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Résumeé

La détection et la caractérisation des endommagements dans des composantes automobiles
fabriquées en matériaux composites restent un souci majeur que les constructeurs automobiles
cherchent & confronter. Le projet de thése s'inscrit dans cette thématique et a comme but
I'analyse qualitative et quantitative des endommagements induits par différentes sollicitations
dans un composite a matrice polyamide 66/6 renforcé de fibres de verre tissées sergé 2/2. Pour
cela, des essais d’impact a faible vitesse a différents niveaux d’énergie, des essais de fatigue en
traction-traction ainsi que des essais d’impact post-fatigue, sont réalises. Une méthodologie
expérimentale qui repose sur I'utilisation des méthodes de contréle non-destructif est établit et
a pour but I’évaluation de I’endommagement induit par différents chargements. Des outils sont
utilisés dans cette étude, a savoir : la microscopie optique, la microscopie électronique, la
tomographie aux rayons X, les ondes guidées (les ondes de Lamb), I'imagerie C-Scan par
propagation des ondes de volumes et d'autres outils ultrasonores. En effet, les mécanismes
d’endommagement liés aux multiples sollicitations sont observés et leurs degrés de propagation
en fonction du type et du niveau de chargement sont examinés. En outre, une investigation
basée sur la propagation des ondes de Lamb est menée. A l'issu de cette étude, des indicateurs
d'endommagement, permettant de quantifier I'état d'endommagement induit dans chaque
échantillon inspecté, sont proposés. Finalement, des essais de traction quasi-statique sont

réalisés pour la prédiction des propriétés résiduelles post-chargement.

Mots clés : Composite, Impact, Fatigue, Endommagement, Ultrasons, Ondes de Lamb.



Résumé en anglais

The detection and characterization of damage in automotive components made of composite
materials remains a major concern that automotive manufacturers are seeking to address. The
aim of this thesis project is to qualitatively and quantitatively analyze the damage induced by
different solicitations in a polyamide 66/6 based composite reinforced with 2/2 woven glass
fibers intended for automotive applications. For this purpose, low-velocity impact tests at
different energy levels, tensile-tensile fatigue tests as well as impact post-fatigue tests are
conducted. An experimental methodology relying on the use of non-destructive testing methods
(NDT) is established and aims at the assessment of the damage induced by different types of
loads. Several tools are used in this study, namely: optical microscopy, X-ray tomography,
guided waves (Lamb waves), C-Scan imaging and other ultrasonic tools. The damage
mechanisms associated with the multiple loading are observed and their degrees of propagation
as a function of the type and level of loading are examined. The stiffness matrix components
are estimated by means of the velocity of propagation of the bulk waves. Furthermore, a Lamb
waves-based investigation is conducted. By estimating the velocity of propagation of the waves,
velocity profiles as a function of the angle of emission/reception are obtained. As a result of
this study, several damage indicators are proposed to quantify the damage state induced in each
inspected specimen. A good correlation between all experimental results is found indicating the
efficiency of the developed Lamb waves-based method. Finally, quasi-static tensile tests are

carried out to estimate the post-loading residual properties.

Keywords: Composites, Impact, Fatigue, dammage, ultrasound, Lamb wav
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General introduction

Nowadays, the increase of the petroleum and fuel prices along with the strict European
requirements in terms of CO2 emissions have pushed the automotive industry to make a new
generation of vehicles (EU Climate Action, 2019; Lightweight Materials for Cars and Trucks,
n.d.; US department of energy, 2011). The key aspect of this approach is to build lightweight
vehicles by replacing the structural metallic elements by lighter materials with low density and
high mechanical properties (Bohm et al., 2020; Sarfraz et al., 2021). To achieve this goal, the
interest towards the use of polymer-based composite materials has been continuously evolving
during the last decades (Ishikawa et al., 2018; Li et al., 2018; Lukaszewicz, 2013). This interest
is motivated by the improvement of certain mechanical properties the resistance to weight ratio,
corrosion resistance (Grzesik, 2017) etc. Composites constitute the opportunity to design
materials with larges palettes of properties that are not provided by the existing mineral
materials (Lopes & Ribeiro, 2012). Additionally, as far as large-scale production is concerned,
the flexibility and the ability to be custom made, have encouraged the growth of composite
materials in the automotive industry (Cramer & Taggart, 2002; Lopes & Ribeiro, 2012). With
the advent of composite materials, that have a higher strength to weight ratio, the less load
bearing components in vehicles have been gradually replaced by these new materials
(Altenbach et al., 2004).

Composite elements used in the automotive industry are generally divided in two categories:
(i) composites that withstand high temperature and humidity, and (ii) composites destined to
improve the vehicle’s structural performance (Lopes & Ribeiro, 2012). The latter are highly
stressed, are operational near their mechanical strength limit and should respect the
requirements of security and operational safety. Therefore, the identification of the potential
loads that the composite structure can undergo in service and the study of its behavior under

these loads remains essential.

Despite their excellent strength to weight ratio, composites are more susceptible to internal
damage (Agrawal et al., 2013), especially delamination that can occur in different stages of the
structure’s life (manufacturing, maintenance operation or in-service). Additionally, composites
exhibit damage mechanisms that are different from those occurring in metallic materials in
terms of damage initiation and accumulation. Indeed, in the microscopic scale damage
mechanisms will gradually develop during service and accumulate throughout the volume of
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the material. The combination of the concomitant mechanisms brings about the deterioration of

the local properties leading to the finale mesoscopic failure.

Thermoplastic-based composite materials are known to be very sensitive to low-velocity
impact (LVI) (Sierakowski & Newaz, 1995) and repetitive loading, such as fatigue loading.
These two types of events are considered as serious threats to the integrity of the structures.
After an impact event, a microscopic diffused microscopic damage is created through the
thickness whereas only a small indentation traces if any are left on the impacted surface. This
type of damage is invisible and results in a significant reduction of the structure’s load-bearing
capacity and therefore influences substantially the performance of composite structures. Indeed,
studies have shown that the internal damage related to LVI events reduce the structure’s load
bearing capacity by more than 50% (Richardson & Wisheart, 1996; Shah et al., 2019).
Additionally, under cyclic loading conditions, damage propagation and accumulation occurs in

the structure and may result in disastrous in-service rupture.

Consequently, for safety reasons, extra plies are added to make the composite structures more
resistant (Shah et al., 2019). However, the addition of the plies results in the increase of the
weight of the composite structures, reducing hence its competitiveness compared to metals.
Therefore, the improvement of the damage tolerance of composites is of high importance in the
transportation industry, notably for automotive applications. The realization of the importance
of safety and reliability in the structural parts design and resistance along with a proper
identification and assessment of damage occurring during in-service life are essential to respect
the standards of damage tolerance. Indeed, the risk of loss of human lives resulting from
unexpected structural failure has motivated the scientific community towards innovative
projects in the various branches of engineering among them damage detection and evaluation

in automotive components.

A great interest is drawn towards non-destructive evaluation (NDE) as a means of early damage
detection. In fact, early-stage identification of damage, is intended to prevent structural failure
and schedule the repair or the replacement of damaged components. Therefore, meticulous
periodic inspections of the components’ integrity are entailed. The predominant NDE
techniques aimed at the damage identification in composites structures include infrared
thermography, acoustic emission, ultrasonic waves propagation, frequency response functions
(FRP), shearography, etc. Nevertheless, these techniques have been gradually tested as to their
capability to gather both the detectability and the feasibility.



Numerous research studies dealing with the ultrasonic waves’ propagation have been performed
to demonstrate their outstanding capability to inspect large structures and their high sensitivity
to detect internal damage, such as delamination. It is found that ultrasonic investigation
provides paramount information for high-quality assessment of damage (Aymerich & Meili,
2000; Castaings et al., 2012). In the case of plate-like structures, guided elastic ultrasonic
waves, known also as Lamb waves, have proven their efficiency and reliability regarding early
damage detection. Additionally, the capacity to selects modes and frequencies makes the
detection and the localization of surface damage like, microcracks and corrosion, and
interlaminar damage accurate (Su & Ye, 2008). Their versatile use has encouraged extensive

research to develop damage detection tools that are easy to use, effective and low cost.

The present research project is carried out in the framework of the OpenLab “Materials and
processes” created and funded by Stellantis. The Open Innovation approach adopted by the
former Groupe PSA brings together three scientific partners: Arts et Métiers Sciences et
Technologies, GeorgiaTech Lorraine (Georgia Tech-CNRS IRL 2958). The aim of the
OpenLabs is to associate scientific corporations with the most advanced academic partners in
their field to benefit from their expertise, to have access to the best possible scientific and
technological knowledge and to explore novel research spheres. This research consists in a
partnership between Stellantis, the laboratory of mechanics, microstructures and materials
(LEM3-UMR CNRS 7239) and the laboratory of ultrasound and non-destructive evaluation

(GeorgiaTech-Lorraine).

This research work deals with the study and assessment of the damage induced in glass-fiber
woven fabric reinforced polyamide composite intended for structural application in the
automotive industry by the means of non-destructive evaluation. The main objective is to
develop an experimental approach that enables to detect and quantify the damage state of the
composite structures subjected to two types of loading that a typical composite structure can
undergo during in-service operations, namely low-velocity impact and/or fatigue loading as
well as the combination of both loads. The studied thermoplastic based composite labelled
hereafter as VizilonTM SB63G1-T1.5-S3 is manufactured by Dupont De Nemours and is
constituted of three woven glass fibers plies imbedded in a polyamide 66/6 matrix. Previous
research realized in 2013 on the same material indicated that it was possible to detect critical
damage in this material. Pomarede (Pomarede, 2018) has studied the damage behavior of
Vizilon composite employed by Stellantis (Groupe PSA) undergoing quasi-static tensile tests.

Several NDE techniques have been performed to evaluate damage resulting from the
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mechanical loadings. Two new damage indicators based on ultrasound waves propagation have
been proposed and have shown their effectiveness in estimating and quantifying the damage
stage of the composite structure caused by quasi-static tensile loadings. However, the damage
indicator based on the Lamb wave signal analysis could not detect the damage initiated by out-
of-plane loading, i.e., low-velocity impact. Indeed, damage caused by L V1 is different from this
resulting from quasi-static tensile test. LVl damage is considered as localized damage while
damage occurring due to tensile tests is microscopic damage that is diffused in all the section
of the material. Consequently, the main objective of the present work is to propose a practical,
easy to use, and efficient NDE tool that detects and estimate the damage state of the composite

structure regardless of the type of induced damage.

Two of the most complex and threatening solicitations are performed on the material of the
study, namely low-velocity impact, and cyclic loading. These types of loading are most likely
to occur during the VizilonTM SB63G1-T1.5-S3 in-service life. The assessment of the damage
mechanisms and their kinetics is of high importance. For that matter, appropriate experimental
procedures are presented since the polyamide-based composite can exhibit different behaviors
depending on the applied load and the environmental conditions. For the present research
project, a configuration of the reinforcement oriented 0° under a relative humidity condition of
50% is chosen as a representative material configuration for potential automotive applications.
Various methods are meticulously chosen and employed for the study of damage, namely

optical microscopy, X-ray microtomography (mCT) and different ultrasonic methods.
To this end, this manuscript is structured as follows:

e Chapter I consists of a non-exhaustive bibliographic review that provides information
about the material of the study, its sensitivity to the temperature and the relative
humidity and also its mechanical properties. A particular attention is given to the
mechanical behavior of woven composites under low-velocity impact, fatigue loading
and under a combination of both impact and fatigue loading. The final section is
dedicated to specific damage detection methods that represent a primary focus of this
research work.

e Chapter Il represents a thorough experimental investigation of barely visible impact
damage (BVID) resulting from low-velocity impact events. An assessment of the
evolution of damage, as a function of the impact energy, and its criticality are the

objective of this chapter. A detailed experimental procedure allowing to study and
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quantify the created damage is proposed. The suggested experimental procedure enables
to: (i) measure the key parameter when investigating low-velocity impact damage which
IS permanent indentation, (i) identify the associated damage mechanisms, (iii) estimate
the stiffness components through non-destructive evaluation, and finally, (iv) quantify
damage employing a novel Lamb waves-based method. As a result, efficient damage
indicators are proposed.

Chapter 111 is dedicated to the study of damage resulting from tension-tension fatigue
loading. For that matter, numerous steps are followed. First, a geometry optimization to
promote damage generation in the central area of the samples is accomplished. Next,
the Wohler curve describing the fatigue response of the PA66/6 reinforced composite is
reconstructed. The damage mechanisms, in the studied composite, are identified by
means of X-ray tomography and the created voids is quantified. Then, the developed
Lamb waves-based method is employed. The latter has proven its effectiveness in the
detection and estimation of diffused damage. The final step is a comparison between
the voids content estimation and the results obtained by the ultrasound-based method is
conducted.

The final chapter, i.e., Chapter 1V, is devoted to compare the residual performance
between post-impact samples, post-fatigue samples, and impact post-fatigue samples.
The main goal is to evaluate the influence of fatigue preloading on the impact resistance
of samples subjected to low velocity impact, and to analyze the effect of an impact event
on the residual ultimate tensile strength (cuts) of pre-fatigued samples. The comparison
between the different types of loading will help determine which loading configuration
is the most penalizing for the Vizilon TM SB63G1-T1.5-S3
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Chapter 1. Context & thesis outline

The main objective work of this thesis resides in the combination of an advanced approach
different techniques towards the evaluation and the detection of the anisotropic damage in
woven polymer composites. Since this type of material presents high mechanical properties and
resistance regarding out-of-plane solicitations, it is extensively used for automotive
applications. However, the heterogeneous nature of composites and the effect of their
microstructure makes the prediction of their behavior highly complicated notably when

accounting for the damage mechanisms.

Indeed, realizing the importance of safety and reliability in the structural components design
and resistance, a proper identification and assessment of damage occurring during in-service
life are essential to respect the standards of damage tolerance. Knowing the different types of
loading that the studied composite part may undergo during its in-service life, a state of the art
discussing the behavior of the composite materials under low-velocity impact and fatigue

loading is provided.

In this chapter, the studied material is introduced, and its mechanical properties are presented.
These properties are either provided by the composite manufacturer or obtained experimentally
and numerically by fellow researchers. The influence of humidity (moisture content) on
polyamide-based composites is later discussed. The behavior of woven composites under
mechanical loadings (fatigue, low-velocity impact and the combination of impact and fatigue)
is reviewed and the different associated damage mechanisms are exposed and discussed.
Further in this chapter, the attention is drawn towards damage detection methods that represent
the main focus of this research work.
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|. Material of the study

1. Presentation of the studied material

The material of the study is a woven twill 2.2 composite referred to as VizilonTM SB63G1-
T1.5-S3, manufactured by DuPont de Nemours using a thermo-compression moulding process.
It is a co-polyamide 6.6 / 6 (semicrystalline thermoplastic polymer matrix) reinforced with a
layup of three balanced woven fabric glass fiber layers oriented at 0°/90° (corresponding to
weft and warp directions respectively). The composite plates have a thickness of 1.53 mm, with
a fiber weight ratio of 63% corresponding to a fiber volume fraction of 43%.

Table 1, provided by DuPont de Nemours, presents the density, the Young’s modulus (E) and
the ultimate strength (ocuts) and strain (euts) of the studied composite material. The

microstructure and the architecture of the material reinforcement are presented in Figure 1.

Pomarede (Pomarede 2018) studied the tensile response of the PA6.6/6 reinforced composite
under two configurations 0° and 45°. In terms of elastic constants, the components of the
stiffness matrix are determined experimentally using ultrasonic bulk waves (Pomaréde 2018)
and are compared with those obtained numerically using periodic homogenization (Praud 2018)

as represented in Erreur ! Source du renvoi introuvable..

For the overall material response, it is shown that the mechanical behavior is highly influenced
by the fibers’ orientation. Indeed, under tension loading, the 0° (as well as 90°) configuration
test exhibits a linear and brittle while at 45° configuration, the material exhibits a nonlinear
ductile response due to the matrix rheology. Typical stress-strain curves showing the response
of the woven glass reinforced PA6.6/6 at 0° (or 90°) and that at 45° directions are given in
Figure 2. The components of the stiffness matrix are determined experimentally using ultrasonic

bulk waves

In the present work, impact tests are carried out on samples prepared using a water-cooled
circular saw. The plates have rectangular shape of 100 by 150 mm dimensions and 1.53 mm
thickness, in agreement with the ASTM D7136/D7136M standards. Afterwards, the initial
undamaged state is examined and checked for all samples using ultrasonic C-scan. The samples
are maintained close to the same initial conditions in terms of temperature (room temperature)

and relative humidity (dry as molded).
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Figure 1: Mesostructure (a) and microstructure microscopic observation (b) of the woven glass fabric-PA66-6
composite showing warp and weft orientation (Pomaréde et al. 2018).
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Figure 2: Typical stress-strain responses of the woven glass fabric-PA66-6 composite under tensile loading in 0° and
45° directions (Pomarede 2018).
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Table 1: Mechanical characteristics of the studied woven glass fabric-PA66-6 composite.

*Stiffness components Cu Ci2 Cis C22 Cas Css Cua Css Ces
(GPa)

Numerical estimation 20 2.1 15 20 15 45 2.3 1.3 1.3

(using periodic

homogenization)

Experimental 2221 257 141 2181 -- 4.1 233 158 -
(0.2) (0.15) (0.76) (0.08) (0.07) (0.09) (0.21)

Mechanical Density E_0°(GPa) E 90° outs(MPa) guts (%)

characteristics warp (GPa) weft warp warp

direction direction direction direction

1.78 17.7 18.1 303 1.9

2. Sensitivity to humidity and water uptake

Polyamides are semi-crystalline polymers known to be sensitive towards temperature variation
and relative humidity (Arif et al. 2014; Benaarbia, Chrysochoos, and Robert 2014; Robert and
Benaarbia 2015). This kind of polymers can be characterized by two important temperatures:
melting point Tm and glass transition temperature Tg. Indeed, the presence of amide groups —
HN- in the amorphous part of the polyamide makes it intensively water absorbent. The water
fills the free volume at first, and then connect with hydrogen bonds. Reaching a certain level of
moisture absorption, the hydrogen bonds, between the amide molecules, tend to be weakened.
Consequently, the mobility in the polyamide chains increases leading to what is called the
‘plasticizing’ effect of water increasing therefore the polymer’s flexibility. This phenomenon
has been highlighted by several studies and can result in a decrease in glass transition
temperature (Obeid 2016).

An increase of the temperature leads to an increase of ductility and a decrease of Young
modulus, along with a drop of Tg. The latter is also affected by the variation of the relative
humidity due to the water uptake. It drops with the increase of the moister content (Benaarbia
et al. 2014). Figure 3 represents the influence of relative humidity on the glass transition

temperature for a polyamide 6.6 reinforced with short glass fibers.
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Figure 3: Influence of relative humidity on the glass transition temperature Tg in the case of a polyamide 6.6
reinforced with 35% by mass of short glass fibers (Launay et al. 2013).

Moreover, the moisture content might influence the damage mechanisms created in a
polyamide-based composite. Indeed, the damage mechanisms are varying in the material from
one relative humidity to another. Arif (Arif, 2014) has shown that different predominant
damage mechanisms are observed between samples conditioned at 0% RH, and 50-100%
conditioned samples. For 0% RH, fiber/matrix debonding at fiber ends and sides, fiber
breakages and brittle matrix crack propagation are identified. Meanwhile, fiber/matrix
debonding at fiber ends and sides with a locally strained matrix zone around the debonded fibers
along with ductile matrix micro-cracks are observed in the sample with a 50% RH. At a 100%
RH, the same damage mechanisms as those observed at 50% RH are retrieved, but with a higher

severity, in addition to matrix deformation local shear bands.

Il. Impact damage on composite materials

In-service failure of composite parts results from an association of phenomena progressively
deteriorating the local characteristics of the material. Impact and fatigue can be among these
phenomena. In this section, out-of-plane solicitation on composite materials will be discussed.
Damage tolerance concept is introduced a long with the different types of impact events. An
exhaustive assessment detailing the behavior of composite materials to low-velocity impact,
the different damage mechanisms associated to this out-of-plane solicitation and the influence

of the reinforcement architecture on the impact resistance is proposed.
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1. Damage tolerance concept

Damage tolerance is a concept that was developed in the 1970s and is defined as the load-
carrying ability of a structure once damaged (Oterkus et al. 2016). It refers to the capacity of a
permanently damaged or deformed material to maintain the same response to solicitations as a
non-damaged material. The safety requirements related to damage tolerance includes the
capacity to resist limit loads in the presence of damage, leading hence to the evaluation of the
residual strength. It is worth mentioning that the damage tolerance concept is different from
damage resistance, i.e., the ability of a structure to resist to a particular load or to external
solicitation without showing any signs of permanent deformation (Transportation and Office of

Systems Engineering 1993).

Nevertheless, the difference between the design for damage tolerance and the certification
according to the design requirements for damage tolerance must be recognized. In the past the
emphasis was on high toughness, composites, considered as more fragile materials, are
currently certified with relatively low toughness. As described in (Alderliesten 2015), it appears
that this difference in approach stems from the distinction between the damage caused by the
use of the material and the damage caused during the use of the latter. Furthermore, as an
example of the damage caused by the use of the composite materials one can mention
environmental degradation due to humidity and temperature, along with fatigue. In the other

hand, impact damage is considered as damage caused during the use.

Damage tolerance for metallic structure is primarily governed by fatigue damage and cracks
propagation. Since composites appear to be less sensitive to fatigue loading than metals, the
main focus in the damage tolerance certifying and assessment is directed primarily towards

impact damage (Alderliesten 2015).

The heterogeneous constitution of composite materials, marked by the stacking of layers
composed of fibers and a matrix, makes them vulnerable to mechanical loading. Furthermore,
damage mechanisms, like delamination, resulting from layers debonding, remarkably reduce
their properties. However, one must mention that damage may occur within a layer without

leading eventually to the failure of the structure.

Out-of-plane impact is often considered as the most critical solicitation since a damage might
be initiated without any possible visibility on the surface. The structure then deteriorates leading
to the reduction of the residual properties reaching less than 50% without any noticeable trace
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(Figure 4). Consequently, considering this type of solicitation is detrimental in the design of
composite structures (Bouvet 2011; Hongkarnjanakul, Bouvet, and Rivaillant 2013; Serge
Abrat 1998).
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Figure 4: Compression after impact strength as a function of the impact energy for woven carbon/epoxy composite
(Yang et al. 2021).

2. Velocity and Impact damage

As mentioned in previous sections, composite materials are highly sensitive and vulnerable to
out-of-plane solicitations such as an impact event. The latter is defined as percussion of two or
more objects or bodies. This collision can be fluid, elastic, plastic, or a combination of these
different modes. Impact can be classified based on the related velocity in four categories: low-

velocity, high-velocity, ballistic and hypervelocity (Razali et al. 2014).

Low-velocity impact is defined in the aerospace field as impact occurring at a velocity less than
11 m/s caused by tool dropping during maintenance operations for instance. Conversely, high-
velocity impact is happening at a velocity higher than 11 m/s. Ballistic impact occur at much
higher velocities, higher that 500 m/s, and is well studied in the military field impact (Razali et
al. 2014). Finally, in the spacecraft field impact can be caused by space debris at velocities
superior to 2000 m/s. To simplify the understanding of impact events, they can be divided into
two main categories: low-velocity impact induced by a large mass and high-velocity impact

caused by a small mass (gun shot for example) (Cantwell and Morton 1991).
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Post-impact ability to resist remain hard to predict especially for composite materials. Indeed,
identifying precisely the damaged area is highly complex making it thus difficult to characterize
(Cantwell and Morton 1991). Additionally, the lack of existing standards and developed testing

procedures makes it even more complicated to assess impact damage.

Impact damage can also be characterized by the detectability of the damage (Figure 5). It is well
known that high-velocity impacts create damage considered as Visible Impact Damage (VID)
that can be detected by visual inspection. However, low-velocity impact may lead to internal
structural damage that are imperceptible or barely seen. This type of damage is referred to as
Barely Visible Impact Damage (BVID). Due to the complex form of this damage, its presence,
its propagation along with its non-detectable aspect can be alarming and precarious for in

service use (structures subjected to other types of loadings).

Anomalous
Consequences covered as far as possible by good design practices

Obwvious to flight crew
Damage detected during the flight from a known incidence or due to
increase of vibrations level and requiring repair

Obvious
Damage detected directly after a flight through walk around inspection
And requiring repair

Impact Energy

CVID

Damage detected within several flights through General Visual inspection

And requiring repair

VID

Damage detected during a Detailed Inspection (DET) or a Special Detailed
Inspection{SDI) with NDI techniques

BVID
Allowable defects and superficial damage validate by Flaw Tolerant Safe life tests

Figure 5: Different levels of impact damage and their severity (inspired from Fatigue and Damage Tolerance Design
& Substantiation of Composite Helicopter Parts, 2nd International Summer School on Fatigue and Damage
Mechanics of Composite Materials)

3. Damage mechanisms of BVID in composite structures

In automotive structures, BVID may occur at different operation circumstances including stone
lofting while driving and tool dropping maintenance operations (Wronkowicz-Katunin,

Katunin, and Dragan 2019). The damage mechanisms of impact are highly complex and can be
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categorized into four categories: Permanent indentation (P1), matrix cracking, delamination and

fiber breakage.

Low-velocity impact damage distribution is extremely complex due to the creation of several
types of local stresses. Indeed, the complexity of the mechanisms is explained by the dissipation
of the impact energy during the impact event. A part of the energy is absorbed and lead to
deformations that stays in the elastic range while another portion results in irreversible damage

such as matrix cracking or, in the worst case, fibers failure.

The distribution of the various damage mechanisms occurring throughout a low-velocity impact
can be difficult to predict because of numerous parameters influencing the failure process.
These parameters include the shape and size of the impactor, the type and mechanical properties
of the material, boundary conditions and the thickness of the sample. Nevertheless, some failure
mechanisms appearing in most of the low-velocity impact (LV1) cases are distinguished. In the
case of thin plates, the damage occurring on external surfaces is usually observed on the non-
impacted side of the specimens. During an impact event, and in the case of thin plates, a damage
cone is created under the projectile (Figure 6) (Hautier 2010). This damage extends towards the
non-impacted surface. The contact force under the projectile creates an area of stress
concentration. Thus, the damage is initiated on the bottom layer and propagate in a pine tree

path caused by the bending stress and waves propagation (Abrat, 1998).
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Figure 6: Damage cone is created under the projectile in laminated composites under low-velocity impact (Margueres
and Meraghni 2013; Shah et al. 2019).

The first indicator of an impact occurrence is the permanent indentation. The latter is defined
as the residual print that the striker leaves on the impacted surface. It is considered as a key
parameter for the detectability of damage during a post-impact investigation. A threshold called
Barely visible impact damage (BVID) is defined as the limit of detection. Below the BVID, the
induced defect is not detectable, and the structure is considered safe. However, despite the non-
detectability of damage on the surface, it may exist inside the laminate and have disastrous
consequences. Several theories may justify the creation of permanent indentation. Ilyas (llyas
2010) linked the presence of permanent indentation to the viscoplastic aspect of the matrix
while Faggiani and Falzon (Faggiani and Falzon 2010) suggest that non-linear shear behavior
is responsible for its occurrence. Hongkarnjanakul et al. (Hongkarnjanakul et al. 2013)
explained the appearance of permanent indentation by the presence of debris from the matrix

inside the cracks, preventing their closure (Figure 7).
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Matrix cracking is the first damage mechanism induced during low-velocity impact. In the case
of a laminate, the cracks propagate in the direction parallel to the direction of the fibers and
pass through the material in thickness. The cracks propagate in a dispersed manner in the
damage cone and are concentrated in a cylinder formed below the impactor (Aymerich, Dore,
and Priolo 2009; Chang, Choi, and Jeng 1990).0n the upper layers, cracks diffuse at a 45° angle
due to transverse shear stresses. However, the normal longitudinal tensile stress at the non-
impacted face results in crack propagation in the normal direction at the creases (Davies and
Olsson 2004) .

Figure 7: (a) Micrographic observation of a laminate showing : (b) Matrix cracking at 45°, (c) Matrix debris in the
cracks, (d) « cusps » caused by the delamination (Hongkarnjanakul et al. 2013).

Delamination is the propagation of cracks in the interface between layers. This interface being
rich in matrix promotes the propagation of cracks. When a matrix crack crosses the ply and
reaches the interface between two layers having two different fiber orientations, it is initiated
by the change of direction and then propagates between layers leading to the creation of
delamination. Indeed, when the gap is large, the contrast in rigidity in bending increases and
thus delamination between layers is favored. The form of delamination in an impacted
composite is generally described as “peanut shape” as shown in Figure 8. It is considered the
most critical damage mode as it significantly reduces mechanical properties ((Brunner, 2008;
Greenhalgh, 2009; Jawaid et al., 2018; Nur Azrie Bt Safri et al., 2018; Sgrensen, 2016)).
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Figure 8: lllustration of the shape of delamination (a) (peanut shape) in a laminate composite reinforced with carbon
fibers (Aymerich et al. 2009) et (b) C-scan image of delamination (Renault 1994).

Fibers’ fracture is usually first seen plastic, the impacted and the non-impacted surface if the
impact energy is significant enough. On the non-impacted surface, the fracture of the fibers is
due to the tensile stresses resulting from the bending of the laminate. On the impacted surface,
the failure is caused by shear and localized compression stresses. However, fiber fracture
becomes the mode of damage that spreads mainly in the case of impact with penetration or
perforation (Atas and Sayman 2008; Quaresimin et al. 2013).

4. Influence of the reinforcement architecture on the impact resistance

To understand the effect of fabric architecture on the behavior of composite materials under
mechanical loading, numerous studies are carried out. These studies point out to the fact that
the woven reinforced composites are very competitive compared to unidirectional composites
regarding the impact resistance and the induced damage accumulation. Indeed, Greenhalgh and
Hiley (Greenhalgh and Hiley 2003) showed that woven composites are more resistant to
delamination than those with unidirectional reinforcements. Kim and Sham (Kim and Sham
2000) focused on the study of two main aspects: delamination and fracture behavior of a woven
composite. Advantages of using this type of composite compared to a unidirectional cross-ply
are also highlighted based on the microstructure properties. Generally, the induced internal

damage in polymer composites has a penalizing effect on the lifetime of the structures (Kara
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and Muhammed 2017) and can be one of the major drawbacks for the use of materials for the

automotive structural applications.

Atas and Sayman (Atas and Sayman 2008) analyse the response of woven composite plates,
made of epoxy resin reinforced with glass fibers, to impact loading for increasing energy levels.
Different damage mechanisms are visualized on the samples by varying the impact energy.
These damage modes are reflected and highlighted on the characteristic curves of the impact
(contact force-displacement, force-time and displacement-time). The authors have established
a link between the energy profile and the visually identified damage mechanisms. Figure 9 sShows
contact force-displacement curves for different energy levels. Two types of curves were
observed: closed and open. As previously mentioned, each area of the contact force-
displacement curve describes a mode of damage. In the case of low-impact energy ranging
between 4 Jand 11 J, only matrix cracking considered as minor are observed. By increasing the
impact energy, from 15 J, the phenomenon of fiber breakage on the not impacted surface
appears. This phenomenon is reflected on the force-displacement curve by an apparent plateau
right after the force peak (Figure 9(b)). From an impact energy of 29.6 J, the curve begins to
take an open form (Figure 9(d)). This phenomenon reflects the beginning of the

perforation. When the perforation is complete, the curve tends to take a more open shape.
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Figure 9: Contact force- displacement curves for different levels of energy describing the levels of induced damage
from the first appearance (creation) (a) to perforation (d) (Atas and Sayman 2008).
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Baucom et al. (Baucom, Zikry, and Rajendran 2005) also investigated the behavior of
epoxy/vinyl-ester composites reinforced with 2D and 3D glass fibers fabrics under impact. A
comparison of the size of the damaged area in both materials lead to the following conclusions:
3D reinforcements show a greater dissipative power compared to 2D reinforcement that provide
the advantage of shock absorption compared to unidirectional ones. Figure 10 shows images of
two composite samples, one with 3D reinforcement and the other by 2D fabric, damaged by
impact at an energy of 18 J up to perforation. These images show a larger damaged area in the
case of the 3D-reinforced sample. However, even if 3D reinforcements provide a better
resistance with respect to impact compared to 2D reinforcement, the resistance/ cost ratio is

considered higher in the case of 2D woven reinforcement.

Figure 10: Images of impacted sample until perforation : (a) composite with epoxy/ vinyl-ester matrix reinforced with
a 2D fabric, (b) composite reinforced with a 3D fabric (Baucom et al. 2005).

[11. Composite materials under fatigue solicitation

The second load type assessed in this study is fatigue and the related features. The probabilistic
nature of the response under constant amplitude cyclic loadings and the lack of detectable
fatigue limit makes its assessment a high priority. A comprehensive bibliographic review of the
different characteristics related to fatigue loading are detailed.

The fatigue phenomenon is defined as a degradation of the mechanical properties of a part under
the effect of repeated loads whose amplitude is less than the monotonous fracture value
ourts. Fatigue of materials is studied for various types of mechanical loading such as uniaxial
loading (tension, compression, bending and torsion), multi-axial loading and for variable
amplitude loading.
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The concepts used in the study of the fatigue behavior of composite materials in the literature
are inspired from those already used for metallic materials (Kaminski et al. 2015; Renard 2010),
justifying hence the need to determine the life duration of composite structures. However, the
phenomenon of fatigue of composite materials is more complex to understand (Colombo,
Bhujangrao, and Libonati 2019; Jollivet, Peyrac, and Lefebvre 2013). This is due to the
multitude of degradation mechanisms and the variety of their scale, the variability of material
characteristics and quality related to the manufacturing process that may change during the
study and the multi-axiality due to the geometry of the composite structure and the often-

variable real loads.

The service life of a material is defined by the time during which the material, or precisely one
of its properties related to its main performance, will retain its functionality under well-defined
conditions, without exhibiting major damage. The end of life of a part corresponds to the time
when its properties related to a specific use are altered. For a part subjected to fatigue loads, it
IS necessary to be able to predict its service life or to design it for an infinite service life
(Colombo et al. 2019).

