. Skin/core debonding crack of Dry 1.
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Skin/core debonding

Fig. B. Zoom of skin/core debonding crack of Dry 1.

Matrix cracking & Fiber/matrix debonding & Fiber breakage

Fig. C. Zoom of skin damages of Dry 1.
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® Images of 50% MC specimen Wet 2:
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Fig. A. Skin/core debonding crack of 50% MC specimen Wet 2.

229



Skin/core debonding

Fig. B. Zoom of skin/core debonding crack of 50% MC specimen Wet 2.
Matrix cracking & Fiber/matrix debonding & Fiber breakage

Fig. C. Zoom of skin damages of 50% MC specimen Wet 2.
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® Images of 120% MC specimen Wet 5:
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Fig. A. Skin/core debonding crack of 120% MC specimen Wet 5.
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Matrix cracking & Fiber/matrix debonding
& Skin delamination & Fiber breakage

Fig. B. Zoom of skin damages of 120% MC specimen Wet 5.
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