By analogy with metallic materials, fatigue life can be splitin two phases: The initiation phase
of several cracks and the propagation phase until complete failure (Carraro, Maragoni, and
Quaresimin 2015). For composite materials, the difficulty lies in the definition and separation
of these two phases. The identification of the degradation Kinetics is a necessary step to

determine what the dimensional phase is.

1. Fatigue loading parameters

Uniaxial fatigue tests with constant amplitude are carried out in load control or deformation,
with a load cycle repeated throughout the test. The loading cycles are normally sinusoidal, with
frequency of load in Hz, and vary around an average value om between a minimum value omin
and a maximum value omax per cycle, as shown in Figure 11. The loading type is characterized

by the load ratio R relating the values of the minimum and maximum stresses of the cycle.

omin

omax

The value of R determines the type of loading in a fatigue test. If R is negative, it is a traction-

compression, if R is between 0 and 1 it is a traction-traction test and if R is higher than 1 itis a
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compression-compression test. In the rest of the study a traction-traction fatigue test will be

carried out Figure 11.

Followed fatigue test configuration

SN/

purement

]{pﬂ[ﬂ{s (!C 'I]tC]'.I'I.CE\ /\/
compression N
I
répétées d
a,. traction
N [

Oy =10 R=0

L. — —

ondulées de compression altemées ondulées de traction
] Conin < 0 < Ty i = 0

R >1 R<0 0<R<1

Figure 11: Illustration of the fatigue parameters, the different types of fatigue tests and the followed fatigue
configuration in the following study (inspired from the personal work of Christophe Dang Ngoc Chan).

2. S-N curves

The construction of an S-N curve (Stress-Number of cycles curve also known as Wohler
Curves) is established by loading a set of samples until failure at different levels of the ultimate
tensile stress in quasi-static varying between 30% and 90%. The life duration of a sample is
quantified by the number of cycles to failure. A normal Wohler curve indicates only the 50%
median probability of failure of the sample under a determined stress and after a certain number
of cycles. It is recommended in the literature to use the equiprobability curves Stress- Number
of cycles- Probabilistic (S-N-P). This type of curves associates to each combination of stress

and number of cycles a probability of failure.

The allure of the S-N curves in case of composite materials are qualified as quasi-linear (Harris
2003). Numerous models exist to analytically represent the Wohler curves such as Basquin
model. This model describes the central part of the S-N curve as a line in a log-log diagram and

is written as follow:
log(N) = log(C) — m = log (o)
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With C and m parameters determined by linear regression in the log-log diagram, N the number

of cycles and o the stress load (1/2 amplitude).

3. Damage and residual properties

In order to quantify the damage in a material after a certain number of loading cycles, several
models are proposed in the literature (Cuadra et al. 2013; Giancane et al. 2010; John and
Prakash 2018; Mao and Mahadevan 2002). (Toubal, Karama, and Lorrain 2006) measured the
temperature on the surface using infrared thermography and introduced the damage as:

D=1 E
N EO

With EO the initial Young’s modulus and E the Young modulus at a determined cycle.

Another way to quantify the induced damage is to estimate the residual resistance. To do so,

monotonic test until failure take place for samples loaded at a certain number of cycles.

Residual resistance and residual stiffness are two measurable values that can be considered as
indicators to the degradation of composite materials. However, the possibility to determine the
residual stiffness using non-destructive methods makes it more advantageous than standard

destructive testing to determine the residual resistance.

In addition, in the case of loading in the fiber’s direction, the stiffness estimation gives more
information on the change of its values during the life of the composite compared to the residual
resistance. Indeed, the latter show very light decrease function of the number of cycles until
showing an important drop when approaching the finale failure (Ryder and Crossman 1983).
Thus, one can deduce that stiffness is more sensitive to damage development that the residual

resistance.

4. Behavior of woven composites under fatigue loading

The behavior of woven composites under fatigue loading is highly complex and is widely
studied in the literature (Albouy, Vieille, and Taleb 2014; Kara and Muhammed 2017; Malpot
2017; Rouault 2013; Song, Wen, and Cui 2017; Vasconcellos 2013). Its understanding relies
first on the understanding of the behavior of this type of composite under static tensile loading.
During fatigue solicitation, the appearing damage mechanisms are the same occurring during
tensile solicitation. The behavior of woven composite under tensile solicitations depend on

several parameters such as, fiber architecture and direction of the loading (Osada, Nakai, and
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Hamada 2003). Two types of reinforcement are studied: plain weave and satin weave. The
authors find that the modulus and tensile strength of satin weave composite are 1.5 times higher
than those of plain weave composite. In addition, the cracks density is 20% higher in the case
of plain weave when compared to the one observed in satin weave employment. In the case of
plane weave, the knee point occurs at lower strains compared to the case of satin weave
reinforced composites (Figure 12). It should be reminded that one of the characteristics of woven
composite is the presence of an inflection point known as “Knee-point”, on the stress-
deformation curve when the loading is in the fiber’s direction. This non-linearity is linked to
the initiation of damage in the composite, most often identified as cracking in the transverse
yarns (Osada et al. 2003).

Indeed, the anisotropy of this type of material induces different mechanical behavior depending
on the fiber architecture and the fiber-matrix interface (Rasool 2015). In the case of woven
composites subjected to tension-tension fatigue loading three main damage mechanisms are
revealed (Albouy et al. 2014). The first damage mode appearing is matrix cracking at the tip of
the weft yarn precisely at the interlacing region. The cracks density and the size of the cracks
will grow until they reach an equilibrium state similar to the one observed in the case of UD
laminate (CDS). The second stage of damage is governed by shear failure in warp yarns, matrix
cracking and debonding of the fiber/matrix interface at the transverse yarns. Longitudinal Warp
cracks appear first reducing consequently the stiffness of the composite. The matrix-cracking
occur afterwards. As the loading process continues, the debonding grow until the yarns
crack. Indeed, when a crack reaches the edge of the yarn, two propagation scenarios may occur:
propagation in matrix-rich areas or propagation at the level of an adjacent longitudinal yarn,
thus generating pseudo-delamination. As the number of cycles increases, the cracks grow
resulting in stress concentration causing the failure of the longitudinal fibers and therefore a
total fracture of the composite. The final failure occurs when the supported force reaches its
maximum value. It should be mentioned that the main difference between UD and woven
composite lie in the fact that failure is controlled by the breakage of warp fibers in a unit cell

whereas damage pass from ply to ply in the case of multidirectional UD composite.

The cinematics of damage evolution in a woven composite subjected to quasi-static tensile

loading and cyclic loading is given in Figure 13 and Figure 14 respectively.
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Figure 12: Comparison of the stress-strain curves of two different reinforcement architectures: satin weave and plain
weave composites (Osada et al. 2003).
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Figure 13: (a) Microscopic observation of a woven vinylester based composite before and after the knee-point and (b)
priming of damage in transversal yarns (Osada et al. 2003).
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Figure 14: Different damage mechanisms observed in a woven composite : (a) undamaged state, (b) transversal weft
yarn cracks, (c) matrix cracking and longitudinal cracks in the warp yarns, (d) pseudo-delamination and (e) the total
failure (Naik, Patel, and Case 2001).

The fatigue behavior of woven composites changes depending on the orientation of the
fibers. Malpot (Malpot 2017) investigated the influence of fiber orientation on the fatigue
behavior of a woven glass fiber reinforced composite. In the case of 0°/90° orientation and
below 80% of the ultimate tensile stress, no heating of the specimen is observed (Figure 15(a)).
For samples with a fiber orientation of 45°/-45°, heating at the yarns cross-section appears in
the first cycles (Figure 15(b)). The temperature continues to rise with the loading and the number
of cycles. This heating, even in the case of low fatigue stress, can be attributed to the sensitivity

of the matrix as well as to the reorientation of the fibers (Figure 16).

" ' - Hrb
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Figure 15: Images obtenues par caméra infrarouge lors des essais de fatigue sur un composite a matrice polyamide
renforcée de fibers de verre tissées orientées : (a) [0°/90°], (b) [+45°] (Malpot 2017).
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Yarns at +-45°

Figure 16: Typical tensile test of a woven fabric showing the fiber reorientation (Boisse et al. 2017).

V. Fatigue loading and low-velocity impact coupling

Out-of-plane impact and fatigue loading resulting damage is the heart of this study. A proper
understanding of the kinetics and of the effect on the residual properties is highly important.
The previous sections (Section Il and Section I11) were dedicated to separately describe the
behavior of composites under each solicitation. The coupling of these two kinds of solicitations
is not widely studied in the literature. A short review on the influence of low-velocity impact

on the residual characteristics is presented in this section.

Some recent studies are carried out to assess the behavior of composite materials subjected to
fatigue post-impact. Vallons et al. (Vallons et al. 2010) study the influence of low-velocity
impact damage on the static tensile properties and tensile-tensile fatigue properties of a non-
crimp fabric composite (NCF composite). The authors have noticed that even at low impact
energy levels, impact cause a decrease in the tensile strength in the fibers’ direction. A reduction
of more than 50% of the static tensile strength is observed in the case of carbon/epoxy woven
fabric composite (WFC) after a 3 J impact. Indeed, the authors conclude that, in the fiber
direction, and for the WFC, the residual tensile properties are more influenced by low-velocity
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impact damage than in the case of NCFC. For the matrix dominated direction, the authors
conclude that damage induced by low-velocity impact has a significant influence on the residual
tensile properties and thus no difference in the behavior between the two materials is noticed.

A study is established to compare between non-loaded and impacted sample of epoxy based
composite reinforced with natural fibers. As expected, the number of cycles to failure of the
impacted samples is lower than the one of non-impacted specimen. Based on the data collected
using acoustic emission during fatigue tests, it is shown that the damage is concentrated in the
impacted area regardless of the level of fatigue loading used (Figure 17) (De Vasconcellos et al.
2014).

Face avant Face arniére

Figure 17: Failure of epoxy based composite reinforced with natural fibers subjected to post-impact at an energy level
of 5 J fatigue loading at 80% omax (De Vasconcellos et al. 2014).

The effect of fatigue on the residual stress of previously impacted samples depends on the
growth of the three types of damage mechanisms. Matrix cracking propagate into 45° oriented
layers after a relatively small number of cycles. However, arriving at the interface between the
layers, these cracks tend to change their propagation path leading consequently to the
appearance of local delamination. The growth of the fatigue-induced delamination as well as
the one induced by impact generally depends on the stacking sequence and more specifically

on the normal stress level in the laminate (Colombo et al. 2019; Pagano, N. J Pipes 1971).

The response of composite materials to post-fatigue impact is not a topic widely studied in the
literature. Ding et al. (Ding, Yan, and Mcllhagger 1995) assess the effect of the coupling of
these two modes of loading, low-velocity impact and fatigue loading, on a plain-weave

carbon/epoxy laminate. The authors mentioned that the order of the application of the loads to
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the laminate have significant effect on its residual strength. Indeed, fatigue post-impact is found
to be more detrimental on the residual properties of the woven composite than the reversed
sequence of loading. The authors also compare the effect of the fatigue mode (tensile-tensile
and tensile-compression) on the S-N curves (Figure 18) and the residual properties. It is shown
that tension-tension fatigue mode is more damaging to the material due to the delamination

propagation caused by this type of loading.
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Figure 18: Comparison between S-N curves post-impact at room temperature: (a) tensile-tensile fatigue with R=0 and
a frequency of loading of 10 Hz and (b) compression-tensile fatigue with R=-1 and a frequency of loading of 10 Hz
(Ding et al. 1995).

V. Damage detection in composite materials

Nowadays, more and more engineered assets are used in daily basis. The presence of damage
in these structures, in whatever form exhibited, compromise their integrity and safety if not
detected in time. Therefore, structural damage can lead to catastrophic financial losses and in
some cases human life losses. The awareness of safety, integrity and sustainability as top
priorities for engineered assets require exhaustive and thoroughgoing research and development
in the non-destructive evaluation (NDE) field. Indeed, adequate, and efficient NDE techniques
can detect and monitor structural damage at early stages and thus prevent eventual failures that

may occur, contributing hence to important monetary and human benefits.

Radioscopy, X-Ray imaging, infrared thermography, magnetic resonance imagery, laser
interferometry and ultrasonic scanning are the commonly used method (Ewert et al., 2016; X.
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Liu et al., 2019; Maierhofer et al., 2014; Pomaréde et al., 2018; Ravikara et al., 2006;
Usamentiaga et al., 2013). These latter have reached maturity and proved their efficiency in
damage detection and evaluation over the past decades.

In this study, different non-destructive technics, complementing each other, are operated to
propose a thorough NDE procedure enabling the identification of damage resulting from
different type of loading, namely fatigue loading and low-velocity impact, that the studied

composite may undergo during in service use.

This section focuses on describing the methods that will later be used in the coming chapters.

1. Infrared thermography (IRT)

Infrared thermography (IRT) is an imaging method that allows non-contact observation of real-
time damage during mechanical tests (active) or to detect post-event damage (passive). The
observed material is subjected to a thermal load emitted by a heat source. This source passes a
thermal flux causing the propagation of the waves inside the sample and subsequently the
reflection of the latter by reaching the free edges of the specimen. The reflected waves provide
the surface temperature of the material. The presence of damage allows the creation of a
heterogeneous medium and the modification of its index. When the waves arrive in this
medium, a temperature gradient is generated in the specimen. The two media (healthy and
damaged) react differently in terms of thermal conductivity and emissivity, which are
subsequently detected by the sensor of infrared camera. As a result, a surface temperature map
is obtained and analyzed enabling the detection of defects. The following figure (Figure 19)
shows the damage observed on two different weaving samples.

Infrared thermography has shown its reliability at providing real-time information during
mechanical loading. Meola and Carlomagno (Meola and Carlomagno 2014), and Meola et al.
(Meola et al. 2017) use IRT to evaluate glass/epoxy composite structures subjected to impact
events. They have shown that it is possible to follow the creation and the propagation of
delamination that may occur during an impact event Figure 19. Toubal et al. (Toubal et al. 2006)
linked the damage created by tension-tension fatigue loading in a carbon fiber reinforced
polymer with the heat dissipation employing infrared thermography. The authors classify

damage into three damage stages function of damage evolution and stiffness reduction.
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Figure 19: Images taken during an impact event at an energy level of 9.7 J on a GFRP (C. Meola & Carlomagno,
2014).

2. X-ray radiography

X-ray radiography is a technique based on the use of high energy X-ray photons. The beam
penetrates the studied solid and is reflected on a special screen. The retrieved image is on a
black and white scale function of the X-ray absorption parameter. The different media

composing the solid are consequently differentiated and potential defects can be detected.

Since composite materials are considered as heterogeneous media, this technique is widely used
in structural investigations to verify porosity levels, fiber concentration and orientation for
instance. Additionally, it is also used in numerous fields such as NDT operations to detect
damage mechanisms mainly delamination, fiber/matrix debonding and the matrix cracking
(Kastner, Plank, and Requena 2012; Palka et al. 2016). Radiography technique has proven its
efficiency in the NDT investigations and present a variety of advantages. Indeed, this method
do not require the use of a coupling and provides a good defect size and shape detectability due
to its high resolution and its power of penetration. However, this method presents some
drawbacks since it necessitates the disassembly of the tested structural part to be able to have
access to both sides. It is also considered as a high-cost method and a rather highly dangerous

method due to the exposure to intensive radiations.

3. Ultrasonic testing

Wave propagation, in solid media has become worldwide used in both Non-Destructive testing
(NDT) and Structural Health Monitoring (SHM). Many researchers have focused their interest

on the study of the ultrasonic guided waves in solid media. Advances of the past decades have
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made the developed inspection techniques more sensitive, faster, and economical compared to

traditional used techniques.

In this section, the aim attention is focused on the propagation of two categories of waves
namely Bulk waves and guided waves for damage inspection that is an important aspect of the
current research project. Bulk waves are waves that travel in infinite media. The coverage
volume in the case of Bulk waves propagation consist of a very limited and localised region.
Whereas guided waves are waves that reflect and continue to propagate between boundaries
providing hence a larger coverage volume. Consequently, to get full information on a studied
structure using Bulk waves, transducers sweep all the surface of the structure unlike guided
waves that only require a single probe position to inspect the entire structure.

The generation of Bulk waves or guided waves depends mainly on the employed frequency.
Indeed, lower frequencies with larger wavelengths (higher than the structural thickness) are

used for guided waves production.

Wave propagation has attracted the attention of so many researchers in the domain of
mechanics. Ultrasonic testing is used on composite materials to provide information about the
occurrence of defects inside or at the interface and hence information about the size and location
can be obtained. C-scan is considered as a valuable tool as it is used to monitor the losses of the
signals energy when encountering defects such as voids, delamination and debonding (Chang,
Zheng, and Ni 2006; Imielinska et al. 2004; Liu et al. 2006; Lloyd 1989). In the case of fiber
reinforced composite investigation, the ultrasonic beam propagates along the fibers axis
(Barwick and Papathanasiou 2003; Pain and Drinkwater 2013) leading to the detection of fiber
misalignment. Delamination in the other hand causes a loss of transmission and a reflection
from a certain depth. Research related to the use of US propagation in carbon fiber reinforced
polymers show that information about the interlaminar quality can be obtained from the
propagation of waves perpendicular to the composite plies. To ameliorate the quality of the
results obtained using this technique, several studies are taking place proposing novel-
processing procedures in both time domain and frequency domain (Powers et al. 2016; Sejdic,

Djurovi¢, and Jiang 2009).

However, even though the US based method have shown their efficiency in terms of damage
detection, some techniques such as immersion techniques require the disassemble of the tested
structures causing a certain delay in the operation of the structure. Some types of composites

are very sensitive to water absorption and necessitate a drying process. To overcome the
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previously mentioned drawbacks Nasa Langley propose to use a captive water column coupling
approach (Elliott Cramer 2016) providing a coupling similar to water coupling. In addition,
advanced studies are considering other types of coupling rather than water use such as air
coupling that provides quicker scanning and more simplified in service inspection (Imielinska
et al. 2004; Kazys et al. 2006; Zhang et al. 2020). The difficulties related to the coupling have
let to the choosing of laser as an ultrasound generator that gives the possibility to investigate
more complex structures. Despite all the advantages given by this method, its cost remains very

high compared to other method. It reduces hence its application in the industrial field.

3.1. Lamb waves-based investigation

3.1.1. Lamb waves theory

Although extensive literature exists about Lamb waves, it is required to summarize the
fundamentals and basic theory of Lamb waves before proceeding to their applications for
damage detection and investigation.

Lamb waves, also known as plate waves, are waves that propagate in a plate-like medium. The
particularity of this type of waves is that they are continuously guided by the free upper and
lower boundaries (surfaces) (Figure 20). Lamb waves are generated when the wavelength is
comparable to the thickness of the plate. They are known to be very dispersive; meaning that
the velocity is frequency-dependent affecting consequently the wavelength. This phenomenon
causes the propagation of different waves modes that can be folded into two categories:
Symmetric (S;) and antisymmetric (Ai) modes (Figure 21).

Figure 20: Lamb waves generation from longitudinal (L) and transversal (T) waves (El Abasi 2014).
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Figure 21: lllustration of symmetric (a) and Antisymmetric (b) Lamb modes (de Miguel, Pagani, and Carrera 2019).

Several symmetric and antisymmetric modes, with several propagation velocities, can co-exist
and propagate at the same time. In a homogeneous and isotropic plate, these Lamb waves

modes are generally described as follow (Rose, 2014):

tan(qh) 4k?qpp
tan(ph) ~ (Ak? + Ap? + 2pp) (k2 — ¢2)

With p?= (W?/ c.?) - k?
9>= (w4 c1?) - K?
Where, cL and cr, the longitudinal and transverse modes velocities and with h, k, w and A the

half thickness of the plate, the wave number, the pulsation and the Lamé constant respectively.

Lamb waves equation in thin plates can be folded into two parts corresponding to symmetric

and antisymmetric modes known as ‘“Rayleigh-Lamb equations” and are presented as follow

Figure 22 (Su and Ye 2009):

_ tan(qh) 4k*qp
For symmetric modes: an(ph) ~ (2 —q?)?

tan(gh)  (k®—q?)?
tan(ph) 4k2qp

For anti — symmetric modes:

The graphical representation of Lamb modes velocities function of frequency is known as

“dispersion curves” and are presented as follow in Figure 22 (Su and Ye 2009).
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Figure 22: Typical dispersion curves in an aluminum plate with (a) phase velocity dispersion curves; (b) group
velocity dispersion curves (Su and Ye 2009).

The particle motion in symmetric and antisymmetric modes show a difference in the
displacement direction. Indeed, symmetrical modes have a radial in-plane displacement of the
particles whereas antisymmetric modes have an out of plan displacement that can be qualified

as complex through-thickness displacement.

In the case of undamaged anisotropic plate, the equations are more complex. In fact, even
though the equations look simple mathematically speaking, there resolution remain complicated

and require numerical resolution except some limited cases where analytical solution exist.
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Thus, the wave equations are given by:

C azul+c aul+(: aZUll+2(: azul +C auz+c azuz+c 97y, ——+ (Cy2+C )5 o7y,
0%u; 0%u; 0%y,
+ (C13+C55) a a 3 + (C34+C56) a 2 aX3 - atz
C azul+(: ou, +C ou, L+ (Cy3+Cas) 07, +C 9y, —24C auz+c azuz+2c 97y,
1452 2 5.2 56 GxZ e tta) g o T g Tl 66 3x2 24 55 0%,
+ (C34+Csg) ——— o7us + (Cy34Ceg) fus _ 0°u
34 56 a a 3 23 66 a 28X3_ atz
9%u, 2uy 2u, 2u, 0%us
(Ci3+Css) 50— 9%, 0%, + (C34+Cse) 9%, 0%5 + (C34+Cse) 9%, 0%, + (C23+Cg6) 9%, 0%, Css %2
. 0%us . 0%u, L ac 0%u;  0%uj
%6 gx2 T 33 9x2 6 9%, 0x,  Ot2

With C;; the stiffness components and u; the displacement vector.

Consequently, symmetric and antisymmetric modes are framed as:

A = Dy, G; tan(ya,;) — D13G5 tan(yas) +D45G5 tan(yas) = 0; for the antisymmetric modes

S = D41 G; cot(yay) — D13G5 cot(yas) +D;5Gs cot(yas) = 0; for the symmetric modes

Where, a1, o3 and as the solution of the wave equations when the displacement field is expressed

as.
Uj — Ujeif(x1+ax3—ct)
With
G; = D3D35 — D33D55
Gy = Dy1D35 — D31D35
G3 = Dy1D33 — D31Dy3
And

qu == C13 + C34_Vq + C33(quq

qu = C55(O(q + Wq) + C56O(qu
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D3q = C56(O(q + Wq) + C66(quq

And V, and W, given by:

3.1.2. Lamb waves for damage investigation in composite materials

Lamb waves based methods are proving themselves as effective alternatives due to their
sensitivity, their capacity to select modes and frequencies and the ability to inspect large
structures (Levent Degertekin, Honein, and Khuri-Yakub 1995). Their high frequency nature
and their low attenuation makes guided waves suitable for small defects detection especially in
thin structures. Lamb waves have been used widely in different ways over the years. As
expected, damage influences the Lamb waves propagation characteristics. Indeed, it can induce
reflection, mode conversion and many more phenomena. The location and the geometrical
aspects of the defect produce a unique dispersive response. As an example, a quasi-isotropic
composite laminate in a healthy state sample is considered along with defect containing one. A
comparison between the propagating signals in both cases is carried out. Figure 23 shows the
signals retrieved in both cases. Additional peaks are observed in the case of damaged sample

between the incident So mode and its reflection So-voundary-
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Figure 23: Ultrasonic response of the signal propagating in a healthy structure (a) and in a damaged structure (b) (Su
and Ye 2008).
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More advanced investigation methods have been later developed. Li et al. (Li, Cho, and
Achenbach 2012) have proposed an experimental procedure focusing on the behavior of second
harmonic Lamb waves when dealing with thermal fatigue damage in multi-layered composites.
The results have revealed the reliability of the non-linear acoustic parameters of Lamb waves
as an indicator to study thermal fatigue damage. Yelve et al. (Yelve, Mitra, and Mujumdar
2017) use a method based on fundamental and higher harmonics of Lamb waves to assess
delamination in composite structures. Indeed, Lamb waves provide good potential for damage
detection. Zheng et al. (Zheng et al. 2019) have employed a combination of an anisotropic
wavefront and the time of flight (TOF) algorithm to quantitively determine impact damage and
debonding. Experimental test and numerical simulation have revealed many advantages. It
occurs that Lamb waves are very sensitive to small debonding; therefor one can locate and
determine the size of damage at a very early stage. However, the propagation of Lamb waves
in composite plates is extremely complex due to different parameters such as dispersion, multi-

mode characteristics and direction dependency of the wave velocity (He et al. 2013; Pant 2014).

3.2. Stiffness estimation

3.2.1. Overview on the elastic properties’ determination

To ensure the performance of a composite structure, the identification and the determination of
the mechanical properties is necessary. Different methods enabling the determination of the
elastic properties for composite materials are widely employed in the literature. One can classify
these methods into two main categories: destructive (mechanical) and non-destructive methods.
However, the mechanical identification of these properties, following ASTM standards (D
3518/D 3518M for in-plane properties and D3039/D 3039M for tensile properties), are
considered as time consuming, necessitate important resources and require a large number of
samples (Barazanchy, Roth, and Giurgiutiu 2018). Consequently, more research is directed
towards the non-destructive methods that are as efficient as the mechanical techniques in the
determination of the materials properties. Bulk wave propagation is the ultimate technique since
there is a direct link between the stiffness of the material and the characteristics of the bulk
waves (Castagnede, Jenkins, and Sachse 1991; Every and Sachse 1990; Hosten, Castaings, and
Kundu 1998; Stijnman 1995). Furthermore, by orienting a specimen in different directions, a
single specimen is sufficient to experimentally obtain all the components of the stiffness matrix

using adapted algorithms based on the time of flight (TOF) measurements (Castaings, Hosten,
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and Kundu 2000; Gieske and Allred 1974; Hosten et al. 1998; Marguéres and Meraghni 2013;
Margueéres, Meraghni, and Benzeggagh 1999; Markham 1970; Smith 1972).s

Markham (Markham 1970) has first introduced the ultrasonic based methods determining the
stiffness matrix for laminate composites in 1970. The author has proceeded to measure the
velocity of propagation of the ultrasonic wave in multiple directions to obtain the composite
elastic constants. Markham’s method is later employed by Smith (Smith 1972) enabling him to
determine to determine five constants. Gieske and Allred (Gieske and Allred 1974) have used
the same method and have succeeded to increase the number of the retrieved elastic constants
from five to nine. By closely analyzing the time of flight (TOF) measurements, the authors have
found that the velocity obtained using Markham’s method correspond s to the group velocity.
Thus, phase velocity is the parameter fitted for the determination of the elastic constants.
Pearson and Murri (Pearson and Murri 1987) have later showed that the group velocity and the
phase velocity are connected leading therefore to the proper values of the elastic properties.
Mal et al [11] (Mal, Lih, and Bar-Cohen 1987) have employed Leaky Lamb waves (LLW) to
determine all the constants of the unidirectional laminate. The authors analyzed the TOF of the
reflected acoustic wave. The principle of the method relies on performing time of flight
measurements while the specimen is immersed in water. This approach leads to the

identification of the five constants of the material.

Castaings et al. (Castaings et al. 2000) and Hosten et al. (Hosten et al. 1998) use an immersion
ultrasonic procedure employing emitter transducer and a large rectangular receiver, oriented
both at an angle to the surface of the composite. This technique results in the acquirement of
the stiffness constants along with the transverse shear and out-of-plane properties. It is worth
mentioning that in the case of thin plates, it is extremely difficult to experimentally obtain these
properties. Indeed, the dimensions of the transducers is generally higher than the thickness of
the specimen, making the propagation of the wave inside the material less possible/accurate.

Margueres and Meraghni (Margueres and Meraghni 2013) and Marguéres et al. (Margueres et
al. 1999) applied an immersion ultrasonic approach to retrieve the stiffness matrix components
of anisotropic composite materials at both damaged and undamaged state. Figure 24 shows the
different plans of measurements (wave propagation) enabling the extraction of the rigidity
constants for an anisotropic material. The authors validated the experimental procedure by the
means of numerical confirmation. They have found a decrease in the values of the shear

properties for the samples subjected to low-velocity impact. Furthermore, an overall reduction
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off the stiffness has been observed when combining fatigue loading with impact damage. This
immersion ultrasonic approach is shown to be efficient even on damaged specimen enabling to
non-destructively quantify the effect of damage on the mechanical properties. A similar
approach was adopted by Pomaréede et al. (Pomarede et al. 2018) to estimate the values of the
components of the stiffness matrix of a thermoplastic reinforced by glass fibers subjected to

tensile loading.

—
1 (Warp)

Plane 1-2

2 (Weft)

Figure 24: lllustration of the measurement plans enabling the extraction of the rigidity constants for an anisotropic
material.

3.2.2. Bulk waves detailed methodology for stiffness constants determination

Marguerés and Meraghni (Marguéres and Meraghni 2013) and Marguerés et al. (Marguéres et
al. 1999) have described a procedure based on Bulk waves propagation to determine the
Stiffness constants for multiple composite materials. As previously mentioned, phase velocity
is the key parameter to retrieve the stiffness constants. It is important to mention that when
dealing with Bulk waves, group velocity and phase velocity are the same, avoiding hence any
confusion. The authors followed a specific approach to go from time of flight and obtain the
Stiffness matrix. To describe the procedure enabling the non-destructive retrieval of the
mechanical properties, a particular interest should be directed towards the understanding of the

physics behind the propagation of Bulk waves in a media. By combining three equations:

= The motion equation:
6Gi]- _ azui
ax, " ae

=  Hooke’s law for linear elastic behavior:

Oj; = Cjjki1€kl
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= Relation between strain and displacement field for small perturbations:

1
5 (uk,l + ul,k)

With g;; the stress tensor, u; the displacement, p the density of the given material, c;jy; the

stiffness tensor and ¢y,; the deformation tensor.

One can obtain the following relation linking the displacement to the stiffness tensor:

2
oy

a¢;
ijkl (ukl + k)+C1]kl (ukl +u k) =P Y

0x

Xj

In a homogeneous media, stiffness components do not depend on the local position in the
material. Consequently, the spatial derivation of the stiffness tensor has a value of zero. The

equation 16 is then given as follow:
0%y 0%y

Pz~ U ox. axye

In the case of Bulk wave, the solution for this equation, in the case of bulk waves is:

u; = Ujexp (i(Enjxj — wt))

With: ¢ the bulk wavenumber, n; the propagation direction (unit vector), w the angular

frequency, U; the wave polarization.
The Christoffel equation is obtained:
(Cijranin; — pv28;5)U; = 0

With: v =§

The Christoffel matrix, which is symmetric, is defined as:

Cijanky = Gik
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The Christoffel equation can be written as follows:

(Gik - pVZSi]')Ul =0

Solving the Christoffel equation leads to obtaining three solutions corresponding to three wave
modes that can appear for every considered direction n. These modes can be defined as: quasi-
longitudinal mode (QL), quasi-transversal mode 1 (QT1) and a quasi-transversal mode 2 (QT2).
The representation of these three modes constitutes the slowness curves i.e., the inverse of the
phase velocity that are inversely proportional to the stiffness constants in the wave mode
propagation direction and are characteristic of the sample. Figure 25 exhibits a representation of

the slowness curves for a unidirectional composite.

Slowness surfaces

---------
.......
-
",
"y
LY
-
.
'

Vi/V . cos (r)
]
I
I
I
|
|
|

~
L - ..,.'.' ()'l‘l
- "taa,
- ~
QL ~
QT1 N
A
0 -
0 6
Vi/V .sin (r)

Figure 25: Schematic representation of typical slowness curves showing the three propagating modes function of the
incidence angle: Quasi-longitudinal (QL), quasi-transversal 1 (QT1) and quasi-transversal 2 (QT2) (Marguéres and
Meraghni 2013).

Mode conversion occurs when changing the incidence angle leading hence to the appearance
of the aforementioned modes. Indeed, depending on the incidence angle, the mode can coexist
and propagate simultaneously. Figure 26 represents the order of appearance of the three modes
function of the incidence angle and also show the two critical angles corresponding to the
propagation of a single mode. It is worth mentioning that after reaching the second critical

angle, only surface waves i.e., Rayleigh waves propagate in the surface of the material.
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Figure 26: lllustration of the propagating modes function of the incident angle pointing to the two critical angles
corresponding to the angles relative to one mode propagation [www.olympus-ims.com].

V1. Conclusions and perspectives

This chapter has been dedicated to present the aspects that will be assessed in the following
chapters. The aim is to introduce all the themes that will be studied and to provide a global
bibliographic review enabling to understand the need and necessity to resolve the main
problematic of this PhD research project. Moreover, since safety and reliability are two
important features in the automobile sector, maintaining the same performances during all the
in-service life is a very sensitive matter. Being able to determine the tolerance limit i.e., the
maximum damage that the material can withstand without having any influence on its

performance to fit the automotive industry requirements in terms of safety and lightweight.

The first step of this bibliographic review has been devoted to highlight and understand the
complexity of the mechanical behavior under probably occurring solicitations during in-service
life. Consequently, a thoroughly experimental analysis of the behavior of the VizilonTM

SB63G1-T1.5-S3 composite material under low-velocity impact and fatigue loading is crucial.

The second step has been dedicated to a review on the commonly used damage detection
techniques. Indeed, quantifying the induced damage using non-destructive techniques is proven
to be efficient in the evaluation of its criticality. Therefore, it is used as a tool that helps decide
whether the criterion of damage tolerance is still respected.
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A non-exhaustive study will take place in the up-coming chapters based on the element

discussed in the present chapter.
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Chapter 2: Overall investigation of the
PAG66/6 based composite subjected to

low-velocity impact events

During its lifetime, a structure can encounter progressive degradation like impact damage that

can have serious consequences on the structure’s integrity and performances.

Impacts are generally fall into four major categories as a function of their detectability: BVID
(Barely Visible Impact Damage), VID (Visible Impact Damage), CVID (Clearly Visible Impact
Damage) and Obvious Damage (Gordon et al., 2014).

For aerospace applications, the BVID is defined as the small damage that may not be detected
by visual inspections using typical lighting conditions from a distance of 1.5 m (Jiang et al.,
2021). It has been reported that BVID is the most critical kind of damage, (Giurgiutiu, 2016),
due to the fact that no trace can be seen on the surface whereas internal damage forming a tree
root, in the case of thin plates, is propagating and leading to a decrease in the residual properties.
Indeed, this kind of damage can be threatening and remains unnoticed causing a loss of the
structure integrity and therefor lead to a total failure. However, in aircraft, aerospace and
automotive industries, the repercussion of not detecting this type of damage in time and
preventing its propagation are fatal. The concept of damage tolerance relies on determining the
threshold allowing a damaged structure to be operational. That said, if the residual properties

are not degrading, the structure is considered as damage tolerant.

This chapter represents an overall overview of impact damage. As mentioned in previous
sections, and due to the complexity of this damage, a range of impact energies is chosen to
remain in the BVID domain. A study of the evolution of this type of damage and its criticality
will be the object of the present chapter. For this matter, an experimental procedure enabling
the inspection and the quantification of the residual damage is proposed. Indeed, the suggested
procedure allows the measurement of the permanent indentation (PI), the identification of the

different damage mechanisms and extend of their propagation, the estimation of the stiffness
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matrix components using Non-destructive techniques and finally, the quantification of damage
using an original Lamb waves-based method. The obtained results employing the different
techniques will be cross-linked and damage indicators will be assessed.
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. Experimental procedure

1. Sample preparation

1.1. Geometry of the samples

The material of the study, as mentioned in chapter I, is a woven twill 2.2 composite referred to
as VizilonTM SB63G1-T1.5-S3, manufactured by DuPont de Nemours using a thermo-
compression molding process. It is a co-polyamide 6.6 / 6 (thermoplastic matrix) reinforced
with a layup of three balanced glass fiber layers oriented at 0°/90°. The composite, with a
thickness of 1.53 mm, has a fiber weight ratio of 63% corresponding to a fiber volume fraction
of 43%.

The geometry of the sample is chosen in agreement with ASTM D7136/D7136M standards.
Low-velocity impact tests are carried out on rectangular shape plates of 100 by 150 mm
dimensions and 1.6 mm thickness (Figure 27). Afterwards, the initial undamaged states are

verified for all samples using ultrasonic C-scan.

150 mm

ww 00T

Figure 27: Dimensions of the studied samples (Miqoi et al., 2021).

1.2. Desorption procedure

A typical automotive part needs to withstand a wide range of temperatures varying from -40°
to + 80° along with dry and humid environments. These environmental conditions can be highly
crucial for polyamide or polyamide based composite material as previously explained in
Chapter I. Fiber glass is known to be insensitive when it comes to changes in temperatures and
humidity (Malpot, 2017).
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However, important variations in the environmental conditions can induce the loss of resistance
and deterioration in the fiber/matrix interface leading to the degradation of the mechanical
properties of the polyamide-based composites (Arif, 2014; Obeid, 2016; Panaitescu et al., 2019;
Zhang et al., 2014).

In the rest of the study, following the standard environmental conditions for automobile

applications, a relative humidity of 50% is chosen (Pivdiablyk et al., 2020).

The material was delivered and was stored at undefined conditions. Thus, a proper desorption/
absorption procedure should be followed to control and reach the 50% RH. To accelerate the
desiccation (drying) process without modifying the behavior of the material, a temperature
higher than the ambient and lower than the Tg (glass-transition temperature) should be used. To
accelerate the drying process, the samples are put in a homemade climatic chamber equipped
with a special salt. Before proceeding to the desiccation process, five samples are arbitrary
selected and weighed and are regularly monitored to calculate the loss of the moisture content

until saturation.

The graphic showing the evolution of the water content as a function of the time spent in the
climatic chamber is presented in Figure 28. Once the water content reaches the stabilization
plateau, the specimens are considered as dry. It should be stated that in this study, we assume

that no chemical damage occurred whatsoever during the desorption process.
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Figure 28: The evolution of the water content in the studied polyamide-based composite as a
function of the time spent in the climatic chamber for the desorption procedure.

64



The percentage of water content (Cgion %) is calculated by a gravimetric method following
ASTM D5229 standard used by several authors (International ASTM, 2020). By comparing the
mass of the witness samples before the desorption and at different time-steps during the process,

the Cgiob % can be deduced using the following equation:

M-M

— %+ 100%

Cglob% =

With M the mass of the witness specimens at a defined time-step and MO the initial mass

registered just before putting the samples in the climatic chamber.

1.3. Conditioning procedure

After eliminating the retained water, the samples are placed in a temperature and humidity
controlled climatic chamber (MEMERT).

The witness samples are weighed beforehand in order to monitor the weight uptake at different
time-steps. To assure a faster moisture absorption, the samples are conditioned at 65% RH and
a temperature of 50° until reaching a weight gain of 2.7% corresponding to the target as water
uptake of the polyamide at 50% RH. The samples are then maintained at 50% RH at ambient
temperature for two weeks to assure a proper and regular profile of through-thickness water
diffusion. The moisture absorption is calculated using the same equation mentioned in the
previous section by comparing the weight of the dried witness samples with their weight at

different time steps.
2. Drop-weight impact tests

2.1. Experimental set-up

Impact tests are performed using a drop test device equipped with a 1.02 kg striker having a 16
mm diameter hemispherical end. One should mention that an assembly of a series of masses is
used to reach the desired mass. The experimental device, shown in Figure 29, consists of a
piezoelectric load sensor and two laser displacement sensors, as well as a data acquisition
system. The tested composite plates are clamped at both ends as illustrated in Figure 29, and the
impactor strikes the plates in their center. The displacement of the sample is subsequently
measured under the impacted plate using a laser displacement sensor. The acquisition of the
striker’s (impactor) displacement, the displacement of the center of plate, and the contact force
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are measured for data analysis. By only varying, the height of the impact, different energy levels

are obtained.

Twenty-one samples are impacted from heights variating from 1 m to 3 m, three sample per
chosen height. Indeed, for repeatability reasons, and to reduce the experimental uncertainties,
each three samples are impacted from the same height. Due to the large number of the
considered samples, the results of only seven of them, representing different levels and ranges
of the BVID, are more focused on and discussed in the following sections. The methodology
of calculation of the velocity of impact, the impact energy and the absorbed energy will be

detailed in the following section.

Force sensor

Both sides clamped plate—

Displacement sensor

Figure 29: The experimental device used to perform drop weight impact tests showing: a force sensor, a
first displacement sensor that monitors the displacement of the striker and a second one placed under the
clamped sample to record the deflection (Miqoi et al., 2021).

2.2. Data reduction and impact response analysis

Low-velocity impact tests are performed at different heights variating from 1 m to 3 m. The
mechanical results collected after an impact event following the previously detailed
experimental set-up are mainly: the impactor displacement function of time, the displacement
of the impacted sample function of time i.e., the deflection during the impact event, and finally

the evolution of the applied force function of time.
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The post-processing of the mechanical data enables to calculate the impact velocity, the real
impact energy and the absorbed energy. Indeed, from the striker displacement-time curve, one
can estimate the impact velocity. It consists of the slop of the first part of the curve (Figure 30).
The second part of this same graph represents the displacement of the impactor after hitting the
sample. Indeed, it consists in the rebound of the impactor after hitting the sample. The slop of
this part of the graph depicts the rebound velocity. It is important to mention that a linear
regression was used to estimate the velocities. Using the following formula, the impact velocity
and the propulsion velocity are linked to the absorbed energy. The latter matches the amount of
energy that passes from the impactor to the sample during an impact event. It is defined as the

difference between the impact energy and the rebound velocity called the ‘excessive energy’
(Dhakal et al., 2012).

1
Ea= Zm (V12 — v2?)

viand v; are respectively the impact and the rebound velocity. m is the impactor’s mass and is
of 1.02 kg. An example illustrating the estimated velocities using the displacement-time curve
of the impactor for the sample impacted at 12.6 J is shown in Figure 30. The calculated
parameters i.e., impact velocity, the real impact energy, and the absorbed energy for the seven

chosen samples are represented in Table 2.

Table 2: Impact velocity and absorbed energy for the seven considered samples impacted at 7.20 J, 10.54 J, 12.6 J,
14.58 J, 19 J, 21.15 J and 24 J respectively.

Impact energy 7.20 10.54 12.6 14.58 19 21.15 24
()
Impactvelocity 5778 4633 5010 5383 6170 6504 6928
(m/s)
Abs"rbfg MY 409 740 930 1143 1490 1695 2177
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Figure 30: Impactor’s displacement- time curve for the sample loaded at 12.6 J detailing the followed
method to compute the absorbed energy showing the impact velocity V1 and the rebound velocity V2.
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Figure 31: Evolution of the absorbed energy function of the impact energy for the seven considered sample impacted
at7.2J,10.54 J,12.6 J,14.58 J, 19 J, 21.15 J and 24 J respectively.

The calculated absorbed energies for the seven chosen sample impacted at 7.2 J, 10.54 J, 12.6
J,14.58J,19J, 21.15 Jand 24 J, based on the previously detailed procedure are represented in

Figure 31. As forseen, the absorbed energy increases with the impact energy.

Figure 32 and Figure 33 illustrate the contact force- time histories and the deflexion-time curves
for the seven selected samples impacted at 7.2 J, 10.54 J, 12.6 J, 14.58 J, 19 J, 21.15 J and 24
J, respectively. From the obtained results, one can easily conclude that the maximum deflection

and the maximum contact force increase with the impact height. An obvious shift of amplitude
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is noticed between the lower and higher energies. On some curves in Figure 33, mainly the curves
corresponding to the samples impacted at 19 J, 21.15 J and 24 J, one can easily notice that the
displacement values do not return to zero. It is explained by the fact that because of the
boundary conditions when the impact energy reaches a certain level, the samples do not go back
to the initial position and remains deformed. This event causes the compression of the first layer

of the composite sample resulting thus in the creation of damage on the impacted surface.

It is important to point out the fact that oscillations are observed in all force-time histories. Two
types of discontinuities are noticed at high and low frequencies. The vibrations at high
frequency are assigned to the natural frequencies of the impactor and are referred to as ‘impact
ringing’. Gliszczynski et al. (Gliszczynski et al., 2019) have shown that the severity of this
phenomenon is accentuated when the parts constituting the impactor are rigidly assembled. As
previously discussed in section 2.1, an assembly of a series of masses is used to reach the desired
mass (1.02 kg), explaining thus the occurrence of this vibration effect. The second type of
oscillations, at lower frequency, is related to the flexural response of the samples. It is important
to mention that both types of vibrations take place during the contact between the impactor and
the sample and could be associated to the damage induction (Abrat, 1998). However, the first
set of discontinuities (blue box on Figure 32) should be dissociated from the rest of the
oscillations. Indeed, it is considered as initial discontinuities resulting from the first contact

between the striker and the plate.
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Figure 32: Force-Time curves for the seven chosen sample impacted at 7.2 J 10.54 J, 12.6 J,14.58 J, 19 J, 21.15 J and
24 J respectively showing the increase of the values of the applied force with the impact energy.
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Figure 33: The samples’ displacement function of time curves for the seven chosen samples impacted at 7.2 J, 10.54 J,
12.6 J,14.58 J, 19 J, 21.15 J and 24 J respectively showing the increase of the maximum values of the deflection when
increasing the impact energy.

3. Post-impact surface investigation

3.1. Visual inspection

As detailed in Chapter I, in the case of thin plates, impact damage is first observed on the non-
impacted surface. Indeed, the damage cone is initiated under the striker. That said, damage is
first noticed on the last layer of the composite and spread in a pine tree path due to the bending
stress and wave propagation. However, depending on the energy level and the boundary
conditions, damage can also occur on the impacted surface of the sample. Indeed, the high force
applied on the impacted surface induces the compression of the first layer and thus, the creation
of damage. The latter occur as fiber buckling and matrix microcracking as visible in Figure 34.

Figure 34: Fiber buckling, and matrix cracking observed on the impacted surface of the sample impacted at 21.15 J.
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A visual inspection of the non-impacted side of the samples shows no visible damage on the
sample impacted at 7.20 J. A first damage stage is observed on the sample impacted at 10.54 J.
This damage consists in a small opening, barely visible to the naked eye. Due to the very small
dimension of the damage, an observation using optical microscope is performed. Figure 35
represents the obtained images of the small opening. Starting from 12.6 J as impact energy,
cracks propagating longitudinally and transversely leading to fiber breakage are noticed. Figure
36 shows the images of this damage on the non-impacted surface of each sample.

Figure 35: Damage observed on the non-impacted surface (a) and a microscopic measurement of the crack (b) for the
sample impacted at an energy level of 10.54 J.

6 mm g 4 mm

17 mm
10 mm

4 mm

14 mm

Figure 36: Visual observation of the non-impacted side of each sample showing the damage resulting from the impact
tests and its dimensions for samples loaded at energy of 10.54 J, 12.6 J,14.58 J, 19 J, 21.15 J and 24 J observed by the
naked eye.
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3.2. Permanent indentation measurement

Permanent indentation is known to be a very reliable parameter for a damage state estimation
in the case of impact damage (Bouvet, 2011; Miqoi et al., 2021; Mustapha et al., 2016). A
proper estimation of this parameter gives information about the damage by an impact event. In
this section, this key parameter is determined by an ultrasonic measurement using first C-scan
imaging to localize the impact area and later B-scan to measure the depth of the print left on
the impacted surface. The found values are then confirmed using a more resolved method, i.e.,

optical profilometry.
3.2.1. Localization of the damaged area and permanent indentation measurement

Ultrasonic experimental procedure

The ultrasonic C-scan method is carried out to detect and to characterize the damage in terms
of localization and evolution in the composite plates. The acquisitions are performed using a
customer designed five axes immersion scanner made by Inspection Technology Europe BV.
The pulses are generated using the dual pulse-receiver DPR500 made by JSR ultrasonics. The
experimental data acquisition is achieved via the Winspect software and post-processed using
a Matlab code. The acquisitions are performed in reflection mode using a single focused 10
MHz piezoelectric transducer positioned in the arm of the five-axis scanner. The particularity
of this scanning mode is to provide more information on the propagation of the damage in the
thickness. The scans are carried out following a serpentine path for an area of 95 mm x 95 mm,
with a spatial resolution of 0.1 mm. The samples are positioned in such a way that the impacted
surface is facing the transducer. The displacement speed is 10 mm/s along the X and Y Axes.

Figure 37 represents the experimental setup for ultrasonic C-scan scanning.

This setup allows the measurement of the wave’s maximum amplitude for each point of the
scanned sample. An attenuation of the signal is observed when a defect or a material
discontinuity is encountered. Indeed, the emitted ultrasonic wave is attenuated and some of its

energy is reflected when coming across defects or inhomogeneities.

After localizing the damaged area on each sample using C-scan in reflection, ultrasonic B-scan
observations are performed in the identified damaged region to extract information relative to

the permanent indentation (PI).
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A focused 10 MHz transducer

A sample with the
impacted surface
facing the transducer

Figure 37: Experimental underwater set-up employed for the ultrasonic scanning of the impacted surface for each of
the considered samples showing a transducer assembled to the five-axis robot enabling the translation along the X and
Y axis and the system holding a sample with the impacted surface facing the transducer (Miqoi et al., 2021).

Ultrasonic results

The results of the ultrasonic C-scan are generally represented as cartographies of the field
variation of a chosen parameter, for instance the amplitude or the Time of Flight (TOF), along
the scanned surface. This variation may reflect the transition from one phase to another or in
this case the variation of the flatness of the surface caused by an impact event. In this sub-
section, the isocolor map, i.e., the results of the C-scan, exhibit the change in the TOF of the
various areas of the scanned surface. The dark red corresponds to a higher TOF indicating that
the signals of this area arrive later than the signals reflected from the rest of the sample due to
a difference in the flatness caused by the impactor. An example of a C-scan for the sample
impacted at 21.15 J is depicted in Figure 38(a). A dark red area, in the middle of the sample, with
a visible local change in signal TOF is clearly visible. This is due to change in the flatness in

the sample indicating the location of the PI.

B-scan representations of the PI are carried out in the localized indented area to extract
information about the depth of the indent (Figure 38(b) for the sample impacted at 21.15J). The
latter is calculated by measuring the difference between the time of arrival corresponding to the
impacted area and the one corresponding to the non-impacted area. Knowing that the wave

propagation velocity is 1478.8 m/s in water (Pomarede, 2018), an estimation of the indent depth
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for the seven plates is given in Table 3. The distance between these two areas corresponds to the
depth of the indent. It should be noted that for the sample impacted at 7.20 J, the supposedly
indented area on the impacted surface could not be detected. Consequently, due to the low level

of damage, the measurement of the permanent indentation is inaccessible.

A substantial increase of Pl dimensions, depth, and diameters is noticed when elevating the
impact energy. Nevertheless, ultrasonic measurement of the Pl comes with significant
uncertainty as mentioned in Table 3. Indeed, pulse/echo C-scan cannot be considered as a highly
resolved method regarding microscopic damage detection, especially when the damage does
not exhibit a through-thickness propagation. However, in terms of easy access and applicability
in the industrial fields, ultrasound-based method remains the most reliable methods. To verify
the efficiency of this estimation method, measurement using a more resolved method are

achieved in the next sub-section.

Table 3: Values of the depth of the permanent indentation obtained using the ultrasonic estimation method for the
seven considered samples impacted at 7.20 J, 10.54 J, 12.6 J, 14.58 J, 19 J, 21.15 J and 24 J respectively.

Impact energy  7.20 10.54 12.6 14.58 19 21.15 24
)
Depth - 59.5 4436 62.84 122 177 199.3
(pm) + 7 pm
Diameter - 6.3 3.9 5.1 3.6 7.2 5.7
(mm)
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Figure 38: (a) TOF C-scan of the sample impacted at 21.15 J showing the late arrival of the signal corresponding to
the localized indented part and (b) the B-scan of the impacted area enabling the measurement of the difference of the
TOF between the bottom of the hollow and the surface of the sample.
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Optical profilometry procedure

An optical profilometry method is used to confirm the accuracy of the previous measurement
based on US techniques. A LEICA DCM3D (Figure 39) is employed with a magnification of
five times, imaging an area of 27 x 20.23 mm. The surface of each sample is scanned according
to predefined steps during which each point of the surface crosses the focal plane. The
magnification leads to a lateral resolution along X and Y of 0.94 mm, and a vertical resolution
lower than 150 nm.

Figure 39: The employed Leica DCM3D device used to validate the measurements of the permanent indentation
performed by means of ultrasonic method showing the optical scanner and the acquisition system (Miqoi et al., 2021).

Optical profilometry results

After the scanning, raw data are obtained, and several post-processing procedures are performed
using Leica Maps software as depicted in Figure 40. The software enables to obtained different
dimensions of the permanent indentation such as the diameter, the depth, and the volume. An
example of a raw data is given in Figure 40(a) for the sample impacted at 21.15 J. First, a filter
(Figure 40(b)) is used to elevate the surface around the impacted area and to separate the
roughness from the waviness. The primary purpose is to identify the location of the indentation
area and then the PI is accurately measured. In fact, the profile is extracted in the line
corresponding to the deepest area. This latter provides information about the depth of the
permanent indentation (Figure 40(c)). Finally, by selecting the area of interest point by point, the
software calculates the volume of the permanent indentation (Figure 40(d)). Information relative
to the depth, the diameter and the volume of the scanned area is presented in Table 4 for the
seven chosen samples.
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Figure 40: Detailed post-processing procedure using Leica Maps performed on the plate impacted at 21.15 J: (a) raw
data, (b) filtered data, (c) profile extraction and (d) volume extractions.

Table 4: Values of the depth, the diameter and the volume of the permanent indentation obtained using the optical
profilometry for the seven considered samples impacted at 7.20 J, 10.54 J, 12.6 J, 14.58 J, 19 J, 21.15 J and 24 J,
respectively.

Impact energy 7.20 10.54
)
Depth 254 54.7
(um) £ 0.15 pm
Diameter 8.11 6.12
(mm) £ 0.15 um
Volume 0.01085 0.155
(mm’)

12.6

49.7

6.04

0.164

14.58

67

6.34

0.262

19 21.15 24

76.5 173.74 202.27
5.45 6.12 5.16
0.169 0.859 0.344

A comparison between the results provided by the two methods i.e., ultrasound-based method

and optical profilometry, for the seven considered sample and also for all the studied sample is

established and represented in Figure 41 and Figure 42 respectively. One can conclude that the

same tendency is retrieved in both figures confirming hence the representative aspect of the

seven chosen samples. The values of the PI depth increase until reaching an energy of 10.54 J,

the later stabilize and start to increase again when the energy exceeds 19 J. The comparison

shows a good correlation between the two methods as well as a satisfying accuracy for the
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ultrasound-based method. However, in the case of low indentations resulting from very low
impact energies, the Pl cannot be measured using the ultrasound-based method due to its
relatively low resolution compared to the optical profilometry. Indeed, the damage state at low
energies of impact makes it very complicated to localize the damaged area and thus the
measurement of the depth of the indented area is inaccessible.
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Figure 41: Comparison between the values of the depth of the permanent indentation (PI) obtained using both the

ultrasonic based method and the optical profilometry for the seven considered samples impacted at 7.20 J, 10.54 J,

12.6 J,14.58 J, 19 J, 21.15 J and 24 J showing a good correlation between the two methods and validating thus the
ultrasonic based method as an efficient method for a proper estimation of the PI.
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Figure 42: Values of the depth of the permanent indentation measured using an ultrasonic-based method and
confirmed by means of the results obtained employing the optical profilometry which is a highly accurate method for
each one of the twenty-one studied samples impacted at energies ranging from 6.7 J to 24 J. The comparison points
out and proves the effectiveness of the US based method.
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Il. Through-thickness damage investigation using

X-Ray Tomography

1. Principle of the method and Experimental acquisitions

To inspect deeply the effect of the impact loading on the studied composite, an X-Ray micro-
computed tomography investigation is carried out. The X-Ray images acquisition is achieved
using an EasyTom (Nano) system developed by RX solutions. This imaging method determines
the impact zones, distinguishes the different damage mechanisms, and draws the propagation
path of the induced damage with a high spatial resolution. Following the principle of the X-Ray
tomography detailed in Figure 43, the X-Ray beam penetrates the sample, which is positioned
on a rotating table and is then projected on a flat panel detector. Its ability to provide internal
information about the investigated area makes the technique more suitable and helpful
compared to other in-situ investigation methods. A voxel size is set to 12 um corresponding to
the resolution of the observation. It represents a good compromise in terms of accuracy up to
the level of the fiber diameter ranging from 10 to 15 pum. Radiographic images recorded at
different rotation angles are then processed for the 3D volume reconstruction of the targeted

area of the sample.

RX Source .X-Ray Beam
\ v

&5

3D reconstruction 3D Volume
Detector

Rotating table

Figure 43: Principle of X-Ray tomography technique showing: The source sending an X-ray beam penetrating the
investigated object positioned on a rotating table and projected on a flat detector enabling using suited software the
reconstruction of a 3D Volume (Migqoi et al., 2021).

2. Post-processing and Results

Through-thickness damage is investigated through the reconstructed 3D volume of the
impacted area. The latter is generated from the multiple saved images during the acquisition

using X-act software. The 3D volume is represented on a grey scale according to the X-ray
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absorption index of each phase constituting the composite. The AVIZO software is employed
afterward to significantly reduce the amount of noise in the reconstructed images employing
the median filter and the related thresholding levels that the software provides to highlight the
damaged zones. The inspection of the reconstructed layers, lead to the observation of several
damage mechanisms. The latter generate the creation of void that is represented in black when
coming across the X-Ray beam. It should be mentioned that for the sample impacted at an
energy of 7.20 J, the tomography results indicate no damage in the impacted area confirming
hence that this level of energy is not sufficient to create a permanent internal damage in the
studied material. All the tomography results for the considered samples impacted at 10.54 J,
12.6 J, 14.58 J, 19 J, 21.15 J and 24 J are represented in Figure 45, Figure 46, Figure 47, Figure 48
and Figure 49 respectively.

The main damage mechanism observed on the majority of the considered samples is matrix
cracking. Indeed, it consist of the first detected damage mechanism. Consequently, through-
thickness damage grows and propagates towards the impacted surface as the impact energy
raises. That said, matrix cracking spread from ply to ply through the rich polymer matrix areas

when increasing of the impact energy.

Furthermore, in the case of low-velocity impact in thin plates, damage is first noticed on the
non-impacted surface due to the bending effect resulting from the impact event (Hautier, 2010)
as illustrated in the figures below (Figure 44(b), Figure 45(c), Figure 46(c), Figure 47(b), Figure 48(b)
and Figure 49(b)).

The sample impacted at 10.54 J showed a small crack in the visual inspection stage. A more
profound investigation is established to verify its through-thickness propagation. The
tomography results point out to the fact that the crack is contained in the same layer and damped

by the architecture effect as illustrated in Figure 44(a).

For the rest of the considered samples, one can conclude that the severity of the damage
increases with the increase of the impact energy. Indeed, X-Ray tomography reveal larger
cracks resulting in the creation of a more evolved crack network that propagates through the
different layers. When the impact energy raises to 12.6 J, 14.58 J and 19 J matrix breaking
spread from the first to the second layers as seen in Figure 45(a), Figure 46(b) and Figure 47(a)
respectively. As the energy increases to 21.15 J (Figure 48(a)) and 24 J (Figure 49(a)), it propagates

into the third layer constituting the laminate and is slowed down by the weaving of the fibers.
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In fact, when matrix cracking propagates from one ply to another, this phenomenon is generally
accompanied by delamination and fiber breakage. Furthermore, the cracks propagate into and
along the yarns in a transversal and longitudinal path. Presuming that the energy in high enough,
the cracks develop and turn to delamination that wrap around the yarns. This damage
mechanism is known as pseudo-delamination and is shown in Figure 47(a), Figure 48(a) and Figure
49(a). When inspecting the fiber breakage zone in the perpendicular plane, a slight lift of the
broken area is noticed. This uplift result in the appearance of delamination between transversal

and longitudinal yarn of the same layer.

As a partial conclusion of the overall X-Ray tomography inspection, one can establish that the
damage mechanisms developed in the studied woven glass reinforced composite undergoing
low-velocity impact loading are similar to those observed under monotonous loading
(Pomarede et al., 2018). The damage Kinetics for the initiation, the accumulation and the
propagation are as follow: the first distinguished damage mechanism is the matrix cracking.
The latter is introduced into the non-impacted surface assignable to the nature of the material
(thin material) and spread in surface, in both longitudinal and transversal directions, due to the
deflection effect related to the boundary conditions. When the impact energy increases, these
cracks start to propagate into the yarns causing the deterioration of fiber/Matrix interface. The
cracks then diffuse between the yarns in the areas rich in polymer leading to the breakage of

the reinforcements.

@ Rising of the material on the
non-impacted side

Delamination area

(®)

Figure 44: The damage mechanisms observed in the sample impacted at an energy level of 10.54 J, contained in the
first layer, showing: (a) the rising of the material on the non-impacted side and the pseudo-delamination between the
longitudinal and the transversal yarn, and (b) the non-impacted showing the fibers breakage.
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In-thickness propagation of the crack

(2)

Lifting of the broken part of the yarm

Figure 45: The damage mechanisms observed in the sample impacted at an energy level of 12.6 J showing: (a) the
propagation of the cracks into the second layer, (b) the rising of the material on the non-impacted side and the
pseudo-delamination between the longitudinal and the transversal yarn, and (c) the non-impacted showing the fibers
breakage.
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Rising of the material on the non-impacted side

(@)

Crack network

Figure 46: The damage mechanisms observed in the sample impacted at an energy level of 14.58 J showing: (a) the
rising of the broken part of the yarn on the non-impacted side the propagation of the cracks into the second layer, (b)
3D propagation of the cracks in thickness in the longitudinal and transversal yarns, and (c) the non-impacted showing

the fibers breakage.
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Crack network

Figure 47: The damage mechanisms observed in the sample impacted at an energy level of 19 J showing: (a) the rising
of the material on the non-impacted side, propagation of the cracks in the yarns and the pseudo-delamination between
the longitudinal and the transversal yarn, and (b) the non-impacted showing the fibers breakage and the crack
pattern.

(a)
In-thickness cracks propagating and the creation of
fiber breaking

Delamination area

(®)

Crack network and fiber
breaking

Figure 48: The damage mechanisms observed in the sample impacted at an energy level of 21.15 J showing: (a) the
through-thickness crack diffusion, the creation of fiber breakage resulting in the propagation of the cracks in the
yarns along with the occurrence of the pseudo-delamination between the longitudinal and the transversal yarn, and
(b) the non-impacted showing the fibers breakage and the crack pattern.
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Cone shape damage indicating the fiber breakage path and pseudo-delamination
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Crack network and fiber
breaking

Figure 49: The damage mechanisms observed in the sample impacted at an energy level of 24 J showing: (a) The Cone
shape damage indicating the fiber breakage path inducing the creation of pseudo-delamination when propagation
from a yarn to another through the three layers, and (b) the non-impacted showing the fibers breakage and the crack
pattern.

[11. Non-destructive evaluation of the damage

After analyzing the impact response and the mechanical aspects of the impact damage, both
macroscopically and microscopically, on surface and in thickness, the quantification of the
residual damage is the subject of this section. One of the main objectives of this research work
is to propose a method of damage detection by nondestructive testing. Non-destructive testing
(NDT), more specifically Bulk waves and Lamb waves propagation method, are the main focus.
The choice of ultrasound is based on its sensitivity, efficiency, and ease of use in industrial
testing. On one hand, bulk waves are those that propagate in volume. Their nature enables the
detection of damage propagating through-thickness. In the other hand, Lamb waves allows the
investigation of large areas by means of a scan on a line. Consequently, the Lamb waves
exploitation is acknowledged as considerably time saving. More details about these two types
of waves are given in Chapter I.

84



A first sub-section is dedicated to the estimation of the stiffness matrix components of each of
the seven chosen samples. The second sub-section details an original approach consisting in the
determination of the propagation velocity profile of Lamb waves.

1. Stiffness reduction determination

This section is devoted to the determination of the measurements of the stiffness matrix
components for each sample considered. The experimental procedure followed will be detailed
in the first subsection. The steps followed to find the right values of the different components

are explained afterwards. Finally, a damage indicator will be proposed.

1.2. Experimental procedure

This section is dedicated to the step-by-step description of the experimental procedure followed
to determine the components of the stiffness matrix. The employed experimental stiffness
components measurements method is described and used in the works of (Pomarede et al.,
2018). The theoretical principle of this technique has been detailed in Chapter I. The main idea
of this method is to determine the velocity of the propagating wave at different
incidence/emission angles on the different principal planes. The velocity of wave propagation
along with the stiffness and density of a solid homogeneous medium are linked by the equation

known as Christoffel’s equation (Chapter I).

Due to the orthotropic nature of the material, the first step is, ideally, to perform the acquisition
of the signal propagating in the three principal planes (Figure 50) enabling to obtain the nine
stiffness components. However, in this case, and because of the low thickness of the samples
(1.53 mm), only two main planes are considered. Indeed, 1-3 plane and 2-3 plane are those
allowing the propagation of Bulk waves in transmission. Thus, the computation of only seven
out of the nine components is possible.

Indeed, the 1-3 plane enables the determination of C11, Cas, C1z3and Css while the 2-3 plane Cz,
Cas, Cozand Cas. It should be mentioned that measurements are performed on a reference
sample and damage samples impacted at 10.54 J, 12.6 J, 14.58 J, 19 J, 21.15 J and 24 J.

85



Plane 1-3

—
1 (Warp)
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Figure 50: An illustration of the three principle planes of ultrasonic waves propagation considered in the case of
orthotropic material (Pomaréde, 2018).

The acquisitions are performed at GeorgiaTech Lorraine ultrasound laboratory (LUNE)
employing Winspect software and the five-axis customer-designed immersion scanner
manufactured by Inspection Technology Europe BV. Since the measurements are realized in
transmission, two immersion transducers of the brand Panasonic are used. The latter are chosen
with a central frequency of 2.25 MHz satisfying hence the hypothesis of the homogenous media.
The distance between the emitter and the receiver is of 19.1 cm. A measurement in the water
without the sample is first done. The latter enables the estimation of the time taken by the wave
to cross the composite. The wave takes about 121.2850 s to propagate in the water. Knowing
the distance between the transducers, one can easily deduce that the velocity of wave in water
is about 1574 m/s. It should be mentioned that the velocity of propagation of the wave is very
sensitive to temperature variation. The experimental set-up used in this study is detailed in
Figure 51 and shows the system used to maintain the sample. For a better understanding of the
acquisition process, a schematic representation is presented in Figure 52. The entire measuring
system (transducers and samples) is immersed in a water tank used as a coupling fluid allowing
to provide better ultrasound coupling compared to air. Measurements are carried for an angle
of incidence varying from -30° to 30° with an angular step equal to 0.25°. Data acquisitions are

achieved through Winspect software and post-processed using a script in Matlab software.
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(@)

Immersion
transducers

Figure 51: Experimental set-up used for the acquisitions of the signals showing: (a) the five-axis immersion scanner
with the implemented transducers distanced by 19.1 cm and (b) an example of a sample with a special holding
enabling the scanning at different angles and directions.

Emitter

Sample

Receiver

Figure 52: Schematic representation of the acquisition process with angle variation (a=30°).

1.3. Post-processing and velocity calculation

The method followed to measure the velocity in the two considered planes is the one proposed
by Markham (Markham, 1970). Signals are recorded while variating the emission/ reception
angle simultaneously. After the acquisitions, the TOF is registered for each signal. The latter
corresponds to the first positive peak. The difference of time between a measurement with and
without the sample indicates the time of propagation of the wave in the sample. This value is

noted &; and is defined as:
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6 =ty — ts

With ty = excos (0-—6;)

Vw=*cos (6y)

e
- Vg*cos (6+)

And ts

e corresponds to the thickness of the sample, 6, the refraction angle, 6, the incidence angle, and

Vw and Vs the velocity of propagation of the wave in the water and in the sample, respectively.

With the help of Snell’s Law, the angle of refraction and the velocity of propagation of the wave
in the sample are given by:
sin (6;)

Vdr
e

0, = atan (.
cos(6;) —

_sin(6;) * Vy
57 sin(6)

It should be noted that normally the phase velocity is used for the estimation of the stiffness
matrix components. However, this experimental method enables the calculation of the group
velocity which is different from the phase velocity. As proven in (Rokhlin & Wang, 1989,
1992), due to the changes that can occur in the velocity and the propagation paths, the use of §;

to retrieve the phase velocity is considered as physically correct.

A large number of experimental data i.e., values of TOF corresponding to emission angles, is
required for a proper computation of the stiffness tensor. It should be noted that when varying
the emission angle merger occurs. Indeed, different modes can propagate in the samples namely
quasi-longitudinal and quasi-transversal modes. Consequently, the measurement of the correct
value corresponding to the right mode are more difficult inducing hence incorrect values of the
mode propagation velocity. For that matter, it is important to follow the wanted peak at different
angles. As a result, one can see the appearance and the disappearance of the propagating modes.
For a better understanding, one can refer to Figure 53 that illustrate a signal recorded at 0° and

one recorded at 27.25°. The localized quasi-transversal mode can be easily identified at the
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signal with 27.25° as incident angle. Experimental assessment of the signals leads to the
following conclusions: (1) Only the quasi-longitudinal mode QL and the first quasi-transversal
mode QT1 can be easily identified and (2) For a given angle of incidence 6 € [-25°, +25°] the
longitudinal mode is predominant. Around 6 = 0°, the first peak corresponding to the
longitudinal mode is easily identifiable (Figure 53). By increasing the angle of incidence from
0 = 0°, a decrease of the amplitude of the first peak is observed and corresponds to the
progressive transfer of the energy from the longitudinal mode to the transversal mode (Figure
53). In a same way, by decreasing the angle of incidence from 6 = + 30°, a decrease of amplitude
of the first peak (how from the transversal mode) leads to a progressive transfer from the
transversal mode to the longitudinal mode. In other words, from a critical angle of incidence,
modes become evanescent. Indeed, starting from = 24°, only the quasi-transversal modes are

propagating.

Quasi-transversal mode Longitudinal mode Appearing mode
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Figure 53: Received signal at 0° and 27.25° showing the longitudinal mode on the signal corresponding to 0° and the
quasi-transversal mode as the only type of mode propagating at 27.25°.

After the proper measurements of the TOF values of the quasi-longitudinal and the quasi-
transversal modes in the two considered planes, the values of velocity of each mode are
computed using equation (7). For the non-damaged sample, the retrieved values of the velocities
are illustrated in Figure 54. One can see that the values of the phase velocity remain stable
around 2230 m/s in the range of angle between +10° approximately, and then increase with the
increase of the incidence angle. The same results are found in the works of Pomarede
(Pomarede, 2018).
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Figure 54: Experimental velocities of waves propagating in a non-impacted sample showing the velocities of quasi
longitudinal mode and the quasi-transversal mode.

The stiffness components are determined by resolving the inverse problem of the Christoffel

equation.

(Ci]‘kll’lknj — pVZ(Sij)Ul =0

To do so, an optimization approach is used. A Levenberg-Marquardt algorithm is employed to
minimize the difference between the analytical and the experimental velocities. The

optimization problem is introduced as:

F(Cl]) = Z[Vexp - Vnum(cij)]z

with n: the number of the values of experimental velocities, V,,, the experimental values

obtained using the measured TOF and V,,,,,,the analytical velocities.

The velocities are computed by resolving the Christoffel equation for a provided set of stiffness
matrix values. It should be noted that the algorithm needs to be initialized. A correct first
estimation of the initialization values is crucial for a smooth running of the calculations.
Moreover, Levenberg-Marquardt algorithm is very sensitive to these initial values. The latter

can induce errors in the calculations if the initiation values are not properly estimated. The
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accuracy of the determined stiffness components depends also on the number of the measured
values of velocities and the number of the considered plans. Consequently, it is more accurate
to consider a confidence interval for each identified value of the stiffness matrix components
(Baste & EI Guerjouma, 1989; Margueéres et al., 1999; Marguéres & Meraghni, 2013). As
proposed by Audoin et al. (Audoin et al., 1991), the covariance matrix is used to estimate the
confidence interval. It enables the obtention of information relative to the statistical variation
between the analytical solutions of the Ci;.

The estimated confidence intervals are calculated from the diagonal values of the covariance

matrix and are given as:
ci(i) = v/ i

t

¢ =———« (U] * D

B n—m

With: [J] = % the Jacobian matrix, r the vector containing of residual values, n the number
)

of the considered experimental velocities and m the number of the stiffness constants to
identify.

1.4. Stiffness constants estimation: Results

Since only two planes are considered during the acquisitions due to the low thickness, only
seven out of the nine stiffness matrix components can be directly obtained. However, since Cas
appear in the Christoffel equation relative to both investigated planes, the latter can also be
estimated. As for the remaining constant, namely Cio, it is fixed to the initialization values
retrieved from periodic homogenization. The values of the eight stiffness matrix components
along with the confidence interval relative to each value are found in Table 5 for the seven
investigated samples. The evolution of each component can be visualized in Figure 55.

A progressive decrease is noticed for the values of the C11 component from 7.20 J to 14.58 J
(Figure 55(a)). The values are stabilized afterwards. For C22 component (Figure 55(a)), a reduction
is noticed at higher energies, specifically at 19 J. The values of this component do not seem to
have an important variation before the last energy. An important fall of the values of Cs3
component Figure 55(b) is visible starting from 12.6 J. Less marked drop is seen for the rest of

the components Ces, Css, C13 and Cos (Figure 55(d) and Figure 55(c) respectively). That said, C23
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varies as follows: the values decrease starting from 10.54 J until they reach a threshold where
they are maintained even at higher energies (Figure 55(c)). As for Ci3, the values gradually
decrease as the impact energy grows (Figure 55(c)). However, Cgs and Css values do not appear
to change (Figure 55(d)). Finally, the value of C44 component decrease starting from 7.20 J until

14.58 J and then the values stabilize as the impact energy increases.

One can conclude that several components decrease with the increase of the impact energy. The
variation of certain components rather than others depends mainly on the type of loading.

However, some estimated values have relatively high uncertainty.

Table 5: Values of the eight retrieved stiffness matrix components with their relative confidence interval.

Impact energy 0 7.20 10.54 12.6 14.58 19 24

()

Cy 1880+ 18+ 1.7838 17.25+ 16.75+ 1,66 15.19+ 15.01+ 15+
(GPa) 0.97 1.60 1.66 3 6.01

Cy, 1926+ 18.05+0.80 18.08+0.78 16.50+0,84 18.2+0.84 18.16+2.3  16.61+2.13
(GPa) 0.64

Cs; 8.8+ 8.73+ 8.8+ 8.8+0,16381 7+ 6.71 £ 5.76
(GPa) 0.13 0.16 0.14 0.16 0.44 0.5

Cys 335+ 3.11+£0.52 3.1+0.44 3,18+0,48  2.76+0.48 25+1.11 232+ 1.64
(GPa) 0.78

Cy; 3.04+ 3+0.42 25+0.18 2.5+0,16 2.6+0.41 25+1.03 2.55+1.1
(GPa) 0.13

C44 3+£031  296+028 251+025 2,11+0,28  2.08+0.35 2.14+0.63 2.4+0.78
(GPa)

Css 1.85+ 1.85+0.09 1.88+0.07 1.98 + 0,09 2.1+0.09 1.9+0.19 1.99+0.23
(GPa) 0.35

Css 1.92+ 1.92+0.09 1.94 +0.06 2.05+0,08 2.1+0.08 1.79+0.19 1.74 +0.21
(GPa) 0.09
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Figure 55: Evolution of the seven stiffness components function of the impact energy, namely: (a) C11 and C22, (b)
C33, (c) C55 and C66 and (d) C23.

2. Lamb waves-based method

The guided waves are used to determine the damage in the composite. Indeed, as mentioned in
the literature review, Lamb waves are shown to be very effective when it comes to the
evaluation and the study of the damage state of a complex structure. The main idea is to change
the direction of propagation of the guided wave in the sample, and to compute the velocity of
propagation for each direction. Since the velocity of propagation is directly linked to the
stiffness of the media, the variation of the angles of emission/ reception i.e., the direction of
propagation enables to retrieve information concerning the anisotropy resulting from damage
initiation.

The results will be presented as velocity profiles function of the angle position describing the

interaction between the wave and the propagation media.
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Different steps are followed to determine an operational experimental set-up. The preliminary
tests point out to different parameters that should be considered. One can divide these
parameters into two categories: ultrasonic parameters and geometrical parameters. The most
important ultrasonic parameter is the frequency. Indeed, choosing the right frequency for the
signal is crucial for a good assessment of the signals. As geometrical parameters, one can cite
the distance between the transducers, the position of the latter on Z axis, and the positioning of
the sample. The preliminary works, considered to respond to each of the mentioned aspects, are

discussed in the following sub-sections.

Indeed, a procedure is followed for the determination of the emission frequency. Solutions are
proposed to minimize the error due to geometrical variations mainly of the position of the

transducers and the position of the sample.

2.1. Sample and transducers positioning

Since guided waves are very sensitive to any variation especially geometrical variation, keeping
a fixed distance between the transmitter and the receiver throughout the acquisitions is highly
important for a good understanding of the phenomena occurring during the propagation of the
wave. For that matter, two devices are custom designed by 3D printing. A transducer holder is
designed to guarantee a distance of 6 cm between the centers of the transducers as shown in
Figure 56. The transducers’ holder in then positioned on a five-axis immersion scanner made by
Inspection Technology Europe BV to automatize the displacement of transducers position on Z

axis and therefor maintain the same pressure on the samples at each position.

As previously mentioned, the experimental measurements consist in variating the angle of
emission and reception simultaneously (Figure 57). A step of five degrees is chosen for this
experiment. A custom-made 3D printed system is designed. The latter consists of two parts: a
sample holder and a device that allows the rotation of the sample at the pre-defined steps (Figure
58).

Figure 56: 3D printed custom carrier ensuring a constant distance of 6 cm between the centers of the transducers.
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Position 1 Position n

Transducers

Damaged area

Figure 57: Schematic representation of the experimental measurements’ principal showing the emission and reception
transducer, and the angle variation from position 1 to position n.

Figure 58: The 3D custom designed experimental device used to ensure the rotation of the sample at a pre-defined
step of five degrees showing: (a) the rotation support and (b) the entire set-up with the rotating sample holder.

2.2. Determination of the emitting frequency

The first step in the determination of the adequate emission frequency is the knowledge of the
modes propagating at each frequency. The latter is given in the dispersion curves. For that
matter, the “Disperse” software, developed at the Imperial College NDT lab , is used. By giving
the stiffness tensor, the size of the Representative Elementary Volume (REV) and the thickness
of the studied material, one can numerically generates the dispersion curve. To avoid any
confusion when post-processing the signals, the range of the chosen frequency corresponds to
where only So and Ao modes propagate in the material. The dispersion curve describing the
group velocity function of the frequency is given in Figure 59. Based on the dispersion curve, a

range of frequency varying between 50 KHz and 175 KHz is selected.
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Figure 59: Dispersion curve corresponding to the studied material showing the group velocity function of the
frequency (Pomarede et al., 2018).

The acquisitions are made on a non-impacted sample (reference sample) at the position 0°.
Signal are emitted at frequency varying between 50 KHz and 175 KHz with a step of 25 KHz.
The frequency corresponding to the clearest signal will be selected for the rest of the study. The
clearer the signal in the position 0° in the non-damaged sample, the better the effect of the
introduction of damage can be seen on the signal. Figure 60 and Figure 61 illustrate the saved
signal for each tested frequency. Figure 60 depicts the signals propagating at low frequencies
namely 50 KHz, 100 KHz and 125 KHz. One can easily observe that the three signals show a
disturbance that is reflected by the appearance of multiple merging cycles. On Figure 61, in
addition to the 125 KHz signal, signals emitted at 150 KHz and 175 KHz are exhibited. From
a close observation, one can conclude that the signal with defined cycles correspond to the
signal emitted at 150 KHz. That said, for the rest of the study, a frequency of 150 KHz is chosen
because the "overlap of the modes™ occurs later in the signal than at other frequencies.
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Figure 60: Signals propagating in the non-impacted sample at different frequencies namely 50 KHz, 100 KHz and 125
KHz.
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Figure 61: Signals propagating in the non-impacted sample at different frequencies namely 125 KHz, 150 KHz and
175 KHz.
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2.3. Experimental set-up

A single sinusoidal pulse is generated at a frequency of 150 KHz with an amplitude from peak
to peak of 10 V using a Hewlett Packard 33120 A generator. The latter is connected to one of
the transducers (the emitter). The signal propagates in the sample and is then captured by the
receiver. The transducers employed in this experimental set-up are 1 MHz transducers of the
brand Olympus. Knowing the attenuation effect that the composite has on the signal, a Krohen-
Hite model 7500 amplifier is utilized. The output of the amplifier is linked to a Lecroy
waverunner 64Xi oscilloscope that enable the visualization and the recording of the signals. It
should be mentioned that all acquisitions are realized at LUNE Laboratory located at

GeorgiaTech Lorraine.

(a)

Z axis for the
5 axis robot

Transducers

. Sample rotating
carrier

device

Generator Oscilloscope

Figure 62: The employed experimental setup showing: (a) the transducers maintained by the 3D printed

holder that is fixed on the five axes robot allowing the translation on the Z axis along with the 3D printed

custom-designed device allowing the rotation of the sample with a pre-defined step of 5°, and (b)the setup
used to generate and save the signal revealing the generator, the amplifier and the oscilloscope.
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2.4. Post-processing and results

After recording the 13 signals at each angle for all the considered samples (reference and seven
impacted samples), the next step is to identify of the time of arrival of the first propagating
mode. To do so, a convolution between a reference signal and the signals recorded for each
sample at each defined position is performed. One should remind that the convolution of two

functions is given as the integral of the product of the latter after one is shifted:

fxg=[f(gt—r1)dr

The reference signal corresponds to the first wave packet (from the second to the sixth peak) of
the signal recorded on the reference sample at angle 0° as show in Figure 63. The resulting
convolution signals are then superimposed on each corresponding signal. In other words, each
signal is compared and correlated to the first wave packet of the signal propagating at 0° in the
non-impacted sample. This method allows the determination of the exact position where there
is a correlation between the reference signal and the rest of the signals. This position
corresponds to the time of arrival of the first peak i.e., the So mode, that will consequently lead
to the calculation of the velocity. The whole procedure of TOF selection is explained by an
example of measurement on a signal recorded on the reference plate at angle 0° illustrated in
Figure 64. Furthermore, knowing the distance between the emitter and the receiver, one can
easily calculate the velocity of propagation for all sample at each position. To clearly observe

and quantify the gap between the reference and the impacted specimens, trend curves are used.
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Figure 63: Signal recorded at angle 0° on a reference sample and the part of the signal used in the computations.
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Figure 64: Example of a convolution signal superimposed with an original signal recorded at angle 0° on
the reference sample, and the peak of the convolution signal on which the value of the TOF is extracted
circled in green.

To have a clear trend of the evolution of the velocity function of the angle of emission/reception,
one must select the proper type of approximation curve. For that matter, a special procedure is
followed. The previously mentioned software ‘Disperse’ is used to determine the values of
velocity at each emission angle for the first propagating mode. By entering the stiffness matrix
of the non-impacted sample obtained by periodic homogenization as discussed in Chapter I, the
thickness, the REV, and the emission angle as inputs, one can retrieve the numerical values of
the velocity of propagation at each angle for a frequency of 150 KHz (Figure 65). It is deduced
from the comparison of the experimental values with the numerical values that the propagating
mode corresponds to So mode. Finally, a fourth-order polynomial trend curve is found to be the
best fit for the numerical values. Consequently, and for the rest of the study, fourth-degree
polynomial trend curves are used. The results are then illustrated as velocity profiles function

of the angle (emission/reception) as exhibited in Figure 66 for all the considered samples.
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Figure 65: Velocity profile obtained using the software ‘Disperse’ employing the stiffness matrix obtained by periodic
homogenization for a non-damaged sample.
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Figure 66: Velocity profiles of each of the considered sample namely, the reference sample and the seven
impacted samples loaded at: 7.2 J, 10.54 J, 12.6 J, 14.58 J, 19 J, 21.15 J and 24 J with a fourth-degree
polynomial approximation.

Figure 66 shows that a difference between the velocity profiles corresponding to the reference
sample and those related to the impacted sample occurs. Indeed, all the velocity profiles are
below the velocity profile of the reference sample. This gap is explained by stiffness reduction
at early stages of damage creation and its development as the impact energy increases. To
clearly quantify the effect of damage on the decrease of the propagation velocity, the calculation

of the area under the curve is proposed. Therefore, a damage indicator is suggested.

Adamaged

D=1-
Aref

With Adamagea the surface under the velocity profile of a damaged sample and 4, the surface

under the velocity profile of the reference sample.

After the calculation of the values of the damage indicator (D) for each sample, one can
illustrate the results as shown in Figure 67. One can clearly see the increase of the DI with the

increase of the impact energy.

Compared to the results previously obtained when measuring the damage indicator based on
the permanent indentation measurement, the present damage indicator has proved its efficiency

in describing the evolution of damage function of the impact damage.
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Figure 67: A comparison between the evolution of the damage indicator and the evolution of the values of the

permanent indentation function of the impact energy showing the same trend between the two curves.

IV. General overview

This chapter is dedicated to a detailed study of damage resulting from low-velocity impact

damage. The focus is drawn towards seven samples impacted at energies of 7.20 J, 10.54 J, 12.6

J, 1458 J, 19 J, 21.15 J and 24 J. The assessment methodology discussed in the previous

sections lead to the following outcomes:

The mechanical response during impact tests is analyzed and showed a change of
response when damage is initiated. Indeed, a gap in the deflection-time curves is noticed
between the samples impacted at 7.20 J and the rest of the considered samples. This gap
can be related to damage initiation.

A visual inspection by naked eye have shown that the first damage state appeared as
matrix micro-cracking on the non-impacted surface of the sample impacted at 10.54 J.
Cracks propagation increases with the increase of impact energy. Indeed, it was found
that the cracks diffuse on the surface following the fibers orientation and their length
grow as the impact energy raises. Furthermore, a particular aspect is noticed on the
sample impacted at higher energies i.e., 21.15 J and 24 J. It is the buckling of the fibers
on the impacted side close to the edges of the samples. This phenomenon results from
the bending of the sample during the impact event and the non-return to its initial

position.
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Permanent indentation (PI) measurements are performed using the ultrasonic scanning
method. The obtained values are validated using a more resolved method which is
optical profilometry. It has been found that: (1) the values of the depth of the PI increase
with the increase of impact energy, and (2) the ultrasound-based method is very efficient
in estimating the values of the permanent indentation.

Through-thickness inspection is carried out using X-ray micro-computed Tomography.
The investigation on the 3D reconstructed volume has shown that at low impact energy
(7.20 J), no damage is created. As the energy of impact grows, matrix micro-cracking
begins to appear (starting from 10.54 J as impact energy). The later propagate into the
yarns causing fibre breakage, and between the yarns deteriorating hence the fiber/matrix
interface. The debonding between the longitudinal and the transversal yarns create the
most penalizing damage that can occur in multilayer composites, i.e., delamination. As
the impact energy increases, these damage mechanisms spread into the different layers
of the composite.

To quantify the effect of the impact damage on the integrity of the composite samples,
two NDE technics are employed. First, a stiffness reduction estimation method, that
uses the velocity of the propagation of Bulk waves in different planes, is employed. The
latter has shown that C11 and Css are the most affected components when it comes to
impact damage. This can be explained by damage propagation patterns observed earlier
using mCT influenced by the architecture of the material. A damage indicator is
proposed based on the evolution of the values of the components of the three principal

planes C11 and Cass, and can be expressed as follow:

DCij =1 — —Cﬂé‘;":fged
With Cijaamagea the stiffness component of a damaged sample, and Cij..rthe stiffness
component of a non-damaged sample i.e., reference sample.

The evolution of these damage indicators is illustrated in Figure 68. One can see that
DC11 increases progressively until 14.58 J and then the values stabilize (Figure 68(a)). On
Figure 68(b), C33 behaves differently than Cii. In fact, at low energies, i.e., 7.20 J and
10.54 J, the values of Czz do not seem to vary. As the energy of impact grows above
10.54 J, DCss3 grows progressively until reaching its maximum value. The difference in
evolution between C11 and Css can be explained by the growth of the cracks in the warp

and weft direction for C11 and through-thickness for Css as the impact energy rises.
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Figure 68: Damage indicators evolution for: (a) C11 component and (b) C33 component.

By analyzing the surface damage, namely the appearing damage on both impacted and
non-impacted surfaces, the through-thickness damage, and the residual properties, one
can deduce a link between the absorbed energy, the Pl depth, the damage mechanisms
and stiffness reduction. Indeed, by quantifying the permanent indentation, one can
predict the damage state and foresee the extent of damage propagation through the
thickness.

As a final step of the thorough study of the influence of the low-velocity impact on the
response and behavior of the composite, a method based on Lamb wave propagation is
proposed. It consists of observing of the changes of the values of the velocity as the
anisotropy resulting from the created damage increases. By varying the angles of
emission and reception simultaneously, one can establish a velocity profile that is
representative of the stiffness evolution as the impact energy rises. The trend of the
results obtained using the developed Lamb waves method are compared to the one
relative to the evolution of the PI’s depth as a function of the impact energy (Figure 69).
Excellent correlation is found between the two methods, indicating that both damage
indicators can be employed differently to predict the overall damage state of the

polyamide-based composite samples.
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Figure 69: Comparison between the results obtained using both ultrasound-based method and
profilometry for the seven samples impacted respectively at energies of: 7.20 J, 10.54 J, 12.6 J, 14.58 J, 19
J,21.15Jand 24 J.

V. Conclusion

The current chapter presents a qualitative and quantitative characterization of the damage
resulting from low-velocity impact on a polyamide-based woven composite employing
different NDE techniques. The objective of this study is to provide a comprehensive and reliable
characterization of the induced damage using a developed experimental methodology. All the
obtained results are linked to different damage indicators that can be used individually. Indeed,
it is shown that the PI is a very efficient indicator of the damage state post-impact event.
Furthermore, the damage indicator based on Lamb-waves velocity profiles has proven its
reliability and one can conclude that the latter can be used alone to reflect the damage condition.
The link between the Pl and the Lamb-waves based damage indicator establishes the accuracy
of the proposed ultrasound-based methodology when applied alone for the investigation of
damage in composite materials. Finally, the experimental stiffness matrix components
measurement allowed to estimate the effect of the damage on the mechanical properties of the

studied composite.

As previously mentioned, the study material is designed to withstand fatigue loading and low-

velocity impact. For that matter, the understanding of the damage kinetics resulting from cyclic
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loading will be the object of the next chapter. The damage will be assessed using the developed

Lamb waves method.
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Chapter 3: Assessment and analyze of
the PA66/6 based composite undergoing

to tension-tension fatigue loading

This chapter deals with the investigation of the damage in a polyamide-based composite that
could appear within a component during normal operational service. Damage in reinforced
polyamides occurs due to operational loads, temperature, and is affected by relative humidity
conditions as reported by (Arif et al., 2014; Giurgiutiu, 2016; Pomaréde, 2018; Robert &
Benaarbia, 2015). Unlike impact damage, which is considered as a result of accidental events
causing a sudden decrease of the mechanical properties of the composite, damage due to the
operational loading induces a progressive degradation of the latter. The study of damage created
by tension-tension fatigue loading will be the focus of this chapter. An optimization of the
sample’s geometry is achieved to promote the generation of damage in its central area. The
Wohler curve characterizing the fatigue response of the material is constructed and discussed
for different loading conditions. The identification of the resulting damage mechanisms is
carried-out by means of X-ray tomography. The efficiency of the Lamb waves-based method
developed in the previous chapter is then tested and assessed on samples subjected to tension-
tension fatigue loading. Indeed, the proposed investigation method has proven its ability to
detect and to quantify localized and diffused damage caused by accidental impact events. The
main objective is to assess the capability of this method to detect diffuse damage resulting from
repeated load. For that matter, a comparison is established between the results obtained using
the Lamb waves-based method and those achieved by voids content measurements during the

X-ray tomography analysis.
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I. Optimization of the sample geometry

1. The different geometries of the samples

Different geometries are generally reported in the literature for fatigue tests on composite
materials namely: rectangular, constant section dog bone, variable section dog bone (De Baere
etal., 2011; De Baere et al., 2011; Eliasson et al., 2019; Malpot, 2017). In the rest of the study,
the constant section dog bone geometry will be referred to as dumbbell and the variable section

dog bone as dog bone.

To choose one of these geometries, certain requirements should be respected. Indeed, in this
work, the aim of the fatigue tests is to create damage in the center of the sample that will be
investigated in further sections using non-destructive testing methods. Consequently,
preliminary monotonic tensile tests are carried to localize the failure area, decide which of the
commonly used geometries is suitable for the intended fatigue tests, and finally identify the

ultimate tensile strength (cuts) for each geometry.

The length of the samples is the same as the length of impact samples (150 mm). Indeed, in the
next chapter, a comparison between the residual properties of impacted samples and the samples
loaded in fatigue will be established and discussed. The width of all samples is chosen as
function of the size of the material representative volume elements (RVE). Moreover, it is
important to consider at least two RVEs to have an accurate representation of the behavior of
the material during the tests. For this material, and as measured in the works of Pomaréde
(Pomarede, 2018), the adopted RVE is a square of 16 mm with a thickness of 1.53 mm.

The dimensions of the rectangular samples are set to 150 mm x 45 mm (Figure 70). The chosen

width enables to have almost three RVESs that avoids unnecessary deformation localization.

150 mm

A
Y

A3mm 45 mm

LT y]
i

Figure 70: Dimensions of the employed rectangular samples for the fatigue and tensile tests.

112



Dumbbell samples are being used in several fatigue of multilayers composites studies (Ferreira,
Costa, & Reis, 1999; Ferreira et al., 1999; Franco et al., 2008). In the works of Ferreira et al.
(Ferreira, Costa, & Reis, 1999), it is pointed out that the failure of the specimen happens at the
end of the width change zone. This assumption will be corroborated by a tensile test.

Dimensions of the samples employed in this study are given in Figure 71.

Figure 71: Dimensions of the dumbbell sample that will be destined for tensile and fatigue tests.

The dog bone geometry has been studied by De Baere et al. (De Baere, Van Paepegem,
Hochard, et al., 2011) . The highlight of this geometry is that the rupture occurs in the useful
zone of the sample. Indeed, the slight curvature in the useful area allows the stress concentration

coefficient in the center to be higher than that of the area positioned in the jaws.

In this study a geometry inspired from that proposed by De Baere et al. (De Baere, Van
Paepegem, Hochard, et al., 2011) is considered. The geometry proposed by De Baere is
presented in Figure 72. The radius of curvature (R) is given by the following equation:

(S g 1)2b2 + 12

S—1
4b(><—)
With:

= S: stress concentration factor at the heel/sample boundary.
= b: width of the head of the specimen.

= [: length of the gauge zone of the sample.
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Figure 72: Dog bone geometry proposed in the works of De Baere et al.

In the present work, the previous dog bone geometry has been modified by withdrawing the
tapered tabs as that proposed by the authors (De Baere, Van Paepegem, Hochard, et al., 2011).
Details about the dimensions of this geometry is given in Figure 73. The stress concentration
coefficient is set to 1.28 and resulted in a radius curvature value of 126,90 mm. The latter is not
tapered and ensures a minimum width of 35 mm of the gauge zone which allows to have a

minimum of two RVESs in the center of the specimen.

n
< >

150 mm

Figure 73: Dimension of the modified dog bone samples tested in the study.

It should be mentioned that for all geometries, and for comparison reasons that will be detailed
in the next chapter, a maximum length is set to 150 mm and the maximum width (width in the

jaws) is set to 45 mm.

Preliminary tests (tensile and tension-tension fatigue tests) are carried-out beforehand to choose

the geometry that meets the requirements.
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2. Tensile tests

Samples of each geometry are prepared cut using hyperbaric water jet cutting. They are then
loaded in monotonic tensile tests until failure to identify the area of the final rupture. No prior
RH conditioning is considered at the stage of preliminary testing. Therefore, the sample are
loaded until failure in the as received conditions in terms of RH. The displacement controlled
tensile tests are performed in the direction of the longitudinal fibers on specimens oriented
0°/90°. A Zwick Z50 kN machine is employed with a cross-head speed of Imm/min. It should
be mentioned that for all tensile tests of this section, the same machine and parameters are

employed for the three geometries.
The experimental findings show that:

= For dumbbell samples, failure occurs in the zones of the section change i.e., the jaws
area as a consequence of the Poisson’s ratio effect due to stress concentration (Figure
74(a)).

= For rectangular samples, the final breakage appears in the center (Figure 74(b)).

= For the dog bone samples, failure take place in the zone with the narrow section (center

of the samples) (Figure 74(c)).

Consequently, and according to the obtained qualitative results, only the dog bone and the

rectangular geometries will be tested in tension-tension fatigue for geometry validation.

() (b) (©)

Figure 74: Sample post tensile tests until failure showing the area of the final rupture for: (a) dumbbell geometry, (b)
rectangular geometry, and (c) dog bone geometry.
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3. Fatigue tests

Fatigue tests are performed using a hydraulic uniaxial machine of the brand MTS Landmark
i.e, MTS Hydraulic wedge Grip. This machine is equipped with a load cell of 100 kN as a
maximum load capacity and can reach a maximum loading frequency of 100 kHz. The samples
are clamped using flat hydraulic serrated (pyramid) jaws of 45 mm width. The acquired and
recorded mechanical data related to the fatigue tests are the displacement of the lower jaw, the
force, as a function of the time of the test as well as the number of cycles. An infrared camera
is used to measure the temperature field variation over the sample’s area of interest. The main
idea is to identify the rupture zone using the temperature increase that occur with the creation

of damage. The experimental set-up is detailed in Figure 75.

Two samples of the rectangular and dog bone geometries are loaded until failure at two
maximum stress levels namely 80% and 60% outs at a frequency of loading of 1 Hz. The cuts
values were previously determined using the quasi-static monotonic tensile tests for each
geometry. The main reason of these tests is to check that the final failure appears in the center
of the sample as found during the monotonic tensile tests leading hence to the validation of the

chosen geometries.

—- Hydraulic jaws

Figure 75: Experimental fatigue tests set-up showing the used MTS hydraulic test machine, the thermal infra-red
camera, and the sample positioned between the two hydraulic jaws.
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The experimental results of the fatigue test until failure show that the rectangular samples
exhibit a final fracture in zone close to the jaws unlike monotonic tensile tests where failure

occurs in the center of the specimen.

In the case of dog bone samples, failure happens in the central area as found in the quasi-static
tests. Figure 76 exhibits samples of both geometries loaded in fatigue until failure showing the

area of rupture.

Figure 76: Observation of the final failure zone post-fatigue tests for: (a) the rectangular geometry showing the final
rupture close to the jaw area and (b) dog bone samples breaking in the center of the sample.

Considering all the qualitative experimental findings, the dog bone geometry will be considered

for the rest of the study.

1. Mechanical tests on the chosen geometry

1. Monotonic tensile tests

1.1. Experimental set-up

In this section, the quasi-static monotonic tests are aimed at identifying the mechanical
characteristics of the studied material using the chosen geometry. Indeed, to perform the fatigue
tests, certain material’s properties, such as curs, have to be characterized priorly. To this end,
tensile tests are carried out according to the 1ISO 5893 standards by means of the same tensile
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machine noted hereafter ‘Zwick Z50 kN’ employed in section I1.2. The tensile tests are
displacement controlled with a crosshead speed of 1mm/min. The sample displacement is
measured using several devices. Indeed, the displacement is assessed employing various

techniques:

= Laser displacement transducer
= Digital Image Correlation technique (DIC)

= Mechanical data given by the tensile machine (crosshead displacement)

The experimental set-up showing the numerous sensors is depicted in Figure 77. A black and
white speckle is put on one of the sample’s surfaces facing the CCD camera of the brand
‘Limess’ employed for DIC technique. The opposite surface of the sample is facing the laser
sensor. It should be mentioned that for the rest of the study, samples are previously kept in a
humidity chamber until the latter reach the target in terms of moisture corresponding to 50% of
relative humidity. The storage conditions and procedure are the same as those detailed in
Chapter Il for the impacted samples. The latter went through a drying process followed by a
conditioning procedure in two steps: first a stage of accelerated water absorption at 65% RH
and a temperature of 50° until reaching 2.7% mass gain, and then, a stabilization step at 50%
RH to reach a uniform distribution of the water through the thickness of the sample. Since the
polyamide matrix is known to be sensitive to humidity (Arif et al., 2014; Benaarbia et al., 2014;
Malpot et al., 2015; Robert & Benaarbia, 2015), and given the conventional use, it is
recommended to perform mechanical tests on samples with 50% relative humidity conditions.

All the samples are oriented at 0°, i.e., the load is the direction of the longitudinal fibers.

DIC camera Laser sensor

Mechanical
jaws

Figure 77: The used experimental set-up to realize the tensile tests showing the DIC camera, the laser sensor and the
sample clipped in two mechanical jaws.
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1.2. Experimental results

The data acquisition allows to obtain the force applied on the specimen, the corresponding
displacement, of the crosshead, the laser sensor measured as well as the displacement field
measured by DIC. The analysis of the DIC data with the 'Vic2D' software allows to obtain the
evolution of the strain fields during the test and also the global average strain in the loading

direction.

Since independent sensors are used during the acquisition, having each its own sampling
frequency, and starting point, it is necessary to assign them a common time base. An Excel
macro has been used to reconstruct all data on a common time base. The displacement measured
using the crosshead machine and the laser sensor are divided by the gauge length to obtain the
corresponding strain evolution. The stress-strain curves obtained by the three sensors are

presented in Figure 78.
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Figure 78: Stress/Strain curves for one of the tested samples with the three considered displacement sensors: DIC,
laser and crosshead.

One can clearly distinguish a discrepancy between the strain estimated from the DIC, laser
sensor and that measured from the machine displacements. The maximum strain for the data
relative to the crosshead is around 4% whereas for the DIC and laser it is less than 2%. The
effect of the machine compliance due to the clearance of the fixtures, often badly compensated,
reduces the accuracy of the displacement measurement. Indeed, the crosshead data also includes

the response of the grips fixture and the related clearance. Consequently, it is preferable to use
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the DIC and the laser sensor as reliable sources of data since they are contactless and account

for the response of the material.

As expected, the global tensile test response of the material is quasi-linear behavior when the
material is loaded along the fiber’s axis. The failure area is located in the center of the sample
in accordance with the results obtained in previous sections. The average ultimate tensile
strength (outs) is of 333 MPa. It is worth mentioning that this value will be kept and considered

as a reference of outs in the rest of the chapter.

2. Fatigue tests until failure

2.1. Wohler curve

Fatigue tests until failure are performed to build the Wohler curve of the PA66/6 reinforced
composite pre-conditioned to 50% RH. As previously mentioned, the objective of the fatigue
test is to introduce a different kind of damage that spread in a larger section unlike impact
damage that is considered as localized damage. For that matter, knowing the properties of the

studied material is necessary.

Composite materials have good cyclic tensile performance compared to metallic materials
(Jollivet et al., 2013). The key parameter indicating the fatigue performance of a material is the
ratio of the endurance limit to the ultimate tensile strength (op/curs). In the case of composite
materials subjected to tensile cyclic loading, this ratio should range between 0.3 and 0.9
(Vasconcellos, 2013). For that matter, four levels of loading levels are chosen: 60%, 45%, 35%
and 25% outs. Three specimens are loaded at each level at a frequency of 3 Hz and a loading
ratio between R=0.2. It is important to mention that for a sake of repeatability, a minimum of
three samples are tested for each loading configuration enabling an estimation of the Wohler
curve. The same experimental set-up previously used in the preliminary geometry validation
tests is employed in the rest of this study. To reduce experimental error, a custom-made shim
(Figure 79) is utilized to ensure that the sample is always positioned in the same way throughout
the experimental campaign. This shim (spacer) is made of the same material in order to have

the same thickness as the samples being tested.
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Shim

Figure 79: Image of the sample in place and the shim ensuring the same positioning for all samples throughout the
fatigue test campaign.

All samples have exhibited a straight and clean rupture. The direction of the area of the final
failure is found to be unaffected by the level of loading. Samples loaded at ¢ = 0.25 cuts have
a lifespan higher than 10° cycles. Furthermore, a study on a similar composite (Malpot, 2017)
have shown that under 30% outs, corresponding to the knee-point, no damage can be detected
through microscopic observations. Hence, for rest of the study, cyclic loadings at only three

levels of stress will be carried out, i.e., 35%, 45% and 60% curs.

The results presented in Figure 80 show a scattering in the value of the number of cycles to
failure. Indeed, as we reduce the level of the maximum loadings stress (35% outs), important
scattering in terms of lifetime (number of cycles to failure) is observed. It is known that a

significant dispersion can occur in a S-N curve of a material, notably for long lifetimes.
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Figure 80: Wohler curve of the polyamide 66/6 reinforced with woven glass fibers loaded at R=0.2 and f= 3Hz and
pre-conditioned at 50% RH.
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As indicated in section 3.2 of Chapter I, Basquin model, expressed by the following equation,

is applied to describe the central part of the S-N curve in a log-log diagram.

log(N) = log(C) — m = log (o)

C and m parameters are determined by linear regression in the log-log diagram, N the number

of cycles and o the stress load (1/2 amplitude).
The obtained results are represented in a logarithmic axis in Figure 81.

The linear representation of log(N)-log(c) enables to obtain a mean value of the number of
cycles to failure corresponding to each tested loading level.
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Figure 81: Basquin illustration of Wohler curve in a logarithmic scale enabling to have a linear representation of the
loading stress function of the number of cycles to failure of the tested polyamide 66/6 reinforced glass fibers at
humidity conditions of 50% RH.

2.2.  Mechanical data analysis

During the fatigue tests, the load force and displacement of the moving jaw are recorded. The
load force as a function of time data is processed to determine the apparent Young’s modulus
throughout the mechanical tests. The applied stress is directly deduced by dividing the measured
force per the sample’s cross-section. The obtained stress-time curve exhibits two parts, the first
part corresponds to a quasi-static pre-loading, and the second part consists of the cyclic loading
(Figure 82). The latter is triggered by reaching the value of the mean-force calculated using the
fatigue loading ratio (R=Fmin/Fmax = Omin/Gmax, Omean= (Gmaxt omin)/2 and Fmoy= (Fmaxt Fmin)/2).
The objective is to estimate the stiffness reduction between the beginning of the load and its
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end, just before the complete failure of the specimen. Figure 83 shows an example of the
evolution of the Young’s modulus with respect to number of fatigue cycles for two samples
loaded at 70% ours. It should be mentioned that in this section, it is considered that no damage
is introduced in the quasi-static part of the test. Indeed, the latter is considered as an initiation

phase enabling to reach the mean load value (Fmoy).

One can notice that the material does not exhibit any stiffness reduction until a sudden decrease
corresponding to the final failure. The values of the Young’s modulus are stable throughout the
cycling and decreases of 3 to 4 GPa just before to the final failure. It corresponds to a sudden
stiffness reduction ranging between 13 to 19%. Indeed, for the studied composite material, no
progressive decrease of the stiffness during the fatigue tests is observed.

However, the final rupture of the composite did not occur at the same number of cycles for the
two of the tested specimens. The difference in the lifetime of the two samples loaded at the
same conditions is due to the variability of the microstructure resulting from the manufacturing
process. In addition, the fact that the samples are not identical (samples cut from different areas

of the composite plates) can also explain this discrepancy (Karaouni, 2001; Liang, 2012).

As a conclusion, and for this woven fabric reinforced thermoplastic composite, the stiffness
reduction is not an appropriate damage indicator since it occurs just before the total failure of

the specimen.
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Figure 82: lllustration of the fatigue test showing the two parts of the test: a quasi-static part until reaching the mean
value triggering the cycling process.
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Figure 83: Evolution of the modulus during fatigue tests with ¢ = 60% outs until failure showing the stabilization of
the values until the cycle before the final failure.

3. Interrupted fatigue tests

Interrupted fatigue tests are performed to initiate and propagate the damage mechanisms in the

studied composite. Knowing that the damage generated by the cyclic loading remains complex

in terms of accumulation, its assessment using a resolved detection technique is of high
importance. Indeed, it exhibits a diffuse distribution in all the section of the sample. The

objective of this section is to validate the Lamb wave method that has proven its efficiency in

detecting localized impact damage in Chapter Il. The tested composite samples are loaded at

three different stages of their lifespans, and at three levels (proportion) of the static ultimate

tensile strength, respectively. So, nine combinations of the loading parameters are achieved and

are summarized Table 6. A total of twenty-seven samples are tested, i.e., three specimens per

combination of loading parameters.

Table 6: Nine combinations of parameters used for interrupted fatigue tests on samples pre-conditioned to 50% RH.

Loading level 35% oyrs 45% oyrs 60% oyrs
Number of cycles (%o) 50% 60% 70% 50% 60% 70% 50% 60% 70%
Number of cycles 222061 | 266473 | 310885 33015 39618 46221 1851 2222 2592
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The Young’s modulus relative to the first (Eo) and the last cycles (E) of the loadings are
evaluated. To quantify the damage resulting from the fatigue tests, the results are represented
as the ratio (D) of E to Eo, function of the number of cycles.

Figure 84(a), Figure 84(b) and Figure 84(c) depict the evolution of damage function of the number
of cycles of loading for the three sets of samples loaded at omax = 60%, 45%, 35% outs

respectively.

The experimental findings do not exhibit a clear trend. In fact, the present results come to
confirm the scattering observed in the previous section during the fatigue tests until failure.
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Figure 84: Variation of damage (D) calculated from the mechanical data function of the loading conditions: (a) 35%
ouTs, (b) 45% ouTs and (¢) 60% ouTs. Scattering of the results is observed in the three figures. It can be explained by
the variability of the fatigue tests and the variability of the material’s microstructure caused by the thermo-
compression process.

3.1. Fatigue damage investigation using Lamb waves

Lamb waves investigation is conducted to assess the damage state of the samples post-fatigue.
The experimental protocol for the detection is that presented in Chapter Il. The only difference
lies in the range of investigated angles. Indeed, since the section is smaller than the one of the
impact samples, the evaluated area is comparatively more reduced, and accordingly, the number
of the measurement points is reduced. Nevertheless, an angle range varying between + 15° is
considered with an increment of 5°. Consequently, seven angles have been exploited to build
the velocity profile of the fatigue samples, which are divided into three sets as a function of the
loading level. A non-damaged sample with the same geometry is considered as a reference
sample. During the lamb-waves investigation, each set of samples is tested individually with
the reference sample. Hence, each set of sample has its own reference data recorded in the same
testing conditions. Having the same testing conditions (the pressure applied from transducers
on the material’s surface and the positioning of the sample) between the damaged samples and

the reference sample reduces the occurrence of experimental errors.

The same post-processing script employed in Chapter I, is applied and the obtained results in

terms of velocity profiles for each tested sample are reported in Figure 85.

One can easily notice a difference between the reference sample and the loaded samples.
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Figure 85: Velocity profiles retrieved using the proposed Lamb waves propagation method on samples subjected to
fatigue loading at different levels of loadings: (a) the nine samples loaded at 35% ouTs and 50%, 60% ,and 70% of
number of the cycles to rupture, (b) the nine samples loaded at (45% outs and 50%, 60% ,and 70% of number of the
cycles to rupture, and (c) a) the nine samples loaded at 60% cuts and 50%, 60% ,and 70% of number of the cycles to
rupture (refer to Table 6 for the real numbers of cycles for each set of load).

The following step consists in computing an estimation of the damage indicator for the twenty-
seven considered samples. The same computation procedure as that detailed in Chapter |1 is
adopted. To quantify the difference between profiles corresponding to the non-damaged sample
and those of loaded samples, the surface area under the velocity profiles is calculated. The
damage is estimated using the following equation:

Adamaged

D=1-
Aref

With Adamaged the surface under the velocity profile of a damaged sample and A,.r the surface

under the velocity profile of the reference sample.

It should be noted that the comparison is performed between the values of the damage indicator
corresponding to each set individually. Knowing that Lamb waves are sensitive to test
conditions, temperature for instance, no comparison between the three sets will take place since

the acquisitions are not realized at the same time.

Values of the damage indicators corresponding to each set of samples are presented in Figure
86.
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Figure 86: Values of the proposed damage indicator calculated from the surface under the velocity profiles for the
three sets of samples: a) the nine samples loaded at 35% outs and 50%, 60% and 70% of number of the cycles to
rupture, (b) the nine samples loaded at (45% outs and 50%, 60% ,and 70% of number of the cycles to rupture, and
(c) a) the nine samples loaded at 60% outs and 50%, 60% ,and 70% of number of the cycles to rupture (refer to Table
6 for the real numbers of cycles for each set of load).
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A clear difference between the damaged samples and the reference sample is noticed
confirming hence the efficiency of the damage indicator based on the Lamb-waves investigation
to discriminate between damaged and non-damaged specimens. Indeed, the first step in the
development of a NDT technique is the ability to differentiate damaged from undamaged

samples.

However, one can easily see that the results do not exhibit a clear trend. A gradual increase in
the value of the damage indicator is expected with the increase of the number of loading cycles.
However, a scattering of the values of the damage indicator is observed. Different values are
obtained for the specimens loaded under the same conditions. Several parameters could be the
cause of the scattering of the obtained experimental results. In fact, besides the commonly
admitted scattering induced by fatigue loading particularly for composite materials, it is worth
mentioning that the specimens were not cut from the same area of the composite plates. Indeed,
the thermo-compression process can induce some variabilities in terms of microstructure. Even
if the number of REVs considered is the same each time, the specimens are not completely
strictly identical at the microscopic scale. Indeed, the strength of a specimen with a complete
yarn at the edges of the smallest section will not behave like the one with an inter-yarn area or
a part of the yarn at the edges. Moreover, architecture defects are observed on some samples
during X-rays’ tomography investigation. Some of these defects can be induced during the
manufacturing process, and others, such as the yarns buckling, can be a result of the repetitive
load in the direction of the yarns (Figure 87). These defects influence the velocity of propagation
of the waves explaining hence the scattered results. Furthermore, the damage induced by cyclic
loading is randomly spread in the entire section making the propagation of the wave less

predictable and its estimation would be less accurate.

To assess this approach, the observation, and the analysis of the induced damage mechanisms
along with the measurement of the void content are performed using X-ray Tomography.
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Yarn split Yarns buckling and
misalignment

Figure 87: Reconstructed images using X-ray tomography of the composite showing manufacturing defects: (a) the
yarn split and (b) the yarns buckling and misalignment.

3.2. X-Ray tomography investigation

The objective of the present section dedicated to the mCT investigation is to reconstruct the
volume that corresponds to the area with the smallest section, i.e., the area most likely to contain
damage, with the highest possible resolution (around 9 pm). Nine chosen samples are
investigated representing the nine combinations of loading. The mCT volume reconstruction

and the images post-processing are similar to those described in Chapter II.

Three major damage mechanisms are observed in all samples: transverse weft yarn cracks,
longitudinal cracks in the warp yarns and pseudo-delamination as illustrated in Figure 88, Figure
89 and Figure 90 respectively. The occurrence of these mechanisms and their propagation vary
according to the loading conditions. It is important to mention that in most cases the damage is
found in the zone close to the edges of the samples where a stress concentration is expected.
However, in some cases, Vvisible damage occurs, mainly matrix cracking (Figure 88 and Figure
89). Indeed, one of the specimens loaded at 35% cuts and 70% of the number of cycles to failure
(Nc) shows a network of matrix cracks propagating in all three layers (Figure 89). Matrix
cracking appears at one of the edges of the specimen as reported in Figure 88.
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Figure 88: X-ray microtomography investigation of the sample loaded at 35% ouTs and 50% of the number of cycles
to failure showing: (a) macrocracks propagating in the longitudinal and transversal yarns and (b) micro cracks in
both longitudinal and transversal yarn propagating from one layer to another.

(a)

Figure 89: Crack network propagating through the entire thickness in both longitudinal and transversal yarn for the
sample loaded at 35% oeuts and 70% of the number of cycles to failure (Nc): (a) raw image and (b) image with a
marker over the crack network for a better visualization.
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(b)

Figure 90: (a) Propagation of the crack network in thickness through both longitudinal and transversal yarns and (b)
the propagation of the crack through the yarn creating pseudo-delamination with the perpendicular yarn in a sample
loaded at 35% outs and 70% of the number of cycles to failure (Nc).

Since the damage results in the initiation of voids within the sample, an estimation of the voids
content is required. Pomaréde et al. (Pomaréde et al., 2018) have employed voids content
measurement as an efficient damage indicator for the same composite material subjected to
quasi-static loading. To this end, the mCT images have been processed using a grey level
thresholding was performed to discriminate the fibers and the matrix from the cracks. Indeed,
the image thresholding replaces one by one the pixels of an image by a fixed threshold range.
If a pixel has a value included in the pre-defined interval, it will be black, thus isolating the
void. The results obtained are depicted in Figure 91(a) for the sample loaded at 35% ourts, Figure
91(b) for the samples loaded at 45% ocuts and Figure 91(c) for the samples loaded at 60% ours.
Nevertheless, some acquisition problems accured during the tomography scanning of the
sample loaded at 60% outs and 70% NC sample as reported in Table 6. Therefore, the
observation from this test configuration is not presented nor discussed in Figure 91(c). When
comparing the trend of the void measurement with that of the results obtained using the Lamb
waves technique Figure 91, it is found that the studied points exhibit the same trend. The obtained
results are in complete correlation with those obtained using the Lamb waves-based method.
Consequently, one can conclude that the scattering of the fatigue results in different section of
this chapter is mainly due to the behavior of the samples and the microstructure variability
besides the type of the applied load. Indeed, given the heterogeneity of the composite’s
microstructure and also the fact that the samples are cut from several areas of the plates, each
sample can behave differently to the same loading conditions. However, the efficiency of the

proposed method at detecting the damage state of each sample is proven.
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Figure 91: Comparison between the void content and the value of the damage indicator relative to each of the studied
samples :(a) the set loaded at 35% outs, (b) the set loaded at 45% ocuTts and (c) the set loaded at 60% ocuts (Refer to
Table 6 for information about the loading).
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3.3.  Bulk waves investigation

Bulk waves investigation is initially achieved to quantify the damage caused during the cyclic
loading in terms of stiffness reduction. During this investigation, the decrease of the mechanical
properties of the samples can be noticed at different stages of the process. As detailed in Chapter
I1, to obtain the components of the stiffness matrix, Christoffel equation, that links the velocity
of propagation of the wave at different angles of emission/ reception, is employed. One can
extract the change in the velocities of propagation profiles and consequently estimate the
stiffness components and their related reduction. The same experimental procedure as the one
described in Chapter 11 is followed. However, due to the difference of geometry between the
impacted plates and the fatigue samples, a reduced range of angles is considered during the
acquisitions on the smallest section of the samples. The waves are emitted and received over a
range of + 23° in the plane 1-3 (direction 1), and £ 10° when rotating around X axis (plane 2-3

direction 2). The 2.25 MHz transducer are pointed at the center of the samples.

After estimating the time of arrival of each mode (longitudinal mode, and transversal mode),
the velocity of both modes is calculated as explained in Chapter Il. Nine samples corresponding
to the nine considered loading conditions have been tested. One should mention that a non-
damaged reference sample is scanned during this procedure to serve as a reference sample in

the same testing conditions.

The velocity of the longitudinal mode is presented function of the incidence angle. As explained
in the previous chapter, the wave velocity remains stable at a certain range of angles (x 10°)
and then it increases with the increase of the angle of emission/reception. Indeed, it must be
pointed-out that this behavior is due to the material nature and the direction of the wave
propagation within it. Hence, no variation of the velocity is observed between + 10°.
Consequently, the values measured by scanning the 2-3 plane will not be the object of the rest
of the study. The variation of the velocity values in the ranges from (-10°) to (-23°) and from
(10°) to (23°) reveals a change in C11, Cs3, C1zand Css components. Indeed, the 1-3 plane allows
the determination of the four components that interact and affect the variation of the velocity.
However, an extraction of the C11 components is experimentally impossible with this set-up and
for this kind of sample, since it can be estimated only at incidence angle 90° corresponding to
the fibers’ axis. Figure 92 illustrates the evolution of the phase velocity of the longitudinal mode
function of the incidence angle for each of the considered samples. The difference between the

non-damaged and the loaded samples at 35% ocurts, 45% outs, 60% ourts is easily seen in Figure
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92(a), Figure 92(b) and Figure 92(c) respectively. It is noticed that a slight variation of the wave
propagation velocity (around 40 m/s) induces a decrease of Ci1 of about 2 to 3 GPa for the
investigated material. By comparing the velocity profiles between damaged and non-damaged

state, one can predict whether the loading had an influence on the C11 component.
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Figure 92: Comparison between the velocity of the longitudinal mode propagating in the plane 1-3 function of the
incidence angle for the nine considered samples :(a) the set loaded at 35% ours, (b) the set loaded at 45% ouTs and (c)
the set loaded at 60% ouTs (Refer to Table 6 for information about the loading).

Since the element that indicates stiffness reduction are missing in the plane 2-3, a proper

estimation of the components of the stiffness matrix remains difficult.

As a conclusion, the employment of this method on samples with a small width (35 mm) do not
provide the estimation of the nine stiffness matrix components. However, it allows to detect the
changes in the velocity profiles of the longitudinal mode with the increase of the applied load

and the related conditions. It could hence be used as a qualitative damage indicator.
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1. Conclusion

The evaluation and the quantification of the damage resulting from tension-tension fatigue tests
has been addressed in this chapter. For that matter, and as a first step, the geometry of the tested
sample is preliminary optimized. The choice is adopted considering the localization of the
damage area. The dog-bone geometry is used since the failure zone in quasi-static and in cyclic
loading is located in the center of the specimen. The analysis of the mechanical measurements
shown scattered experimental results indicating a difference in the response of the samples due
to their microstructure variability as well as the nature of the cyclic loading. The microstructure
variability of the thermo-compressed woven fabric and of the chosen geometry can explain
partially the noticed discrepancy. In addition, and unlike impact damage, the fatigue damage
caused by cyclic loading is not localized and remains diffuse in the entire section. The
developed Lamb-waves based technique is tested on the resulting diffuse fatigue damage. The
obtained results showed a similar discrepancy of the results corresponding to samples
undergoing the same type of loading. To establish the efficiency of the proposed method, the
obtained results are compared with those of voids content measurement performed using X-ray

tomography quantitative analysis.

A good correlation is found between the results experimental findings resulting from both
methods. This confirms hence the effectiveness of the Lamb-based method for the detection of
non-localized damage in the PA66/6 reinforced composite. Finally, the method enabling the
stiffness reduction estimation using bulk wave method is conducted. One has concluded that
with this method and with the related set-up and samples geometry, it is not possible to estimate
the nine stiffness matrix components. In the other hand, it allows to notice the changes in the
velocity profiles of the longitudinal mode function of the applied loading conditions making it

hence as a reliable damage qualitative indicator.

In the next chapter, a comparison of the residual properties post-impact and post-fatigue will
be conducted. The study of the influence of the pre-induced damage on the ultimate tensile
strength will be achieved by monitoring the area on the structure showing an increase of the

local temperature during monotonic tensile tests.
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Chapter 4: Residual properties post-
loading of the polyamide based
composite subjected to low-velocity
Impact and/or fatigue loading

Composite structures may undergo several transient loadings, such as low-velocity impact and
fatigue loading, that often cause the progressive degradation of the structural integrity
(Agarwal, Broutman, Chandrashekhara, 2006). This deterioration is manifested in the decrease
of the residual properties of the composite in terms of static and fatigue load-bearing capacity
(Curtis, 2000). Therefore, the estimation of the tensile strength reduction of the composites
post-loads is mandatory to guarantee damage tolerance and safety margins in the design of
composite components (Shahzad, 2018). In addition, the understanding of the influence of
different types of loads combination on the damage evolution and, thus, on the residual tensile
strength, is highly required. In realistic working conditions, the composite structure is subjected
to a distinct case of loading where both low-velocity impact and fatigue loading occur and

interfere.

The present chapter is devoted to the proposition of an experimental methodology enabling to
assess and analyze the effect of the nature of the load on the quasi-static response of the
composite material residual properties after an event (impact, fatigue loading and impact post-
fatigue). For that matter, quasi-static tensile tests are performed on samples subjected to low-
velocity impact tests and fatigue loading respectively. A comparison between the response of
blank test specimens and that of damaged samples is achieved. The novelty of this chapter is
the assessment of the influence of the combined loads, i.e., LVI and cyclic loading, on the
residual properties of the composite material. Post-fatigue impact tests are carried out in
conditions equivalent to those of low-velocity impact tests and fatigue loadings, respectively.
The analysis of (i) the effect of LVI damage on the residual tensile strength of pre-fatigued
samples, and (ii) the effect of the fatigue pre-load on the impact response of the composite

samples, is established.
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. Experimental set-up quasi-static tensile tests

Quasi-static tensile tests are performed using the MTS universal uniaxial hydraulic machine
previously employed to perform the fatigue tests. The same experimental set-up as the one
employed to achieve the fatigue tests is used (Chapter I11, section 3). The choice of the machine
is made to maintain the same test conditions and reduce the experimental errors. The specimens
are loaded in displacement-controlled mode at a velocity of 0.016 mm/s. Tensile tests are

carried out in the same experimental environment and using the same parameters (velocity).

The tensile tests until rupture are carried out to analyze the influence of impact damage, fatigue
damage and impact post-fatigue damage on the tensile strength and the stiffness. To monitor
the evolution of damage during the tests, an infrared camera to record temperature variations is
used. Moreover, the increase of the temperature in some areas indicates the areas of initiation

and/or the propagation of damage.
Il1. Post-impact quasi-static tensile tests analysis

Low-velocity impact tests were performed beforehand. A detailed thorough assessment of the
impacted samples was carried out in Chapter Il. Indeed, surface and through thickness
investigations were achieved to understand and assess the damage evolution and propagation
function of the impact energy. This investigation allows to identify the numerous damage
mechanisms that occur as the impact energy varies, using the X-ray tomography (mCT). The
permanent indentation (PI) and the stiffness reduction were estimated to quantify the resulting
damage. Moreover, a Lamb waves propagation-based method was proposed towards the
suggestion of a new damage indicator enabling a proper estimation of the damage state of the

studied samples.

As a final step of the overall post-impact analysis, quasi-static tensile tests are carried out on
post-impact samples. The residual ultimate tensile strength (cuts (%)) is estimated and the
extent of the caused damage on the residual lives is observed. The experimental findings are
correlated with those obtained using the mCT. The objective is to link the macroscopic response

(tensile strength decrease) to the microscopic damage mechanisms.
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First, the impact plates assessed in Chapter Il are machined by a water cutting, with the impact
point in the center of each sample, to match the dimensions and the geometry of the samples
destined for fatigue tests. They are then conditioned to reach a humidity rate of 50% RH.

A thermal camera is employed to see if the damage caused by low-velocity impact test is the
starting point of the total failure during the tensile test. As previously mentioned in Chapter II,
the main focus will be on the seven selected sample impacted at energies levels of 7.2 J, 10.54
J,12.6 J, 14.6 J, 19 J,21.15 J and 24 J respectively. A non-damaged sample is also tested to

provide a basis of comparison achieved in the same loading conditions.

1. In-situ and post-mortem observations

As mentioned above, a thermal camera is used to monitor the evolution of the heat flux
generated by the cracks until the final failure. The main idea is to assess if the presence of a
previous damage (impact damage) in the center of the samples affects the crack pattens leading
to the final rupture. The monitoring of the samples during quasi-static tensile tests reveals that,
regardless of the extent of the damage resulting from the achieved impact tests, the final failure
begins at the edges of the samples corresponding to the area with the lowest section. The failure
of the material during the quasi-static tensile tests is not triggered by the residual impact
damage. Indeed, when the cracks in the edges are initiated (Figure 93(a)), they propagate and
accumulate as the tensile test continues until coalescing with the central damage caused by low-
velocity impact tests. The cracks then spread until joining the two edges of the samples
announcing hence, the final failure of the composite material. An example of thermal camera
images corresponding to the tensile test performed on the sample impacted at 12.6 J is depicted
in Figure 93. Figure 93(a)) corresponds to the moment of the initiation of the matrix cracking and

Figure 93(b) shows the final rupture following a straight line.

A visual post-mortem surface observation is performed on the seven chosen samples along with
a non-damaged one. Itis noticed, as found in Chapter I11, that the final rupture follows a straight
line along the center of the non-impacted sample on its two surfaces. However, the crack
propagation path varies from one surface of the laminate to another as the impact energy
increases. It is observed that the final rupture of the impacted samples is asymmetrical between
the impacted, i.e., the surface with the permanent indentation, and the non-impacted surface.
The fracture of the material on the impacted surface is perpendicular to the tensile axis when
the latter do not exhibit an apparent previously induced damage. Whereas the final rupture on

the non-impacted surface tends to follow the crack networks as the latter get wider and wider
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with the increase of the impact energy. When the impact damage occurs on both surfaces of the
laminate, the original linear rupture pattern is disturbed and follows the network of the cracks.
Figure 94 depicts the observation on the two surfaces of three samples: (a) a sample impacted at
7.2 J and showing no surface damage on both surfaces, (b) a sample impacted at 12.6 J
exhibiting matrix cracking and fibers breaking on the non-impacted surface, and (c) a sample
impacted at 19 J with noticeable damage on both surfaces. The effect of the different damage
stages on the residual properties of the composite samples is assessed and discussed in the

following sections.

Cracks initiation Total failure

Figure 93: Images obtained during the monitoring of the sample impacted at 12.6 J, during a quasi-static tensile test
showing: (a) the location of the cracks initiation, and (b) the final failure.
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Figure 94: Images of the impacted and non-impacted surfaces of three samples impacted at energy levels of (a) 7.2 J,

(b)12.6 J and (c) 19 J respectively. The figure point-out the changes in the paths of the final fracture the impact
energy increase and hence as the damage occurs on both surfaces.

2. Experimental results and analysis

Figure 95 represents the tensile response of the eight considered samples, i.e., the non-damaged
sample and the seven impacted samples. The stress-strain curves show a quasi-brittle behavior
of the studied composite material. A comparison between the tensile response of the non-
impacted sample and that of the impacted samples is achieved (Figure 95). Two information are
consequently extracted from the curves, namely the Young’s modulus and the ultimate tensile
strength. The evolution of each parameter, function of the impact energy is depicted in Figure
96 and Figure 97, respectively. In Figure 96, the values of the Young’s modulus seem to be
relatively stable. Moreover, no important decrease of the modulus, with impact energy increase,
is noticed. The experimental findings indicate, as discussed in Chapter Ill, that the variation of
the Young’s modulus is not the most appropriate representative indicator of the deterioration

of the polyamide based-composite samples.

Figure 97 represents the evolution of ocuts as a function of the impact energy. By carefully
observing the outs function of the impact energy curve, one can see that the material response

exhibits two stages of damage development as the impact energy increases. The first stage,
147



corresponding to impact energies ranging from 7 J to 12.6 J, indicates the range of damage
initiation and propagation from the first to the second ply of the laminate, as observed through
X-ray tomography analysis in Chapter Il. It is characterized by matrix cracking and fiber’s
breakage. A slight but quantifiable effect on the residual ultimate tensile strength of the

composite is noticed at this stage. The damage mechanisms result of a decrease in the residual

outs Of less than 5% (Figure 98).

The second part of the evolution curve, from 12.6 J to 24 J, points-out the range of energies
where the damage propagates in the second ply and through-thickness to the third layer of the
woven composite. This stage is associated to the growth and the accumulation of the matrix
cracks leading to delamination and fibers breakage as a final stage of the macroscopic failure
of the specimen. The residual tensile strength reduces about 13% to 30%, shown in Figure 98,

indicating hence that the polyamide-based composite is remarkably damaged.
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Figure 95: Tensile stress-strain curves of a non-damaged sample along with the seven samples impacted at 7.2 J, 10.54
J,12.6J,14.6 J,19J, 21.15 J and 24 J respectively.
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Figure 96: The evolution of the Young’s modulus of the reference sample and the seven samples subjected to low-
velocity impact at energy levels of 7.2 J,10.54 J, 12.6 J, 14.6 J, 19 J,21.15 J and 24 J, respectively.

340
320
300
280

260 ®

outs (MPa)

240 °
220

200
0 5 10 15 20 25 30

Impact energy (J)

Figure 97: The evolution of the ultimate tensile strength (outs) of the reference sample and the seven samples
subjected to low-velocity impact at energy levels of 7.2 J, 10.54 J, 12.6 J, 14.6 J, 19 J, 21.15 J and 24 J, respectively.
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Figure 98: The reduction of the ultimate tensile strength (% outs) of the reference sample and the seven samples
subjected to low-velocity impact at energy levels of 7.2 J, 10.54 J, 12.6 J, 14.6 J, 19 J, 21.15 J and 24 J, respectively.

[11. Post-fatigue tensile tests

The use of mechanical properties estimation to evaluate fatigue damage has gained considerable
attention due to its quantitative nature. Induced stress redistributions and concentration caused
by fatigue loading are directly linked to the strength and stiffness reduction (Reifsnider et al.,
1983). The change in the strength of composite structures under cyclic loading is an important
factor affecting their design (Shahzad, 2018).

Fatigue tests at different loading conditions were performed in Chapter Ill. A study using
multiple NDE methods was performed. The experimental results enabled the validation of the

proposed Lamb waves propagation method in detecting non-localized damage caused by
fatigue loading.

The present section is dedicated to the assessment of the post-fatigue residual properties of the
polyamide-based composite. For that matter, quasi-static tensile tests are achieved on nine
corresponding to the nine combinations of parameters previously introduced in Chapter 11l
(Table 7). A meticulous conditioning procedure is followed to maintain the samples at 50%
relative humidity conditions prior to the tensile tests, is followed. The residual mechanical
performances are represented by the estimation of the post-fatigue ultimate tensile strength
(outs). The influence of the fatigue loading on the mechanical properties of the studied samples

is later discussed in the following sections.
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Table 7: Nine combinations of parameters used for interrupted fatigue tests on samples pre-conditioned to 50% RH.

Loading level 35% oyrs 45% oyrs 60% oyrs
Number of cycles (%o) 50% 60% 70% 50% 60% 70% 50% 60% 70%
Number of cycles 222061 266473 310885 33015 39618 46221 1851 2222 2592

1. Post-mortem observations

Post-mortem observations on the fatigue pre-loaded samples subjected to quasi-static tensile

tests are presented in,

Figure 100 and Figure 101. The objective is to assess the occurrence of damage (fatigue’s diffused
micro-damage), initiated in the areas of the samples with the minimum width, affects the final
rupture’s pattern. Since fatigue loading induces micro-cracking in the gauge area (central zone
of the sample), notably close to the edges of the sample, the rupture of the material is always
initiated from the edges of the samples. Typically, the failure follows a linear pattern. However,
in some cases, and assuming that micro-damage resulting from fatigue loading is not localized
in the areas with the minimum widths, the final rupture patterns can be disturbed and redirected
to go through the weakest areas of the sample, i.e., stress concentration areas and fatigue

damage.

Front Back

35% Gyrg
35% 6yt 60% NC
50% NC

35% 6yrs
35% 6yrs 60% NC 35% Gyrs
50% NC 70% NC

35% Gyrs
70% NC

Figure 99: Post-mortem observations of the sample pre-loaded in cyclic loading at a maximum stress of 35% ours at
different stages of fatigue life, front and back, subjected to destructive tensile tests: (a) 50%NC, (b) 60% NC and (c)
70% NC.
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Figure 100: Post-mortem observations of the sample pre-loaded in cyclic loading at a maximum stress of 45% ours at
different stages of fatigue life, front and back, subjected to destructive tensile tests: (a) 50%NC, (b) 60% NC and (c)
70% NC.

Front Back
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60% oyrs 60% Oy 60% 6y 60% 6y1s
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60% Gyrs 60% 0y
60% NC 70% NC

Figure 101: Post-mortem observations of the sample pre-loaded in cyclic loading at a maximum stress of 60% cuTs at
different stages of fatigue life, front and back, subjected to destructive tensile tests: (a) 50%NC, (b) 60% NC and (c)
70% NC.
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2. Analysis of the experimental results

A comparison is established between the tensile response of a non-loaded sample and the one
exhibited by the samples loaded at the nine combinations of parameters detailed in Table 7.

Figure 102, Figure 103 and Figure 104 illustrate the stress-strain curves of the reference and the pre-
fatigued samples. In the three figures, one can notice that the maximum stress decreases due to
the cyclic loading. However, the reduction in this visually observed value suggests that the
effect of loading at low stress levels and high numbers of cycles is more significant for the
residual strength of the composite material. To quantify the loss in the post-fatigue residual
properties of the studied samples, the maximum stress value of each of the stress-strain curves
is extracted and compared with that of a non-loaded sample. Furthermore, these curves confirm
the insensitivity of the Young’s modulus as a damage indicator of the progressive degradation
induced by a fatigue loading at different proportions of number of cycles to failure and stress

levels in the studied thermoplastic composite.
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Figure 102: Stress-strain curves of a reference sample and three samples subjected to fatigue loading at a maximum
stress level of 35% ouTts for 50%, 60% and 70% of the number of cycles to failure respectively showing the residual
strength reduction.
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Figure 103: Stress-strain curves of a reference sample and three samples subjected to fatigue loading at a maximum
stress level of 45% ouTts for 50%, 60% and 70% of the number of cycles to failure respectively showing the residual
strength reduction.
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Figure 104: Stress-strain curves of a reference sample and three samples subjected to fatigue loading at a maximum
stress level of 60% ouTts for 50%0, 60% and 70% of the number of cycles to failure respectively showing the residual
strength reduction.

Figure 105, Figure 106 and Figure 107 represent the evolution of the ultimate tensile strength (cuts)
of the samples subjected to interrupted fatigue loadings at three stress levels namely, 35%, 45%
and 60% ours. At first glance, one can see that the residual ultimate tensile strength values are
lower for the sets of samples, loaded at a maximum stress corresponding to 35% and 45% curs.
Indeed, it is found that, for the set of samples loaded at a maximum stress level of 35% ours,
the sample loaded at 50% NC (number of cycles until failure) exhibits a loss of residual strength
of about 33%. The residual strength reduction continues as the number of cycles increases to
35% for the sample loaded at 60% NC, and to about 43% for the sample loaded at 70% NC.
The samples loaded at a maximum stress level of 45% ocursalso show a decrease of the residual
strength caused by repetitive tension-tension loading. The residual strength reduction is ranging
between 37% and 42% as the number of cycles increases. The third set of samples loaded at a

maximum stress level of 60% cuts demonstrate a lower loss of the residual strength as the
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number of cycles varies. Indeed, it is about 12% to 13% for the sample loaded at 50% and 60%
NC, respectively, and 19% for the sample loaded at 70% NC. These experimental findings
point-out to the fact that the final rupture for the samples subjected to fatigue loading at high
maximum stress levels occurs suddenly after 70% NC, since the loss in the residual strength
between 50% and 70% NC is less than 20%. Moreover, the residual performances of the two
sets of samples loaded at 35% and 45% ours, respectively are close and comparable. It is
important to mention that no equivalence between the different combinations of parameters is
established in this chapter. The latter requires a meticulous testing campaign considering a large
number of samples. The objective of this section is to observe the influence of the fatigue

loading on the mechanical properties in a qualitative approach.

35( 0,
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Figure 105: The evolution of the ultimate tensile strength (cuts) of the reference sample and the three samples
subjected to fatigue loading at a maximum stress level of 35% cuts for 50%, 60% and 70% of the number of cycles to
failure respectively, respectively.
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Figure 106: The evolution of the ultimate tensile strength (cuts) of the reference sample and the three samples
subjected to fatigue loading at a maximum stress level of 45% cuts for 50%, 60% and 70% of the number of cycles to
failure respectively, respectively.
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Figure 107: The evolution of the ultimate tensile strength (cuts) of the reference sample and the three samples
subjected to fatigue loading at a maximum stress level of 60% cuts for 50%, 60% and 70% of the number of cycles to
failure respectively, respectively.

V. Impact post-fatigue tests

Impact post-fatigue tests are the object of this section. These tests are carried out to inspect the
influence of the coupling of fatigue loading and low-velocity impact on the residual properties
of the polyamide-based composite material. In the literature, post-fatigue impact remains
relatively scarcely investigated topic in the field of composite materials. The lack of references
and deep research works makes the interpretation of the obtained results very challenging due

to the complexity of the loading modes. In this study, an experimental procedure to achieve the
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coupling of low-velocity impact and fatigue loading is proposed. The macroscopic response of
the composite in terms of residual strength will be the main focus. Qualitative assessment of
the experimental findings is achieved. The major scope is to qualitatively observe the effect of
(i) the fatigue loading on the residual strength and stiffness of the impacted samples, and (ii)
low-velocity impact tests on the residual properties of samples subjected to repetitive cyclic
loadings. Two sets of samples previously loaded in fatigue following the nine parameter
combinations are detailed in Table 7. Low-velocity impact tests are carried out on the same

samples at two different levels of impact energy.

1. Impact and fatigue testing conditions

Fatigue tests were previously performed on two sets of dog bone samples using the nine
combinations of parameters detailed in Chapter Ill. After the assessments of the resulting
damage using the different NDE techniques, the samples were then put back in the humidity-
controlled oven to be reconditioned until saturation at a relative humidity level of 50% (RH
50%). Low-velocity impact tests were carried out afterwards using the same procedure and set-
up described in Chapter Il. The impact energies were chosen to match the impact tests achieved
beforehand on rectangular plates. The choice is based on finding similarities in terms of impact
heights and energies between the two tested geometries (plates of 150 x 100 mm? and dog bone
geometry). Since the major difference between the two geometries is the width, the impact
heights for the rectangular samples are divided by a factor of 2.85 to match the width of the dog

bone samples. Consequently, the height-controlled impact tests are realized at 0.5 m and 1 m.

After impact tests the conditioning procedure at 50% RH is followed to ensure the same
humidity conditions for all the samples that will undergo the quasi-static tensile loading until

failure. Tensile tests using the same parameters are carried out afterwards.

2. Impact post-fatigue experimental results

Several data, namely the displacement of the impactor, the displacement of the specimen and
the applied force, as a function of the time of the test respectively, are collected following
height-controlled impact event. In this section, the attention will be focused only on the
impactor displacement versus time curves enabling to extract the impact velocities (before and
after the impactor hits the sample) and therefore deduce the real impact energies along with the

absorbed energies.
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One should point out that the slop of the first part of the graph corresponds to the real impact
energy while the slop of the second part of this same graph represents the rebound (propulsion)
velocity of the impactor after hitting the sample. It is important to remind that a linear regression
was used to estimate the velocities. Using the following formula, the impact velocity and the
propulsion velocity are linked to the absorbed energy. The latter matches the amount of energy
that passes from the impactor to the sample during an impact event. It is defined as the

difference between the impact energy and the rebound velocity called the ‘excessive energy’
(Dhakal et al., 2012).

1
Ea= Sm (V12 — v72?)

With vy and v the impact and the rebound velocity, m is the impactor’s mass and is of 1.02 Kg.
An example explaining the estimated velocities using the displacement-time curve of the
impactor for the pre-loaded fatigue sample impacted at 4.34 J is exhibited in Figure 108. The
calculated parameters i.e., impact velocity, the real impact energy, and the absorbed energy for
the two sets of pre-fatigued samples impacted are represented in Table 8. Technical issues
occurred during the low-velocity impact test of the sample pre-loaded in fatigue at 35% ocurts
for 70% of the fatigue life, hence no data relative to the impact test are discussed in the rest of
the study.
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Figure 108: Impactor’s displacement- time curve of the pre-loaded fatigue sample, loaded at 35% o6uts and 50% NC,
impacted at 4.34 J detailing the followed method to compute the absorbed energy showing the impact velocity V1 and
the rebound velocity V2.
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Table 8: Parameters of impact post-fatigue tests for the eighteen considered samples impacted from 0.5 m and 1 m
respectively, showing the maximum stress level, the number of cycles of loading, the impact energy and the absorbed

energy.
Loading level 35% oyrs 45% oyrs 60% oyrs
Number of cycles (%) 50% 60% 70% 50% 60% 70% 50% 60% 70%
Number of cycles 222061 | 266473 | 310885 33015 39618 46221 1851 2222 2592
Impact energy (J) (impact 4.34 4.09 - 4.25 4.32 4.38 4.26 4.44 4.34
height 0.5 m)
Absorbed energy (J) (impact 3.93 3.50 - 3.77 3.52 3.60 3.73 3.78 3.75
height 1 m)
Impact energy (J) (impact 9.1 8.61 8.79 8.9 7.52 9.2 8.63 8.26 8.35
height 1 m)
Absorbed energy (J) (impact 8.37 8.1 8.45 8.1 7 8.7 8 7.65 7.69
height 1 m)

Tensile tests are conducted after conditioning the sample at a relative humidity level of 50%.
The main focus is to identify trends of the macroscopic response of the composite materials to
prepare a more advanced post-fatigue impact test campaign. To do so, a large number of
specimens enabling a proper characterization of the behavior of the composite material
subjected to this type of complex loading should be considered. Therefore, a qualitative

interpretation of the experimental findings will take place.

2.1. In-situ and post-mortem observations

As previously mentioned, macroscopic observations during the tests and post-mortem are
achieved. The primary focus for in-situ investigation is on the edges and the center of the
samples containing impact damage. Indeed, during post-fatigue tensile tests, one has noticed
that the final failure starts from the edges of the samples. The objective is to see if impact

damage influences the final rupture pattern.

Figure 109, Figure 110 and Figure 111 represent images of the samples post-tensile tests showing
the final failure patterns for all samples subjected to impact post-fatigue at different levels of
impact energies, stress levels and numbers of cycles of loading. The infrared monitoring (Figure
112 and Figure 113) and the post-mortem observations of the samples during tensile tests (Figure
109, Figure 110 and Figure 111) reveal that despite the damage caused by fatigue loading and low-
velocity impact, the final failure always starts from the edges of the samples, i.e., the zone with
the lowest section. Indeed, the failure initiation happens in the edges (Figure 112(a) and Figure

112(b)). Generally, the cracks continue to propagate until they join the localized impact damage
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(Figure 112(c), Figure 112(d) and Figure 112(e)). The same phenomenon was seen during the post-
impact tensile tests. Nevertheless, in some cases like the sample pre-loaded in fatigue at a
maximum stress level of 45% cuts for 60% NC Figure 111(c), and impacted from 0.5 m, the final
rupture occurs in areas that do not contain impact damage (Figure 113(b)); This phenomenon can
be explained by a more important micro-cracking and localized stress concentration in the hot
spots (Figure 113(a)) resulting from the cyclic loadings. One can assume that in some cases, if
preload damage occurs at the edges of the specimen, and if the impact damage is not very
diffused through the thickness and in the surface, the final fracture path is more likely to not

pass through the impact damage.

0.5m Impacted surface 1m

35% oy 35% Gyrs 3528 Curs 9378 Gurs
50% NC 50% NC 60% NC 70% NC

0.5m Non-impacted surface 1 m

35% 6yrs 35% Gy 35% oyrs 35% oyrs
50% NC 60% NC 50% NC 60% NC

Figure 109: Observations of the final failure pattern occurring post-impact, from two different heights namely 0.5 m
and 1 m, on the non-impacted and impacted surfaces of the samples pre-loaded in fatigue at 35% outs: (a) and (c)
509% NC, (b) and (d) 60% NC, and ()70% NC.
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45% 6y
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Figure 110: Observations of the final failure pattern occurring post-impact, from two different heights namely 0.5 m
and 1 m, on the non-impacted and impacted surfaces of the samples pre-loaded in fatigue at 45% outs: (a) and (c)
50% NC, (b) and (d) 60% NC, and (c) and (f) 70% NC.
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Figure 111: Observations of the final failure pattern occurring post-impact, from two different heights namely 0.5 m
and 1 m, on the non-impacted and impacted surfaces of the samples pre-loaded in fatigue at 60% ourts: (a) and (c)
50% NC, (b) and (d) 60% NC, and (c) and (f) 70% NC.
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Figure 112: Images recorded during the tensile of the sample pre-loaded in fatigue at a maximum stress level of 45%
outs during 50% NC, and impacted from a height of 0.5 m showing: (a) hot spot temperature indicating the damage
occurrence, (b) a local increase of the temperature, (c) the biggening of the propagation of the crack, (d) the
coalescence of the crack with the impact damage and (e) the final rupture of the sample.
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Figure 113: Images recorded during the tensile of the sample pre-loaded in fatigue at a maximum stress level of 45%
during 60% NC and impacted from a height of 0.5 m showing the impact damage in the center of the sample: (a) hot
spots on the edges of the sample indicating the damage occurrence and (b) the final rupture’s pattern that joins the
two hot spots.

2.2. Tensile tests results

Figure 114, Figure 115, Figure 116, Figure 117, Figure 118 and Figure 119 illustrate the stress-strain
graphs of samples subjected to impact post-fatigue. For simplification reasons, average values
are considered for the impact energies, namely 4.3 J for the tests performed with the impactor
positioned at 0.5 m from the sample, and 8.6 J for the tests performed with the impactor
positioned at 1 m from the sample. One can clearly notice on all the figures that there is a gap
between the non-loaded and loaded samples. A decrease in the values of the maximum stress is
observed on all figures. However, on Figure 116 and Figure 119,it is seen that the maximum stress
is higher for samples subjected to pre-fatigue loading at a stress level of 60% ours. It can be
assumed that when the maximum stress level is relatively high, the final rupture is sudden and
brutal. Indeed, as discussed in previous sections, damage creation inside a composite sample
under high stress fatigue loadings occurs faster, leading to a rapid deterioration of the sample’s

integrity and may induce hence a more disastrous failure.
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Figure 114: Stress-strain curves of a reference sample and two samples subjected to fatigue loading at a stress level of
35% ourts for 50% and 60% of the number of cycles to failure and impacted at an energy level of 4.3 J showing the
residual strength reduction.
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Figure 115: Stress-strain curves of a reference sample and two samples subjected to fatigue loading at a stress level of
45% outs for 50%, 60% and 70% of the number of cycles to failure and impacted at an energy level of 4.3 J showing
the residual strength reduction.
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Figure 116: Stress-strain curves of a reference sample and two samples subjected to fatigue loading at a stress level of
60% outs for 50%, 60% and 70% of the number of cycles to failure and impacted at an energy level of 4.3 J showing
the residual strength reduction.
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Figure 117: Stress-strain curves of a reference sample and three samples subjected to fatigue loading at a stress level
of 35% outs for 50%, 60% and 70% of the number of cycles to failure and impacted at an energy level of 8.6 J
showing the residual strength reduction.
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Figure 118: Stress-strain curves of a reference sample and two samples subjected to fatigue loading at a stress level of
45% outs for 50%, 60% and 70% of the number of cycles to failure and impacted at an energy level of 8.6 J showing
the residual strength reduction.
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Figure 119: Stress-strain curves of a reference sample and two samples subjected to fatigue loading at a stress level of
60% outs for 50%, 60% and 70% of the number of cycles to failure and impacted at an energy level of 8.6 J showing
the residual strength reduction.

As mentioned in section 4.1, the employed impact energies for the dog bone geometry (to
realize impact post-fatigue tests) are chosen by dividing the impact energies used during the
chapter Il by a factor of r = 2.85 (r = Minimum width of the dog-bone geometry/ Width of the
impact plate). Consequently, one can establish a comparison between post-impact tensile results

and those retrieved during the tensile tests on samples subjected to impact-fatigue coupling.
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Figure 120, Figure 121 and Figure 122 represent the values of the residual strength of a sample that
underwent low-velocity impact event and those subjected to impact post-fatigue. The samples
presented in each figure are impacted at an equivalent energy, namely (a) 4.3 J/35 mm
(energy/width), and 8.6 J/35 mm. On all the figures, the values of the residual strength of the
sample that went through low-velocity impact tests at an equivalent energy (geometry
equivalence) are presented in blue. In most of the cases, the residual strength values of the
impact post-fatigue samples are below the values corresponding to the sample subjected to low-
velocity impact event only. However, in some cases, namely the set of samples pre-loaded in
fatigue at a maximum stress level of 45% outs then impacted at an average energy level of 8.6
J, discrepancies are found. Indeed, the values of the residual strength of this set of impact post-

fatigue samples are higher than this of a sample undergoing exclusively an impact event.
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Figure 120: Values of the residual strength of the samples subjected to impact post-fatigue (35% outs) at energy
levels of (a) 4.3 J and (b) 8.6 J.
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Figure 121: Values of the residual strength of the samples subjected to impact post-fatigue (45% ours) at
energy levels of (a) 4.3 J and (b) 8.6 J.
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Figure 122: Values of the residual strength of the samples subjected to impact post-fatigue (60% outs) at energy levels
of (a) 4.3J and (b) 8.6 J.

Figure 123, Figure 124 and Figure 125 represent the ultimate tensile strength of a non-damaged
sample (yellow) and those of: samples subjected to fatigue loading (maximum stress level of
35%, 45% and 60% outs respectively) (blue), samples subjected to impact post-fatigue
(maximum stress level of 35%, 45% and 60% ocurs respectively) impacted at energy level of
4.3 J (orange) and samples subjected to impact post-fatigue impacted at energy level of 8.6 J
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(grey). In all figures, one can clearly see the difference between damaged and non-damaged
samples. Nevertheless, the experimental findings do not exhibit a clear trend in terms of
evolution. A gradual decrease in the value of the residual strength was expected with the

increasing number of loading cycles and low-velocity impact energy.

As explained in the previous chapter, such discrepancies are expected when assessing fatigue
damage in composite materials. These experimental findings can be explained by multiple

parameters such as:

Q) the fact that the samples are not completely identical, since the thermo-compression
process may induce some variability in the microstructure and the cutting of the
samples was done in different areas of the composite plates

(i) the geometry of the sample: the strength of a specimen with a whole yarn at the
edges of the smallest section will not behave like the one with an inter-yarn area or
a part of the yarn at the edges

(iii)  the variability and the dissipative nature of the fatigue damage

(iv)  Micro-damage present in the composite prior to the different loadings caused by the
cutting process and/or the manufacturing process

Consequently, this section is considered as a preliminary-testing phase allowing to provide
preliminary results and to capture the different trends. The present work should be completed
by a thorough experimental campaign enabling to provide a quantitative assessment of damage
induced by the impact post-fatigue. Furthermore, it is important to have enough samples to
quantify the influence of combining fatigue loading and low-velocity impact events, on the

service life of the polyamide-based composite material.

172



350

35% o
300 UTS
250 0]
— ® -
g 200
= ® ®43)
£ 150
°© 8.6)
100
50 oUTS of a non-damaged
sample
0
0% 20% 40% 60% 80%

Number of cycles of loading (NC)

Figure 123: The ultimate tensile strength of a non-damaged sample (yellow) and those of: samples subjected to fatigue

loading (maximum stress level of 35% outs) (blue), samples subjected to impact post-fatigue (maximum stress level of

35% ourts) impacted at energy level of 4.3 J (orange) and samples subjected to impact post-fatigue impacted at energy
level of 8.6 J (grey).
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Figure 124: The ultimate tensile strength of a non-damaged sample (yellow) and those of: samples subjected to fatigue

loading (maximum stress level of 45% cuts) (blue), samples subjected to impact post-fatigue (maximum stress level of

45% ouTs) impacted at energy level of 4.3 J (orange) and samples subjected to impact post-fatigue impacted at energy
level of 8.6 J (grey).
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Figure 125: The ultimate tensile strength of a non-damaged sample (yellow) and those of: samples subjected to fatigue

loading (maximum stress level of 60% ouTts) (blue), samples subjected to impact post-fatigue (maximum stress level of

60% ouTs) impacted at energy level of 4.3 J (orange) and samples subjected to impact post-fatigue impacted at energy
level of 8.6 J (grey).

V. Conclusion

The evaluation and the assessment of the influence of damage resulting from low-velocity
impact events, tension-tension fatigue loadings and impact post-fatigue combination on the
residual properties, has been discussed in this chapter. Quasi-static tensile tests have been
achieved on samples subjected to impact at different levels of energies, fatigue tests at different
combination of parameters reflecting the condition that the composite material need to
withstand, and a combination of impact and fatigue loading, respectively. The impact energies
along with the fatigue parameters are chosen to reproduce similar testing conditions and to
enable to compare the different results. One should remind that the aim of this research work is
not to characterize the behavior of the polyamide-based material, but to provide a qualitative
assessment of the effect of the different loading modes on the residual properties of the
composite material. IR monitoring and post-mortem investigation took place during and after
the mechanical tests to identify the area most likely to contain the final rupture initiation and to
analyze the cracks propagation pattern. These observations have shown that, in all samples,
damaged and non-damaged, the final rupture is initiated from the edges of the samples. Indeed,

it was found that:
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(i)

(i)

(iii)

on the samples subjected to low-velocity impact events, the cracks start at the edges
and propagate to join the post-impact damage localized in the center, before causing
the final failure. The post-mortem observations of the samples have shown that on
the impacted surface, the sample rupture follows a straight line, while deviations in
the cracks’ propagation pattern occur to join the pre-induced impact damage, are
noticed on the non-impacted surface.

on the samples subjected to fatigue loadings, the final rupture follows a clean
straight line, regardless of the loading conditions.

on the samples subjected to impact post-fatigue loadings, the rupture patterns
depend on the impact energy and the extent of damage resulting from the cyclic
loading. Indeed, the final rupture does not necessarily go through the central impact
damage. One can assume that this is due to localized and deteriorated zones resulting

from fatigue loading.

The mechanical response of the different samples under quasi-static tensile loading have been

assessed. It was found that:

(i)

(i)

the samples subjected to a low-velocity impact event exhibit two stages of damage
growth as the impact energy increases. It was shown that the magnitude of the
residual strength reduction depends on the impact energy. The first stage,
corresponding to impact energies ranging from 7 J to 12.6 J, points-out the initiation
and propagation phase from the first to the second layer of the laminate, as seen
through X-ray tomography analysis. This stage is characterized by matrix cracking
and fibers breakage. A minor but quantifiable decrease of less than 5% of the
residual strength of the composite is noticed. The second stage, with energies
varying from 12.6 J to 24 J, indicates the range of energies where the damage
propagates in the second layer and through-thickness to the third layer of the woven
composite. This stage is associated with the propagation and coupling of matrix
micro-cracks, delamination and fibers breaking. The outs reduces about 13% to 30%
in this stage, indicating that the composite is extremely damaged.

A difference in the values of outs of samples subjected to fatigue loadings and that
of a non-loaded sample is noticed. Three levels of maximum stress loads are
considered, and the fatigue tests are conducted at different stage of the number of
cycles to failure (composite’s fatigue life). It was shown that the samples loaded at

the highest maximum stress level (60%) exhibit lower loss of the residual strength
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as the number of cycles varies. The experimental findings point-out to the fact that
the final rupture, when the composite has undergone cyclic loadings at high
maximum stress levels, occur suddenly after 70% NC since the loss in the residual
strength between 50% and 70% NC is less than 20%. In addition, the residual
resistance values relative to the two sets of samples loaded at 35% and 45% ours,
respectively, are in the same range of magnitude.

(i) A clear gap between the values of the residual strength of the non-loaded sample,
the samples subjected to low-velocity impact events and fatigue tests, respectively,
and these of the samples undergoing impact post-fatigue loading was found.
However, a quantitative assessment of the experimental findings has not been the
purpose of this research project. A vast number of samples undergone the necessary
mechanical experiences was not available and therefore, only qualitative
conclusions have been drawn on this particular research aspect, based on limited
number of samples. Moreover, interesting observations have been made that could
be further investigated in the future. Indeed, the objective of the post-fatigue impact
testing campaign is to preliminary observe the decrease of the residual properties

when coupling two modes of loading, namely fatigue and low-velocity impact.

Consequently, the present work consists of the proposition of an experimental methodology to
assess the residual properties after an event (impact, fatigue loading and impact post-fatigue).
The achieved preliminary study should be completed by a thorough experimental campaign
allowing a quantitative assessment of the damage induced by the impact post-fatigue. It is
important to consider enough samples to quantify the loss in the residual properties due to

fatigue loading and low-velocity impact events.

176



V1. References

Agarwal, B., & Broutman, LJ Chandrashekhara, K. (2006). Analysis and performance of fiber
composites. In Materials Science and Engineering: A (3rd editio, Vol. 151, Issue 1). John Wiley
& Sons. https://doi.org/10.1016/0921-5093(92)90189-8

Curtis, P. (2000). Mechanical Testing of Advanced Fibre Composites. In J. Hodgkinson (Ed.),
Mechanical Testing of Advanced Fibre Composites. Woodhead publishing limited.
https://doi.org/10.1201/9781439822791

Dhakal, H. ., Zhang, Z. Y., Bennett, N., & Reis, P. N. B. (2012). Low-velocity impact response
of non-woven hemp fibre reinforced unsaturated polyester composites: Influence of impactor

geometry and impact velocity. Composite Structures, 94(9), 2756-2763.

Reifsnider, K., Schulte, K., & Duke, J. (1983). Long-Term Fatigue Behavior of Composite
Materials.

Shahzad, A. (2018). Investigation into fatigue strength of natural/synthetic fiber-based
composite materials. In Mechanical and Physical Testing of Biocomposites, Fibre-Reinforced
Composites and Hybrid Composites. Elsevier Ltd. https://doi.org/10.1016/B978-0-08-102292-
4.00012-6

177



178



General conclusions and further works

The present work aimed at the investigation of damage in a polyamide-based composite
intended for structural automobile applications. The objective was to propose experimental
methodologies founded on Non-Destructive Evaluation (NDE) methods enabling to evaluate
the damage state of the PA66/6 reinforced composite subjected to mechanical loading. The
NDE experimental approach focused on two main axes: (i) the study of the mechanical response
of the composite material undergoing three types of applied load, namely low-velocity impacts,
fatigue loadings and impact post-fatigue loading, and (ii) the assessment and the
characterization of the induced damage, in the microscopic and the mesoscopic scale, using
suitable NDE methods.

For the low-velocity impact loading, a total of twenty-one samples, pre-conditioned at 50%
RH, were impacted at energies ranging between 6.7 J and 24 J. The results of seven samples,
representing different levels and ranges of the barely visible impact damage (BVID), were
discussed. The mechanical data relative to the drop weight impact tests were analyzed and
processed, and the different parameters were extracted. It was found that the maximum force,
the maximum deflection, as well as the absorbed energy increased with the increase of the

impact energy.

A thorough experimental procedure consisting of a meticulous characterization of external
(surface) and through-thickness damage was followed. Visual inspection pointed out to the fact
that the damage was more diffused on the non-impacted surfaces as the impact energy raised.
Indeed, the cracks network propagate along the fibers’ axes and their size grew as the impact
energy increased. An ultrasound-based method consisting of bulk waves propagation was
performed to measure and estimate the permanent indentation (PI), i.e., the print left the
impactor on the sample after an impact event. The efficiency of the C-scan based-method was
verified using optical profilometry. The two methods exhibited an excellent correlation. The
experimental findings showed that the depth of the PI raised as the impact energy grew.

Through-thickness X-ray micro-computed tomography (mCT) was carried out to identify the
different damage stages namely, the initiation, the accumulation and the propagation. The
investigation of the 3D reconstruction of damaged volumes indicated that the detected damage

mechanisms were similar to those observed post-monotonic tension loading (Pomarede et al.,
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2018). Furthermore, matrix cracking was the first damage mechanism to appear on the non-
impacted surface of the thin laminate starting from an impact energy of 10.54 J. As the latter
kept rising, the micro-cracks grew on surface and diffused into and between the yarns resulting
in fibers’ rupture and the deterioration of the fiber/matrix interface. Delamination occurred as
the cracks propagated from layer to layer leading to the degradation of the multilayer composite

integrity.

Quantitative assessment of the impact damage was then achieved using ultrasound-based
methods. First, a stiffness reduction estimation method was employed. It was founded on the
determination of the velocity of propagation of bulk waves in different planes of the
investigated structure. This method pointed-out to the fact that Ci1 and Css were the most
impacted components. All the experimental findings were cross-linked and led to an important
conclusion: by estimating the PI, one could predict the damage state and through-thickness
propagation and capture the evolution of the relative stiffness reduction. Afterwards, a Lamb
waves-based method consisting of the assessment of the wave’s velocity of propagation as a
function of the angle of emission/reception of the ultrasonic signal, simultaneously, was
proposed. This method enabled the establishment and the assessment of velocity profiles for all
the investigated samples, representative of the stiffness evolution. To quantify the influence of
induced damage of the propagation velocity, a damage indicator consisting of the estimation of
the area under the curves was proposed. A good correlation between Pl measurement and the
suggested Lamb waves-based damage indicator revealed that both indicators were very efficient
and reliable when dealing with low-velocity impact damage. Consequently, the proposed
method could be used individually to reflect the damage state resulting from LVI (Low-

Velocity Impact) events.

Tension-tension fatigue tests were carried out on sample with a special geometry developed in
this work. Knowing that the objective was not to mechanically characterize the behavior of the
composite under cyclic loading, the geometry of the samples was chosen to contain damage in
the gauge area of the sample, and more specifically in the central area. The geometry was
verified by performing quasi-static tensile tests and tension-tension fatigue tests. Fatigue tests
at a frequency of 3 Hz were performed, first until failure to reconstruct the Wohler curve.
Interrupted fatigue tests were achieved afterwards to initiate progressive damage in the samples.
The assessment of the mechanical measurements revealed scattered experimental findings
suggesting a difference in the response of the samples due to the microstructure variability and

the nature of the cyclic loading. In addition, the fatigue damage resulting from cyclic loading
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was categorized as diffused damage in the entire section, unlike impact damage that is more
localized in the impacted area. The developed Lamb waves-based method was tested on the
pos-fatigue sample. The main objective was to confirm the detectability of a diffused damage
using the suggested Lamb waves-based technique. The discrepancy of the results, as already
seen during mechanical data analysis, was noticed. To establish if the discrepancy was related
to the mechanical test (behavior of the samples under fatigue loadings), the Lamb waves
investigation results were compared to the voids content measurement performed using mCT.
The comparison demonstrated the effectiveness of the method in the detection of different
stages of damage. Consequently, the proposed Lamb waves propagation technique proved its
reliability and performance in the detection and quantification of different types of surfaces and
through-thickness damage. Ultrasonic stiffness reduction method was also conducted on the
samples subjected to cyclic loading. However, scans at different angle and planes, enabling the
estimation of the velocities of the longitudinal mode, were not possible to achieve due to the
geometrical limitations of the experimental set-up. Moreover, the method enabled to obtain
complete velocity profiles in one of the scanned planes that showed changes the velocity of the
longitudinal mode as the applied loading conditions varied. These results indicated that the

latter could be employed as a qualitative damage indicator for the studied composite.

As a final step of the present research work, the influence of damage, resulting from LVI
events, tension-tension fatigue loading and impact post-fatigue, on the residual strength and
stiffness, respectively of the multilayered woven composite was assessed. Monotonic tensile
tests until failure were performed on samples, conditioned at 50% RH, subjected to drop-weight
impact tests at various levels of energies, cyclic loading at different combinations of stress
levels and numbers of cycles’ to failure, and impact post-fatigue loading, respectively. For
comparison reasons, the testing parameters and geometries were equivalent and comparable
between all three configurations of loading. The scope of this experimental campaign was to
qualitatively evaluate the influence of the pre-loading on the residual properties of the laminate
composite. It was found that regardless of the loading conditions, the final rupture was always
initiated from the edges of the samples. Moreover, on the samples that underwent LV1 events,
cracks networks started at the edge and diffused through the composite’s section until joining
the impact damage localized in the center. In terms of residual properties, no quantifiable
variation was noticed in the values of the Young’s modulus between damaged and non-
damaged samples. However, when measuring the residual ultimate tensile strength, a gradual

decrease of the values was observed as the impact energy increased. Consequently, one could
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link the drop in the residual strength to the damage through-thickness propagation and

permanent indentation.

The samples subjected to tension-tension fatigue tests all exhibited a final rupture following a
clean straight line. Indeed, whatever the loading conditions, the maximum stress and the number
of cycles of loading, the composite adopted the same rupture patterns as in the case of a non-
loaded sample. Nevertheless, differences in terms of residual strength were noticed between
non-loaded and loaded samples function of the loading conditions. It was found that the samples
loaded at a maximum stress level of 60% outs demonstrated a loss of the residual strength
ranging from 12% to 19%, depending on the number of cycles of the loading, which was lower
than the samples loaded at 35% outs and 45% ouTs as maximum stress levels. Furthermore, as
the maximum stress level decreased, the number of cycles of the loadings was considerably

higher. Consequently, more important strength reduction was observed.

The combination of impact and fatigue loading was a very complex phenomenon. The
prediction of the final rupture patterns and the residual strength depended on the understanding
of the complex aspect of this type of combined load. Generally, the cracks were initiated on the
edges and propagated until they join the localized impact damage, as noticed on the samples
submitted to L V1 tests only. However, some disturbances were also observed. As expected, the
fatigue loading followed by LVI tests had a significant effect on the rupture patterns. Indeed,
the final rupture did not always go through the impact damage. Nevertheless, fatigue loading
was found to generate micro-damage in different areas of the samples leading hence to the
deterioration of localized zones, making the final rupture more susceptible to occur in these
areas. A clear difference between the residual strength of loaded and non-loaded samples was
noticed. Due to the fact that a quantitative assessment was not the purpose of impact post-
fatigue testing campaign, a vast number of samples were not available, therefore only
qualitative conclusions were drawn on this particular research aspect. Thus, interesting

observations in terms of rupture patterns were noticed discussed.

As further works, numerical simulation of the low-velocity impact tests, fatigue tests and
impact-post fatigue tests can be achieved to compare and understand the kinetics of damage
initiation and accumulation. The proposed Lamb waves-based method can then be performed
to properly understand the wave propagation patterns when encountering any type of damage.
This numerical simulation will help upgrade the method in such a way that one could
understand how the ultrasonic waves propagate in the multilayered material and could identify
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the part of the signals that are affected by the damage. Furthermore, the complex aspect of the

studied composite makes the waves propagation patterns difficult to foresee.

Moreover, the concept of digital twins is more and more widespread in the industrial field. All
the experimental the numerical results will help implement a data base that will be used to
develop and validate the constitutive laws describing the behavior of the employed material at
the microscale. The digital twins of the structures or the automotive parts are then subjected to
different types of loading. The retrieved data are compared to those experimentally obtained on
operational structures using the proposed Lamb waves method. The behavioral laws and the

digital twins are consequently updated.

The proposed experimental Lamb waves propagation method can be automatized. Indeed, the
previously assessed method in terms of effectiveness and performance can be tested and
adjusted to be adapted to other types of materials. As a preliminary development process, this
method was developed using research laboratory equipments. One can employ the same
principle to develop a portable investigation device enabling the sensors (transducer) to rotate
in order to perform the inspection operations without having to move or disassemble/ take apart
the structure. This device can be used as a decision support tool with the help of the developed
digital twin to determine the criticality of the damage. Indeed, the numerical simulations of a
certain load or combination of loads can be representative of the damage state of the real
structures and automotive parts. When comparing the signals recorded using this investigation
device with those obtained using the numerical simulations, one can decide whether the
structural part needs to be changed.
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Résumeé étendu

|. Introduction géneérale

La hausse des prix du pétrole et du carburant ainsi que les exigences européennes strictes en
matiere d'émissions de CO2 poussent I'industrie automobile a créer une nouvelle génération de
voitures (EU Climate Action, 2019; US department of energy, 2011). L'aspect clé de cette
approche est la fabrication de véhicules légers en remplacant les éléments métalliques
structurels par des matériaux légers a faible densité et propriétés mécaniques élevées (Béhm et
al., 2020; Sarfraz et al., 2021). Pour atteindre cet objectif, I'intérét pour l'utilisation de
composites a base de polymeéres s'est accru au cours des derniéres décennies(lshikawa et al.,
2018; Li et al., 2018; Lukaszewicz, 2013). Cet intérét résulte de I'amélioration de certaines
propriétés mécaniques, telles que le rapport résistance/poids, la résistance a la corrosion, etc.
Les matériaux composites offrent une opportunité de concevoir des matériaux avec une large
gamme de propriétés que I'on ne trouve pas dans les matériaux minéraux existants (Lopes &
Ribeiro, 2012). De plus, en termes de production de masse, la flexibilité ainsi que la possibilité
de faire du sur-mesure ont encouragé I'utilisation de matériaux composites dans I'industrie
automobile (Cramer & Taggart, 2002; Lopes & Ribeiro, 2012).

Les éléments composites utilisés dans I'industrie automobile sont généralement divisés en deux
catégories : (i) les composites qui résistent aux températures élevées et a I'humidité, et (ii) les
composites destinés a améliorer les performances structurelles du véhicule (Lopes & Ribeiro,
2012). Ces derniers sont fortement sollicités, sont opérationnels pres de leur limite de résistance
mécanique et doivent respecter les exigences de sécurité et de sOreté opérationnelle. Par
conséquent, I'identification des chargements potentielles que la structure composite peut subir

en service et I'étude de son comportement sous ces chargements restent essentielles.

Malgré leur excellent rapport résistance/poids, les composites sont plus sensibles aux
endommagements internes (Agrawal et al., 2013), notamment au délaminage qui peut se
produire a différentes étapes de la vie de la structure (fabrication, opération de maintenance ou
en service). De plus, les composites presentent des mécanismes d'endommagement qui sont

differents de ceux qui se créent dans les materiaux metalliques en termes d'initiation et
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d'accumulation. En effet, a I'échelle microscopique, les mécanismes d'endommagement vont se
développer progressivement au cours du service et s'accumuler dans tout le volume du matériau.
La combinaison des mécanismes concomitants entraine la détérioration des propriétés locales

conduisant a la rupture finale mésoscopique.

Les matériaux composites a base de thermoplastiques sont connus pour étre trés sensibles aux
impacts a faible vitesse (LVI) (Sierakowski & Newaz, 1995) et aux chargements répétitives,
telles que la fatigue. Ces deux types d'événements sont considérés comme des menaces pour
l'intégrité des structures. Apreés un événement d'impact, de I’endommagement microscopique
diffus est créé a travers I'épaisseur alors que seules de petites traces d'indentation, restent sur la
surface impactée. Ce type d’endommagement, invisible, entraine une réduction significative
des propriétés mécaniques et influence donc considérablement les performances des structures
composites. En effet, des études ont montré que I’endommagement interne li¢ aux événements
d’impact réduisent les propriétés mécaniques de la structure de plus de 50% (Richardson &
Wisheart, 1996; Shah et al., 2019). De plus, dans des conditions de chargement cyclique, la
propagation et I'accumulation de I’endommagement se produisent dans la structure et peuvent

entrainer une rupture en service catastrophiques.

Par conséquent, pour des raisons de sécurité, des plis supplémentaires sont ajoutés pour rendre
les structures composites plus résistantes (Shah et al., 2019). Cependant, I'ajout des plis entraine
I'augmentation du poids des structures composites, réduisant ainsi leur compétitivité par rapport
aux métaux. Ainsi, I'amélioration de la tolérance a endommagement des composites est d'une
grande importance dans I'industrie du transport, notamment pour les applications automobiles.
La prise de conscience de I'importance de la sécurité et de la fiabilité dans la conception et la
résistance des pieces structurelles, ainsi qu'une identification et une évaluation correctes des
endommagements survenant au cours de la vie en service sont essentielles pour respecter les
normes de tolérance a I’endommagement. En effet, le risque de perte de vies humaines résultant
d'une defaillance structurelle inattendue a motivé la communauté scientifique vers des projets
innovants dans les différentes branches de l'ingénierie, dont la détection et I'évaluation de

I’endommagement dans les composants automobiles.

Un grand intérét est porté au Contréle Non- Destructif (CND) comme moyen de détection
précoce de I’endommagement. L’identification de I’endommagement a son début vise a
prévenir les défaillances structurelles et a planifier la réparation ou le remplacement des

composants endommagés. Par consequent, des controles périodiques méticuleux de l'intégrité
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des composants sont nécessaires. Les techniques prédominantes de CND visant a
I'identification des dommages dans les structures composites comprennent la thermographie
infrarouge, 1'émission acoustique, la propagation des ondes ultrasonores, etc. Néanmoins, ces
techniques ont été progressivement testées quant a leur capacité a rassembler a la fois la

détectabilité et la faisabilité.

De nombreuses recherches portant sur la propagation des ondes ultrasonores ont été menées
pour démontrer leur capacité exceptionnelle a inspecter de grandes structures, et leur grande
sensibilit¢ a détecter I’endommagement interne, tels que le délaminage. Il s'avére que
I'investigation par ultrasons fournit des informations primordiales pour une évaluation de haute
qualité de I’endommagement (Aymerich & Meili, 2000; Castaings et al., 2012). Dans le cas de
structures en forme de plaques, les ondes ultrasonores élastiques guidées, connues également
sous le nom d'ondes de Lamb, ont prouvé leur efficacité et leur fiabilité en matiére de détection
de ’endommagement. En outre, la capacité de sélectionner les modes et les fréquences rend la
détection et la localisation de I’endommagement en surface, comme les microfissures et la
corrosion, et les dommages interlaminaires précises (Su & Ye, 2008). Leur utilisation
polyvalente a encouragé la réalisation de recherches approfondies pour développer des outils

de détection de I’endommagement qui soient faciles a utiliser, efficaces et peu colteux.

Le présent projet de recherche est réalisé dans le cadre de I'OpenLab "Materials and processess"
créé et financé par Stellantis. La démarche © Open innovation’ adoptée par I'ancien Groupe PSA
réunit plusieurs partenaires scientifiques : Arts et Métiers Sciences et Technologies,
GeorgiaTech Lorraine (Georgia Tech-CNRS IRL 2958). L'objectif des OpenLabs est d'associer
des entreprises scientifiques aux partenaires académiques les plus avancés dans leur domaine
afin de bénéficier de leur expertise, d'avoir acces aux meilleures connaissances scientifiques et
technologiques possibles et d'explorer de nouveaux champs de recherche. Cette recherche
consiste en un partenariat entre Stellantis, le laboratoire de mécanique, microstructures et
matériaux (LEM3-UMR CNRS 7239) et le laboratoire d'ultrasons et de contréle non destructif

(GeorgiaTech-Lorraine).

Ce travail de recherche porte sur I'é¢tude et 1'évaluation non destructive de I’endommagement
induits dans un composite a base de polyamide renforcé par un tissu de fibre de verre destiné a
une application structurelle dans I'industrie automobile. L'objectif principal est de développer
une approche expérimentale qui permet de détecter et de quantifier I'état d'endommagement des

structures composites soumises a deux types de chargement qu'une structure composite typique
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peut subir en service, a savoir un impact a faible vitesse et un chargement en fatigue ainsi que
la combinaison des deux chargements. Le composite a base de thermoplastique etudié, appelé
ci-aprés VizilonTM SB63G1-T1.5-S3, est fabriqué par Dupont De Nemours et est constitué de
trois couches de fibres de verre tissées imprégnées dans une matrice polyamide 66/6. Des
recherches antérieures réalisées en 2013 sur le méme matériau ont indiqué qu'il était possible
de détecter des endommagements critiques dans ce matériau. Pomaréde (Pomaréde, 2018) a
étudié le comportement du composite Vizilon employé par Stellantis (Groupe PSA) soumis a
des chargements de type quasi-statique. Plusieurs techniques de CND ont eté développées et
employées pour évaluer I'endommagement resultant des chargements mécaniques. Deux
nouveaux indicateurs d’endommagement qui reposent sur la propagation des ondes
ultrasonores ont été proposeés et ont montre leur efficacité pour estimer et quantifier le niveau
d’endommagement de la structure composite causé par des chargements de traction quasi-
statiques. L’objectif principal de ce travail est de proposer un outil CND pratique, facile a
utiliser et efficace qui détecte et estime I'état d'endommagement de la structure composite quel

que soit le type d’endommagement induit.
Pour ce faire, ce manuscrit est structuré comme suit :

- Une présentation du matériau de I’étude, sa sensibilité a la température et a I’humidité relative

ainsi que ses propriétés mecaniques.

- Une étude expérimentale approfondie de I’endommagement résultant des événements
d'impact a faible vitesse. Une procédure expérimentale détaillée permettant d'étudier et de

quantifier I’endommagement est proposée.

- Une étude expérimentale de I’endommagement résultant de chargements en fatigue (traction-

traction) ainsi que sa détection grace aux méthodes déja présentées.

- Une estimation des propriétés résiduelles post-chargements (impact, fatigue et impact post-
fatigue).
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1. Matériau de I’étude

Le matériau de I'étude est un composite tissé sergé 2.2 appelé VizilonTM SB63G1-T1.5-S3,
fabriqué par DuPont de Nemours par thermocompression. Il s'agit d'un co-polyamide 6.6 / 6
(matrice polymeére thermoplastique semi-cristalline) renforcé par une superposition de trois
couches de fibres de verre en tissu équilibré orientées a 0°/90° (correspondant respectivement
aux sens de la trame et de la chaine). Les plaques composites ont une épaisseur de 1,53 mm,
avec un rapport de poids de fibres de 63% correspondant a une fraction volumique de fibres de
43%.

Le Tableau 1, fourni par DuPont de Nemours, présente la densité, le module d"Young (E) et la
résistance ultime (ocuts) et la déformation (eurs) du matériau composite étudié. La

microstructure et I'architecture du renforcement du matériau sont présentées sur la Figure 126.

Pomarede (Pomaréede 2018) a étudié la réponse en traction du composite renforcé PA6.6/6 sous
deux configurations, 0° et 45°. En termes de constantes élastiques, les composantes de la
matrice de rigidité sont déterminées expérimentalement (Pomaréde, 2018) et sont comparées a
celles obtenues numériquement par homogénéisation périodique (Praud, 2018) comme

représenté sur la Figure 126.

Pour la réponse globale du matériau, il est montré que le comportement mécanique est
fortement influencé par l'orientation des fibres. En effet, sous chargement en traction, le
matériau en configuration 0° (ainsi que 90°) présente une réponse linéaire et fragile alors qu'en
configuration 45°, le matériau présente une réponse ductile non linéaire due a la rhéologie de
la matrice. Des courbes typiques de contrainte-déformation montrant la réponse du PA6.6/6

renforcé de verre tissé a 0° (ou 90°) et celle a 45° sont données dans la Figure 127.

Dans le présent travail, des essais d'impact sont effectués sur des échantillons découpés par jet
d’eau. Les plaques ont une forme rectangulaire de 100 par 150 mm et une épaisseur de 1,53
mm, en accord avec les normes ASTM D7136/D7136M. L'état initial non endommagé est
examiné et Vvérifie pour tous les échantillons par C-scan. Les échantillons sont ensuite

conditionnés a 50% d’humidité relative.
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Tableau 1 : Caractéristiques mécaniques du composite PA6/66 renforcé de fibres de verre tissées.

Composantes de la Cu Ci2 Cis Cz Cax Cas Cas Css
matrice de rigidité
(GPa)
Homogénéisation 20 2.1 15 20 1.5 4.5 2.3 1.3
périodique
Expérimentalement 2221 257 141 2181 -- 4.1 2.33 158
(0.2) (0.15) (0.76) (0.08) (0.07) (0.09) (0.21)
Caracteéristiques Densité E_0°(GPa) E 90° outs (MPa) guts (%)
mécaniques direction (GPa) direction direction
chaine direction chaine chaine
trame
1.78 17.7 18.1 303 1.9
(a) Chaine (b)
Toron Toron Matrice

longitudinal Transversal

Trame

Figure 126 : Observation microscopique de la mésostructure (a) et de la microstructure (b) du composite tissu de
verre-PA66-6 montrant I'orientation de la chaine et de la trame (Pomarede, 2018).
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Figure 127 : Contrainte-déformation du composite PA66-6 renforcé de fibres de verre tissées sous chargement quasi-
statique dans les directions 0° et 45° (Pomareéde, 2018).
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I11. Impact a faible vitesse

1. Procédure expérimentale

La géométrie de I'échantillon est choisie en accord avec les normes ASTM D7136/D7136M.
Les essais d'impact a basse vitesse sont effectués sur des plaques de forme rectangulaire de
dimensions 100 par 150 mm et d'une épaisseur de 1,6 mm conditionnées a 50% d’humidité

relative.

Les essais d'impact sont réalisés a I'aide d'un dispositif d'essai équipé d'un impacteur de 1,02 kg
ayant une extrémité hémisphérique de 16 mm de diametre. 1l convient de mentionner qu'un
assemblage d'une série de masses est utilisé pour atteindre la masse désirée. Le dispositif
expérimental, est composé d'un capteur de charge piézoélectrique et de deux capteurs de
déplacement laser, ainsi que d'un systéeme d'acquisition de données. Les plagues composites
sont serrées aux deux extrémités. Le déplacement de I'échantillon est ensuite mesuré sous la
plaque impactée a l'aide d'un capteur de déplacement laser. L'acquisition du déplacement de
I’impacteur, le déplacement du centre de la plaque et la force de contact sont mesurés pour
I'analyse des données. En variant uniquement la hauteur de l'impact, différents niveaux

d'énergie sont obtenus.

Vingt et un échantillons sont impactes a des hauteurs variant de 1 m a 3 m, trois échantillons
par hauteur choisie. En effet, pour des raisons de répétabilité, et pour réduire les incertitudes
expéerimentales, chaque trois échantillons sont impactés de la méme hauteur. En raison du grand

nombre d'échantillons considérés, les résultats de seulement sept d'entre eux sont discutes.

Le post-traitement des données mécaniques permet de calculer la vitesse d'impact, I'énergie
d'impact réelle et I'énergie absorbée. En effet, a partir de la courbe déplacement-temps de
I’impacteur, la vitesse d'impact est estimée. Elle consiste en la pente de la premiere partie de la
courbe (Figure 128). Ainsi I’énergie réelle d’impact est calculée. La deuxiéme partie de ce méme
graphique représente le déplacement de 1'impacteur aprés I’événement d’impact. En effet, elle
consiste en le rebond de I'impacteur apres avoir percuté 1'échantillon. L’énergie absorbée est
calculée a partir de la différence des carrés des deux vitesses. Un exemple illustrant les vitesses
estimeées a l'aide de la courbe déplacement-temps correspondant a 1’essai d’impact de
I'échantillon impacteé a 12,6 J est présenté dans la Figure 128. Les paramétres calculés, a savoir
la vitesse d'impact, I'énergie d'impact réelle et I'énergie absorbée pour les sept échantillons

choisis, sont représentés dans le Tableau 2.
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Figure 128 : Courbe déplacement-temps de I'impacteur pour I'échantillon chargé & 12.6 J détaillant la méthode suivie
pour calculer I'énergie absorbée montrant la vitesse d'impact V1 et la vitesse de rebond V2.

Tableau 2 : Vitesse d'impact et énergie absorbée pour les sept échantillons considérés, impactés a 7,20 J, 10,54 J, 12,6
J, 14,58 J, 19 J, 21,15 J et 24 J respectivement.

Energie 7,20 10,54 12,6 14,58 19 21,15 24
d’impact (J)
Vitesse d’impact
(m/s)
Energie
absorbée 4,09 7,40 9,30 11,43 14,90 16,95 21.77

(J)

3,778 4,633 5,010 5,383 6,170 6,504 6.928

2. Mesure de ’indentation permanente

L'indentation permanente (IP) est connue pour étre un parameétre trés fiable pour une estimation
de I'état d'endommagement dans le cas d'un endommagement par impact (Bouvet, 2011; Miqoi
et al., 2021; Mustapha et al., 2016). Elle représente I’empreinte résiduelle post-éveénement
d’impact. Une estimation correcte de ce paramétre communique des informations sur les
dommages causés par un événement d'impact. Ce paramétre clé est déterminé par une mesure
ultrasonique utilisant d'abord I'imagerie C-scan pour localiser la zone d'impact et ensuite B-
scan pour mesurer la profondeur de I'empreinte laissée sur la surface impactée. Les valeurs
trouvées sont ensuite confirmées par une méthode plus résolue, en utilisant un profilomeétre

optique.
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Une augmentation substantielle des dimensions, de la profondeur et des diametres de I'lP est
constatée lorsque I'énergie d'impact est élevée. Néanmoins, la mesure ultrasonique de I'IP

s'accompagne d'une incertitude significative, comme le montre le Tableau 3.

Tableau 3 : Valeurs de la profondeur de I'indentation permanente obtenues par la méthode d'estimation par ultrasons
pour les sept échantillons considérés impactés a 7,20 J, 10,54 J, 12,6 J, 14,58 J, 19 J, 21,15 J et 24 J respectivement.

Energie 7,20 10,54 12,6 14,58 19 21,15 24
d’impact(J)
Profondeur - 59,5 44,36 62,84 122 177 199,3
(um) = 7 pm

Diametre - 6,3 3,9 5,1 3,6 7,2 5,7

(mm) = 0,1 mm

Pour évaluer la pertinence de cette méthode, des mesures sont réalisées par le biais d’un
profilométre optique. Une comparaison entre les résultats fournis par les deux méthodes pour
les sept échantillons considerés et également pour tous les échantillons étudiés, est établie et
représentée respectivement dans la Figure 129. La méme tendance est retrouvée dans les deux
figures confirmant ainsi I'aspect représentatif des sept échantillons choisis. Les valeurs de la
profondeur IP augmentent jusqu'a atteindre une énergie de 10,54 J, puis se stabilisent et
recommencent a augmenter lorsque I'énergie dépasse 19 J. La comparaison montre une bonne
corrélation entre les deux méthodes ainsi qu'une précision satisfaisante pour la méthode basée
sur les ultrasons. Cependant, dans le cas de faibles indentations résultant de tres faibles énergies
d'impact, I'IP ne peut pas étre mesuré en utilisant la méthode basée sur les ultrasons en raison
de sa résolution relativement faible par rapport a la profilométrie optique. En effet, I'état
d'endommagement a de faibles énergies d'impact rend la localisation de la zone endommagée

tres compliqué, et donc la mesure de la profondeur de la zone indentée est inaccessible.
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Figure 129 : Comparaison entre les valeurs de la profondeur de I'indentation permanente (IP) obtenues en utilisant a
la fois la méthode basée sur les ultrasons et le profilométre optique pour les sept échantillons considérés impactés a
7,20 J,10,54 J,12,6 J, 14,58 J, 19 J, 21,15 J et 24 J montrant une bonne corrélation entre les deux méthodes et
validant ainsi la méthode basée sur les ultrasons comme une méthode efficace pour une estimation correcte de I'IP.

3. Mécanismes d’endommagement

Pour observer I’étendu de I’endommagement causé par I’impact, une investigation par
tomographie a rayons est réalisée. Elle consiste en une reconstruction 3D du volume impactée
permettant d’identifier les mécanismes d’endommagement résultant des événements d’impact
a différentes énergies. Ces derniers génerent la création de vide qui est représenté en noir lors
de la traversée du faisceau de rayons X. Il est a noter que pour I'échantillon impacté a une
énergie de 7.20 J, les résultats de la tomographie n'indiquent aucun dommage dans la zone
impactée confirmant ainsi que ce niveau d'énergie n'est pas suffisant pour créer un
endommagement interne permanent dans le matériau étudié. L’initiation, ’accumulation ainsi

que la propagation des mécanismes d’endommagement sont données dans la Figure 130.

Les mécanismes d'endommagement développés dans le composite tissé renforcé de verre
étudié, soumis a un chargement d'impact a faible vitesse, sont similaires a ceux observés sous
chargement monotone (Pomarede et al., 2018). Les cinétiques d'endommagement pour
I'initiation, l'accumulation et la propagation sont les suivantes : le premier mécanisme
d'endommagement distingue est la fissuration de la matrice. Cette derniére est introduite dans
la surface non impactée attribuable a la nature du matériau (matériau mince) et se propage en
surface, dans les deux directions longitudinale et transversale, en raison de I'effet de flexion lié
aux conditions aux limites. Lorsque I'énergie d'impact augmente, ces fissures commencent a se

propager dans les torons, provoquant la détérioration de I'interface fibre/matrice. Les fissures
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se diffusent ensuite entre les torons dans les zones riches en polymere, entrainant la rupture des

renforts.

Endommagement en forme de cone

Micro fissuration de la matrice

Délaminage

LY

7.2 10.5 12.6 14.«7‘ 19 211 24

Energie (J)

Propagation des fissures et délaminage

Figure 130 : Evolution des mécanismes d’endommagement en fonction de I’énergie d’impact.

4. Evaluation non-destructive de I’endommagement

4.1. Evaluation de la rigidité

Cette méthode consiste en la détermination du tenseur de rigidité du matériau de 1’étude a partir
de la mesure de la vitesse de propagation des ondes de volumes émises dans différents plans du
composite. En effet, ’équation de Christoffel lie la rigidité a la vitesse de propagation des
modes longitudinal et transversal. Pour des raisons de geométrie (faible épaisseur), des
acquisitions dans les deux plans 1-3 et 2-3 (Figure 131) sont réalisées pour les sept échantillons

considérés. Par conséquent, sept/ neuf composantes de la matrice de rigidité sont obtenues.
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Figure 131 : lllustration des trois plans principaux de propagation des ondes ultrasonores considérés dans le cas d'un
matériau orthotrope (Huffenbach, 2006).

Une diminution progressive est remarquée pour les valeurs des composantes Ci11 de 7.20 J a
14.58 J (Figure 132(a)). Les valeurs se stabilisent ensuite. Pour la composante Cz. (Figure 132(a)),
une diminution est remarquée aux énergies les plus élevées, plus précisément a 19 J. Les valeurs
de cette composante ne semblent pas avoir de variation importante avant la derniere énergie.
Une chute importante des valeurs de la composante Css (Figure 132(b)) est visible a partir de 12.6
J. Une chute moins marquée est observée pour le reste des composantes Ces, Css, C13 et Ca3
(Figure 132(d) et Figure 132(c) respectivement). Cela dit, C23 varie comme suit : les valeurs
diminuent a partir de 10,54 J jusqu'a atteindre un seuil ou elles sont maintenues méme a des
énergies plus élevées (Figure 132(c)). Comme pour Cis, les valeurs diminuent progressivement
avec I’augmentation 1'énergie d'impact (Figure 132(c)). Cependant, les valeurs de Cegs et Css ne
semblent pas changer (Figure 132(d)). Enfin, la valeur du composant Css diminue a partir de 7,20
J jusqu'a 14,58 J, puis les valeurs se stabilisent lorsque I'énergie d'impact augmente.

On peut conclure que plusieurs composantes diminuent avec l'augmentation de I'énergie
d'impact. La variation de certaines composantes plutdt que d'autres dépend principalement du
type de chargement. Cependant, certaines valeurs estimées présentent une incertitude

relativement élevée.
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Figure 132 : Evolution des sept composantes de rigidité en fonction de I'énergie d'impact, a savoir : (a) C11 et C22, (b) C33, (c) C55
et C66 et (d) C23.

4.2. Investigation par ondes de Lamb

Les ondes guidées sont utilisées pour déterminer les endommagements dans le matériau
composite de I’étude. En effet, les ondes de Lamb se révelent tres efficaces pour 1'évaluation et
I'étude de 1'état d'endommagement d'une structure complexe. Elles permettent d’évaluer 1’état
d’endommagement d’une large structure en une mesure. L'idée principale est de varier la
direction de propagation de I'onde guidée dans I'échantillon, et de calculer la vitesse de
propagation pour chaque direction. La vitesse de propagation étant directement liée a la rigidité

du milieu ainsi qu’a la variation des angles d'émission/réception (direction de propagation),
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permet de récupérer des informations concernant l'anisotropie résultant de [l'initiation de

I'endommagement.

Les résultats seront présentés sous forme de profils de vitesse en fonction de la position

angulaire décrivant l'interaction entre I'onde et le milieu de propagation.

Differentes étapes sont suivies pour développer un dispositif expérimental opérationnel. Les
tests préliminaires mettent en évidence différents parametres qui doivent étre pris en compte.
Ces parameétres sont divises en deux catégories : les paramétres ultrasoniques et les parametres
géomeétriques. Le paramétre ultrasonore le plus important est la fréquence. En effet, le choix de
la bonne fréquence du signal est crucial pour une bonne évaluation des sighaux. Comme
parametres geomeétriques, on peut citer la distance entre les transducteurs, la position de ces
derniers sur l'axe Z, et le positionnement de I'échantillon. Des travaux préliminaires sont
considérés pour répondre a chacun des aspects mentionnés. En effet, une procédure est suivie
pour la détermination de la frequence d'émission. Des solutions sont proposées pour minimiser
I'erreur due aux variations géométriques principalement de la position des transducteurs et de

la position de I'échantillon.

4.3. Dispositif expérimental

Un signal composé d’un cycle sinusoidal est généré a une fréquence de 150 KHz avec une
amplitude de 10 V en utilisant un générateur Hewlett Packard 33120 A. Ce dernier est connecté
a I'un des transducteurs (I'émetteur). Le signal se propage dans I'échantillon et est ensuite capté
par le récepteur. Les transducteurs utilisés dans ce dispositif expérimental sont des
transducteurs de 1 MHz de la marque Olympus. Connaissant I'effet d'atténuation que le
composite a sur le signal, un amplificateur Krohen-Hite modéle 7500 est utilisé. La sortie de
I'amplificateur est reliée a un oscilloscope Lecroy waverunner 64Xi qui permet la visualisation
et l'enregistrement des signaux. Il est & noter que toutes les acquisitions sont réalisées au

Laboratoire LUNE situé & GeorgiaTech Lorraine (Figure 133).
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Figure 133 : Le dispositif expérimental utilis¢ montrant : (a) les transducteurs maintenus par le support imprimé en

3D fixé sur le robot & cing axes permettant la translation sur I'axe Z ainsi que le dispositif imprimé en 3D congu sur

mesure permettant la rotation de I'échantillon avec un pas prédéfini de 5°, et (b) le dispositif utilisé pour générer et
enregistrer le signal révélant le générateur, I'amplificateur et I'oscilloscope.

4.4. Post-traitement et résultats

Apres avoir enregistré les 13 signaux a chaque angle pour tous les échantillons considérés
(échantillons de référence et sept échantillons impactés), I'étape suivante consiste a identifier le
temps d'arrivée du premier mode de propagation. Pour ce faire, une convolution entre un signal
de référence et les signaux enregistrés pour chaque échantillon a chaque position définie est
effectuée. Le signal de référence correspond au premier paquet d'ondes (du deuxieme au
sixieme pic) du signal enregistré sur I'échantillon de référence a lI'angle 0. Chaque signal est
comparé et corrélé au premier paquet d'ondes du signal se propageant a 0° dans I'échantillon
non impacté. Cette méthode permet de déterminer la position exacte ou il existe une corrélation
entre le signal de référence et le reste des signaux. Cette position correspond au temps d'arrivee

du premier pic, c'est-a-dire le mode So, qui conduira par conséquent au calcul de la vitesse.
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Connaissant la distance entre I'émetteur et le récepteur, la vitesse de propagation pour tout

échantillon & chaque position est calculée.

La Figure 134 montre qu'il existe une différence entre les profils de vitesse correspondant a
I'échantillon de référence et ceux relatifs aux échantillons impactés. En effet, tous les profils de
vitesse sont inférieurs au profil de vitesse de I'échantillon de référence. Cet écart s'explique par
la réduction de la rigidité aux premiers stades de la création de I’endommagement et son
développement au fur et a mesure que I'énergie d'impact augmente. Pour quantifier clairement
I'effet des dommages sur la diminution de la vitesse de propagation, le calcul de I'aire sous la

courbe est proposé. Par conséquent, un indicateur de dommage est suggéré.

Adamaged

D=1- —=
Aref

Avec Adamaged la surface sous le profil de vitesse d'un échantillon endommagé et Aver la surface

sous le profil de vitesse de I'échantillon de référence.

Apres le calcul des valeurs de 1'indicateur d’endommagement (D) pour chaque échantillon, les
résultats peuvent étre illustrés comme le montre la Figure 135 . On peut clairement voir

l'augmentation du D avec I'augmentation de I'énergie d'impact.

Comparé aux résultats obtenus précédemment lors de la mesure de [lindicateur
d'endommagement basé sur la mesure de l'indentation permanente (Figure 135), le présent
indicateur d'endommagement a prouvé son efficacité a décrire I'évolution de la fonction

d'endommagement de I'impact.
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Figure 134 : Les profils de vitesse de chacun des échantillons considérés, a savoir I'échantillon de référence et les sept
échantillons impactés chargésa: 7,2 J, 10,54 J, 12,6 J, 14,58 J, 19 J, 21,15 J et 24 J avec une approximation
polynomiale du quatriéme degré.
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Figure 135 : Comparaison entre I'évolution de I'indentation permanente mesurée par la méthode ultrasonore et
1I'évolution de l'indicateur d’endommagement proposé pour les sept échantillons impactés respectivement a des
énergies de : 7,20 J, 10,54 J, 12,6 J, 14,58 J, 19 J, 21,15 J et 24 J.

V. Fatigue en traction-traction

L'endommagement des polyamides renforcés se produit en raison des chargements
opérationnelles, de la température, et est affecté par les conditions d’humidité relative comme
le rapportent (Arif et al., 2014; Giurgiutiu, 2015; Pomaréde et al., 2018; Robert & Benaarbia,
2015). Contrairement a I'endommagement par impact, qui est considéré comme le resultat
d'événements accidentels provoquant une diminution soudaine des propriétés mécaniques du
composite, I'endommagement di au chargement opérationnel induit une dégradation

progressive de ce dernier.
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1. Essais mécaniques

Des essais de fatigue interrompus sont réalises pour initier et propager un type
d’endommagement étendu et diffus dans le composite étudié. Sachant que 1'endommagement
géneré par le chargement cyclique reste complexe en termes d'accumulation, son évaluation a
I'aide d'une technique de détection résolue est d'une grande importance. En effet, il présente une
distribution diffuse dans toute la section de I'échantillon. L'objectif est de valider la méthode
des ondes de Lamb qui a prouvé son efficacité dans la détection des endommagements localisés
dus aux événements d’impact a faible vitesse. Les échantillons composites testés sont chargés
a trois niveaux différents de leur durée de vie, et a trois niveaux (proportion) de la contrainte a
rupture, respectivement. Ainsi, neuf combinaisons de parametres de chargement sont
considérées et sont résumées dans le Tableau 4. Au total, vingt-sept échantillons sont testés, soit

trois spécimens par combinaison de paramétres de chargement.

Tableau 4 : Neuf combinaisons de paramétres utilisées pour les essais de fatigue interrompue sur des échantillons
préconditionnés a 50% d'humidité relative.

Niveau de chargement 35% L 45% OyuTs 60% Oyrs
Nombre de cycles (%) 50% 60% 70% 50% 60% 70% 50% 60% 70%
Nombre de cycles 222061 266473 310885 33015 39618 46221 1851 2222 2592

Le module de Young relatif aux premiers (Eo) et aux derniers cycles (E) des chargements sont
mesurés. Pour quantifier I’endommagement résultant des essais de fatigue, les résultats sont
représentés comme le rapport (D) de E sur Eo, fonction du nombre de cycles. La Figure 136
représente I'évolution de I'endommagement en fonction du nombre de cycles de chargement

pour le lot d’échantillons chargé a omax = 60% curs.

Les résultats expérimentaux ne présentent pas de tendance claire. Par conséquent, la baisse de
rigidité ne peut pas étre considérée comme indicateur fiable de I’endommagement dans le cas

d’un chargement en fatigue.
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Figure 136 : Variation de I'endommagement (D) calculé a partir des données mécaniques en fonction des conditions
de chargement : 60% outs. Une dispersion des résultats est observée. Elle peut étre expliquée par la variabilité des
essais de fatigue et la variabilité de la microstructure du matériau causée par le processus de thermo-compression.

2. Investigation par ondes de Lamb

Une étude des ondes de Lamb est menée pour évaluer I'état d'endommagement des échantillons
post-fatigue. Le protocole expérimental de détection est celui utilisé précédemment sur les
échantillons impactés. La seule différence réside dans la gamme d'angles étudiés. En effet, la
section étant plus petite que celle des échantillons d'impact, la surface évaluée est
comparativement plus réduite, et par conséquent, le nombre de points de mesure est réduit.
Néanmoins, une gamme d'angles variant entre + 15° est considérée avec un incrément de 5°,
En conséquence, sept angles ont été exploités pour construire le profil de vitesse des
échantillons de fatigue, qui sont divisés en trois ensembles en fonction du niveau de
chargement. Un échantillon non endommagé avec la méme géométrie est considéré comme un
échantillon de référence. Chaque ensemble d'échantillons est testé individuellement avec
I'échantillon de référence. Ainsi, chaque ensemble d'échantillons a ses propres données de
référence enregistrées dans les mémes conditions d'essai. Le fait d'avoir les mémes conditions
de test (la pression appliquée par les transducteurs sur la surface du matériau et le
positionnement de I'échantillon) entre les échantillons endommagés et I'échantillon de référence

réduit I'apparition d'erreurs expérimentales.

Un exemple des profils de vitesse obtenus correspondant au lot d’échantillons chargé a 60%
outs est présenté dans la Figure 137. Une différence entre le profil vitesse de I’échantillon de

référence et le reste des échantillons est remarquée.
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Figure 137 : Profils de vitesse obtenus par la méthode proposée de propagation des ondes de Lamb sur des
échantillons soumis a une charge de fatigue & 60% outs et 50%, 60%, et 70% du nombre de cycles a rupture (se
référer au tableau 4 pour les nombres réels de cycles).

Les surfaces sous les profils de vitesse sont calculées et I’endommagement résultant est
quantifié par le biais de 1’indicateur d’endommagement présenté dans la section précédente. Un
exemple des résultats obtenues pour le lot d’échantillons chargé a 60% curts est présentée dans

la Figure 138.
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Figure 138 : Valeurs de l'indicateur d’endommagement proposé calculé a partir de la surface sous les profils de
vitesse pour le lot d’échantillon chargé a 60% outs et 50%, 60%, et 70% du nombre de cycles jusqu'a la rupture.

Une différence claire entre les échantillons endommagés et I'échantillon de référence est
remarquée, confirmant ainsi I'efficacité de I'indicateur de dommages basé sur I'investigation des

ondes de Lamb pour distinguer entre les échantillons endommagés et non endommagés. En
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effet, la premiere étape dans le développement d'une technique CND est la capacité de

différencier les échantillons endommagés des échantillons non endommages.

Cependant, on peut facilement voir que les résultats ne présentent pas une tendance claire. Une
augmentation graduelle de la valeur de l'indicateur d'endommagement est attendue avec
I'augmentation du nombre de cycles de chargement. Cependant, une dispersion des valeurs de
l'indicateur d’endommagement est observée. Des valeurs différentes sont obtenues pour les
échantillons chargés dans les mémes conditions. Plusieurs parameétres peuvent étre a l'origine
de cette dispersion des résultats expérimentaux obtenus. En effet, outre la dispersion
communément admise, induite par le chargement en fatigue, notamment pour les matériaux
composites, il convient de mentionner que les éprouvettes n'ont pas été découpées dans la méme
zone des plaques composites. En effet, le processus de thermo-compression peut induire
certaines variabilités en termes de microstructure. Méme si le nombre de VER considéré est le
méme a chaque fois, les éprouvettes ne sont pas totalement strictement identiques a I'échelle
microscopique. La résistance d'une éprouvette avec un toron complet sur les bords de la plus
petite section ne se comportera pas comme celle d'une éprouvette avec une zone inter-toron ou
une partie du toron sur les bords. De plus, des défauts d'architecture sont observes sur certains
échantillons lors de I'examen tomographique a rayons X. Certains de ces défauts peuvent étre
induits par des facteurs externes. Certains de ces défauts peuvent étre induits pendant le
processus de fabrication, et d'autres, comme le flambage des torons, peuvent étre le résultat du
chargement répétitif dans la direction des renforts. Ces défauts influencent la vitesse de
propagation des ondes expliquant ainsi les résultats dispersifs. De plus, les endommagements
induits par le chargement cyclique sont répartis de maniére aléatoire dans toute la section,

rendant la propagation de I'onde moins prévisible et son estimation moins précise.

Une investigation par tomographie a rayons X visant 1’estimation du taux de vide est effectuée
pour valider la pertinence de cette méthode. Une comparaison entre 1I’évolution du taux de vide

et ’évolution de I’indicateur d’endommagement est réalisée.

Les résultats obtenus pour le lot d’échantillons chargés a 60% outs sont représentes sur la Figure
139. En comparant le positionnement de chaque échantillon considéré dans la mesure du taux
de vide avec celui sur les résultats obtenus par la technique des ondes de Lamb, on constate que
les points étudiés présentent la méme tendance. Les résultats obtenus sont en totale corrélation
avec ceux obtenus par la méthode basée sur la propagation des ondes de Lamb. Par conséquent,

on peut conclure que la dispersion des résultats de fatigue est principalement due au
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comportement des échantillons et a la variabilité de la microstructure en plus du type de
chargement appliquée. En effet, étant donné I'hétérogenéité de la microstructure du composite
et le fait que les échantillons sont découpés dans plusieurs zones des plaques, chaque
échantillon peut se comporter differemment sous les mémes conditions de chargement.
Cependant, I'efficacité de la méthode proposée pour détecter I'état d'endommagement de chaque

échantillon est prouvée.
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Figure 139 : Comparaison entre le taux de vide et la valeur de I'indicateur d'endommagement (ondes de Lamb) pour
les échantillons chargés a 60% ours.

V.  Les proprietes résiduelles

Les structures composites peuvent subir plusieurs types de chargements transitoires, telles que
I’impact a faible vitesse et les chargements en fatigue, qui provoquent souvent la dégradation
progressive de I'intégrité des structures. Cette détérioration se manifeste par la diminution des
propriétés résiduelles du composite. Par conséquent, I'estimation de la réduction de la résistance
a la traction des composites aprés chargements est obligatoire pour garantir la tolérance aux
endommagement et les marges de sécurité dans la conception des composants composites
(Shahzad, 2018).

Une méthodologie expérimentale permettant d'évaluer et d'analyser l'effet de la nature de
chargement sur la réponse quasi-statique des propriétés résiduelles du matériau composite apres
un événement (impact, chargement en fatigue et impact post-fatigue). A cet effet, des essais de

traction quasi-statiques sont réalisés sur des échantillons soumis respectivement a des
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événements d'impact a faible vitesse et a des chargements de fatigue. Une comparaison entre
la réponse des éprouvettes vierges et celle des échantillons endommagés est réalisee. Des essais
d'impact post-fatigue sont réalises dans des conditions equivalentes a celles des essais d'impact
a faible vitesse et des chargements de fatigue, respectivement. L'analyse de (i) I'effet de
I'endommagement, résultant de I’impact a faible vitesse, sur la résistance a la traction résiduelle
des échantillons pré-fatigués, et (ii) I'effet de la précharge de fatigue sur la réponse a I'impact
des échantillons composites, est établie.

1. Propriétés résiduelles post-impact

La Figure 140 représente la réponse en traction des huit échantillons considérés, notamment
I'échantillon non-endommagé et les sept échantillons impactés. Les courbes de contrainte-
déformation montrent un comportement quasi-fragile du matériau composite étudié. Une
comparaison entre la réponse en traction de I'échantillon non impacté et celle des échantillons
impactés est realisée (Figure 140). A premiere vue, le module de Young ne semble pas étre
affecté par le chargement. En effet, aucune diminution importante du module, avec
l'augmentation de I'énergie d'impact, n'est remarquée. Les résultats expérimentaux indiquent
que la variation du module d"Young n'est pas l'indicateur représentatif le plus approprié de la

détérioration des échantillons composites a base de polyamide.

La Figure 141 représente I'évolution de outs en fonction de I'énergie d'impact. En observant
attentivement la fonction outs de la courbe d'énergie d'impact, on peut voir que la réponse du
matériau présente deux phases de développement de I’endommagement lorsque I'énergie
d'impact augmente. La premiére phase, correspondant a des énergies d'impact allant de 7 J a
12,6 J, indiquant la plage d'initiation et de propagation de I’endommagement du premier au
deuxiéme pli du stratifié. Elle est caractérisée par la fissuration de la matrice et la rupture des
fibres. Un effet Iéger mais quantifiable sur la contrainte a rupture du composite est remarqué a
ce stade. Les mécanismes d'endommagement entrainent une diminution de la curs résiduelle de

moins de 5%.

La deuxiéme partie de la courbe d'évolution, de 12,6 J a 24 J, indique la gamme d'énergies ou
les fissures se propagent dans la deuxieme couche et a travers I'épaisseur jusqu'a la troisieme
couche du composite tissé. Cette étape est associée a la croissance et a I'accumulation des
fissures de la matrice conduisant au délaminage et a la rupture des fibres comme étape finale
de la rupture macroscopique. La contrainte a rupture diminue d'environ 13% a 30%, indiquant

ainsi que le composite a base de polyamide est remarquablement endommage.
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Figure 140 : Courbes de contrainte de traction-déformation d'un échantillon non endommagé ainsi que des sept
échantillons impactésa 7,2 J, 10,54 J, 12,6 J, 14,6 J, 19 J, 21,15 J et 24 J respectivement.
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Figure 141 : L'évolution de la résistance a la traction ultime (outs) de I'échantillon de référence et des sept
échantillons soumis a un impact a faible vitesse a des niveaux d'énergie de 7,2 J, 10,54 J, 12,6 J, 14,6 J, 19 J, 21,15 J et
24 J, respectivement.

2. Propriétés résiduelles post-fatigue

Une comparaison est établie entre la réponse en traction d'un échantillon vierge et celle

présentée par les échantillons chargés aux neuf combinaisons de parameétres précédemment
détaillés dans le Tableau 4.

En analysant la réponse mécanique, on peut observer que la contrainte maximale diminue en
raison du chargement cyclique. Cependant, la réduction de cette valeur observée visuellement

suggere que l'effet du chargement a de faibles niveaux de contrainte et a un nombre élevé de
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cycles est plus significatif pour la résistance résiduelle du matériau composite. Pour quantifier
la perte des propriétés résiduelles post-fatigue des échantillons étudiés, la valeur de contrainte
maximale de chacune des courbes de contrainte-déformation est extraite et comparée a celle

d'un échantillon non chargé.

La Figure 142 représente I'évolution de la résistance a la traction ultime (cuts) des échantillons
soumis a des chargements en fatigue interrompues a trois niveaux de contrainte, a savoir 35%,
45% et 60% outs. A premiere vue, on peut constater que les valeurs de résistance a la rupture
résiduelle sont plus faibles pour les ensembles d'échantillons, chargés a une contrainte
maximale correspondant a 35% et 45% outs. En effet, on constate que, pour I'ensemble des
échantillons chargés a un niveau de contrainte maximale de 35% ourts, I'échantillon chargé a
50% NC (nombre de cycles jusqu'a la rupture) présente une perte de résistance résiduelle
d'environ 33%. La réduction de la valeur de la contrainte a rupture se poursuit lorsque le nombre
de cycles augmente jusqu'a 35% pour I'échantillon chargé a 60% NC, et jusqu'a environ 43%
pour I'échantillon chargé a 70% NC. Les échantillons chargés a un niveau de contrainte
maximale de 45% outs montrent également une diminution de la résistance résiduelle causée
par le chargement répétitif en traction-traction. La baisse de la contrainte a rupture est comprise
entre 37% et 42% lorsque le nombre de cycles augmente. Le troisieme ensemble d'échantillons
chargés a un niveau de contrainte maximale de 60% cuts montre une perte de la résistance
résiduelle plus faible lorsque le nombre de cycles varie. En effet, elle est d'environ 12% a 13%
pour I'échantillon chargé a 50% et 60% NC, respectivement, et de 19% pour I'échantillon chargé
a 70% NC. Ces résultats expérimentaux mettent en évidence le fait que la rupture finale des
échantillons soumis a un chargement en fatigue a des niveaux de contrainte maximale élevés se
produit soudainement apres 70% NC, puisque la perte de la résistance résiduelle entre 50% et
70% NC est inférieure a 20%. De plus, les performances résiduelles des deux ensembles
d'échantillons chargés a 35% et 45% ours, respectivement, sont proches et comparables. 1l est
important de mentionner qu'aucune équivalence entre les différentes combinaisons de
parameétres n'est établie. Cette derniére nécessite une campagne d'essais méticuleuse
considérant un grand nombre d'échantillons. L'objectif est d'observer I'influence du chargement

de fatigue sur les propriétés mecaniques dans le cadre d’une approche qualitative.
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Figure 142 : L'évolution de la contrainte a rupture (outs) de I'échantillon de référence et des trois échantillons soumis
a une charge de fatigue a un niveau de contrainte maximale de : (a) 35%, (b) 45% et (c) 60% ouTs pour 50%, 60% et
70% du nombre de cycles jusqu'a la rupture, respectivement.

3. Impact post-fatigue

Les essais d'impact post-fatigue font I'objet de cette section. Ces essais sont réalises afin
d'inspecter I'influence du couplage des chargements en fatigue et de I'impact a faible vitesse sur
les propriétés résiduelles du matériau composite. Dans la littérature, I'impact post-fatigue reste
un sujet relativement peu étudié dans le domaine des matériaux composites. Le manque de
références et de travaux de recherche approfondis rend l'interprétation des résultats obtenus trés
difficile en raison de la complexité des modes de chargement. Dans cette étude, une procédure
expérimentale pour réaliser le couplage de I'impact a faible vitesse et du chargement de fatigue
est proposée. La réponse macroscopique du composite en termes de résistance résiduelle sera
le point central. Une évaluation qualitative des résultats expérimentaux est réalisée. Le but
principal est d'observer qualitativement I'effet du (i) chargement en fatigue sur la résistance
résiduelle et la rigidité des échantillons impactés, et (ii) des essais d'impact a faible vitesse sur
les proprietés résiduelles des échantillons soumis a des chargements cycliques répétitives. Deux
ensembles d'échantillons préalablement chargés en fatigue suivant les neuf combinaisons de
parameétres sont détaillés dans le Tableau 5. Des essais d'impact a basse vitesse sont effectués

sur les mémes échantillons a deux niveaux différents d'énergie d'impact.
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Tableau 5 : Parameétres des essais de post-fatigue par impact pour les dix-huit échantillons considérés, impactés respectivement
de 0,5 m et 1 m, indiquant le niveau de contrainte maximum, le nombre de cycles de chargement, I'énergie d'impact et I'énergie

absorbée.
Niveau de chargement 35% oyrs 45% oyrs 60% oyps
Nombre de cycles (%) 50% 60% 70% 50% 60% 70% 50% 60% 70%
Nombre de cycles 222061 | 266473 | 310885 33015 39618 46221 1851 2222 2592
Energie d’impact (J) (hauteur 4.34 4.09 - 4.25 4.32 4.38 4.26 4.44 4.34
d’impact 0.5 m)

Energie absorbée (J) (hauteur 3.93 3.50 - 3.77 3.52 3.60 3.73 3.78 3.75

d’impact | m)
Energie d’impact (J) (hauteur 9.1 8.61 8.79 8.9 7.52 9.2 8.63 8.26 8.35

d’impact 1 m)
Energie absorbée (J) (hauteur 8.37 8.1 8.45 8.1 7 8.7 8 7.65 7.69

d’impact 1 m)

L’analyse des données mécaniques montre qu’il y a une différence entre les échantillons
endommagés et non endommageés. Néanmoins, les résultats expérimentaux ne présentent pas
une tendance claire en termes d'évolution (Figure 143). Une diminution progressive de la valeur
de la résistance résiduelle était attendue avec l'augmentation du nombre de cycles de
chargement et de I'énergie d'impact a faible vitesse.
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Figure 143 : La contrainte a rupture ultime d'un échantillon non endommagé (jaune) et celle d'échantillons soumis a
des chargements en fatigue (niveau de contrainte maximal de 60% outs) (bleu), d'échantillons soumis a un impact
post-fatigue (niveau de contrainte maximal de 60% cuts) impactés a un niveau d'énergie de 4,3 J (orange) et
d'échantillons soumis a un impact post-fatigue impactés a un niveau d'énergie de 8,6 J (gris).
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De telles dispersions sont attendues lors de I'évaluation de I’endommagement par fatigue dans
les matériaux composites. Ces résultats expérimentaux peuvent étre expliqués par de multiples

parametres tels que :

(i) le fait que les échantillons ne sont pas complétement identiques, puisque le processus
de thermo-compression peut induire une certaine variabilité dans la microstructure et
que la découpe des échantillons a été effectuée dans différentes zones des plaques

composites.

(ii) la géomeétrie de I'échantillon : la résistance d'un échantillon avec un toron entier sur
les bords de la plus petite section ne se comportera pas comme celle d'un échantillon

avec une zone inter-toron ou une partie du toron sur les bords.
(iii) la variabilité et la nature dissipative de I'endommagement par fatigue

(iv) les micro-endommagements présents dans le composite avant les différents

chargements causés par le processus de découpe et/ou le processus de fabrication.

Par conséquent, cette section est considérée comme une phase d'essai préliminaire permettant
de fournir des résultats préliminaires et de saisir les différentes tendances. Le présent travail
doit étre complété par une campagne expérimentale approfondie permettant de fournir une
évaluation quantitative des dommages induits par l'impact post-fatigue. De plus, il est
important d'avoir suffisamment d'échantillons pour quantifier I'influence de la combinaison de
la fatigue et des événements d'impact a faible vitesse sur la durée de vie du matériau composite

a matrice polyamide.
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VI. Conclusions et perspectives

Le présent travail visait a étudier I'endommagement d'un composite a matrice polyamide destiné
a des applications structurelles automobiles. L'objectif était de proposer des méthodologies
experimentales fondées sur des méthodes d'évaluation non destructive (END) permettant
d'évaluer I'état d'endommagement du composite renforcé PA66/6 soumis a un chargement
mécanique. L'approche expérimentale NDE s'est concentrée sur deux axes principaux : (i)
I'étude de la réponse mécanique du matériau composite soumis a trois types de chargements
appliqués, a savoir des impacts a faible vitesse, des chargements de fatigue et des chargements
post-fatigue, et (ii) I'évaluation et la caractérisation des endommagements induits, a I'échelle

microscopique et mésoscopique, en utilisant des méthodes END appropriées.

Un total de vingt et un échantillons, préconditionnés a 50% d'humidité relative, ont été
impactés a des énergies allant de 6,7 J a 24 J. Les résultats de sept échantillons, représentant
différents niveaux et gammes d’endommagement d'impact a peine visibles, ont été discutés.
Les données mécaniques relatives aux essais d'impact par poids tombant ont été analysées et
traitées, et les différents parameétres ont été extraits. Il a été constaté que la force maximale, la

déflexion maximale, ainsi que I'énergie absorbée augmentaient avec I'énergie d'impact.

Une procédure expéerimentale complete consistant en une caractérisation méticuleuse des
endommagements externes (surface) et a travers I'épaisseur a été suivie. L'inspection visuelle a
mis en évidence le fait que les endommagements étaient plus diffus sur les surfaces non
impactées lorsque I'énergie d'impact augmentait. En effet, le réseau de fissures se propageait le
long des axes des fibres et leur taille augmentait avec I'énergie d'impact. Une méthode basée
sur les ultrasons consistant en la propagation d'ondes de masse a été appliquée pour mesurer et
estimer l'indentation permanente (IP), c'est-a-dire I'empreinte laissée par l'impacteur sur
I'échantillon aprés un événement d'impact. L'efficacité de la méthode basée sur le C-scan a été
vérifiée en utilisant le profilometre optique. Les deux méthodes ont montré une excellente
corrélation. Les résultats expérimentaux ont montré que la profondeur de I'lP augmentait avec

I'énergie de l'impact.

La tomographie a rayons X (mCT) a travers I'épaisseur a été realisee pour identifier les
différentes phases d’endommagement a savoir, l'initiation, 1'accumulation et la propagation.
L'étude de la reconstruction 3D des volumes endommagés a indiqué que les mécanismes
d’endommagements détectes étaient similaires a ceux observés apres un chargement de traction
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monotone (Pomaréde, 2018). En outre, la fissuration de la matrice a éte le premier mécanisme
d’endommagement a apparaitre sur la surface non impactée du stratifié mince a partir d'une
énergie d'impact de 10,54 J. Au fur et a mesure que cette derniere augmentait, les microfissures
se sont développées en surface et se sont diffusées dans et entre les torons, entrainant la rupture
des fibres et la détérioration de l'interface fibre/matrice. Le délaminage s'est produite lorsque
les fissures se sont propagées de couche en couche, entrainant la dégradation de I'intégrité du

composite multicouche.

L'évaluation quantitative des endommagements causés par lI'impact a ensuite été réalisée a I'aide
de méthodes basées sur les ultrasons. Tout d'abord, une méthode d'estimation de la réduction
de la rigidité a été employée. Elle était fondée sur la détermination de la vitesse de propagation
des ondes de volume dans différents plans de la structure étudiée. Cette méthode a mis en
évidence le fait que les composants Ci1 et Csz étaient les plus touchés. Tous les résultats
expérimentaux ont conduit a une conclusion importante : en estimant I'lP, on peut prédire I'état
d'endommagement et la propagation a travers I'épaisseur et saisir I'évolution de la réduction de
la rigidité. Ensuite, une méthode basée sur la propagation des ondes de Lamb consistant a
évaluer la vitesse de propagation de I'onde en fonction de I'angle d'émission/réception du signal
ultrasonore, simultanément, a été proposée. Cette méthode a permis d'établir et d'évaluer des
profils de vitesse pour tous les échantillons étudiés, représentatifs de I'évolution de la rigidité.
Pour quantifier I'influence de I'endommagement induit sur la vitesse de propagation, un
indicateur d'endommagement consistant en I'estimation de l'aire sous les courbes a été proposé.
Une bonne corrélation entre la mesure de 1'[P et I'indicateur d’endommagement suggéré a révélé
que les deux indicateurs étaient trés efficaces et fiables lorsqu'il s'agit de la quantification de
I’endommagement causé par un événement d'impact a faible vitesse. Par conséquent, la
méthode proposée pourrait étre utilisée individuellement pour refléter 1'état d’endommagement

résultant de I’impact a faible vitesse.

Des essais de fatigue en traction-traction ont été réalisés sur des échantillons ayant une
géométrie spéciale développée dans ce travail. Sachant que I'objectif n'était pas de caractériser
mécaniquement le comportement du composite sous chargement cyclique, la géometrie des
échantillons a été choisie pour que 1’endommagement soit contenu dans la zone de jauge de
I'échantillon, et plus particulierement dans la zone centrale. La géométrie a été vérifiée en
réalisant des essais de traction quasi-statique et des essais de fatigue en traction-traction. Des
essais de fatigue a une fréquence de 3 Hz ont éte réalisés, d'abord jusqu'a rupture pour

reconstruire la courbe de Wahler. Des essais de fatigue interrompus ont ensuite été réaliseés pour
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initier un endommagement progressif des echantillons. L'évaluation des mesures mécaniques a
révélé des résultats expérimentaux dispersés suggérant une différence dans la réponse des
échantillons due a la variabilité de la microstructure et a la nature du chargement cyclique. En
outre, les endommagements résultant du chargement cyclique ont été classés comme des
endommagements diffus dans la section entiere, contrairement aux endommagements résultant
de I'impact qui sont plus localisés dans la zone impactée. La méthode développeée, basée sur la
propagation des ondes de Lamb, a été testée sur I'échantillon post-fatigue. L'objectif principal
était de confirmer la détectabilité des endommagements de type diffus en utilisant la technique
suggeérée. La dispersion des résultats, déja constatée lors de I'analyse des données mécaniques,
a été remarquée. Afin d'établir si la dispersion était liée a I'essai mécanique (comportement des
échantillons sous des chargement en fatigue), les résultats de I'investigation par ondes de Lamb
ont été comparés a la mesure du taux de vide effectuée a l'aide du mCT. La comparaison a
démontré I'efficacité de la méthode dans la détection de différents stades de dommages. Par
conséquent, la technique de propagation des ondes de Lamb proposée a prouvé sa fiabilité et
ses performances quant a la détection et la quantification de différents types
d’endommagements a travers 1'épaisseur. La méthode de réduction de la rigidité par ultrasons
a egalement été appliquée aux échantillons soumis a une charge cyclique. Cependant, les
acquisitions a différents angles et plans, permettant I'estimation des vitesses du mode
longitudinal, n'ont pas pu étre réalisés en raison des limitations géométriques du dispositif
expéerimental. De plus, la méthode a permis d'obtenir des profils de vitesse complets dans I'un
des plans considérés qui ont montré des changements de la vitesse du mode longitudinal lorsque
les conditions de chargement appliquées varient. Ces résultats indiquent que cette derniére
pourrait étre employée comme un indicateur qualitatif d’endommagement pour le composite
étudié.

L'étape finale de ce travail de recherche a consisté en I’évaluation de l'influence des
endommagements résultant des événements d'impact a faible vitesse, des chargements en
fatigue en traction-traction et de I'impact post-fatigue, sur la résistance résiduelle et la rigidité,
respectivement, du composite tissé multicouche. Des essais de traction monotones jusqu'a la
rupture ont été effectués sur des echantillons, conditionnes a 50 % d'humidite relative, soumis
a des essais d'impact par poids tombant a différents niveaux d'énergie, a des chargements
cycliques a différentes combinaisons de niveaux de contrainte et de nombres de cycles jusqu’a
rupture, et a des chargements d'impact post-fatigue, respectivement. Pour des raisons de

comparaison, les parametres et les géométries d'essai étaient équivalents et comparables entre
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les trois configurations de chargement. Le but de cette campagne expérimentale etait d'évaluer
qualitativement l'influence du pré chargement sur les propriétés résiduelles du composite
stratifié. Il a été constaté que, quelles que soient les conditions de chargement, la rupture finale
était toujours initiée a partir des bords des échantillons. De plus, sur les échantillons qui ont
subi des événements d’impact a faible vitesse, les réseaux de fissures sont initiés au niveau des
bords et se sont diffusés a travers la section du composite jusqu'a rejoindre I’endommagement
de l'impact localisés au centre. En termes de propriétés résiduelles, aucune variation
quantifiable n'a été observée dans les valeurs du module d'Young entre les échantillons
endommagés et non endommages. Cependant, lors de la mesure de la contrainte résiduelle, une
diminution progressive des valeurs a été observée avec 1’augmentation de 1'énergie d'impact.
Par conséquent, on pourrait lier la baisse de la résistance résiduelle a la propagation des

endommagements a travers I'épaisseur et a I'indentation permanente.

Les échantillons soumis a des essais de fatigue par traction-traction ont tous présenté une
rupture finale suivant une ligne droite nette. En effet, quelles que soient les conditions de
chargement, la contrainte maximale et le nombre de cycles de chargement, le composite a
adopté les mémes schémas de rupture que dans le cas d'un échantillon non endommage.
Néanmoins, des différences en termes de contrainte résiduelle ont été constatées entre les
échantillons non chargés et chargés en fonction des conditions de chargement. Il a été constaté
que les échantillons chargés a un niveau de contrainte maximale de 60% outs ont démontré une
perte de la résistance résiduelle allant de 12% a 19%, en fonction du nombre de cycles de
chargement, ce qui était inférieur aux échantillons chargés a 35% ourts et 45% outs comme
niveaux de contrainte maximale. De plus, a mesure que le niveau de contrainte maximale
diminuait, le nombre de cycles de chargement était considérablement plus élevé. Par

conséquent, une réduction plus importante de la résistance a été observée.

La combinaison des chargements en impact et en fatigue était un phénomeéne tres complexe a
étudier. La prédiction des modeles de rupture finale et de la résistance résiduelle dépendait de
la compréhension de I'aspect complexe de ce type de chargement combiné. En général, les
fissures ont éeté initiées sur les bords et se sont propagées jusqu'a ce qu'elles rejoignent les
endommagements localises résultant de I'impact, comme cela a été remarqué sur les
échantillons soumis a des évenements d’impact a faible vitesse uniquement. Cependant,
certaines perturbations ont également été observées. Comme prévu, la charge de fatigue suivie
des essais d’impact a faible vitesse a eu un effet significatif sur la zone de rupture finale. En

effet, la rupture finale ne passait pas toujours par la zone impact. Néanmoins, on a constaté que
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le chargement en fatigue générait des micro-endommagements dans différentes zones des
échantillons, entrainant ainsi la détérioration de zones localisées, rendant la rupture finale plus
susceptible de se produire dans ces zones. Une nette différence entre la résistance résiduelle des
échantillons endommagés et non endommagés a été constatée. Etant donné qu'une évaluation
quantitative n'était pas le but de la campagne d'essais d’impact post-fatigue, un grand nombre
d'échantillons n'était pas disponible, donc seules des conclusions qualitatives ont été tirées sur
cet aspect particulier. Ainsi, des observations intéressantes en termes de mode de rupture ont

été discutées.

Dans le cadre de travaux ultérieurs, la simulation numérique des essais d'impact a faible vitesse,
des essais de fatigue et des essais d'impact post-fatigue peut étre réalisée pour comparer et
comprendre l'initiation et de I'accumulation des endommagements. La méthode proposée, basée
sur les ondes de Lamb, peut alors étre appliquée pour comprendre correctement les trajectoires
de propagation des ondes en présence de tout type d’endommagement. Cette simulation
numérique permettra de comprendre comment les ondes ultrasonores se propagent dans le
matériau multicouche et d’identifier la partic des signaux qui est affectée par

I’endommagement.

Par ailleurs, le concept de jumeaux numériques est de plus en plus répandu dans le domaine
industriel. L'ensemble des résultats expérimentaux et numériques permettra de constituer une
base de données qui sera utilisée pour développer et valider les lois constitutives décrivant le
comportement du matériau employé a I'échelle microscopique. Les jumeaux numériques des
structures ou des piéces automobiles sont ensuite soumis a différents types de chargement. Les
données obtenues sont comparées a celles obtenues expérimentalement sur des structures
opérationnelles en utilisant la méthode des ondes de Lamb proposée. Les lois de comportement

et les jumeaux numériques sont ainsi mis a jour.

La méthode expérimentale de propagation des ondes de Lamb proposée peut étre automatisée.
En effet, la méthode précédemment évaluée en termes d'efficacité et de performance peut étre
testée et ajustée pour étre adaptée a d'autres types de matériaux. Dans un premier temps, cette
méthode a été développée en utilisant des équipements de laboratoire de recherche. Il est
possible d'utiliser le méme principe pour développer un dispositif d'investigation portable
permettant la rotation des capteurs (transducteurs) afin d'effectuer les opérations d'inspection
sans avoir a déplacer ou démonter la structure. Ce dispositif peut étre utilisé comme un outil

d'aide a la décision pour déterminer la criticité des endommagements. En effet, les simulations
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numériques d'une certaine charge ou combinaison de charges peuvent étre représentatives de

I'état d'endommagement des structures réelles et des piéces automobiles.
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Detection and quantification of
damage in a polyamide-based
composite submitted to the fatigue-

pre and/or post-impact by
advanced

Résumé

La détection et la caractérisation des endommagements dans des composantes automobiles
fabriquées en matériaux composites restent un souci majeur que les constructeurs automobiles
cherchent a confronter. Le projet de these a comme but I'analyse qualitative et quantitative des
endommagements induits par différentes sollicitations dans un composite a matrice polyamide
66/6. Une méthodologie expérimentale qui repose sur l'utilisation des méthodes de contrdle
non-destructif est établit et a pour but 1I’évaluation de I’endommagement induit par différents
chargements. En effet, les mécanismes d’endommagement liés aux multiples sollicitations sont
observés et leurs degrés de propagation en fonction du type et du niveau de chargement sont
examinés. En outre, une investigation basée sur la propagation des ondes de Lamb est menée.
A lissu de cette étude, des indicateurs d'endommagement, permettant de quantifier I'état
d'endommagement induit dans chaque échantillon inspecté, sont proposés. Finalement, des
essais de traction quasi-statique sont réalisés pour la prédiction des propriétés résiduelles post-
chargement.

Mots clés : Composite, Impact, Fatigue, Endommagement, Ultrasons, Ondes de Lamb.

Résumé en anglais

The detection and characterization of damage in automotive components made of composite
materials remains a major concern that automotive manufacturers are seeking to address. The
aim of this thesis project is to qualitatively and quantitatively analyze the damage induced by
different solicitations in a polyamide 66/6 based composite intended for automotive
applications. An experimental methodology relying on the use of non-destructive testing
methods (NDT) is established and aims at the assessment of the damage induced by different
types of loads. The damage mechanisms associated with the multiple loadings are observed and
their degrees of propagation as a function of the type and level of loading are examined.
Furthermore, a Lamb waves-based investigation is conducted. As a result of this study, several
damage indicators are proposed to quantify the damage state induced in each inspected
specimen. A good correlation between all experimental results is found indicating the efficiency
of the developed Lamb waves-based method. Finally, quasi-static tensile tests are carried out
to estimate the post-loading residual properties.

Keywords: Composites, Impact, Fatigue, dammage, ultrasound, Lamb waves.




